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FIRE DETECTION FOR CONVEYOR BELT ENTRIES

By Charles D. Litton,1 Charles P. Lazzra,2 and Frank J. Perzk3

ABSTRACT

This U.S. Bureau of Mines report detais the results of a series of large-scale experiments where
smal coal fircs were uscd to ignte the conveyor belt at air velocities rangig from 0.76 to 6.1 m/s. In
the tests, electrical strip heaters imbedded withi a pile of coal were used to heat the coal to a point
of flaming ignition. The flaming coal subsequently ignted the conveyor belt located approxiately 5 to

10 em above thc coal pile. During the tests, temperature, CO, and smoke levels were continuously

measured in order to determine both alarm time and level as the fire intensity progressed through the
stages of smoldering coal, flaming coal, and flaming coal plus flaming belt.

Analysis of the data leads to certai conditions of ai velocity and sensor alarm levels that are

required for early detection of conveyor belt entry fircs. Two nomographs are presented, which define
sensor alarm levels and sensor spacings as a function of belt entry cross-sectional area and belt cntry
ai velocity.

lSupcrvsoiy physical scientist.
2Supeivsory research chemist.
3Research chemist.

Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA
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INTRODUCTION

Fire represents one of the most severe hazds in
underground coal mines. The heat and combustion

products liberated are carried downtream from the firc by
the ventiation aiflow, eventualy contaminating areas of

a mine far removed from the fire. The ventilation airflow
serves to diute the combustion products, thus lowering

their concentration. The higher the aiflow, the greater
the diution. Combustion products alo spread more

rapidly at higher air velocities than at lower ai velocities.
These effects are somewhat obvious. The effects that the
aiflow has on the growth and burning characteristics of
the fire are not so obvious.

For many fires that develop with conveyor belt

entries, it is found that coal heats to the point of flaming
because of frictional overheating in the belt drive area or
near idlers along the belt structure. When the conveyor
belt is stopped, the coal fire then spreads to the conveyor
beltig, and if the conveyor belt has poor flame-resistant

properties, the flame wi begi to propagate along the
exposed surfaces of the conveyor belt. As the surface area

of the burnig conveyor belt increases, so docs the total
fire intensity, along with increases in the levels of smoke
and CO that are produced. Tyica fires in belt entries
develop in three ditict stages:

1. Early smoldering stages of coal heated, due to

overheated equipment or friction, to the point of flaming;
2. Early flaming stages of a smal coal fire, which

igntes a stationar conveyor belt;

3. Combined coal and conveyor belt rue, which in-
creases in intensity to the point of sustaied belt flame
spread.

The time it takes for the fire to develop through these
various stages depends upon many factors. The duration
of the smoldering stage depends upon the temperatures of
the overheated equipment, the quantity of coal involved,
and the proxiity of the source of heating to the exposed

surfaces of the coal pile. The size of the coal (i.e., dust
or lumps, or a mixure of the two) also has an effect. This
stage of development may take minutes or hours before
the coal begi to flame. During th stage, CO and

smoke are produced, with the quantities produced depend-
ing upon the size of the coal, the mass of the coal, the
temperature of the coal mass involved, and other factors.

Once ignted, the coal rue intensity begis to increasc.
The rate of increase depends upon the ai velocity and the
surface area of coal avaiable for burnig. Subsequent
ignition of the conveyor belt depends upon the proxiity
of the belt to the coal fie, the thermal characteristics of

the belt material, and the air velocity. Once the belt
igntes, usualy near the lateral edges of the belt, the flame
wi begi to spread over the surface of the belt in the
vicinty of the source coal rue. The rate of spread, locally,
depends upon the ai velocity and the flame-spread

characteristics of the belt material. If the belt material has
poor flame-resistant properties (i.e., it propagates flame
easily), the combined loca coal and belt fire will attain
sufcient intensity so that the flame begins to spread away

from the origial igntion area along the exposcd surfaces

of the belt and in the direction of the airflow. If the belt
has good flame-resistant properties (i.e., it is difficult to
propagate flame), local burnig wi occur only in the
vicinity of the coal rue, with no propagation of the flame
along the belt surfaces. For a conveyor belt with poor

flame-resistant properties, the time it takes for the rue to
begi to propagate downtream, away from the igntion

area, depends upon the ai velocity and the flame-spread
characteristics of the belt material.

In general, if the rue reaches a size suffcient to begi
flame spread down the belt, the effectiveness of control
and extinguhment procedures diminishes rapidly. In
addition, the levels of smoke and CO produced begi to
approach dangerous levels, and lethal levels may subse-
quently result during the propagation stage. Consequently,
for fires in belt entries, al evacuation and control proce-
dures should be implemented prior to the onset of belt
flame spread.

Clearly, any measure that ca be taken to reduce or
eliminate the possibility of the occurrence of belt fies
should be done. For instance, diligent housekeeping pro-
cedures to eliinate coal spilage in a belt drive-belt
takeup area reduces the potential for the source coal rue
to develop. Maitaing slippage switches to reduce the
occurrence of frictional heating also reduces the potential
for development of the rue. Along the belt entry, contin-
uous vigiance for overheated idlers, which can serve as the
intiator for the rue, is beneficial. Use of belt materials

that have superior rire-resistance characteristics wil reduce
the possibilty of belt flamc spread (1).' Automated extin-

gushment systems that are activated in the early stages of
fire development can reduce the potential for belt flame
spread.

The occurrence of any fire at any stage of development
reprcsents a potential hazd to underground personneL.

If, and when, a fire develops, the detection of that rue at
the earliest possible moment is paramount to secure the

41taHc numbers in parentheses refer to items in the list of references

preceding the appendixes at the end of this report.



safety of underground personnel and succssfuy control
and extguh the fie. It is obvous that detection of any
developing fie prior to open flaming is always desirable.
If the duration of th stage of development is long

(several miutes to an hour, or longer) and a sufcient
mas of coal (or other combustible) is involved, the

probabilty of detectig the fie durg th stage wi be
high. However, a smal flaming coal fie may result from
an intense smolderig stage that may last only a few
minutes and may intialy involve a smal mass of coal.
For thi situation, the probabilty of detectig the fie in its
smoldering stage is reduced.

In general a flaming coal fire follows the smoldering

stage of development. Dur thi flamin stage, the fie

may grow in intensity unti eventualy, the conveyor belting
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is ignted. The probabilty of detectg a fie in th stage

of development depends upon how fast the fie grows
and at what fie siz belt igtion is acheved. The slower
the growt rate of the flamin coal fie, the hier the
probabilty that it ca be detected prior to belt igntion.

It is imperative that the relative ties for tranition of

the fie from one stage to the next, along with the levels of
CO and smoke produced durin each stage, be quantied
as accurately as possible. To obtai th inormation, the
U.S. Bureau of Mies conducted a series of large-scae
galery tests at ai velocities from 0.76 up to 6.1 mls using
a smal coal fie to ignte rubber and polyvyl chloride

(PVC) belt material. Th work was done as par of the
Bureau's program to enhance mine safety.

DESCRIPTION OF EXPERIMENTS

The large-scae experients for belt fire detection were
conducted in the Bureau's aboveground fie galery located

at Lae Lyn Laboratory. The fie galery consists of a
27.4-m-long tunel constructed of masonr block wals, a
steel arched roof, and a concrete floor. The tunel is
coupled to a 1.8-m-diameter, 3,500-m'/min axvane fan via
a 6-m-long tapered tranition section. The ventiation flow

ca be vared by adjustig the pitch of the fan blades
andlor by thottlig the fan intake. A schematic of the

galery is shown in figue 1. The cross-sectional area of
the tunel is 7.53 m'. The interior wal and roof of
the tunel are covered with ceramic blanet insulation.
Tunnel ditances are measured from the junction of
the fire tunel and tranition section, designated as the

O-m mark. A tyica conveyor belt frame, 21 m long and
1.5 m wide, is centered in the tunel. The frame consists
of a O.4-m-diameter tai puley and O.13-m-diameter

troughed idler assemblies spaced at 1.2-m interval.
A smal coal pile fie, located just downtream of

the tai puley, was the igntion source for the tests. The
O.5-m-deep coalbed, supported on a steel grate, consisted
of about 320 kg of 5 cm or smaler pieces of Sewickley

seam coal (35% volatie matter, 14% ash), with a min-
mum of fies. The top surface of the pile was 0.6 m long
(along the leng of the belt structue) by 0.9 m wide. To
intiate a coal fire, six electrica strip heaters (thee from
each side) were imbedded about 5 em below the top sur-
face of the pile. Each strp heater was 1.9 cm wide by

49 cm long (heated lengt of 40 em) and was rated at
1,00 W at 24 V. The voltage to the strp heaters was
controlled by a variable tranformer. For a test, the heat-
er voltages were maitaied as follows: 0 to 5 min 80 V;
5 to 15 min, 140 V; and 15 min to shut off, 190 V. The

heaters were tured off afer the coal fie ignted the belt
sample and the belt fie was well developed in the igntion
area.

Tyicay, a 6.2-m-long sample of conveyor belting, with

the top cover up if applicable, was placed on the rollers of
the belt structure, stretched over the coal pile, and

fastened to the tai puley. The ditance from the top
surface of the coal pile to the bottom surface of the belt
sample was 5 to 10 em, and the ditance of the belt sample
to the tunel roof was about 1.2 m. Thermocouples were
imbedded just below the top surace of the belting, starg
at a point above the coal pile and continuig 4.6 m down-
stream, to determine when the fie spread out of the

igntion area.
The galery was intrumented with thermocouples to

measure gas temperatures. An aray of 12 thermocouples,
connected in paralel and ditrbuted over the cross-

sectional area of the tune~ was located at 24.4 m to
measure the average temperatue of the stratied gas exit
stream.

A gas and smoke sample averagig probe was posi-
tioned at a tunel ditance of 25.9 m, about 21.4 m

downtream of the coal pile fire. Thi probe, constructed
from nominal 5-em-diameter steel pipe, had four inet
ports spaced along the vertica heigt of the tunel in

order to estiate the average smoke and gas concentra-

tions in the exit gas stream. The sample was analyzd for
smoke, CO, and CO,. In addition, a smoke and a CO fie
detector were located near the roof of the tunel near the
exit at the 26.7-m tunel position.

The outputs of the thermocouples and analyzrs were
connected to a 6O-chanel microprocessor that tranmits

the data to a computer for storage. The data were logged
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Figure 1.-Schematlc of Lake Lynn aboveground fire gallery.

END VIEW

at 15-s interval and diplayed on a computer terminal.

Afer a test, tie-temperature traces and gas concentra-

tion plots were generated from the stored data_ The ex-
periments were alo recorded on videotape.

The experiments were conducted at gallery aiflows of
0.76, 1.52, 4.06, and 6.1 m/s. The aiflow was measured
prior to the start of a test by a handheld anemometer
across the width of the belt sample (at a height of 25 cm
above the belt) and at thee locations along the sample

length, and then these values were averaged. The average
aiflow uear the exit ofthe tunel was alo measured. The
aiflow fluctuated, especialy at the high flows, but was

withi :t 15% of the selected value.

A description of the conveyor belting tested is given
in table 1. Al the belts were obtaied new from coop-
erating belt manufacturers. Belt Rl is considered to be
nou-fire-resistant because it faied the current smal-scae
Federal approval test for rire-resistant belting (2). Belts
R4, Rll, and PI passed the test and were considered

rire-resistant. Belts Rll and PI were tested at al four
airflows, while belt R4 was tested only at 1.52 mis, and
belt Rl at aiflows of 0.76, 1.52, and 4.06 m/s.

Table 1.-Dscrlption of conveyor belt tested

Belt Construction
Width, Thickness, Weight,

m mm kg/m
Rre-

resistant
quality

NFRRl ... 4-ply SBR,
7-mm top cover,
2-mm bottom
cover.

Chloroprene, 1.07 9 14.3 FR
solid woven,
3-mm top cover,
2-mm bottom
cover.

3-ply SBR, 1.07 11 14.9 FR
5-mm top cover,
2-mm bottom
cover.

Solid woven PVC 1.07 11 14.2 FR
Fire-resistant. Passed Federal approval test (2).
Non-fife-resistant. Failed Federal approval test (2).
Polyvinyl chloride.

Styrene butadiene rubber.

1.07 15 17.8

R4 ".

Rl1 ..

Pi ...
FR
NFR
PVC
SBR
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SMOLDERING COAL FIRES

In the experiments, the period of smoldering of the

coalbed prior to flaming is controlled primarily by the time
requied to raise the surface temperature of the strip

heaters to temperatures sufcient to ignte the coal. For

al tests conducted, the average tie from the start of the
test until the tie that flames were first observed on the

coal pile was 23.1:t3.0 min. On the average, the time of
smoldering (as measured from the time of first visible
smoke until the tie of flaming) was 10 min. It is during
thi period that low levels of smoke and CO are produced,
and even though the duration of th period is controlled
by the heater temperature, the levels of CO produced just
prior to flaming ca provide some insight as to the
influence of ai velocity on the generation rates of CO in
these experiments.

At any point in tie, the levels of CO produced withi
an entry with a defined aiflow rate can be expressed as

GcoppmCO~_,
vcAo

where Geo
ppm'm3

s
generation rate of CO,

Vo ai velocity, mis,

and An entr cross-sectional area, m2.

In a dynamic situation, Goo is not constant, but
increases with time. Geo may alo depend upon vO' To
determine if Geo is air velocity dependent, the average
levels of CO existing just prior to flaming were measured
and Geo was determined from equation 1. Also, the
change in Geo, ñGeo, measured during the smoldering
interval, ñt, was put in the form

ñGCO

M
= Ct,

where a
ñt.

average rate of production of CO during

The value of '" was tabulated for al tests and then
the average value at each ai velocity was determined. A
least-squares regression of the data yielded the expression

'" =2.4+1.6vo'

Equation 1 ca then be written as

ppm CO =
(2.4 + 1.6vo) .t,

vcAo

where the time, t, is measured from the onset of

smoldering.
Using equation 4, the measured and predicted levels of

CO, just prior to flaming, are compared in table 2.

Table 2.-Measured and predicted
CO levels for smoldering coal

dust just prior to flaming

vo' mjs tJ. min CO, ppm
Measured Predicted
6.7 7.4
4.6 4.7
3:3 2.5
1.3 1.6

0.76 11.8
1.52 11.2
4.06 8.7
6.1 6.2

(1)

Equation 4 ca alo be used to predict the time, (t,Jeo,
a smoldering period would have to exit unti certain levels
of CO are formed that are equal to the CO sensor alarm
thresholds, CO Ao in parts per milon. The equation that

defies ths tie is given by

COAovoAo
(tAlco = .

'"
(5)

For smoke sensors, previous data (3) from tests in an
intermediate-scae fie tunel indicate that the average rate
of smoke production, Go, where the subscript tlD" refers to
optica density of the smoke (see appendi C), from
smoldering coal fies is 0.024 times the rate of CO

production. By using one-hal thi value for an increased
safety factor, the time, (t,JD' for the smoldering coal fie
to produce some specified smoke alarm threshold level,
DAo (unts of inverse meters) is given by the expression

D A v cAo
(tAlD = 0.0120'" . (6)

(2)
In the large-scale galery tests, the average times of

actual smoke detector alarm, as measured from the time
of first visible smoke, can be used in equation 6 to deter-
mine the approximate levels of optica density existig at
the time of alar. These levels are computed in table 3.

Table 3.-Estlmated optical densit levels
at time of smoke alarm

(3)
PJr velocity,

mI.
Average time to
smoke sensor

alarm, min
8.3
7.0
9.2

Estimated optical
density, m-1

(4)

0.76
1.52
4.06

0.063
.036
.032
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For the two tests conducted at an ai velocity of
6.1 mis, coal flame occured at 8.4 min in the fist test
and at 4.0 min in the second test. For these two tests, the
estimated smoke optica densities just prior to flaming are
0.026 mol and 0.013 m", respectively. Based upon the
estimated alar values from table 3, the levels of 0.026
and 0.013 mol were below the alar theshold level for the

smoke sensor. At th velocity, a smolderig period of
about 14.0 rn would have been sufcient to produce

alarm prior to the onset of flamin, as shown in fie 2.

Figue 2 is a plot of the approxiate smolderig ties
necessar to produce the indicated CO and smoke alar
levels as a fucton of the ai velocity. Figue 2 alo shows
the average smolderi ties, I., observed in the experi-
ments at each ai velocity. These data indicate that at
higher ai velocities, the duration of the smolderi period
decreases. When the velocity exceeds about 254 mis, the
smolderig stage would not be detected by either 5 ppm
CO sensors or 0.04 m'! smoke sensors.

The generation rates of CO and smoke discussed above
are specic to the aranement of the experiment. For
exaple, if more heaters were used, the coal surface area

subjected to heatig would increase, thus increasing the
rates of production of CO and smoke. The surface area
of a tyica bottom roller along a conveyor belt is about

0.5 m' compared with the total surface area of the strip
heaters used in the experients of about 0.10 m'. Thus,
if the surface temperatue of the roller reached 500' C,
tyica of the heater surace temperature of the strp
heaters, about five ties more CO and smoke would be
produced than expentaly observed. Fewer heaters

(less surface) would have produced less CO and smoke.
If the surface temperatue of the heaters was lower than
that used in the experients, less CO and less smoke
would be produced. The experiental arangement was

Va. m/s

o
20

5.08 7.622.54

15

c
E 10

------
///'-DA = 0.044 m-I/

..

5

KEY
. Data from large-

scale tests

o 500 1,000
Va, ft/min

1,500

Figure 2.- Times to produce CO and smoke alarm levels for
smoldering coal for an entr cro.. secton of 7.53 mI.

intentionaly sizd to create a smal coal fie sufcient to
ignte the belt with a reasonable tie.

FLAMING COAL FIRES

GROWTH RATES

In the large-scae galery tests, the ties from the
intant of flaming igtion of the coalbed until the intant
that flames were fist observed on the conveyor belt were

measured. The fie intensity at the moment of belt ign-
tion was then caculated from the CO, and CO gas levels
as outled in appendi A. At the tie of belt igntion,
the coal fires were sti quite smal, so there exists some
degree of uncertaity in the measured gas levels.

The total heat-release rates from the coal fire, OCOAD

at the tie of belt igntion; the tie elapsed from the

moment of coal igntion until the moment of belt igntion,
t81; the rate of increase of the fire intensity durg th
time, "COAL; and the ratio of fire intensity to ventiation

velocity, OcoAIv" at the tie of belt igntion for tests
conducted with rubber conveyor beltig at indicated Va

are shown in table 4.
Using the average values of "COAL at each ai velocity,

a least-squares regression of the data yields the expression

"COAL = 1.65 + 0.90 va' (7)

The rate of increase of the coal fie intensity is then given
by the expression

GCOAL = "COAL't, (8)

where t is measured from the tie of first observed coal
flames.



Table 4.-large~scale gallery test data for Ignition
of rubber belts

Belt Test vO' ÓCOAU tBI. O:COAV àcoAIv (J
m/s kW min kW Imin kJ/m

Rll 81A 0.76 20 8.5 2.4 26.3
Rl .82 .76 2S 13.0 1.9 33.1
Rll 78 1.52 60 26.0 2.3 39.1
R4 79 I.S2 50 12.0 4.2 33,1
Rl 84 1.52 40 11.0 3.6 16.6
Rll 8S 1.52 30 6.0 5.0 19.6
Rl .. 77 4.06 140 24.5 S.7 34.6
Rll 80 4.06 95 20.0 4.8 23.3
Rll 83 6.10 NA 24.6 NA NA
NA Not available.

From column 7 of table 4, it is also found that the aver-
age ratio of fire intensity to vcntilation velocity is 28.2 at

the time of belt ignition for the rubber conveyor belts.

This means that the fire intensity sufcient to ignte the
belt is a liear function of air velocity.

CARBON MONOXIDE AND SMOKE GENERATION

For opcn, flaming fires, the generation rates of CO and
smoke are dependcnt upon the total heat -release rates via
the expressions

Gco = BcO" ÓcOALo

and GD = BD" ÓCOAL' (10)

where Bco, Bo production parameters for CO and
smoke, respectively.

Because this stage of fire development is that of open,
flaming combustion, the rates of production of CO and
smoke depend upon the stoichiometry of the fuel-ai
mixure that is reacting. As the fuel-ai mixure decreases
from its stoichiometric level toward its lean liit of

flammabilty, the levels of CO and smoke produced wi
alo decrease. At the othcr extreme, as the fuel-air
mixure increases above its stoichiometric level toward its
rich flammability limit, the levels of CO and smoke
produced wil increase.

In the early stages of fire growth, excess air is usualy
avaiable for combustion of the fueL. As a result, such
fires will generaly burn on the lean side of the stoichi-
ometric leveL. Further, the rates of production of CO and
smoke are sensitive to the fuel-air mixure on the lean
side, and it is these rates of production that determine the
ability of CO and smoke firc sensors to detect fires in
their early stages of flaming.

To determine what, if any, effect air velocity has on the
production of CO and smoke, the data were analyzed as
a function of the air velocity. Thesc data were supple-
mented by a series of tests of small coal fires in an
intermediate-scale fire tunnel at air velocities ranging
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from 0.53 to 7.7 m/s. During the intermediate-scae fire
tests, the optical density of the smoke was also measured.

Figure 3 is a plot of the combined data for CO from
both the largc-scale gallery and the intermediate-scale

tunnel tests showig that the coal fires produced less CO
at the higher ai velocities. As a result of this behavior,

the times to reach an alarm level of CO, during the growth
stages of a coal fire, depend not only upon the growth rate
of the fire, but also upon the rates of production of CO,
both quanti tics being depcndent upon the ventiation air
velocity.

Data for the smoke optical density acquied in the sup-
plemental intermediate-scale tests are shown in figure 4.
For smoke, the production rate shows a similar depend-
ence on air velocity as observed for CO. Previous data for
smoke production from coal fires were obtaied at an ai

velocity of 0.38 mls and yielded a value of 0.036 for BD,
which agrees with the data of fie 4 (4).

As was the case for the smoldering coal fires, equations
7 through 10 may be used to estimate the times for smal
flaming coal fires to generate alarm levels of CO and
smoke. For CO, the expression is

(9)

COA"voAo
(t,Vco = ,

BcO " a COAL

while for the smoke, the expression is

(11)

DA"viAo

BD " a COAL

The resulting cures are shown in figue 5, where the time
is measured from the instant of flaming igntion, assuming
no smoldering exits prior to flaming. The results of this
analysis are similar to those for the smoldering case.

Figure 5 also shows the average times, denoted by t" at
each ai velocity, between coal ignition and belt igntion.

(t'vD = (12)

Vo, mls
0 2.54 5.08 7.62

4.8
KEY

. Lake Lynn surface
4.0 fire gallery

0 Intermediate-scale
tunnel

3.2 -Least-squares
0 regressionu

ai
2.4

.6

.8
0 500 1,000 1,500

v" fl/min
Figure 3.-Production constant for CO for flaming coal fires.

The curve is defined by the expression Bco = 4.80 e~.i15O" m/s.
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Va, rnls va' m/s

0 2.54 5.08 7.62 0 2.54 5.08 7.62
0.04 30

KEY

- lf = 8 + 2.45 vo' m/'
-- - COA~ 5 ppm /
_.- DA~ 0.044 m-I /

. Data from large- /
.03 20 scale tests //

i: /0
E / /'lD / ,,;.: ;' / ".

KEY ;' /'
.02 10

/"... Data from intermediate- /...
scale tunnel ;t'~.

-Least-squares regression /'/
;'

.01
/

0 500 1,000 1,500 0 500 1,000 1,500

va, ft/rnin va' ft/min

Figure 4.-Productlon constant for smoke for naming coal
fires. The curve Isdeflned by the expression BD.. 0.037 e-OTamJ'.

Figure 5.-Times to produce CO and smoke alarm levels for
flaming coal fires for an entry cross section of 7.53 m2.

STYRENE-BUTADIENE RUBBER BELT FIRES

Once the smal coal fire ignites the belt, the total heat-
release rate increases dramaticaly because of the addi-
tional fuel supplied by the belt. The total fire intensity
during this stage of fire development is due to both the
coal fire and the styene-butadiene rubber (SBR) belt fire.
To determine the ratc of growth of the belt fire and the
ratio of total fire intensity to ventilation aiflow at the
bcginning of belt flame spread, tBI', the total fire intensity,
OTOTALo was determined at the time the belt flame spread

began. The coal fire intensity at this time was dctcrmined
from equation 8 and subtracted from the total fire
intensity. This fire intensity difference was thcn assumed
to be due only to the burnig belt, and when this quantity

is divided by the difference in time between tBI' and tBI'
the growth rate of the conveyor belt portion of thc fire can
be determined. The data used to make these determina-
tions are shown in table 5.

From the data in table 5, it is found that the average
ratio of total fire intensity to ventilation velocity was 323,

independent of the air velocity, at tBI'. It was also deter-
mined that the fire growth rate for the belt could best be
put in the form

OSBR = "'SBR.(t - tm), (13)

where Q'BR = heat-release rate of SBR conveyor

belt fire, kW,

and growth-rate parameter for SBR con-
veyor belt fire, kW Imin.

O:SBR

A least -squares regression analysis of the average val-
ues of "'SBR obtaied at each air velocity yielded the
expression

"'SBR = (14.0 + 1.5 va) va. (14)

The average times at each ai velocity between belt
igntion and belt flame spread are shown in figue 6. As
the air velocity inercases, this time gradualy decreases.
For the rire-resistant rubber belting (Rn), the rates of
generation of CO were found to be constant with a Bco
value of 5.68, independent of the air velocity. Using

previous data (3) for smokc levels, the BD value for these
belts is 0.062.
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Figure 6.-Average times from belt Igniton to onset of belt flame spread for SaR conveyor
belt. The curve Is defined by the expression t~ - tm '" 17-Ð.8voi m/s.

Table 5.-lrge-lcale gallery test data for SeR belt fires

Belt Test v" OrAV tBFS. QCOAV åSBR' tBFS - tØI, ctBR' OrAIv"
m/_ kW min kW kW min kW Imin kJ/m

Rl1 " 81A 0.76 250 24.0 61 189 15.5 12.2 328
R1 ... 82 .76 245 30,5 78 167 17.5 9,5 321
Rll " 78 1,52 480 44.5 142 33 18.5 18.3 315
Rl ... 84 1.52 515 23.0 73 442 11.0 38,1 33
Rll ,. B5 1,52 490 23.0 73 417 17,0 24.5 321
Rl ... 77 4.06 1,270 37,5 201 1,069 13.0 82.2 312
Rll 80 4.06 1,320 35.5 190 1,130 15.5 72,9 325
Rll .. 83 6.1 1,970 38.5 259 1,711 12.0 142.6 323

POL VVINYL CHLORIDE BELT FIRES

For tests conducted with PVC conveyor belting, it was
found that the P1 belt was more readiy igntable by the
small coal fires than the SBR belt. However, it was
also found that the P1 belt did not propagate flame. The
data for this senes of tests with the P1 belt are shown in
table 6. At igntion of the P1 belt, the ratio of coal fire
intensity to ventilation velocity was dependent upon the ai
velocity according to the expression

. -0 13v
0coALlvo ~ 27.5e . '. (15)

It was alo found that once the P1 conveyor belt

ignted, its rate of fire growth was less than that for

the SBR belt. For the PVC belt, the fie growth rate
parameter was found to be

QpVC = (7.0 + 0.95 va) vo1/2, (16)

where Qpvc = growt-rate parameter for PVC con-
veyor belt fie, kW Imin,

with the resultant fire growth rate given by

Opvc = C%pvc.(t - tm), (17)

where Opvc = heat-release rate of PVC conveyor
belt fire, kW.
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Table G.-TIme. to belt Igniton and peak fire Intenslte.
for PVC conyeyor belt

Test v" tBil ÒCOAI. CcoAIv 0' tpEA1 åpvc. Q:pvci

m/s min kW kJ/m min kW kW/min

86 ... 1.52 6.6 39.0 25.7 15.1 130 15.3

101 1.52 6.0 27.0 17.8 25.9 118 5.9
102 4.06 10.7 34.0 8.4 20.0 233 25.1

105 ... .76 6.6 20.0 26.3 17.5 80 7.3
106 6.10 18.0 80.0 13.1 24.5 217 33.4
107 .. 4.06 20.8 92.0 22.7 28.3 127 16.9

For the PI belt, the CO data yielded an average value

of Beo = 11.2, a factor of 2 greater tban that for the rub-
ber belts. Agai, using previous data (3) for the relative

smoke level, the BD value for the PI belt is 0.072.
For both the PVC and SBR belts, the time from belt

igntion necessar to produce CO and smoke alarm levels
is very short because of the large growth rates of the belt
fires. Burnig belts tyicaly produce suffcient CO and

smoke to meet or exceed sensor alarm levels withi
several seconds from the time that they are ignted.

FIRE DETECTION

When a fire occurs, thee events must take place in
order for the fire to be detected.

1. The fire must be large enough to produce alarm

levels of the fire characteristic that is to be detected. For
instance, if the fire characteristic to be detected is CO and
the alarm level is 5 ppm of CO, then the fire must be
large enough to produce 5 ppm of CO withi the venti-
lation aiflow. This implies, then, that a fmite amount of
time must elapse before this event can occur. The esti-
mated times for specifed alarm levels of CO and smoke,
based upon the data obtaied in the experiments, are

shown in figues 2 and 5. Lower alarm levels wi requie
less time for thi event to occur, whie higher alarm levels
wi requie more time.

2. Once a characteristic alarm level has been reached
at the fire source, then thi level of CO or smoke must be
transported from the fire to the sensor location by the
veotilation aiflow. For frres along conveyor belt entries,
the maxmum transport time is equal to the sensor spacig
divided by the ventilation ai velocity. For instance, if the
sensor spacing is 30.8 m (1,00 ft) and the ai velocity is
1.016 m/s (20 ft/min), then the maxum transport time
is 30 s (5 min). In general, the location of frres along

conveyor belt entries is most uncertai. As a consequence,
the probabilty that a fire wi occur very close to a sensor

ii- the same as for a fire occurring one sensor spacing from
the sensor. On the average, then, CO or smoke wi have
to be transported a distance equal to one-hal the sensor
spacig, ii' The transport time, tu in minutes, then, ca

be defined by

tt=~ (2).
2 60vD

The belt drive area will be protected by sensors at

maxum distances of about 30.5 m from the belt drive
area. For these cases, the transport time is relatively short
owig to the smal ditance involved.

3. Once the above level of CO or smoke reaches the
sensor, then the sensor takes a fmite amount of time to
respond, tR. In general, CO or smoke sensors have

response times in the range of 30 to 60 s.
The total time that elapses until the frre is detected is

the sum of these individual times. For CO, this detection
time, (tD)eo, is

1 ( is )
(tD)co = (tA)co + - - + tR,2 60 Vo

(19)

while for smoke, this detection tie, (tD)D' is

1 ( is )
(tD)D = (tA)D + - - + tR,2 6Ovo

(20)

for sensors located along a belt entry at some specifed i,.
For sensors near the belt drive area, the times to detect

a frre are given by

(tDko = (tA)co + (O.5/vo) + tR, (21)

and (tD)D = (tA)D + (0.5/vo) + tR. (22)

(18)

For frre detection along conveyor belt entries down-

stream of the separately protected belt drive area, the
detection ties at low ai velocities are liited by the

transport time of the CO or smoke to the sensor. At
higher ai velocities, detection ties are liited by the

tie it takes to produce alar levels of CO and smoke

owig to the lower production rates of CO and smoke (see
figues 3 and 4) and to greater diution at the higher
aiflows.

SENSOR SPACINGS AND ALARM THRESHOLDS

Both the spacing and the alarm threshold used for
a given sensor should be capable of satisfyg some



minimum constraints. By using the data in tables 4 and 6,
the testwde average time from flaming igntion of the coal
until ignition of the belt occurs is 14.25 min. By using this
information, the following constraint may be placed upon
the use of belt entry fire detection systcms and its impact
evaluated: The system must detect a small, flaming coal
fire within a time, measured from the moment of ignition
of the coal fire, of 14.25 min or less.

By using this constraint and equations (11), (12), (18),
and (19), a determination can be made, for either CO or
smoke sensors, as to the spacings and alarm thresholds of
those sensors in a belt entry as a function of entry air

velocities and entry cross-sectional areas.
Thc results of this determination, assuming tR = 1.0

min, are shown in figures 7 and 8 for CO sensors and
smoke sensors, respectively. Each of these figures is a
nomograph that uses the belt entry cross-sectional area
and air velocity to determine the sensor alarm levels for
either 305-m (l,OO-ft) or 610-m (2,00-ft) spacings. These
are the maxmum allowable spacings for CO and smoke
sensors. In an actual situation, the spacing may be

somewhat less, depending upon the total length of the
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entry to be protected. These maxmum spacings would be
used only if the leogth of entry is an exact multiple of
either 1,00 or 2,00. Further, if the belt entry contais
more than one belt drive, the distance between any two
belt drives would contain sensors at some specifed

spacing, whie the distance from the second belt drive to
the tailpiece would contain sensors, possibly at a different
spacing, but not exceeding either 1,00 or 2,00 ft. (See

the "Detector Spacing-an exaple" section.)
Each nomograph is actualy a composite of two

nomographs. The left-hand side is for maxum sensor
spacings of 1,00 ft whie the right-hand side is for
maxum sensor spacings of 2,00 ft. In the nomograph
for CO sensors shown in figue 7, the maxum alarm
threshold for CO is liited to 10 ppm for sensors spaced

at 1,00-ft intervals and 8 ppm for sensors spaced at 2,00-
ft intervals.

Figure 8 is a duplicate of figure 7, except that the ver-
tical alarm scales are in units of inverse meters of optica
density. In figue 8, the O.04m-1 value corresponds to a
class 2 smoke detector and the 0.022-m-1 value to a class 1
smoke sensor. The alarm scale is liited to a maxum

1,500
is = 1,000 ft

500
ls = 2,000 ft

1,500

450

1,250 400
COA , ppm 350

1,250

1,000 i
COA, ppm

300 I

900 1,000
800 250
700 2 225

900

600 200 2 800
3

500 175 700
4 3

400 5 150 600
6 4 500

300 7 125
8 5

250 9 6 40010
200 100 7

10
8 300

150

1
8 250

100 75 J. 200

Vo, ft/min Ao. ft2 Vo, ft/min

Figure 7.-Nomograph for CO sensor alarm thresholds and spacings.
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value of 0.044 mol. The minimum value has been extended
to include an alarm threshold of 0.011 m-l, or twce as
sensitive as a class 1 sensor. Reliable smoke sensors at
this high level of sensitivity (0.011 mol) mayor may not
even be avaiable, but this alarm level is included for
completeness.

The manner in which these nomographs are to be used
is as follows:

1. Determine the entry cross-sectional area, Ao, in
square feet. It is recommended that the value for A.

be the geometric cross-sectional area, which is the prod-
uct of entry height and width. (See Appendi D for
modifications.)

2. Determine the entry ai velocity, v., in feet per
minute. The value used should be representative of the
average velocity measured along the length of the entry.
(See Appendix D for modifications.)

3. For 1,OO-ft spacings, draw a straight line from the

left-hand Vo scale to the value of Ao' This lie intersects

the CO alarm scae, or the smoke alarm scae, at the
appropriate alarm level for this combination of Vo and Ao'

4. For 2,00-ft spacings, draw a straight line from the
right-hand Vo scale to the value of Ao' This lie intersects

the CO alarm scae, or the smoke alarm scale, at the
appropriate alarm level for this combination of v. and A..

5. When the indicated alarm level falls between two
values, the lower value should be used.

NOMOGRAPH USAGE-AN EXAMPLE

Mine "X" desires to reconfgue its ventilation system so
that belt entry ai may be used to ventilate a workig
section. The average cross-sectional area of the belt entry
is 100 ft2. With the new confguation, the average ai
velocity in the belt entry is expected to be 40 ft/min, but
under certain conditions, the average ai velocity may be
as high as 700 ft/min. The mine operator proposes to use
5 ppm CO sensors spaced at intervals of 1,00 ft. Wil thi
sensor alarm level and spacing be adequate?

From figue 7, the mine's entry cross section and
average velocity of 700 ft/min yield an alar level of

4 ppm for both 1,00-ft spacings and 2,00-ft spacings. At
the average velocity of 40 ft/min, the nomograph yields
an alarm level of 7 ppm for 1,00- ft spacings or 6 ppm for
2,OO-ft spacings.

1,500
.Is = 1,000 ft

500
.is = 2,DDO ft

1,500
450

1,250 400
DAt m-I 1,250D -I

1,000 0.011 350 Ai m
900 300 0.011
BOD 1,000

700 250 900
600 .022 225 800
500 200 .022 700

400
175

.044 6DO
150

300 500
125 .044

250
0.044 400

200

1

100 0.044
150

l
300
250

100 75 200

Vo i ft/min A 0 i ft 2 Voi ft /min

Figure a.-Nomograph for smoke sensor alarm thresholds and spacings.



A similar analysis may be made for smoke sensors
using figure 8. At either the average or maxum velocity,
class 2 smoke sensors may be spaced at 2,00-ft intervals.
This analysis indicates the followig:

1. At the ai velocity of 40 ft/min, 7 ppm CO sensors
at 1,00 ft or 6 ppm CO sensors at 2,00-ft spacings may
be used, or class 2 smoke sensors at 2,OO-ft spacings;

2. At the ai velocity of 700 ft/min, 4 ppm CO sensors
at 2,OO-ft spacings, or class 2 smoke sensors at 2,00 ft
spacings would be required.

DETECTOR SPACING-AN EXAMPLE

The following belt entry is to be prote~ted by CO
sensors. The entry is 7,100 ft in length. Belt drive 1 is
located 200 ft inby the headpiece. Belt drive 2 is located
3,800 ft inby the headpiccc of belt drive 1. The tailpiece
from belt drive 2 is located at a distance of 7,00 ft from
the headpiece of belt drive 1. It was determined that CO
sensors should be used at maxmum spacings of 1,00 ft.
The entry cross section is 100 ft2 and the ai velocity is
40 ft/min. From thc prcvious example, the CO alarm

level should be at 7 ppm. What are the actual spacings of
the sensors along this entry?

The distance from drive 1 to drive 2 is 3,600 ft.
Because drives will be protected separately, one sensor
will be installed downstream of each drive at approxi-
mately 100 ft. Then, the first scnsor will be locatcd 300 ft
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inby the headpiece. Another sensor wi be located at
3,90 ft inby the headpiece. To determine the number of
sensors and their spacings, divide 3,90 minus 30 by
1,00, which is 3.6. Any time this division fal between
two integer values, the next highest integer value is the
number of sensors required, with the last one at the end
point (in this case, 100 ft past drive 2, or 3,90 ft). In

between, sensors wi be spaced at interval defined by
t, = 3,600/4, or 90 ft.

The distance from the end of the entry (7,100 ft) to the
sensor at 3,90 ft is 3,200 ft. Thi distance divided by

1,00 is 3.2, which means that four sensors are required
along this length, but their spacing is 3,20/4, or 800 ft.
The number of sensors and their locations are summarized
in table 7.

Table 7.-Location of sen-
sors along example

belt entry

Sensor Location, ft

i
2
3
4
5
6
7
a
9

300
1,200
2,100
3,00
3,90
4,700
S,50
6,30
7,100

CONCLUSIONS

The data have provided significant insight into the
phenomena of fires that dcvclop within conveyor belt
entries. In general, both coal fires and subsequent bclt

fires before the onset of belt f1amc spread were found to
grow at rates that increase with increasing air velocities.
The ratcs of CO and smoke production were found to
decrease as the air velocity increases.

For smoldering coal fires, the duration of the smolder-
ing stage decreases as the air velocity increases, while the
length of timc from ignition of thc coal until ignition of
the belt increases as the air velocity increases. Once the
SBR rubber belt ignitcs, thc timc to rcach a stage of sus-
tained flame spread decreases gradually as the air velocity
increases. For the pve belt, f1amc sprcad did not occur.

A constraint was proposed that may be used to define
the conditions for usc of proposcd CO and smoke fire de-
tection systems. For CO or smoke fire sensors, this con-
straint defines the sensor spacings and alarm thresholds
for a range of air velocities and entry cross-sectional areas.

This constraint, derived from the data presented in this
report and designed to approxiate worst .case conditions
for ignition of conveyor belting by a small precursor coal
fire, defines the condition for sensor usage so that firc
detection and alarm occurs just prior to ignition of con-
veyor belting.

It is extremely important to realize that if these data
and subscqucnt constraints can be accepted as approxi-
mate worst-case conditions, thcn fires that dcvelop via
some other scenario wi generally be detected earlier in
their stage of development, thus providing more time for
subsequent evacuations and control.

It is also extremely important to realize that this worst-
case scenario can happen and that evacuation of personnel
should be as rapid as possible owig to the short periods
of time (10 to 20 min) that may be available until belt
flame spread begins along with the untenable levels of
combustion gascs and smoke that result.
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APPENDIX A.-HEAT-RELEASE RATES

The fire heat-release rates may be calculated from

measurements of the CO and CO, produced. When ca-
culated on the basis of gas data, the resultant heat-release
rate is assumed to be the total or actual heat-release rate.

The total heat-release rate is caculated from the
expression

Q TOTAL =

where

(He) .
- .Meokeo '

2

He - keoHeo ) .+ Meo'
keo (A-1)

He total (net) heat of combustion of fue~
kJ Ig,

Heo heat of combustion of CO, 10.1 kJ/g,

keo2 stoichiometric yield of CO2' gig,

= 3.67. Xc' where Xc = mass fraction of
cabon in fuel,

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

Meo2 generation rate of CO2 from fire, gis,

and generation rate of CO from fire, g/s.Meo

Meo2 and Mea are given by

Meo2 = 1.97.10-3 vcßo ,"C02. (A-2)

and . -3Mea = 1.25.10 vcßo ,"CO, (A-3)

where ,"C02 CO2 produced by fire, ppm,

and ,"CO CO produced by fire, ppm.

The fuel parameters for the coal and conveyor belts

used in these tests are lited in table A- 1.

Table A-l.-Valueo 01 He. x. kr. and kc

for combustibles used In experiments

Combustible He' kJ/g x. keo" g/g keo, g/g

Sewickley seam coal 30.0 0.712 2.61 1.66
Rl bolt...,.,...... 36.8 .785 2.88 1.83
R11 bolt....,...., 28.7 .63 2.34 1.49
PL bolt........... 23.4 .517 1.10 1.21
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APPENDIX B.-REPLACING POINT-TYPE HEAT SENSORS

There exits a particular situation regardig the use of
CO or smoke sensors in place of point-tye heat sensors
along a belt entry. The U.S. Code of Federal Regulations,
Title 30, Part 75, Subpart L, (in summar form) states that
if the belt entr ai velocity is 0.508 mls (100 ft/min) or

greater, point-tye heat sensors must be spaced at interval

not to exceed 15.24 m (50 ft). If the belt entry ai velocity
is less than 0.508 mis, point-tye heat sensors may be
spaced at interval not to exceed 38.1 m (12 ft). The
minum alar actuation temperature for a point-tye
heat sensor is 57.2' C (135' F). Other fire sensors (i.e.,
CO or smoke) may be used, provided they yield protection
equivalent to that provided by point-tye heat sensors.

The intent of appendix B is to demonstrate that CO or
smoke fire sensors, when used at appropriate spacings and
with appropriate alar levels, ca provide protection

equivalent to, or better than, point-tye heat sensors. In
order to do th, it is assumed that if a CO or smoke fire

detector system ca be shown to be able to detect a de-
veloping fire in a tie less than the time for a point-tye
heat sensor to detect the same developing fire, theo the
CO or smoke detectioo system satisfies the intended def-
inition of equivalence.

Clearly a point -tye heat sensor detects only open,
flaming fires. Because of this, there exist two possible
paths of fire development that ca result in detection by
point-tye heat sensors. The first path is that of an open,
flaming coal fire that increases in intensity until enough
heat is produced to cause the point-tye heat sensor to
alar without igntion of the conveyor belt. The second

path is that of open, flaming coal fires that ignite the
conveyor belt withi the time frames observed in the tests
reported here. The buring conveyor belt fire then in-
creases in intensity until it is large enough to produce an
alarm by the point-tye heat sensor. Because this latter,
second path of fire development was found to occur very
rapidly in the tests conducted, only this fire scenaro wi
be considered in the derivations that follow.

The expression that relates the fire intensity, å..
thermal sensor spacing, and sensor alarm temperature, T A'
is given as follows (5):1

QT = PoCovcßo (T A ~ To) iT 1.75 H(W, (B-1)

where Po = density of air, 1.20'103 g/m3,

Iltalic numbers in parentheses refer to items in the list of references

preceding this appendix.

Co = heat capacity of ai, 1.088'10.3

kJ
,

g . °C

To ambient temperatue, 18.3' C,

TA heat sensor alarm temperature, 57.2' C,

H entr height, m,

W entry width, m,

and iT spacig between point-tye heat
sensors, m.

For v, '" 0.508 mis, the allowable spacing of thermal

sensors is 38.1 m. A fire ca occur anywhere between two
sensors so that, on the average, ir is ooe-half of 38.1 m or

19.05 m. For v, 2: 0.508 mis, ir is set equal to one-hal

of 15.24 m or iT = 7.62 m.
In principle, H/W can have any value. However, it is

liited for a specifed value of iT to some maxum
value. Thi value is derived from the assumption that the

fire siz at thermal alarm can be no greater than the lie
size predicted on the basis of complete mixng. It may be
less, but it caot be greater. The expression defining this
constraint is

( T A - T ) 1.75 H(W
poCovoAo 9 0 iT

,; PoCovcßo (TA - To), (B-2)

which reduces to

HfW ,; 0.57 In(9).
In( iT)

(B-3)

For iT = 19.05 m,

H/W ,; 0.425,

and for iT = 7.62 m,

HfW ,; 0.62.



For a given value of A., H and W have a rage of
values as long as HW = A.. To addres ths rage, it is
assumed that the absolute mimum entry dimensions are
H = 1.219 m and W = 3.048 m (4 X 10 ft). The mi-

mum value of HIW, (HIW.., at any other larger entry
cross setion is

(HlWnùn
3.716.0.40 1.486/Ao'

An
(B-4)

The maimum values of HIW at any larger entry cross
section are defied above at the specified values of ¿T'
Becus several possible values of HIW are allowed for
any value of A., an average value is obtained by in-

tegrating over the rage of values. Ths average value is

then used in equation B-1 to estimate the average fire
intensity necessary to produce therml alarm for a given
value of Ao'

Then, two calculations are made: The first calculation
is the time required for a combined coal and belt fire to
reach the specified value of Ch (equation B-1) at a
specified air velocity; the seond calculation is the time
required for the fire to reach the maximum value of QT'
defined by the right-hand side of equation B-2. These
times are called tMIN and tMAX. respectively. and represent

the extremes that should be expected for point-type heat
sensors to alarm.

The results of these computations for the cross-

sectional area of the surface fire gallery (A. = 7.53 m')
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as a fuction of the air velocity are shown in figure B- 1.

The meared therm alar at eah air velocity ar also
shown. At air velocities of 0.76 and 1.52 mis, the
meared therm alar times tend to fall closer to the
estimated miimum values, while at the air velocity of
4.06 mis, the meare therml alar time corresnds
to the maimum value. The rean for ths is beus of

stratification of hot product gas that ocurs at the lower
velocities, while at the higher velocity, ths stratified layer
doe not form.

The approximate minimum therm alarm times that
could be expeted at air velocities of 0.254and 0.508m1s,
as a function of entry cross setion, are shown in fig.
ure B-2. It is emphasize in this figure that the mimum
therml alarm times are always greater than the average
time to belt ignition of 14.25min. It was ths average time
that was use as the constraint leaing to figure 7 and 8;
namely, that CO or smoke sensors shall detect a small,
flaming coal fire in a time less than 14.25 mi. Any
combination of sensor alarm level and spacing obtained
from the nomographs of figures 7 and 8 satisfies this
contraint, and by defition, will detect the developing fire

more rapidly than the estimated minimum time for point-
type heat sensors to detect the same fire, as shown in
figure B-2.

ConsequentlY, any mine desiring to replace point-type
heat sensors with either CO or smoke sensors should
use the CO and smoke sensor nomographs in figures 7
and 8.
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Figure B.2.-Thermal alarm times as function of entr cross

Figure B-1.-Thermal alarm times as function of air velocit for section at velocities of 0.254 and 0.508 mfs. Average time to belt

surface fire gallery tests. (-A .. 7.53 m2.) Ignition for all tests was 14.25 min.



19

APPENDIX C.-SMOKE OPTICAL DENSITY

The most widely measured smoke property is the light
extnction coeffcient, K. Thc physical basis for light
extinction measurements is Bougucr-Lamberts law, which
relates the intensity, 10". of an unattenuated incident

beam of monochromatic light of wavelength ). and the
intensity of light, I", transmitted through a path length of
smoke, L, by the expression

1,,/10" = e-KL. (C-l)

When thi equation is expressed in terms of base 10,

I II " = lO-D.L" 0 , (C-2)

where optica density, m-I,D

and K = 2.303. D. (C-3)

Both K and D depend not only upon the wavelength of
light, but also upoo the siz (diameter) of the smoke
particles and their concentrations. When smoke is
assumed to obscure viibility, the percent obscuration, 0",
is related to the transmission of light by the expression

0u = 100 (1 - T). (C-4)

Here, the parameter, T, has been used for tranmission
because it represents some average value over al the
wavelengths visible to the human eye and alo because it
represents some average value over all the particle
diameters that form the smoke.

In this report, a smoke sensor with an alarm threshold
of DA = 0.044 m-l represents an obscuration of 9.6% over
a 1.0-m path. A smoke sensor with an alarm threshold of
D À ~ 0.022 m-I represents an obscuration of 4.9% over a
1.0-m path.
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APPENDIX D.-EFFECTIVE ENTRY CROSS SECTION
AND AIR SPLITS

CROSSCUTS

When fire sensors are intalled in entries that contain
crosscuts, the additional volume of entry space due to the
crosscuts may increase the contaminant travel time be-
tween sensors and alo dilute the contaminant concentra-
tions. Both of these effects may seriously degrade the

early warnig capabilty of CO and smoke sensors. To
offset this problem and retain the necessar early warning
capability, the followig procedures are recommended:

1. Determine the number of crosscuts and their
approxiate spacing along the entry to be protected.

Divide the number of crosscuts, m, by their spacing, ix,
and designate the resulting number as Nx:

mNx ~-.ix (D-l)

For instance, if there are crosscuts on either side of the
entry and they occur at l00-ft intervals, then m ~ 2,
ix = 100, and Nx = 0.02. If there are crosscuts along
only one side of the entry, then m = 1 and Nx ~ 0.01.

2. Determine the average depth, dx, of the crosscuts.
3. If is is the distance between fire sensors, then the

total volume of space along the entry, V E, with thc cross-
cuts included is

VE ~ is.Ao + is.Nx.Ao dx, (D-2)

where it is assumed that the crosscuts have the same cross
section as the entry, A,. Thus,

VE = is.Ao (1 + Nx'dxl

= is.Ao (1 + modx/ixl. (D-3)

Now the straight-line distance between sensors remains the
same and the net effect of the crosscuts is to increase the
effective entry cross section, AEXi to a larger value given by

( m' dx)
AEX ~ Ao 1 + -ç . (D-4)

When A, is increased by using the expression given in
equation D-4, the effeels of crosscuts are overestimated.

Therefore, it is suggested that a more reasonable value for
AEX is given by

( m'dx )1/2
AEX ~ Ao 1 + -ç . (D-S)

This expression (equation D-5) is suffcient to account for
both the increased travel time and dilution effects due to
crosscuts. When figures 7 and 8 are used to determine
sensor alarm levels, the value A&', rather than Ao' should
be used.

For instance, if m = 2, dx = 25 ft, and ix = 100 ft,
then AEX = (1.5)'/' Ao = 1.22 Ao' If Ao = 100 ft', then to
calculate the proper sensor alarm level at a given spacig,
AEX = 122 ft' should be used. From figure 7, if the ai
velocity is 300 ft/min and the entry cross section is 100 ft2,
then for 1,000-ft spacings the CO alarm level should be
9 ppm. However, including crosscuts, for which Ao = AEX
~ 122 ft', a CO alarm level of 7 ppm for sensors spaced
at 1,000-ft intervals is obtained from figure 7.

PARALLEL ENTRIES

In some mines, two individual entries may exist that are
not separated by stoppings. In these cases, the conveyor

belt haulage system is usually located in one of the entries,
but because no stoppings exist, the contaminants from a
fire may be diluted by ventilating ai from the parallel
entry that does not contain the conveyor belt. To address
this situationi the entry cross section, Ao' should be re-
placed by an effective entry cross section, which is the sum
of the cross section of the individual entries.

For instance, if two entries have the same cross section,
then the effective cross section, AEPi for determing sen-
sor alarm levels is AEP = 2. A,. This is probably the most
frequent situation. But if the entries have different cross
sections Ao and Aii then AEP == Ao + Ai.

As an example, if two of these parallel entries exist and
are of equal cross section, A, = 100 ft', then AEP = 20 ft'
should be used for determining sensor alarm levels. From
figure 7, if v, = 150 ft/min and Ao = 100 ft', lO-ppm
alarm levels could be used for 1,000-ft spacings. When
A, = AEP ~ 200 ft' due to parallel entries, figure 7 indi-
cates 6-ppm alarm levels for I,OO-ft spacings.



COMBINED CROSSCUTS AND PARALLEL
ENTRIES

When paralel entries contain crosscuts, the crosscuts
exit on only one rib of each entry since there are no

stoppings between the two entries. In this situation,
m = 1 for each entry. The effective cross sections of each
eotry due to the crosscuts are

(AmÙo
( 1.0 +

(0-6)
dXt )1/2- Ao1ixi

and

( dxi )1/2
(AE0i = 1.0 + ixi Ai. (0-7)

For instance, if dxi = d", = 25 ft and ixi = i", =

100 ft, then (Aio, = 1.2 A, and (Aio, = 1.2 Ai, The
total net effective cross section, AEX, is AEX = (Aio,
+ (Aioi = 1.2 (A, + Ai),

In the above exaple, if A, = Ai = 100 ft' and

contains crosscuts, then AEX = 224 ft'. From figure 7, at
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v, = 150 ftlmin and A, = 224 ft', a 6 ppm alar level
could be used at spacings of 1,00 ft.

AIR SPLITS

An air split is defined as any junction along a belt entr
where ventilating air is either diverted to another entr
(thus reducing the air velocity) or ventilating ai from
another entry is diverted into the belt entry. For puroses
of determining sensor alarm levels, the lengt of aiay

between any two air splits should be treated as a ditict

entry.
For instance, if A, = 125 ft', no parallel entries ext,

the entry contains no crosscuts, and the aiflow between
two air splits is 200 ft/min, then from figue 7, at a
spacing of 1,00 ft, the CO alarm level is 9 ppm. If, at the
next air split, ventilating air is diverted to the belt entr
from another entry, thus increasing the ai velocity to 350
ftlmin along the next section of entry, figure 7 would

indicate that the CO sensor alar level should be
decreased to 6 ppm. The net effect of air splits is a
change in the sensor alarm levels along a belt entry, based
upon the changes in ventilation air velocity that occur be-
cause of the air splits.
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APPENDIX E.-LIST OF SYMBOLS

total entry cross-sectional area including parallel
entries, m2

effective entry cross-sectional area when cross
cuts are included, m'

total entry cross-sectional area when both par-
ale� entries and crosscuts are included, m'

nominal cross-sectional area of conveyor belt
entr, m2

nominal cross-sectional area of parallel entry, m'

. m.m3
CO production rate constant, pp .

s-min

growth-rate parameter for coal fire, kW /min

growt-rate parameter for PVC conveyor belt
fire, kW /min

growth-rate parameter for SBR conveyor belt
fire, kW /min

CO production constant,
ppm.m3

kJ

-t 3m 'm
smoke production constant,

kJ

heat capacity of ai,
kJ

g"C

CO sensor alarm threshold, ppm

smoke optica density, m-l

smoke sensor alarm threshold, m"

depth of crosscut, m

increase in CO due to fire, ppm

increase in CO, due to fire, ppm

change in CO production rate during smoldering
ppm'm3

stage of coal fire,
s

bt

GCO

GD

H

He

Hco

f

fa

K

kc

keo,

L

R.s

R.T

R.x

À

MCO

Meoi

m

N,

D.

Po

time from onset of smoldering coal to onset of
flaming coal, min

ppm.m3
CO production rate,

s

m-1.m3
smoke production rate,

s

entry height, m

heat of combustion of coal or conveyor belt,

kJ/g

heat of combustion of CO, kJ /g

smoke attenuated light intensity, W

unattenuated light intensity, W

light extinction coeffcient, m-l

stoichiometric yield of CO, gig

stoichiometric yield of CO" g/ g

path length of light, m

CO OT smoke sensor spacing, m

point-tye heat sensor spacing, m

crosscut spacing, m

wavelength of light, ¡Jm

generation rate of CO, g/s

generation rate of CO" g/s

number of crosscut in entry

number of crosscuts per meter of entry
length, m-l

light obscuration, dimensionless

density of air, g/m3
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APPENDIX E.-LIST OF SYMBOLS-ontlnued

QCQ heat-release rate of coal fire, kW (tD)co time to detect fire by CO sensor downtrcam of
fire, min.

Qpvc heat-release ratc of PVC conveyor belt fire, kW

(tD)D time to detect firc by smokc sensr downtrcam
OSHR heat-release rate of SBR conveyor belt fire, kW of fire, min

0, heat-release ratc of rire, kW t, average time that coal rire wi bur before con-
veyor belt igntcs, min.

OrAL heat-release rate of combined coal and conveyor
belt fies, kW tMA estimated maxum tic for point-ty heat

sensor to alar, rom
T lit tranmision, diensionless

t"UN estimated minimum iime for point-ty heat

TA alar tcmperature for point-tye heat sensor, .C sensor to alar, min

To ambient temperature, °C tPEA time to peak fire intensity, mm

t time, min tR response time of rire sensor, min

tA sensor alar time (general), mm Is time coal fire smolders before flaming igtion,
mm

(t.Jco time required for coal fire to produce a given

alar level of CO, min ~ transport iime of contaminants, miD

(t.JD time requied for coal rire to produce a given V. entry volume, m3
alar level of smoke, min

Va air velocity, mls
tsi time at which conveyor belt ignited minus time

at which coal began to flame, min W entry width, m

ts.. time at which conveyor belt flame spread began X, carbon mass fraction, g of cabon
minus time at which coal began to flame, min g of fuel

INl.BU.OP MI,PGH.,PA 2917

* U.S. GPo: 1991-511-o1()42015
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1s = 1,000 ft

500
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1,500
450

1,250 400
°A, m-I 1,250

1,000 0.011 350 0A' m-I

900 300 0.011

800 1,000

700 250 900
600 ,022 225 800
500 200 .022 700
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.044 600
150
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125 .044
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