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A Comparison of Mine Fire Sensors 

By R. S. Conti' and C. D. Litton2 

ABSTRACT 

This U.S. Bureau of Mines (USBM) report discusses the results of research conducted in the USBM ex- 
perimental mine at its Lake Lynn Laboratory to determine the alarm times of smoke and carbon monoxide (CO) 
sensors, and a point type heat sensor (PTIIS) to slowly developing coal-conveyor belt fires. The tests were 
conducted at air velocities of 0.44 and 0.97 m/s, The data clearly indicate that smoke sensors provide earlier 
warning of fire than 10 ppm CO sensors, and that 10 pprn CO sensors provide earlier warning than PTHS, A 
success rate of 1.0 (indicating delection of every test fire) was obtaincd for both smoke and C 8  sensors. For the 
PTHS, the success rate was 0.57 at the lower air velocity, decreasing to 0 at the higher air velocity, Data are also 
presented showing the sequence of fire events and detection events at the two air velocities as a function of time. 
Results show that early detection and warning of underground mine fires will improve the probability of miners' 
escape, 

'17ire prevention engineec. 
2~hysicd scientist. 
Piitsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA. 



INTRODUCTION 

In arecent study3 in which 214 miners from eight mines were 
asked about mine fire related experiences, 65% of these miners 
reported that they see or smell smoke (from any source) in the 
mines where they work at least once a month. Twenty percent of 
these miners reported being surprised or caught off guard by the 
sight or smell of smoke within the past month because of either 
a potentially serious situation or planned maintenance activities 
such as cutting and welding. The results of this study serve to 
reinforce the importance of early-warning fire detection systems 
in underground mines. Personnel may not always be available to 
sense the smoke or odor from a developing fire; whereas, an 
early-warning fire detection system can continuously monitor the 
environment and signal the presence of a developing fire, as long 
as the unit is operating properly. 

Personnel must also be trained in the proper response to an 
early-warning signal from a fire detection system. When miners 
are notproperly trained, the potential for disaster is imminent. As 
an example, a fire at the Bullitt Mine, Appalachia, VA, 
March 9, 1994 (1); destroyed over 55 m of conveyor belt after 
the belting came in contact with an energized trolley wire. Dur- 
ing the event, the carbon monoxide (CO) monitoring system 
responded at 9 ppm, however, the alarm warning was dismissed 
as "probably welding smoke." A short time later, the miner who 
was welding inadvertently discovered the fire while answering 
the mine phone, and initiated fire-fighting activities, In many 
cases, fie-warning systems respond to an incipient fire, but these 
responses are dispensed as glitches in a sensor or planned 
maintenance activities in the area. It is important that any sig- 
nificant response from an underground fire sensor be immediately 
investigated, and that a standard procedure be developed for 
response to sensor alerls and alarms. 

During the period of 1983 through 1993, the Mine Safety and 
Health Administration (MSHA)' investigated 118 reportable 
underground mine fire incidents, or an average of 11 fires per 
year. Forty of these underground mine fires involved conveyor 
belts. Federal regulations, as spelled out in 30 CFR Part 75 Sub- 
part L-Fire Protection (2), require that automatic fire-warning 
devices be installed on each underground belt conveyor. Sensors 
so installed shall give a warning automatically when a fire occurs 

on or near a belt and provide both audible and visual signals that 
permit rapid location of the fire. 

In a mine fire, early detection maximizes the potential for 
escape from, and control of, the fire because more time is avail- 
able to execute successfully these procedures. Generally, miners 
responding during the incipient stage of a fire (a fire too small to 
present a significant safety threat), increase their chance of ex- 
tinguishment, provided they have adequate fire-fighting equip- 
ment and skills. To optimize the detection process, the choice of 
fire parameter to detect plays a major role. However, this choice 
is also temperedby the availability and sensitivity of the detectors 
used. A related factor is the number of sensors required, because 
cost, both in capital expenditures and in labor needed to maintain 
a system, tend to increase as the number of sensors increases, 

Optical sensors and PTHS must be spaced closely in a mine 
enby. This is because optical sensors require a line of sight lo the 
fie. For PTNS, close spacing is necessary because the hot gases 
from a fire cool rapidly once expelled into the mine's ventilation 
airflow. Smoke and carbon monoxide sensors may be placed at 
fairly large intervals because the ventilation airflow carries the 
CO and smoke to the sensors and because the CO and smoke are 
not dissipated once they are produced. However, these spacings 
cannot be too distant, or the early-warning capability CO and 
smoke sensors provide will be lost due to long transit times be- 
tween sensors. 

Previous studies (3-4) examined the effects of buoyancy on the 
alarm times of fire sensors. The results of these investigations 
indicated that maximum spacings for CO and smoke sensors may 
be in the range of 300 to 600 m without serious degradation of 
early-warning capability. To evaluate CO and smoke sensor 
responses at these distances, and to compare their response time 
to that of typical PTNS, a series of tests using small coal- 
conveyorbelt fies was conducted in the Lake Lynn Experimental 
Mine (LLEM). Seven tests were conducted at an average air 
velocity of 0.44 m/s and seven tests at an average air velocity of 
0.97 m/s. During these tests, the relative alarm times for three 
types of sensors (CO, PTHS, and smoke) were measured and 
compared. Such information is vital to assess the relative level of 
fire protection that can be provided for underground mines. 

EXPERIMENTAL PROCEDllRE 

The USBM Lake Lynn Laboratory, formerly a limestone underground research mine (new workings) are 2.16 m high and 
mine (5), is now a multipurpose mining research facility. Fig- 5.97 m wide, for an average cross-sectional area of 12.9 m2. 
ure 1 shows the laboratory's underground layout and above- The fire detection studies reported here were conducted in 
ground qumy area. The average entry dimensions in the A-drift. A detailed layout of a typical underground fire and de- 

tection scenario is shown in the perspective view in figure 2. - - 
3Based on arecentresearch study conducted by Conti and others, USBM, 1994. During the experiments the. normal airflow in the mine was 
'Italic numbers in parentheses refer to items in the list of references at the end 

of this report. reversed, so that the combustion products were exhausted through 
The mine f i e  statistics were obtained fromthe file of Federal Mine Safety and the main fan. The airflows can be adjusted by selecting one of the 

Health Administration (MSHA) mine fire investigation reports maintained at four speeds of the main fan, positioning the moveable bulkhead 
MSKA's Pittsburgh Safety and Health Technology Center. door in D-dsift and E-dsift, and erecting temporary stoppings at the 



Figure 1 
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Plan view of Lake Lynn underground mine, showing conjiguration forjire detection tests. 

last crosscuts of B- and C-drifts. The air velocity was measured 
with a handheld vane-anemometer 15.2 m downstream of the fire 
zone prior to starting the test. The cross section of the entry was 
divided into 12 quadrants; the measured values from each quadrant 
were averaged. A PTI-IS (a K-type thermocouple, detail 1 of fig- 
ure 2) was placed near the roof 3.65 m downstream from the 
center of the test fire and was considered to be in a l m  when the 
measured air temperature exceeded 57.2 "C (135 "I?), the lowest 
alarm temperature for point-type heat sensors (6). 

Three other sensors were located, as shown in detail 2 of fig- 
ure 2, in the entry cross section at a point 274 m downstream of 
the fire zone. A diffusion-type electrochemical CO sensor was 
mounted at the roof and denoted as CO roof. An ionization-type 
smoke sensor with internal sampling pump was mounted on the 
rib, with the intake sampling port located beside the CO-roof 
sensor. A prototype diesel-discriminating smoke detector (DDD) 
was mounted beside the intake sampling port of the smoke sensor. 
The CO sensor was calibrated and smoke detectors functionally 
tested before each experiment. The outputs of the fire sensors 
were connected to a 24-channel analog to digital (AD) converter 

that transmitted the data to a computer for storage. The data were 
logged at 1 s intervals. 

The CO a l m  level was set at 10 ppm, The smoke sensor and 
DDD were arbitrarily set to a l m  when the threshold voltages 
reached 0.5 and 0.02 V, respectively. A detailed description of 
typical output traces and response times of the various fire sensors 
used in similar experiments can be found in reference 7. 

The DDD (8) is a novel device that can be used to discriminate 
between smoke produced by a fire and smoke produced by a diesel 
engine. The detector uses a pyrolysis technique whereby a sample 
of smoke-laden gas passes through a short, heated tube. Within 
this tube, fire smoke particles pyrolyze (or re-burn), increase in 
number concentration, and decrease in average size; diesel smoke 
particles are unaffected. The DDD was developed by the USBM 
to reduce the numerous false alarms in mines that utilize diesel 
equipment, which makes detection of fires complicated because of 
the background levels of diesel emissions. This detector was in- 
corporated into the cussent tests to compare its response time to a 
more conventional smoke detector and to CO sensors. 



Figure 2 
DETAIL 1 

Perspective view of undergroundfire tests, depictingfire sensor location in A-drvt. 

The scenario studied was a slowly developing coal-conveyor and the pile was seeded with approximately 0.75 kg of pulverized 
belt fire. Seven 220-V electric strip heaters, with a combined Pittsburgh coal dust. Full electrical power was applied to the 
powerrating of 9.5 kW, were embedded into a 1.2- by 1.2-m coal heating elements at the start of each test. Visible smoke from the 
pile containing 75 kg of Pittsburgh coal. Six 10.2- by 22.8-cm coal pile was usually observed in 3 to 4 min, with flames 
strips of rubber conveyor belting, 1.1-cm thick, were evenly dis- emanating fromthe coal about 9 min later. The strips of conveyor 
tributed throughout the coal pile. Additionally, two 22.8- by belting on top of the coal pile ignited at some later time during the 
61-cm strips of the same belt were placed on top of the coal pile tests. 

RESULTS 

Figure 3 shows typical traces of the air temperature near the 
roof at a distance of 3.65 m downstream from the center of the fire 
and the bulk average CO levels at a distance of 274 m downstream 
of the fire as a function of time. The alarm level of the thermo- 
couple, T,, is 57.2 "C; the alarm level of the CO sensor, CQ, , is 
10 ppm The levels of CO measured are the actual levels produced 
at the fire at some earlier time because the airflow must transport 
the CO from the fire to the sensor. For the lower air velocity (v, 
= 0.44 m/s, figure 3 top), this transport time is 10.4 min; while the 

transport time at the higher air velocity (vo = 0.97 m/s, figure 3 
bottom) is 4.7 min. Once the smoke and DDD sensors alarmed 
(274 mdownstream from the fire) at the lower air velocity (figure 
3 top), more than 3 min elapsed before the average CO level 
reached a 10-ppm alarm, At the 10-ppm alarm, the thermocouple 
3.65 m downstream from the center of the fire indicated a 28 "C 
rise in the ambient temperature (To = 10 "C), some 19 "C below 
the PTI-IS alarm level. When the CO alarmed (10 ppm) at the 
higher air velocity (figure 3 bottom), the temperature was 8 to 



Figure 3 Table 1.-Alarm times, in minutes, for various sensors for tests 
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9 "C cooler than the temperature measured at;, the .lower air 
velocity, The average alarm time of both smoke a n & f > ~ B  sensors 
at the higher air velocity was 9.8 min, nearly 13 min before the 
10 ppm CO alarm. 

Table 1 shows the alarm times for the four sensors evaluated at 
the lower air velocity, The last row of table 1 is the average alarm 
time for all the tests for which alarm occurred. For the smoke, 
DDD, and CO sensors, alasm occu~red for each test (100% success 
rate), while for the PTI-IS, alarm occurred in only four of the seven 
experiments (a 57% success rate). Even though the PTIiS was 
located only 3.65 m downstream, it took significantly longer for 
this sensor to alarm than any of the others tested. 

Test Smoke DDD 10-ppm GO 57.2 "C 
PTHS 

1 . . . . . . . . .  14.4 17.6 18.9 26.3 
2 . . . . . . . . .  17,l 18,O 21.2 26.6 
3 ......... 14.7 16.5 20.0 25.0 
4 ......... 16.5 15.6 19.2 N A 
5 ......... 12.0 14.2 19.9 N A 
6 ......... 15,9 17.7 22.7 N A 
7 ......... 17.3 18.6 21.4 20.2 

Average , , 15.4 16.9 20.5 24.5 
DDC) Diesel-dlscrimlnating detector. 
NA No alarm. 
PTHS Point type heat sensor. 
Observed average flaming 12 min. 

Table 2 shows the alasm times for all tests conducted at the 
higher air velocity. For these tests, the PTHS did not a l m  at all, 
indicating a 0% success rate for the data obtained. These data 
indicate that as the air velocity increases, it becomes much more 
difficult for the PTEIS to alarm due to more rapid cooling of the 
buoyant hot gases. It is also possible that the hot gases passed 
underneath the PTHS at the higher air velocity, eventually 
contacting the roof at some farther distance downstream. This 
latter effect was observed in the slratification of CO reported 
previously (4) ,  where, at the highcr air velocity, a greater degree 
of roof stratification was detected at a distance of 45.7 m 
downstream of the fire than at a distance of 15.2 m downstream. 

Table 2,-Alarm times, In minutes, for various sensors for tests 
conducted at an air velocity of 0.97 mls 

Test Smoke DDD 10-ppm CO 

1 . . . . . . . . . . . . . . .  8.7 11.7 22.4 
2 . . . . . . . . . . . . . . .  8.6 11.0 24.8 
3 . . . . . . . . . . . . . . .  9.1 9.9 22.7 
4 . . . . . . . . . . . . . . .  7.6 11.2 23,3 
5 . . . . . . . . . . . . . . .  7.4 10.4 22.3 
6 . . . . . . . . . . . . . . .  9.6 12.3 21.2 
7 . . . . . . . . . . . . . . .  8.5 10.7 22.1 

. . . . . . . .  Average 8.5 11.0 , 22.7 

DDD Diesel-discriminating detector, 
Observed average flaming 10.3 mln. 

ANALYSIS 

These data also alIow for the comparisons of previous em- 
pirical expressions (3) derived for the air temperature near the roof 
and the bulk average CO levels that are produced as a function of 
air velocity and heat release rate. For air temperature, the heat 
release rate, a, necessay to produce an air temperature near 
the roof, T,, at some distance downstream of the fire, t, is given where po = density of air = 1.2 x lo3 g/m3, 
by: 



3 M Co = heat capacity of air = 1.088 x 10' - 
p;*OC ' 

AQ = entry cross section, m2, 

v, = air velocity, mls, 

To = initial, ambient temperature, OC, 

4 = distance downstream from center of the fire, 
m, 

H = entry height, m, 

and W = entry width, m 

Equation 1 can be r e m g e d  to yield an expression for the 
temperature increase near the roof 

From reference 3, the bulk average level of CO is given by 

where Bco is the production constant for CO. From reference 3, 
B,, has a value of 5.68 for styrene butadiene rubber (SBR) 
conveyor belts and, for coal, is given by the expression 

- 0.175~~ B, = 48e (4) 

From the experimental section, the surface area of exposed 
conveyor belt strips is 0.28 mZ and the exposed top surface of 
the coal is 1.20 rnz. The ratio of belt surface to coal surface 
is 0.23. If a reasonable assumption is made that the fraction of 
total a, due to conveyor belt scales with the fraction of 
exposed surface area and the remainder of the total a, scales 
with the exposed surface area of the coal, then: 

and LL 0.77 or (5b) 

The CO that is produced during the flaming stage of the fm 
can then be expressed as: 

- Ol?Sv* 
5.68 * QBaT J- 48e 

ppm CO = ri,oA, 

voA0 

Codining equations 5a and 5b yields: 

The ratio of t e w  rise near the roof, T,-T,, to the ppm of 
CO is equation 2 divided by equation 7, For P = 3.65 m, H = 2.16 
m, and W = 5.97 m, this ratio is 

At v, = 0.44 mls, equation 8 yields a value of 0.64, and at v, = 
0.97 ds, the value is 0.68. Table 3 shows the average value of the 
ratio of temperature rise to CO increase for each of the test, The 
average measured values for all: the tests during the flaming stage 
were 0.62 at v, = 0.44 mls and 0.65 at v, - 0.97 mls, in good 
agreement with the predicted values. 

Table 3.4verage values of raUo of tmperature rise 
(T, - T,) to CO increase 

Test V, = 0.44 mls V, = 0.97 mls 

1 .............. 0.52 0.80 
2 .............. 0.72 0.54 
3 .............. 0.60 0.62 
4 .............. 0.76 0.55 
5 .............. 0.65 0.67 
6 .............. 0.45 NO 
7 .............. 0.63 0.73 

Average ....... 0.61 9 0.652 

ND No data. 
v, Alr velwlty. 

When only coal is present as the combustible (as is typically 
the case during the exly stages of fire in conveyor belt entries), 
then it becomes possible to estimate the levels of smoke and GO 
that are produced at a given temperature rise near the roof and at 
a fixed distance from the fire, In particular, it is of interest to 
make this determination for point-type heat sensors with alarm 
temperatures of 57.2 "C (6) and spaced a m i m u m  distance of 
15.24 rn from the fire, the minimum spacing specified in the 
regulations (2). 

Combining equations 5 3 ,  and 4, the level of e0 can be ex- 
pressed as a function of temperature rise near the roof by: 

ppm CO = 0.70 i,TR -TJ e -a175 v, , ,5H, (9) 

Since the f m  can originate at any point within this spacing 
of 15.24 m, the integral avemge of equation 9 from l = 0 to 4 = 
15.24 m represents a reasonable estimate of the average level of 
CO as a function of temperature rise near the roof. Assuming H = 
1.83 m, and W = 6.10 m, the integral average value becomes: 

-0.17% ppm CO = 192 (TR-To) e . (10) 



For smoke, the level of optical density (D) is given by the ex- 
pression (3): 

Combining equations 2 and 11 yields: 

D(m "> = 0.0054&- To) e g ~ ~ ~ / ~  (12) 

The integral average of equation 12 over the distance from Q = 0 to 
4 = 15.24 m at the assumed values of H and W yields: 

A s s u h g  that T, = 57.2 "C and To = 18.3 "C (a m i m u m  air 
e-ture underground), then equation 10 indicates that, for air 
velocities greater than 2.3 mls, the estimated CO is less than 
50 ppm muation 13 would indicate that for any air velocity less 
than 9.7 mfs, the critical level of optical density for human escape 
for someone familiar with the escapeway (0.22 m-') (9) is also 
exceeded. At a typical air velocity of 1.0 mfs, the smoke optical 
density at PTHS alarm is 0.52, more than twice the critical level 
of optical density. 

If the spacing for PTHS was increased to 38.1 m, then the 
estimated levels of CO and smoke at PTHS alarm would increase 
by about 60%. If a typical CO alarm level is taken to be 10 ppm 
at an air velocity of 1.0 mls, then for the PTHS system to be 
equally sensitive, either the PTHS alarm temperature or the 
spacing, or both, should be reduced. For instance, if the spacing 
remains the same, then from equation 10, the value of T,-To at the 
level of 10 ppm CO would be 6.2 "C, indicating an alarm 
temperature of 24.5 "C. If the alarm temperature were to remain 
57.2 "C, then to reach this alarm temperature at 10 ppm CO, the 
spacing (from equation 9) would be reduced to 0.20 m. 

Figure 4 

TIME, rnin 

P&per &ion of CO during smouering stage rrt an airflow of 
0.44 rids. 

These types of estimates clearly indicate the improvement in 
early-waming fire detection that can be realized using either CO 
or smoke sensors rather than PTHS. The use of CO or smoke 
sensors would, in many cases, result in the detection of smoldering 
f ~ e s ,  whereas PTHS would not, 

M i l e  prolonged periods of sustained smldering combustion 
are never guaranteed, it is instructive to assess the levels of CO 
p ~ c e d  during this stage of the fie. If the travel time of the C 0  
from the f i  to the sensor is sublracted from the actual times at 
which CO levels were measured by the sensor, then these levels 
conespond to the bulk average CO levels produced at the f i  
location, Figures 4 and 5 depict the bulk average levels of CO 
from the f i  and the time required to produce sufficient levels of 
CO to reach its 10 ppm alarm level at both airflows, respectively. 
Time "0" w r r m n d s  to the instant of flaming ignition of the coal 
pile and not to the time when power was supplied to the electrical 
heaters, The negative time corresponds to the smoldering stage, 
the positive time to the flaming stage, At the higher air velocity 
of 0'97 mls  (figure 51, at the time flame erupts, the CO level is 
4 ppm and reaches its level of 10 ppm 9.4 min after flaming. 
Perhaps of greater interest is figure 4 for the lower air velocity of 
0.44 mls. At 0.7 min before flame erupts, the GO level bas 
reached the 10 ppm alarm level. If flaming had never occurred, 
the heating would still have been detected by the CO sensor 
located downstrem. 

This is not the case for the PTHS, At the time flame erupts, 
there is virtually no increase in the air temperature. It is not until 
the flame has reached a significantly greater intensity that the air 
temperature near the roof at a distance of 3.65 m downstream 
reaches 57.2 "C. The data from USBM RI 9380 (3) indicate that 
belt ignition (had one been present in a typical end-use con- 
figuration) could have occurred at a much lower fire intensity 
(15 kW). At both air velocities, the smoke sensors alarmed 5 to 
6 min before flaming occurred, and at CO levels in the range of 
1 to 3 ppm, indicating their earlier warning capability. 

Figure 5 

I I I - 5 0 5 10 
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Partper &n of CO during smoIdering and&m'ng stages rrt 
an airflow of 0.97 mls. 



CONCLUSIONS 

The data and analysis clearly show for the experimental 
configuration considered that smoke sensors provide earlier 
warning of fue than 10 ppm CO sensors, and that 10 pprn CO 
sensors provide earlier warning than PTHS, For smoke and CO 
sensors including the DDD, the success rate was 1.0, meaning that 
every test f i e  was successfully detected. For the PTHS, at the 
lower air velocity, the success rate was 0.57; at the higher air 
velocity, the success rate was 0. Other thermal sensors such as a 
distributed fiber optics system have shown promise for early 
warning (10). When life and property depend upon the sensor's 
ability to detect a fire, these latter values for the PTHS are less 
than encouraging, The data also indicated that at the lower air 
velocity, 10 ppm of CO was produced prior to flaming, 

demonstrating that the detection of fires in their incipient, 
smoldering stages Is a viable possibility in many instances. The 
use of smoke sensors enhances this possibility. The data also 
allow for estimates of CO and smoke optical density levels that 
would be present if detection was via PTHS spaced at intervals of 
15.2 and 38.1 m. These levels are significantly greater than the 
recommended alarm thresholds for CO and smoke sensors. The 
data clearly indicate the effects of air velocity on the detection 
times that were realized for each type of sensor. Air velocity also 
impacts the relative sequence of events observed during the stages 
of fire development (appendix). These results clearly indicate that 
the likelihood of miners' escaping from underground mine fires 
will improve with earlier detection. 
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APPENDIX.-IMPACT OF AIR VELOCITY ON FIRE EVENTS 

A developing mine fire triggers a sequence of events. The 
observation (or detection) of these events is a function not only of 
the location of an observer (or detector) relative to the location 
of the fire, but also of the air velocity. Figure A-1 shows the 
sequence of events observed (or detected) during the tests reported 
in this report. In the upper portion (figure A-1) are the events at 
vo = 0.44 mls, while in the lower portion are the events at vo = 0.97 
m/s. The open bars represent the events at the fire location; the 
diagonal-lined bars represent the events observed (or detected) at ' 
a distance of 274 m downstream of the fire. 

At the lower air velocity there is a very consistent and regular 
sequence events at the fire and also at the observer (detector) 
location. The observed (detected) events are displaced by the 
travel time of 10.4 min from the events occurring at the fire. 
However, U the events observed (detected) actually transpire 
subsequent to flaming ignition of the coal due to this long travel 
time, even though odor, visible smoke in the entry, smoke alarms, 
5 ppm, and 10 ppm CO actually occur at the f i e  location prior to 
flaming ignition. It should be realized that the time noted for 

the odor event could very well depend on the sensitivity of each 
olfacto~y sense. 

At the higher air velocity the observed (detected) events are 
displaced by the travel time of 4.7 min from the events occurring 
at the fire location. The events of odor, visible smoke in entry, 
smoke alarms, and flaming ignition occurring at the fire location 
are almost identical to the same events at the lower air velocity. 
However, the levels of 5,10, and 15 ppm CO at the f i e  location 
are recognized later due to their greater dilution at the higher air 
velocity. The observed (detected) events of odor, visible smoke 
in the entry, and smoke alarms at the 274 m location actually occur 
before flaming ignition of the coal due to the shorter travel time. 

The air velocity impacts these events through both dilution and 
travel time effects. All the events observed (detected) at the 274 
m location occur prior to alarm of a PTHS located at the fire 
source. The data clearly show the advantages of smoke and CO 
sensors compared with the PTHS that were evaluated during these 
tests. 
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