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A COMPARISON OF MINE FIRE SENSORS

By R. S. Conti ‘and C. D. Litton ?

ABSTRACT

This U.S. Bureau of Mines (USBM) report discusses the results of research conducted in the USBM
experimental mine at its Lakeynn Laboratory to determine the alatimes of smoke and carbon monoxide
(CO) sensors, and a point type heat sensor (PTHS) to slowly developing coal-conveyor belt fires. The tests were
conducted at air velocities of 0.44 and O9/8. The data clearly indicate that smoke sensors provide earlier
warning of fire than 10 ppm CO sensors, and that 10 ppm CO sensors provide earlier warning than PTHS. A
success rate of 1.0 (indicating detection of every test fire) was obtained for both smoke and CO 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.

*Fire prevention engineer.
Physical scientist.
Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

In a recent study in which 214 miners fraight mines both audible and visual signals that permit rapid location of the
were asked about mine fire related experiences, 65% of thefiee.
miners reported that they see or smell smoke (from any source) In a mine fire, early detection maximizes the potential for
in the mines where theyork atleast once a month. Twenty escape from, and control of, the fire because riore is
percent of these miners reported being surprised or caught available to execute successfully these procedures. Generally,
guard by the sight or smell of smoke within the because ohiners responding during the incipient stage of a fire (a fire
either a potentially serious situation or planned maintenancd@0 small to present a significant safety threat), increase their
activities such asutting and welding. The results of this study chance of extinguishment, provided they have adequate fire-
serve to reinforce the importance of early-warning fire detectiofighting equipment and skills. To optimize the detection
systems in undergroundines. Personnel may not always be Process, the choice of fire parameter to detect plays a major
available to sense the smokeagior from a developing fire; role. However, this choice is also tempered by the avallquty
whereas, an early-warning fire detection system ca@nd sensitivity of the detectors used. A related factor is the

continuously monitor the environment and signal the presenéé“mbg.rt of sen('jsqrsl Leqmreo(lj, zetcausg thst, bOt? n fapét?l
of a developing fire, as long as the unit is operating properly.expen flUres and in labor needed fo maintain a system, tend to

Personnel must also be trained in the proper response to Ljgrease as the number of sensors increases.

: . ) . ; Optical sensors and PTHS must be spaced closely in a mine
early-warning signal from a fire detection system. When miners T . ; ; ;
entry. This is because optical sensors require a line of sight to

are not properly trained, the potent.ial fqr disaster is imminen&he fire. For PTHS, close spacing is hecessary because the hot
As an example, a fire at the Bullitt Mine, Appalachia, VA, gases from a fire cool rapidly once expelled into the mine's

4
March 9, 19941)," destroyed over 55 m of conveyor belt aﬁ.erventilation airflow. Smoke ancarbon monoxide sensors may

the_beltmg came in contact W,'th an energged_ trolley Wir€he placed at fairly large intervals because the ventilation
During the event, the carbon more (CO) monitoring system 4irfiow carries the CO and smoke to the sensors and because

responded at 9 ppm, howevre alarm warning was dismissed he O and smoke are not dissipated once they are produced.
as "probably welding smoke.” A short time later, the miner whqyowever, these spacings cannot be too distant, or the early-
was welding inadvertently discovered the fire while answeringyarming capability C@and smoke sensors provide will be lost
the mine phone, and initiated fire-fightiagtivities. In many due to long transit times between sensors.
cases, fire-warning systems respond to an incipient fire, but previous studie¢4) examined the effects of buoyancy on
these responsese dispensed as glitches in a sensor or plannegle alarm times of fire sensors. The results of these in-
maintenance activities in the area. It is important that anyestigations indicated that maximum spacifigs CO and
significant response from an underground fire sensor be imsmoke sensors may be in the rang8@J to 600 m without
mediately investigated, and that a standard procedure Berious degradation of early-warning capability. To evaluate
developed for response to sensor alerts and alarms. CO and smoke sensor responses at these distances, and to
During the period 01983 through 1993he Mine Safety =~ compare their respotisge to that of typical PTHS, a series
and Health Administration (MSHA) investigated 118 of tests using small coal-conveyor belt fires was conducted in
reportable undergroundine fire incidents, or an average of 11 the Lake Lynn Experimental Mine (LLEM). Seven tests were
fires per year. Forty of these underground mine fires involvedonducted at anverage air velocity of 0.44 m/s and seven
conveyorbelts. Federal regulations, as spelled out in 30 CFHRests at an average air velocity of 0.97 m/s. During these tests,
Part 75 Subpart L-Fire ProtectioB){ require that automatic the relative alarm times for three types of sensors (CO, PTHS,
fire-warning devices be installed on eashderground belt and smoke) were measured and compared. Such information
conveyor.  Sensors soinstalled shall give a warning IS vital to assess the relative level of fire protection that can be

automatically when a fire occurs on or near a belt and providgrovided for underground mines.

EXPERIMENTAL PROCEDURE

The USBM Lake Lynn Laboratory, formerly a limestone darground researahnine (new workings) are 2.16 m high
mine 6), is now a multipurpose mining researfzility. and 5.97 m widefor an average cross-sectiormlea of
Figure 1 shows the laboratoryisiderground layout and 12.9 nf.
aboveground guarry area. Tdnerage entry dimensions in the  The fire detection studies reported here were conducted in

*Based on a recent research study conducted by Conti and ohters, USBwdriéi94. A detailed layout of a typicainderground fire and

“Italic numbers in parentheses refer to items in the list of references at teh eggstection scenario is shown in the perspective view in figure 2.
of this report. ; ; ; ; ;

*The mine fire statistics were obtained from the file of Federal Mine Safety ang)urmg the experiments the norlmal airflow in the mine was

reversed, so that the combustion products were exhausted

Health Administration(MSHA) minefireinvestifationreports maintained atMSHA's ¢ - .
Pittsburgh Safety and Health Technology Center. through the main fan. The airflows can be adjusted by
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Plan view of Lake Lynn underground mine, showing configuration for fire detection tests.

selecting one of the four speeds of the main fan, positioning the intake sampling port of the smoke sensor. The CO sensor was
moveable bulkhead door in D-drift and E-drift, agrécting calibrated and smoke detectors functionally tested before each
temporary stoppings at thast crosscuts of Band C-drifts. experiment. The outputs of the fire sensors were connected to

The air velocity was measured with a handheld vane- a 24-channel analog to digital (A/D) converter that transmitted
anemometer 15.2 m downstream of the fire zone prior to the data to a computer for storage. The data were logged at 1 s
starting the test. The crosssection of the entry was divided into intervals.

12 quadrants; the measured values from each quadrant were The CGeeddnvas set at 10 ppm. The smoke sensor
averaged. A PTHS (a K-type thermocouple, detail 1 of BB were arbitrarilyset to alarmwhen the threshold

figure 2) was placed near thaof 3.65 m downstream from the voltages reached 0.5 and 0.02 V, respectivalgtailad

center of the test fire and was considered to be in alarm when description of dypjmaltraces and response times of the

the measured air temperature exceeded 82Z.¢L35°F), the various fire sensors used in similar experiments can be found
lowest alarm temperaturfor point-type heat sensors (6).

in reference 7.
Three other sensors were locatedslagwn indetail 2 of TheDDD (8) is a novel device that can be used to dis-
figure 2, in the entry cross section at a point 274 m downstreaariminate between smoke produced by a fire antbke

of the fire zone. A diffusion-type electrochemical CO sensoproduced by a diesel engine. The detector uses a pyrolysis
was mounted athe roof and denoted as CO roof. An technique whereby a sample of smoke-laden gas passes
ionization-type smoke sensor with internal sampling pump wathrough a short, heated tube. Within this tube, dimoke

mounted onthe rib, with the intake sampling port particles pyrolyze (or

re-burn), increase innumber
located beside the CO-roof sensor. A prototype diesekoncentration, and decrease in average; dieselsmoke

discriminating smoke detector (DDD) was mounted beside thparticles are unaffected. TH2DD was developed by the
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USBM to reduce the numerous false alarms in mines that utilize 10.2- by 22.8- strips of rubber conveyor belting, 1.1-cm thick,
diesel equipment, which makes detection of fires complicated  were evenly distributed throughout the coal pile. Additionally,
because of thbackgroundevels of diesel emissions. This  two 22.8-cm by 61-cm strips of the same belt were placed on
detector was incorporated in99999to the currests to top of the coal pile and the pile was seeded with approximately
compare itsresponsetime to a more conventionamoke 0.75 kg of pulverized Pittsburgbal dust. Full electrical

Perspective view of underground mine, showing configuration for fire detection tests.

detector and to CO sensors. power was appli¢dettneating elements at the start of each

The scenario studied was a slowly developing coal- test. Visible smoke from the coal pile was usually observed in
conveyorbelt fire. Sever220-V electric strip heaters, with a 3 to 4 min, with flames emandtorg the coal about 9 min
combined power rating of 9.5 kW, were embedded into a 1.2- later. The strips of conveyor belting on top of the coal pile

by 1.2-m coal pile containing 75 kg of Pittsburgh coal. Six ignited at some later time during the tests.

RESULTS

Figure 3 shows typical traces of the air temperature near the  of the thermocguple, T ;& Ble2alarm level of the CO
roof at a distance of 3.65 m downstream from the center of the = senspr, CO , is 10 ppm. The levels of CO measured are the
fire and the bulk average CO levels at a distanc27df m  actual levelproduced at the fire at some earlier time because
downstream of the fire as a function of time. The alarm level the airflow must transport the CO from the fire to the sensor.



Figure 3 alarm timefor all the testgor which alarm occurred. For the
70 : : - : 70 smoke, DDD, and CO sensors, alarm occufegdeach test
~\ (100%success rate), while fahe PTHS, alarm occurred in
60 L1, =572 °C ’ 180 only four of the seven experiments (a 57% success rate). Even
50 150 though the PTHS was Iatgd only 3.65 m downstream, it took
significantly longer forthis sensor to alarm than any of the
40 - 40 others tested.
30 130 Table 1.—Alarm times, in minutes, for various sensors for tests
20 150 conducted at an air velocity of 0.44 m/s
o 10 ! Con=10PPm~{ Test Smoke DDD  10ppmCO  57.2°C
. Smoke alarms—¥/ PTHS
4 L 1 L o £ 1.0, 14.4 17.6 18.9 26.3
2 0 10 20 30 40 50 & 2. 17.1 18.0 21.2 26.6
= 60 T T T 80 S 3. 14.7 16.5 20.0 25.0
W F—T,=57.2 °C © 4 ... ... 16.5 15.6 19.2 NA
Z sof ke 450 5. ... 12.0 14.2 19.9 NA
F Y gensor 6 .. 15.9 17.7 227 NA
—_ 7o 17.3 18.6 21.4 20.2
aor T ﬁg:'sz;“;es _ VAN 14 Average .. 15.4 16.9 20.5 245
30k 130 DDD Diesel discriminating detector.
i H NA No alarm.
/ PTHS  Point type heat sensor.
20 ! 120 Observed averaging flaming 12 min.
/ COp = 10 ppm
Sl posrwar— e Yo Table 2 shows the alarm times for all tests conducted at the
ol higher air velocity. For these tests, the PTHS did not alarm at
m— L L o all, indicating a 0% success rdite the data obtained. These
© ° T|M2EO ) %0 40 data indicate that as the air velocity increases, it becomes much
, min

more difficult for the PTHS 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 theoof at some farther distance
downstream.  This latter effect wasbserved in the
stratification of CO reported previously)( where, at the

For the lower air velocity (v = 0.4d/s, figure 3 top), this higher air velocity, a greater degreerobf stratification was
transport time is 10.4 min; while the transport time at the highadetected at a distance of 45.7 m downstream of the fire than at
air velocity (v, = 0.97 m/s, figure 3 bottom) is 4.7 min. Oncea distance of 15.2 m downstream.

the smoke and DDD sensors alarni2d4 m downstream 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-ppmalarm, the thermocouple 3.65 m downstream
from the center of the fire indicated a 28 rise in the ambient

Comparison of CO and PTHS alatimes of 0.44 m/&op)
and 0.97 m/s (bottom).

Table 2.—Alarm times for the various sensors for tests
conducted at an air velocity
Test of 0.97 m/s

Test Smoke DDD 10-ppm CO
temperature (J = 10C), some 19C below the PTHS alarm g 117 24
level. When the CO alarmed (10 ppm) at the higher air velocity =~~~ 8.6 110 048
(figure 3 bottom), the temperature was 8 ttcoolerthan 3 . .. . ... .. ... 91 9.9 227
the temperature measured at the lower air velocity. The ............... 7.6 11.2 23.3
average alarm time dfoth smoke and DDD sensors at the5 ............... 74 104 22.3
higherair velocity was 9.8 min, nearly 13 min before the 106 -------- .- ... g-g %3 g;i
ppm CO alarm measured at the lower air velocity. The averadeA\;e'ré'qé' o g 110 597

alarm time of both smoke and DDD sensorthathigher air - 555" piesel Discriminating Detector
velocity was 9.8 min, nearly 13 min before the 10 ppm CQppserved average flaming 10.3 min
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

ANALYSIS

These data also allofior the comparisons of previous
empirical expressions3) 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 Fate.air



temperature, the heat release ré\tp, Q

necessary to produce an

The C@rdlohicisd during the flaming stage of the

air temperature near the roof, T , at some distance downstredirecan then be expressed as:

of the fire,s, is given by:

-0.175v,

5.68 - Quup * 4.8¢ - Q
. T T N ppm CO - BELT COAL. (6)
Qf - poCoVvo 9 0~ ’ (l) Vvo
where, p = density of air = 1.2 x 10 gfn Combining equations 5a and 5b yields:
C, = heat capacity of air £.088 x 10° kI )
° o17svy Qe
A, = entry cross section, m , ppm CO = (1.31 + 3.70e 0175Ve) . A )
v, = air velocity, m/s,
T, = initial, ambient temperaturéC, The ratio of temperature rise near the rogf, T, -T , to the
. ppm of CO is equation 2 divided by equation 7. #o13.65
0 = dl?itr%n(r:r? downstream from center of them' H=2.16 m, and W = 5.97 m, this ratio is
H = entry height, m, ( T-T, _ 3.037 ' ®)
m CO -0.175 v,
and W = entry width, m. PP (131 + 3.6% )

Equation 1 can be rearranged to yield an expression for t

temperature increase near the roof

9Q;
P, C, v, A,

0 0 0

i -1.75H/W. (2)

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

ppm CO - Beo " & )
VOAO ,

where B, is the production constant for CO. From referenc
3, B, has a value of 5.68 for styrene butadiene rubber (SBR) ="~ - o

conveyor belts and, for coal, is given by the expression

By, = 4.8¢ >, (4)

rﬁ(voz 0.44 m/s, equation 8 yields a value of 0.64, ang atv =
0.97 m/s, 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 &r the testsduring the
flaming stage were 0.62 gt v = 0.44 m/s and 0.65 atv =0.97
m/s, in good agreement with the predicted values.

Table 3.-Average values of the ratio of temperature
rise (T- T to CO increase

Test No V_=0.44 m/s V,=0.97 m/s
1 0.52 0.80
2 0.72 0.54
P 0.60 0.62
.......................... 0.76 0.55
0.65 0.67
.......................... 0.45 ND
T 0.63 0.73
Average . ............ .. .. .. 0.619 0.652
ND  No data.
v, Air velocity.

From the experimental section, the surface area of exposed When only coal is present as the combustible (as is typically
conveyorbelt Str#:s i90.28 nf and the exposed top surfaceofthe case during the early stages of fire in conveyor belt entries),

the coal is 1.20

The ratio of belt surface to coal surface ihen it becomes possible to estimate the levels of smoke and
0.23. If a reasonable assumption are made that the fraction

total Q due to conveyor belt $ea with the fraction of exposed

€D that are produced at a given temperature rise near the roof

surface area and the remainder of the total heat Q scales witfd @t @ fixed distance from the fire. In particular, it is of

the exposed surface area of the coal, then:

Qugr = 023 - Q; (5a)

and QuoaL = 077 - Q. (5b)

interest to make this determination for point-type heat sensors
with alarm temperatures of 57°Z (6) and spaced a maximum
distance of 15.24 m from the fire, the minimum spacing
specified in the regulationg)(

Combining equations 2, 3, and 4, theel of CO can be
expressed as a function of temperature rise near the roof by:



B R p— If the spacingor PTHS was increased to 38.1 m, then the
ppm CO = 0.70(T,-Tp) e =7 - { . (9)  estimated levels of CO and smoke at PTHS alamwuld
increase by about 60%. If a typical CO alarm level is taken to
be 10 ppm at aair velocity of 1.0 m/s, thefor the PTHS
Since the fire can originate at any point within this spacing osystem to be equally sensitive, either the PTHS alarm
15.24 m, the integral average of equation 9 fros0 tor =  temperature or the spacing, or both, should be reduced. For
15.24 m represents a reasonaistmate of the average level instance, if the spacing remains the same, then from equation
of CO as a function of temperature rise near thef. 10, thevalue of I -I at the level of 10 ppm CO would be 6.2
Assuming H = 1.83 m, and W = 6.10 m, the integral averagéc, indicating an alarm temperature of 234G If the alarm

value becomes: temperature were to remain 572, then to reach this alarm
o175 temperature at 10 ppi@O, the spacindgfrom equation 9)
ppm CO = 1.92(T;-Ty) - e "o, (10)  would be reduced to 0.20 m.

These types of estimates clearly indicate the improvement in
early-warning fire detection that can be realized using either
For smoke, the level of optical dens{) is given by the CO or smoke sensors rather than PTHS. The use of CO or
expression3): smoke sensors would, in many cases, result in the detection of
smoldering fires, whereas PTHS would not.
o 0037 . @ While prolonged periods of sustained smoldering
D(m ™) = v A (11)  combustion are never guaranteed, it is instructive to assess the
oo levels of CO produced during this stage of the fire. If the travel
time of the CO from the fire to the sensor is subtracted from the
Combining equations 2 and 11 yields: actual times at which CO levels were measured by the sensor,
then these levels correspond to the bulk average CO levels
D(m ! = 0.0054(Ty T,) - & "' (L7HW, (12)  produced athe fire location. Figures 4 and 5 depict the bulk
average levels of CO from the fire and tirae required to
produce sufficient levels of CO to reach its 10 ppm alarm level

The integral average of equation 12 over the distancefrom &t both airflows, respectively. Tin®" corresponds to the

0 to¢ = 15.24 m at the assumed values of H and W yields: instant of flaming ignition of the coal pile and not to the time
when power was supplied to theectrical heaters. The

. 010 negative time corresponds to the smoldering stage, the positive
D(m ) = 0.0149(Ty-Tp) ~ e " (13)  time to the flaming stage. At teh higher air velocity of 0.97 m/s
(figure 5), at the time flame erupts, the CO level is 4 ppm and
reaches its level of 18pm 9.4 min after flaming. Perhaps of
Assuming that T =57.2C and T, = 18.3C (a maximum  dreater interest is figure 4 for the lower air velocity of 0.44 m/s.
air temperature underground), then equation 10 indicates thA¥t 0-7 min before flame erupts, the CO level has reached the 10
for air velocities greater than 2.3 m/s, the estimated CO is le§Pm alarm level. If flaming had never occurred, the heating
than 50 ppm. Equation 13 would indicakat for any air ~ Would still have been detected by the CO sensor located
velocity less than 9.7 mys, the critical level of optical density foflownstream. _
human escape for someone familiar with the escapeway (0.22 This is not the case for the PTHS. At the time flame erupts,
m™) (9) is also exceeded. At a typical air velocity of 1.0 m/s,there is virtually no increase in the air temperature. It is not
the smoke optical density at PTHS alarm is 0.52, more thaijntil the flame haseached a significantly greater intensity that

twice the critical level of optical density. the air temperature near tmeof at adistance of 3.65 m
Figure 5

Figure 4 10
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downstream reaches 57.2. The data from USBM RI1 9380  sensors alarmed 5 to 6 min before flaming occurred, and at CO
(3) indicate that belt ig-nitiofhad one been present in a typical levels in the range of 1 to 3 ppm, indicating their earlier
end-use config-uration) could have occurred at a much lowewarning capability.

fire in-tensity (15 kW). At bothair ve-locities, thesmoke

CONCLUSIONS

The dataand analysis clearly shofer the experimental of fires in their incipient, smoldering stages is a viable
configuration considered that smoke sensors provide earlier possibility in many instances. The use cksswke
warning of fire than 10 ppm CO sensors, and that 10 ppm CO enhances this possibility. The data also allow for estimates of
sensors provide earlier warning than PTHS. For smoke and CO and smoke optical@ezisithhatvould be present if
CO sensors including the DDD, the success rate was 1.0, detection was via PTHS spaced at intervals of 15.2 and 38.1 m.
meaning that every test fire was successfully detected. Forthe  These levels are significantly greater than the recommendec
PTHS, at the lower air velocity, the success rate was 0.57; atthe  alarm thresholds for CO and smoke sensors. The data clearl
higher air velocity, the success rate was 0. Other thermal indicate the effects of air ve-locity on the detection times that
sensors such as a distributed fiber optics systemdtamen  were realized f@ach type ofensor. Air velocity also impacts
promise for early warninglQ). Whenlife and property  the relative se-quence of events observed during the stages of
depend uporthe sensor's ability to detect a fire, thégeer  fire development (appendix). These results clearly indicate that
values for the PTHS are less than encouraging. The data althe likelihood of miners' escapifiggm underground mine fires
indicated that at the lower air velocity, ppm of CO was will improve with earlier detection.
produced prior to flaming, demonstrating that the detection
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APPENDIX—IMPACT OF AIR VELOCITY ON FIRE EVENTS

A developing mine fire triggers a sequence of events. The location prior to flaming ignition. It should be realized that the

observation (or detection) of these events is a function not only  time notteb tator event could verwell depend on the

of the location of an observer (or detectoglative to the sensitivity of each olfactory sense.

location of the fire, but also of the air velocity. Figure A-1 At the higher air velocity the observed (detected) events are

shows the sequence of events observed (or detected) during the  displaced by the traveldtimeniof from the events

tests reported in this report. In the upper portion (figure A-1) ooyt the fire location. The events of odor, visible

are the events at v = 0.44/s, while in the lower portion are smoke in entry, smoke alarms, and flaming ignition occurring

the events atv = 0.97 m/s. The open bars represent the events  at the fire location are almost identical to the same events at tf

at the fire location; the diagonal-lined bars represent the events lower air velocity. However, the levels of 5, 10, and 15 ppm

observed (or detected) at a distanc@6f m downstream of COtdte fire location are recognized later due to their greater

the fire. dilution at the higher air velocity. The observed (detected)
events of odor, visiblsmoke in the entry, and smoke alarms at

At the lower air velocity there is a very consistent and 2##em location actually occyefore flaming ignition of the

regular sequence events at the fire and also at the observer coal due to the shorter travel time.

(detector) location. The observed (detected) events are The air velocity impacts these events through both dilution

displaced by the travel time @0D.4 minutes from the events and tratimle effects. All the eventsbserved (detected) at

occurring at the fire. However, allthe events observed t2&4 mlocation occur prior to alarm of a PTHS located at

(detected) actually transpire subsequent to flaming ignition of  the fire source. The data clearly show the advantages of smoke

the coal due to this long travel time, even though odor, visible and CO sensors compared with the PTHS that were evaluated

smoke in the entry, smoke alarms, 5 ppm, and 10 ppm CO during these tests.

actually occur at the fire
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Figure A-1
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