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Evaluation of Smoke Detectors for Mining Use

By John C. Edwards" and Gerald S. Morrow?

ABSTRACT

The U.S. Bureau of Mines has constructed a smoke chamber and developed sensitivity tests for smoke detectors.
Response of ionization- and optical-type commercially available smoke detectors have been investigated. Six smoke
detectors wereneasured with respect to visually obscuring smoke characterized by a corresponding optical density
for smolderingand flaming coal combustion in the smoke chamber. It was determined that for one type of
ionization smoke detector the alarm time was nearly equivalent to that of an odor monitor's alarm for smoldering
coal combustion experiments and earlier for flaming coal combustion experiments. The experiments showed that
an average CQ@oncentration of 5 ppm corresponded to an optical density of 0.022 m for smolderifhanang
coal combustion. Two of the commercially available ionization-type smoke detectors were more responsive to
flaming than soldering coal combustion at an optical density of 0.022 m , whereas the optical deteé®rs
showed the opposite trend. The responsive characteristics of the detectors evaluated with respect to known smoke
conditions in the smoke chamber shows their potential for use as mine fire sensors or part of a mine atmospheric
monitoring system to improve mine safety.

;Research physicist.
Electronics technician.

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



INTRODUCTION

In order to evaluate potential mine fire detection systems, it is a current between two charged electrodes. Diffusion of smoke
important to consider not only CO detectors that are currently particulates into the path of the ion current reduces the ion current
used in some coal mine conveyor belt entries, but other candidate through attachment of the ions to the smoke particles. This
fire signature detectors. A commonly used fire detector for process slows the movement of the ions and thereby increases the

commercial and residential property is the smoke detector. Its ion's probability of recombination. The current reduction is
potential for in-mine use has been examined in mihes (n that amplified as a measurable signal.
in-mine evaluation, the detectors occasionally identified conveyor Optical smoke detectors operate on the principle of scattering

belt heating. Also, for a mine using diesel-poweredjuipment or absorption of light over an optical path through which the
in which a comparison could be made with CO levels at the time smoke particulates can migrate. For optical scattering, the
of smoke detector alarm, the smoke detector had a lower detector is located to the side of the optical path to measure the
frequency offalse alarms than CO sensors. More recently, the amount of light scattered by any smoke particulate present. For
U.S. Bureau of Mines (USBM) constructed a smoke chamber and optical absorption, the detector is located along the path from the
devdoped sensitivity tests for smoke detectors using smoldering light source and measures the amount of light transmitted without
and flaming coal combustiog) scattering or absorption. Black smoke particulates are more
The objective of this work is to investigate response susceptible to optical absorption than scattering.
to smoldering and flaming coal combustion of several ionization- The standard smoldering and flaming coal sensitivity test
and optical-type commercially available smoke detectors intendegrocedure for smoke detectors enables the measurement of
for industrial and in-mine use and to make recommendations faxdditional combustion gas products generated within the smoke
the development of an evaluation procedure for the smokehamber. Inaddition to the response of the smatteamber's
detectors. The response of the detectors as measured by theiroto @ll to optical transmission through the smoke and of the
analog output signal or manufacturer alarm will be determined measuring ionization chamber (MIC) to smoke particulate size
with respect to the measurable smoke optical density. and comentration as described i2)( CO and combustion
Smoke detectors can be classified into two types based gmroductgas odors were monitored. This provides a benchmark
their operational principle—optical or ionization. Their sampling of smoke detector response against CO detection and the
methodwill be either diffusion- or pump-controlled. The smoke previously evaluated odor ma@)itas &n early warning fire de-
detectors examined in this report are representative of both types tector. It was determined from the previous study that an odor
and both sampling methods. monitor alarm time associated with a 1 ppm increase in H S above
lonization smoke detectors contain a radioactive source that ambient was comparable to the alarm level for one ionization-type
ionizes the air. The oppositely charged air ions form smoke detector for smoldering combustion of sulfur-containing
coal.

EXPERIMENTAL PROCEDURES

The USBMsmoke chamber shown in figure 1 was used in-9.4 +6.7 mm mesh. CO was monitored with tv&zolyzer
accordance with the procedure established previo®lyof a Model 4000 CO detectors that sampled combustion product gases
comparative evaluation of smoke detectors. As shown in figure from the bottom and top of the smoke chamber. Each Ecolyzer
2, the coal is placed on the heater disc in the sample chamber has an internal pump that draws the sample from a line connected
external to the smoke chamber. Access of smoke to the smoke to a smoke chamber. A comparison of their values showed the
chamber islimited by the iris setting. The iris settings for combustion gases in the smoke chamber were well mixed. The
smoldering and flaming coal combustion are described?jn ( CO values were validated against samples drawn into an
Both smoldering and flaming coal combustion sensitivity evacuated glass container from the chamber and subsequently
experiments were conducted. The fuel source for the experiments analyzed by gas chromatography.
is 80 g of ground Pittsburgh Seam coal sized to The six snoke detectors used in the experiments are listed in
table 1. Their intended use has been industrial and mining. The

‘talic numbers in parentheses refer to items in the list of references at the etyipe (ionization or optical) and sampling method characteristics
of this report.




(pump ordiffusion mode) are listed. All of the smoke detectors combustion experiments with 5-cm-diam coal particles as well as

are commercially available, except for detector E. mine-size coal particles. The odor monitor responds primarily to
aromatichydrocarbonsand, to a lesser extent, to odorlgsses
Table 1.—Smoke detector type and sampling mode and gases classified as simple asphyxiants. Its operating principle

is based on the absorption of gas molecules on the surface of a

betector Sampling mode metal oxide semiconductor and the measurable changes in the

Opical type: sensor's electrical conductivity. A componenttbé& product

A Pump. gases of the sulfur-containing Pittsburgh Seam coal is H S, which

B Diffusion. is detectable by the odor monitor in the concentration range from
lonization type: 0.1 to 10 ppm. It is expected th@her component product gases

C o Pump. : . : .

o Diffusion. will contribute to the odor monitor response. The odor monitor

E o Pump. has an internal pump that draws a sample through a line

F oot Diffusion. connected to the smoke chamber.

Experimental data were acquired with an analog-to-digital data
The diffusion mode smoke detectors were mounted on thacquisiton system and recorded on a personal computer. The
interior shelf adjacent to the air straightener of the smoke chamb&ime inteval between data samples was 10 s. The error of the
in figure 1, and the pump-mode detectors were mounted external data acquisition syst2m masfor a 5-Vsignal, or 0.048
to the chamber and sampled from port H. The sample chamber pct.
that holds the smoldering or flaming combustion coal sample is A primary instrument for smoke measurement is the optical
shown in figure 2. ransmission of visible light through the smoke. Human visibility
Twenty-two combustion experiments were conducted with studdpbgve led to the proposed visibility criterids) that a
Pittsburgh Seamoal. Each of the detectors in table 1 were used isibiity of 10 m corresponds to an optical density(o®8 nt*.
for a minimum of two smoldering and two flaming coal Optical density D is defined in terms of the reduction of light
combustion experiments. Some experiments evaluated more thamnsntission from a transmissiog T in clear air over péih
one detector. Detector C, which has a manufacturer-specified transmission T.
alarm, is a pump type that is expected to assure a prompt response

to smoke, andalso produces a measurable analog signal in 1 T
response temoke concentration. For these reasons, it was used D= - F logm 7 @)
for 16 of the reported experiments to provide a database for o

comparison with the response of the odor monitor. Because of

the experimental configuration of the other detector, it could not The opticalpath length for these experiments was 1.483 m.

be used in every experiment. A mine fire smoke sensor must detect smoke as early as possible
The MIC was used in each experiment to provide anwith a maximum exclusion of nuisance alarms. Smoke detector

ionization-type smoke detection measurement independent of tlidarm can be characterized by the smoke optical density.

detector selected. It measures the relative increase of the particl2eployment spacing of smoke detectors has been evaluated for

of combustion during each experiment. The MIC measuremergmokeoptical density as low as 0.011'n®) (for various linear

and neasured optical transmission provide, as discusse®),im( airflows. It was proposed6) that smoke detectors for

basis for standardization of smoke chamber smoke particulategnderground mines be divided into two classes according to

The factors that define a cloud of smoke particulates areptical density. Accordingly, detectors that alarmed at an optical

particulate diameter, mass or number concentration, and index ofensity less thaf.022 m* would be designated Class | detectors,

refraction. and those that alarm at an optical density greater than 0.022 m
In order to acquire additional information regarding thebut less tha®.044 m" would be designated as Clasgeliectors.

comparative detection capability by identificationaafor, CO, or  These values correspond to human visibilities of 40 m and 20 m,

smoke, an odor monitor manufactured by Sensidyne (P/Mespectively, based on other reseafh (

7016019) was used to sample product of combustion gases from

the smoke chamber. The odor meter was used in previously

reported research  3) for coal combustion



EXPERIMENTAL RESULTS

SMOKE DETECTOR RESPONSE The mathematically smoothed voltage signals of detector A for
smoldering coal combustion experiments versus optical density,
A total of 12 smoldering coal combustion experiments and 1@re shown in figure B. The smoothed data correspond to the
flaming coal combustion experiments were conducted. curves in figure 8, B, and C. The average slope of the curves is
Figure 3 shows the time-dependent measured optical densi8f.6 Vm with a standard deviation 06.1 in a linear
and coresponding response for each of the six smoke detectofPProximation.  Figure & shows the smoothed data for the
at least once, for smoldering coal combustion. The advantage BfMing coal combustion experiments reported in figurdsBl
recording the voltage analog signal output for the detectors is tf§1dC. The average slope of the curves in a linear approximation
capability todiscern early response of the detector to smoke antf 94-7 Vm with a standard deviation ef.3. These results
not be constrained by the manufacturer's designated alarm valjBdicate detector A is more responsive to smoldering than to
Although the smoke detector response is unique for each detectgf"}m'ng coal combusn_on. For a given smoke optlca_tl density
figure 3 shows that each of the detectors, with the exception roduced bysmoldering and flaming coal combustion, the

. : r would hav r rr n ignal for smoldering than
detector F, shows a measurable response at the inception oF%teCto. ould have a g eater response signal for smoldering tha
for flaming coal combustion.

chapge n the. optlcal density corrgspondlng 1o "’? reduc_tlon N The optical transmission through the smoke particulates will

optical transm|§S|on due to absorpt!on apd sgattenng of light b%e attenuated according to Bouguer's @ (

the smoke particulates. Detector F is unique insofar as the output

signal is not a continuous rise in response to smoke, but indicates )

the manufacturer's alarm with a jump in the analog voltage. For T/TO “€ @

each ofthe smoldering coal combustion experiments shown, the

first response to smoke is about 400 s after the heating elementWfere x is the extinction coefficient. The linear relationship

the sample chamber was energized. betweenthe output signal S for detector A and the optical
Figure 4 shows the time-dependent optical density andensity, D, can be written

response of the smoke detectors for flaming coal combustion

experiments. Again, each smoke detector is represented by at S =aD +b, (3)

least one test result. The response of the detectors, except for

detector F, is coincident with a measurable change in optica¥here a and b are constant coefficients. A combination of

density, which occurs simultaneously with the opening of the irigquations 1, 2, and 3 yields

betweenthe sample and smoke chambers. As discussed),in (

for flaming combustion tests the iris is opened only after flaming S = a K

combustion has occurred, by which time smoke production from In(lO)

the heated coal sample has evolved from the smoldering stage to

the flaming stage.

+b. (4)

Equation 4 shows linear proportionality between S and
The extinction coefficientk, is proportional to the ratio of the
Detector A smoke particulate mass concentration to particle diameter or,
equivdently, to the product of the smoke particulate number
Detector A is an optical, pump-mode smoke detector with aoncentration and particle cross-secticaaa. Previousesearch
output signal from0.1 to 2.8 V. Theprinciple of operation is (8) has shown the smoke particle diameter is smaller for flaming
based on optical scattering of light. The average output voltagg&an for smoldering combustion. This indicates, based on an
that detector A indicates for an optical density of 0.022 n2.34  increased value of S for smoldering than for flaming combustion
V (95 pctconfidence interval fronl.96 to 2.72 V) for theight  for a fixed value of D (or equivalently ok), that the smoke
smoldering coal combustion experiments. The valug.38 V  particulate number concentration is greater for flaming than for
(95 pct confidence interval fro®.91 to 1.75 V) for eight flaming smoldering combustion. The larger particulate diameter for
coal combustion experiments conducted. smoldering combustion than for flaming combustion could be a
contiibuting factor to the increased detector response to
smoldering combustion.



Detector B Detector B is an optical-type, diffusion-mode responsiveness of detector C to flaming than to smoldering coal
smokedetector. Extinction of infrared radiation from the optical combustion based on the optical density and CO concentration at
path redees the signal at the receiver. This decrease invhich the detector alarms.
transmission corresponds to an increase in pct obscuration per
meter, Q. The obscuration per meter is related to the optical Detector D
density by

Detector D is an ionization-type smoke detector that samples

D = -log,, (1-0.01 0,). (5)  smoke through a diffusiomode. The measurable outpuaitage
is shown in figure 3 for smoldering coal combustion, and in

Detector B has a range from 0 to 10 pct obscuration per metdigure 4 for flaming coal combustion. There was not a

A 10 pct obscuration per meter corresponds to an optical densiganufacturer-recommended alarm for detector D. Figukemf
of 0.046 mt . The analog signal range for detector B is 0.4 to 26 Show a comparison of the output voltage and the optical
V. densty for the smoldering and flaming coal combustion,
The cdibration procedure for detector B required adjustmentd@spectively. The data in figureA @ndB are smoothed. The
for a zero, corresponding to clear air transmission, asgaa, data in figure B are for the two experiments reported in figures
corresponding to 10 pct obscuration per meter. Errors as large 38 and D as well as two additional experiments, and the data in
15 pct occurred in the calibration of the span. A comparison waégure € are for the two experiments reported in figurBsahd
made ofthe optical density based on the optical obscuratio® as well as two additional experiments. The initial voltage for
measurement in the chamber, and the optical density thgtetector D in clear air is0.9 V. Themaximum available signal
corresmnds to the expected obscuration per meter based on tfgsponse of the detector to smoke-3.2 V. Based on four
analog voltage signal of detector B. For a measured optical deAmoldering experiments in figureAGthe average signal output
sity of 0.022 m*, detector B indicated an average obscuration p@&t an optical density of 0.022°m i£.77 V, and-0.61 V for
meter of0.78 +£0.015 pct for twemoldering experiments. This four flaming combustion experiments in figureB.6 This
is equivalent to an optical density of 0.0034 m . For the twagepresents an increase of 19 pct angét] respectively, over the
flaming combustion experiments, detector B indicated an averagetector's full-scale range. FigureA 6shows that for the
obscuration per meter @f.62 pct when the opticalbscuration smoldering coal combustion experiments, the output signal is
meter indicated.022 m' . This corresponds to an optidahsity = nearly linear with respect to optical density, whereas for the
of 0.0027 ni . Detector B did not achieve the maximum outputflaming coal combustion experiments shown in figuR: e
of 2 V corresponding to a 10 pct obscuration per meter for any afesponse is nonlinear with respect to optical density. This is in
the two smoldering or two flaming coal combustion experimentgontrast to the optical-type detector, detector A, which showed a
even though for each of the experiments an optical density dfnear response for both smoldering and flaming combustion.
0.08 m' was achieved. Although the data in figures 3 and Al|so, in contrast to detector A, is the greater responsiveness of
show an incipient rise in the detector response coincident with thgetector D, an ionization-type detector, to flaming rather than to
onset of measurable obscuration, its use as a quantitatigenoldering combustion. This is associated with detector D's
instrument is limited. nonlinear response to flaming coal combustion.

Detector C Detector E

Detector C is a pump-mode ionization detector with a range petector E is a prototype ionization-type, pump-mode detector
from 1 to 5 V. The manufacturer-suggested alar@.3V. A yeyelmed by the USBMY). There are two measurable output
summary of eight smoldering combustlpn experiments Showegoltages associated with the detectara¥d V,. V. is the voltage
the manufacturer-suggested alarm point corresponded 10 8 {he charging region, and.V is the charged particle collection
average optical density 00.011 m' and an average CO gjocirode voltage. In cleair, V. is aboutl.5 V and \/ isabout
concentration of 2 ppm above background. For eight fIaman).0 V. During the response to smoke, V decreases and V

coal combustion experiments, the alarm occurred at an averagg . .oases FiguresTBand 4 show the response of tdetector's

optical density of 0.0072 ' and an average CO concentratio(r)1ut ut voltages for smolderin
less than 1 ppm above background. This indicates a greater P 9 9



and faming combustion. A theoretical evaluation of the output The measured results reported above can be used to quantify
voltage based on theory, results in a computation of the produthe concept of alarm based on optical obscuration for the
of the smoke particulate number concentratign, n, and the nunscommercially available detectors. From the perspective of
ber mean particle diameter,,d. A comparison was made of thestablishing a reliable smoke detector alarm based on detector
quantity, Y, calculated from the MIC output voltage with the output voltage, the signal change must be some factor times the
product, g n. Figure R shows the comparison corresponding topeak-topeak noise of the detector. Table 2 shows the measured
the smoldering coal combustion, and figur8 Bhows the noise in the background signal in clear air for the detectors with
comparison for the flaming coal combustion experiments. Theran analog voltage output, detectors A to D. If the factor was 10,
is a near linear relationship between Y and,dn. The slope fédor example, then reliable signal values for detectors A, B, C, and
smoldering combustion 8.26 x 16 m peparticle; for flaming D would be0.5, 0.52, 1.04and -0.84. Thesprojected values
combustion it i€0.15 x 10 ri per particle. Asreviously noted can be compared with measured values for specific optical
(2), Y is proportional to the number concentratign n . densities.

The smoke number average particulate diameter can be Table 3lists the average signal and standard deviation for
calculated from the model equations for detector E. A calculate@moldering and flaming experiments for optical density values of
smoke particulate average diameter for the data points for tH&011, 0.022, 0.033, and 0.044'm fietectors A to D. Based
smoldering coal combustion case shown in figukés70.45 um;  on the above consideration of a projected alarm value associated
for the flaming coal combustion data points shown in figuse 7 With a signal change of at least ten times the peak-to-peak noise

the average calculated diameter is 0.38 pm. values, a minimum reliable optical density can be determined for
each detector alarm using the average background and noise
Detector F values in table 2. In this example, based on the average values

reported in table 3, detectors A, C, and D would be in alarm at an
Detector F is an ionization-type diffusion mode smokeOPtical density 0f0.011 m*; detector B would be in alarm at an

detector. The response of the detector for smoldering and flamirgPtical density of 0.033 m . The choice of ten for thetor

coal combustion is shown in figures 3 and 4. As the figure§€presents a reasonable expectation of a selected alarm value that
indicate, the detector alarm results in an electrical contact withod$ Nt affected by detector background noise.

any earlier indication of smoke detection, as would be indicated
by a detector with a continuous analog output signal. For the two
smoldering coal combustion experiments, the alarm occurred at
an average optical density of 0.12 £0.003 m . Alaguourred at

Table 2.—Smoke detector background signal and noise
for detectors Ato D, V

an average optical density of 0.077 +0.029 m for the two Letector Backyround Mot
flaming coal combustion experiments. This would indicate the =~ - " e 8'411 fg'g&
detector is more responsive to flaming than smolderingg < 10 +0.002
combustion. D e -0.9 +0.003

Table 3.—Smoke detector response at optical densities of 0.011, 0.022, 0.033 and 0.044 m *for detec

OIS A-D
0.011 0.022 0.033 0.044
Detector
Av SD Av SD Av SD Av SD

A

Smoldering .......... ... i 1.02 0.25 2.34 0.38 2.73 0.03 2.75 0.02

Flaming .......... ... .. ... .. .... 0.70 0.30 1.33 0.42 1.88 0.58 237 0.53
B:

Smoldering .......... ... ... .. 0.47 0.01 0.52 0.01 0.59 0.0 0.64 0.0

Flaming ........ ... ... ... .. ... 0.45 0.0 0.50 0.0 0.53 0.0 0.56 0.0
C:

Smoldering .............. ... ... 252 0.23 4.27 0.48 NAp NAp NAp NAp

Flaming ........ .. ... ... ... ... NAp NAp NAp NAp NAp NAp NAp NAp
D:

Smoldering .......... ... il -0.83 0.0 -0.77 0.01 -0.72 0.01 -0.67 0.02

Flaming ............ccoouiiiunni... -0.74 0.04 -0.61 0.04 -0.52 0.03 -0.46 0.02
Av Average.

SD Standard deviation.
NAp  Not applicable.



The reslts in tables 2 and 3 can be used to make a +2,000 units. The analog signal corresponding to one unit is 0.1
comparison of the signal's change above background at an optical ~ Tié. instrument response is linear on a log-log scale with
density 0f0.022 m* for smoldering and flaming coal combustion.respect to a pure gas component. A product gas component asso-

For detectors A and B, the ratio of the change in signal above ciated with a sulfur-containing coal such as Pittsburgh Seam coal
background for smoldering to flaming coal combustion was 1.8 ,is HS. The odor monitor responds to H S concentrations as great
and 12. For detector D, the ratio in signal change of flaming to as 10 ppm. thfeshold human odor response t9 HS is 0.1
smoldering coal combustion wa®.2. For detector C, the ppm. According to the manufacturer's response chart, an HS
maximum analog signal was achieved in the flaming combustion concentration of 1 ppm corresponds to a monitor reading of 210
case prior to an optical density of 0.022 m , and a numerical ratiarbitrary units. Since a manufacturer's value was available, a
cannot be assigned. reading of 210 above background was selected as a criterion for
comparison purposes for an odor monitor alarm and other de-
CO MEASUREMENT tectors. A comparison of the response of the CO detector and
odor monitor for eight smoldering experiments and seven flaming

For each of the experiments, the CO in the smoke chamber experiments showed their initial response to products of
was continuously measured with two Ecolyzer CO sensors. cstitmuwas within 130 s of each other. A comparison was
Figure & shows the CO increase with respect to optical density made of the odor monitor alarm time with the CO detector alarm
for five smoldering coal combustion experiments. FiguBe 8 time, which is the time for the CO concentration to reach 5 ppm
shows the CQncrease with respect to optical density for five above background. Figure 9 shows a comparison of the times for
flaming coal combustion experiments. Four of the five the eight smoldering and seven flaming coal combustion
experiments reported in figureA8correspond to the four experiments. The data were not available for the other seven
expaiments reported in figure 3; similarly, four of the five experiments. The line for perfect correlation is also shown in
experiments reported in dure 9. Figure 9 shows that in seven of the eight smoldering
figure 8 correspond to the four experiments reported in figure coal combustion experiments, the identified odor monitor alarm
4. The values in figure 8 are the result of mathematicallypccursprior to the CO alarm time. The average background CO
smoothing the measured values. This was done because of the was less than 1 ppm. For the flanuogbostbn
fluctuations in the optical density. The measured response of CO experiments, the sequence of alarm occurrence was almost equally
was nearly linear with respect to optical density for smoldering divided between the odor monitor and the CO detector. This is
and flaming coal combustion. consistent with previous resear@®) (n the USBM intermediate

The average CO concentration in the smoke chamber was scale tunnel that showed for heating of larger-size coal particles,
evaluated at an optical density @022 m'* for 12 smoldering and the odor monitor alarm occurred after the CO reached 5 ppm
10 flaming coal combustion experiments. For the smoldering above background; for mioeasizee odor monitor alarm oc-
experiments, the sample average CO concentratigh9isppm  curred prior to the CO level reaching 5 ppm above background.
above ambient, with a standard deviatioridf ppm, and for the Acomparison was also made of the odor monitor alarm response
flaming experiments, the sample average CO concentration is 4.6 with the identified alarm time of sensor C for six smoldering coal
ppm above ambient, with a standard deviatiod.8fppm. It can combustion experiments and five flaming coal combustion
be stated that an optical density of 0.022 m corresponds to axperimentsThe results are shown in figul®. Also shown is
average COconcentration of 5 ppm above ambient for both the line for perfect correlation. The alarm time for the odor moni-
smoldering and flaming combustion under these experimental tor and smoke detector C is equally divided about the line for
conditions. perfect correlation for the smoldering coal combustion

experiments. For the flaming coal combustion experiments,
ODOR MEASUREMENT smoke degctor C registers an alarm prior to the odor monitor in
four of the five flaming coal combustion experiments. This is in

The Sensidyne odor monitor was observed in both the substantial agreement with a comparison of odor monitor
smoldering and flaming coal combustion experiments to respond response and smoke detector response for 10 experiments in the
early relative to smoke and CO detection. Although the odor USBM intermediate scale 3unnel (
monitor responds to many gaseous compounds, the response
sensitivity is greater for aromatic hydrocarbons. The instrument
response is read as arbitrary units, with a range of



For the tests conducted, a comparison could be made of the indicated an alarm in 11 of the smoldering and 3 of the flaming
odor alarm time with respect to the time for the optical density t@oal canbustion experiments prior to an optical density of 0.022
reach 0022 m'. It was found that for 12 smoldering and 7 * m .
flaming coal combustion experiments that the odor monitor

CONCLUSIONS AND RECOMMENDATIONS

1. For each of the smoke detectors evaluated for which a 7. Detector D, an ionization, diffusion-mode smoke detector,
continuous analog signal was the measurable output, the smoke showed a linear response of the analog output signal with respect
detectors showed a nearly coincidental initial response with an to the optical density for smoldering coal combustion, and
increase in the optical obscuration. nonlinear for flaming coal combustion. Based on an evaluation

2. An average CO concentration of 5 ppm above ambient with respect to optical density, detector D showed a greater
was determined to correspond to an optical density of 0.022 nresponsiveness to flaming than to smoldering coal combustion.
for the smoldering and flaming coal combustion experiments. At an optical den§it§2 m', the ratio of the change in the
This is significant for establishing the equivalence of CO and detectanalog output above background of flaming to
smoke detection for mine-wide early warning fire detection smoldering coal combustion was 2.2.
systems. 8. The analog output signal from the MIC expressed as a

3. For the smoldering coal combustion experiments, the measurable quantity was compared with a quantity derived from
identified odor monitor alarm showed an advantage with respect the output voltages of the pump-mode, ionization-type detector,
to CO detection (5 ppm alarm), but did not demonstrate an detector E. The derived quantity is the product of the smoke
improvement with respect to CO detection for the flaming particulate number concentration and the number mean smoke
combustion experiments. particulate diameter. For both smoldering and flaming

4. Detector A, an optical, diffusion-mode smoke detector combustion the dependence was linear. Further analysis showed
based on light scattering, showed a significant difference between the smoke particulate diameter is larger for smoldering than for
smoldering and flaming coal combustion when thetector's flaming combustion.
analog output signal was compared with respect to the optical lorfBzation-type smoke detectors C and D responded with
density. Although the response was linear for both smoldering greater signal intensity to flaming than to smoldering coal
and flaming combustion, the rate of increase was greater for combustion. The optical-type smoke detectors, detector A and
smoldering than for flaming coal combustion. At an optical detector B, responded with greater signal intensity to smoldering
density of 0.022 rh , the ratio of the change in tletector's  han toflaming coal combustion. The comparison was based on
analogoutput above background of smoldering to flaming coal smoke optical den§it92F m'. The alarm for detector F, an

combustion was 1.8. ionization-type smoke detector, occurred at a lower optical
5. At an optical density of 0.022"'m , the ratio of tange density for flaming than for smoldering coal combustion.
in detector B's analog output above background of smoldering to 10. A comparison of the measured signal of the commercially

flaming coal combustion wa%.2. The experiments conducted avaiable analog-output-type smoke detectors, A to D, showed
showed that detector B would not indicate an alarm for an optical that for detectors A, C, and D, an alarm could be established at an
density less thaf.022 m' based on a criterion for detector alarm  ic@ptdensity 0f0.011 m* without expecting a false alarm due

that defined the alarm point as average signal plus ten times the to detector electrical noise, whereas for detector B, an alarm could
peak-to-peak noise. be identified at a smoke optical density of 0.033 m .

6. For smoke detector C, which had an identifiable alarm, the Important implications for evaluation of smoke detector
smoke detector alarm and identified odor monitor alarm were approvalfor in-mine use as part of a mine fire detection strategy
nearly equivalent times for the smoldering coal combustion is, first, determining the optical density at which a smoke detector
experiments. For flaming coal combustion, the smoke detector is required to rasglors@cond, determination of the reliability
alarm occurred prior to the odor monitor alarm. Smoke detector of the smoke detector. The optical density at which the detector
C alarmed at a lower optical density for flaming than for howsld respond is reasonably expected to correspond to a CO
smoldering coal combustion. At an optical densit @22 m', concentration no greater than the current reliability of CO sensors.
the output signal for detector C for flaming coal combustion
had reached the instrument's maximum value, whereas the signal
was less than maximum for smoldering coal combustion.



It is recommended for the evaluation of a smoke detector with at which the smoke detector alarms should be determined for
a measurable analog output, the detector alarm should be selected smoldering and flaming combustion of expected fuel sources in
such that the alarm signal is the background signal in clear air a mine. The CO concentration at the smoke detector alarm
plus some factor times the peak-to-peak noise in clear air. Smoke should be evaluated for smoldering and flaming fuel combustion.
detectors with either continuous analog output signals or a This provides a relative comparison of CO and smoke detector
manufacturer-set alarm should be evaluated for reliability with response to the combustion products for a particular smoke
repetitive testing in a smoke chamber under environmental detector. Such a comparison assists in planning the most efficient
conditions ofdust, humidity, and temperature expectedining mine fire detection system.
operations. The minimum optical density
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