











point at which the fire begins to produce large quantities of smoke and toxic gases, such
as carbon monoxide (CO), that can severely reduce a miner’s survivability. Or it could
be the point at which the fire intensity is sufficient to spread to other combustibles and
result in an accelerated rate of fire growth.

The times to reach this level of hazard can also vary dramatically, depending
upon the type of fire and the combustibles involved. For liquid fuel fires, the time for
flames to spread across the fuel surface are typically less than a minute, independent of
the total surface involved, resulting in extremely intense fires and high levels of hazard.
Fires that develop in conveyor belt entries usually involve loose coal initially, but can
spread to the conveyor belting, where rapid flame spread and fire growth can occur. For
these types of fires, ‘he danger level can be defined in terms of the fire intensity sufficient
to result in flame spread along the surfaces of the conveyor belt, with fire growth times
to achieve this level of intensity typically in the range of 30 to 50 minutes. Once a
conveyor belt is ignited and even before the onset of rapid flame spread, the levels of
smoke and toxic gases that are produced increase substantially, resulting in hazards that
severely reduce a miners’ ability to escape.

At some point during this period from the onset of flaming to the fire’s danger
level, the fire sensor detects the fire and the detection system issues an alarm. This event
is denoted by the “A” in figure 1. The time that remains from the system alarm until the
danger level is reached is called the “miner reaction time,” and represents the expected
time available for miners to initiate the evacuation procedures and successfully escape the
fire-affected area. The expected time available is an extremely important concept to
understand in order to maximize the miners’ chances of escape and survival and is
worthy of a brief discussion.

Depenaing upon the type of sensor that results in an alarm and its location within
the mine, there is an associated worst-case fire scenario that can occur, which, in turn,
defines the minimum expected amount of time that may be available for evacuation and
escape. Mine safety personnel and miners should not be lulled into a false sense of
security by assuming that early-wamning fire detection systems provide them with ample
time to safely execute the evacuation process and escape. Conversely, mine personnel
should prepare for the worst-case scenario, and, in the event that the worst-case scenario
does not develop, their chances for escape and survival are dramatically improved. The
reverse is not true, and the results potentially disastrous.

For example, in a previous report [Litton et al., 1991] which describes the
requirements for fire detection in conveyor belt entries, the decision was made to define
characteristic times for detection relative to the onset of flaming from a pile of loose coal
rather than to the onset of smoldering because the characteristic times for smoldering can
vary dramatically, and, in many cases, may not exist at all. The report then proceeds to
define the maximum time available for detection as’the time at which belt ignition can
occur. In adopting this approach, the intent was to alert mine personnel to the potential
speed at which fires can develop so that they can devise their evacuation and escape
plans relative to the facts that when a fire is detected within a conveyor belt entry they
should assume: a) that a flaming fire has been detected; b) that the conveyor belt is in the
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relatively short periods of time. In conveyor belt entries, the data available [Litton et al.,
1991; Perzak et al., 1995] indicates that, on the average, small coal fires can ignite SBR
conveyor belting when the ratio of coal fire heat release rate to local air velocity,
(QPcoar/ V., exceeds a value of around 25 to 30.

This would mean, for instance, that if the air velocity were 1.5 m/s, then a coal
fire with an intensity of around 45 kw would be sufficient to ignite an SBR conveyor
belt, and from equations 11 and 12, the time to reach this value would be 15 minutes.
Once an SBR conveyor belt is ignited, the rate of fire growth increases linearly with time
(i.e., (Qpssr = Cspr't), and the belt fire growth parameter varies withthe air velocity
according to:

Cgpp = 9.9°V, 12 (13)

where, as for 0.y, the units of ey, are kw/min. Once an SBR conveyor belt is igr&ed}
then the fire intensity at which belt flame spread begins to occur is given by:

(Qg)prs = 4C0-V, (14)

For instance, if the air velocity is 1.5 m/s, then belt flame spread begins when the total
fire heat release rate reaches about 600 kw. This means that the fire intensity has
increased by 555 kw from the value of 45 kw at ignition, and, assuming the coal fire to
continue its growth, the sum of etgzz = 12.1 and ¢y, = 3.0 (i€, Cpora = 15.1) divided
into 555 yields a time of about 37 minutes to reach this level of fire intensity once the
belt is ignited. If the danger level, as previously discussed, for this scenario is the onset
of belt flame spread, then a total expected time of about 52 minutes is available from the
time that flames erupt from the loose coal until the onset of belt flame spread, 15 minutes
for detection to occur just as the belt ignites and another 37 minutes for evacuation and
escape to be successfully implemented.

For detection of this developing fire to occur within the prescribed 15 minutes,
the sum of three individual time components must be < 15. These components are:

I (t x, the time required for the coal fire to produce a concentration of product X

' equal to the alarm concentration set for the fire sensor;

& tr, the average time necessary for the ventilation air velocity to carry the product
from the fire to the sensor; and,

3. tg, the time for the sensor to respond to the alarm concentration and issue an

alarm at the central control station. Since, typically, the response time of the
sensor is quite rapid and the transmission of the alarm signal to the above ground
station also quite rapid, a value of t; = 1.0 minute is usually sufficient. This
means that 14 minutes remain for the fire to produce some alarm product level
and have that product transported to the sensor. If sensor spacings are typically
about 305 m apart in conveyor belt entries, and there is equal probability of a fire
occurring at any point between two sensors, then the average distance the
product must be transported is % the sensor spacing, or 152.5 m. Since the air
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Rate-of-temperature rise thermal sensors respond to changes in temperature per unit
time, and are generally more sensitive to large changes in temperature, somewhat limiting
their usefulness.

Most thermal senors are robust and their performance not drastically affected by
harsh mine environments. Because they respond primerily to oper: flaming fires, they
require close proximity to the fire in order to be most effective. Because of this, their
use is best-suited for applications in confined spaces, such as electrical power stations,
underground fuel/combustible storage areas, underground maintenance areas, on-board
mining equipment, etc. In addition, they are often most effective when coupled to an
autom=*ic fire suppression system.

Optical Sensors

Optical sensors respond to electromagnetic radiation emitted from a fire. As with
thermal sensors, they are most responsive to flaming fires due to the increased levels of
radiation that are emitted from the flame. This radiation can be produced, selectively,
within discrete wavelength regions due to high temperature gases and radicals that are
formed within the flame, or as a continuum, due to emission by high temperaturs soot
particles, as discussed previously. Selective emission occurs in the near ultraviolet and
blue visible regions of the spectrum due primarily to formation of OH and CH radicals
within the flame zone. In the green region of the visible spectrum, mclecular C, exhibiis
strong selective emission. In the infrared regions of the spectrum, both H,0O and CO, are
selective emitters, with intense emission bands occurring near 1.8, 2.7, and 4.3 um
wavelengths, as well as weaker emissions at other wavelengths due to combination and
overtone bands.

Optical sensors are designed to detect either selective emission or continuum
emission, or both. They are usually classified according to the wavelength region of the
spectrum to which they are most sensitive. Ultraviolet sensors respond to energy emitted
between 0.18 and 0.40 pm; visible sensors respond to energy emitted between 0.40 and
0.75 um; and infrared sensors, to energy emitted between 0.75 and 20.0 um. Optical
sensors, with time responses that range from a few picoseconds to a few milliseconds,
are generally used for fire and explosion detection in applications where rapid response is
a primary consideration. In the ultraviolet and short visible wavelength regions, most
detectors are of the photoemissive type (i.e., photomultiplier tubes). This type of sensor
utilizes a light sensitive material that emits electrons due to incident radiation. The
emitted electrons move to an electrode, producing a current proportional to the intensity
of incident radiation. At longer visible wavelengths and in the infrared, most optical
sensors are either photovoltaic or photoconductive. Photovoltaic sensors are
semiconductors which produce a voltage that is proportional to the intensity of the
incident radiation, while photoconductive sensors are semiconductors that change their
conductivity in proportion to the incident radiation.

In general, optical sensors are line-of-sight devices and find their greatest utility
for fire detection in localized areas, such as those previously discussed for thermal












In the ionization-type, a small quantity of radioactive material is used to generate
ions in the air space between two electrodes. In the most common ionization-type, a
third, collector electrode is placed between the two primary electrodes and the potential
on this electrode measured. When the ions are produced, the potential between the
primary electrodes is distorted due to space charge effects, resulting in a reduced
potential at the collector, When smoke particle aggregates enter the air space between
the electrodes, the ions attach to the aggregates, depleting the ions, reducing the
distortion of the potential due to space charge, and causing the potential at the collector
electrode to increase. The increase in collector potential is detected resulting in an
alarm. In some versions of the ionization-type smoke sensor, the current at one of the
primary electrodes is measured and no collector electrode used. Again, when smoke is
present, the ion concentrations are depleted, producing a reduced electrode current and
resulting in alarm. The expression that defines the reduction in current is given by
[Litton 1979]:

UL = (1/2kRyn,)-(1 - exp(-2k,Rgn,)) (24)

where «x, is a constant that depends upon the geometry of the ionization chamber with a
typical value of about 0.03 cm?;

n, is the number concentration of aggregate smoke particles, expressed as

particles/cm’; and,

R, is the radius of gyration, expressed in cm.

This expression can be used compare the response of the ionization-type smoke detector
to aggregate smoke particles produced from both smoldering and flaming fires. If the
number concentration of smoke particles is 10°, and using the previously-defined values
of R,, converted to cm, it is found that the current ratio for smoldering particies is 0.942,
and for flaming aggregates, 0.889, indicating, in general, that ionization-type smoke
sensors are mors *:rsitive to smoke produced from flaming fires, a result typically
verified by experiments. Unfortunately, no convenient analytic expression exists for
determining the change in a collector electrode voltage, because this parameter depends
strongly upon the geometry of the ionization chamber in order to distort the potential at
this electrode. However, the relative change in voltage should remain about the same as
the relative change in electrode current discussed above.

Although there are other techniques that can be used to measure smoke
concentirations, such as condensation nuclei counters, direct mass measurements via
tapered element oscillating micro-balances or via piezoelectric techniques, instruments
based upon these principles are generally expensive and more suited for laboratory
measurements than for underground smoke detection.

CONCLUSIONS

The data, equations, examples and discussion presented above provide a general
summary of the level of fire detection technology currently available for under-ground
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