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Abstract. Coal mine fires cause serious threat to the property and human lives. Out-
break of fire may be dealt with advanced fire suppression techniques like Infusion of
inert gases or liquid nitrogen, Dynamic Balancing of pressure, Reversal of under-
ground mine ventilation, Application of nitrogen foam, Inertisation of Goaf, Water
mist etc. The paper addresses all those control techniques in detail. Success story of
controlling fires in coal mines of different parts of the world are reported. Results of
a recently completed Science & Technology (S&T) project with regard to various fire
suppression techniques like Infusion of liquid nitrogen, Injection of high pressure
high stability nitrogen foam, and Water mist on open fire are also discussed.
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1. Introduction

Since inception, mining is considered as a most hazardous and dangerous of
peacetime activities. An outbreak of fire in the underground workings of a mine
poses a direct threat from the fire itself. Further, an invisible and immediate threat
from carbon monoxide poisoning and an explosion, particularly in gassy coal
mines is also there. It affects to both persons working underground at the time of
the outbreak and to those involved in the subsequent rescue and fire fighting. It
hampers the coal production and sometimes loss of coal winning machinery.

Fires in coal mines may be categorised into two groups viz., (a) fires resulting
from spontaneous combustion of coal (b) open fires, which are accidental in nat-
ure, caused as a result of ignition of combustible materials.

In coal mines, fires are generally caused due to several reasons viz., sluggish
ventilation, high pressure difference across intake and return airways, loose and
fallen coal in the goaf area, electricity, mechanical friction, blasting, welding,
explosions and illicit distillation of liquor.

An uncontrolled fire in an underground coal mine frequently can only be
attacked by sealing off fire zone or the entire mine in the worse situations, or
flooding the entire mine with water. The intent of sealing is to cut off the oxygen
supply and allow the fire to consume available oxygen inside the sealed off area to
cease the combustion process.

* Correspondence should be addressed to: S. K. Ray, E-mail: santoshkray@yahoo.com
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To control fires several techniques have been developed over the years that can
be applied in real mining condition depending upon the site-specific situation. The
control of fire may be effected with various methods viz., Infusion of inert gases,
Dynamic balancing of pressure, Reversal of underground mine ventilation, Appli-
cation of High Pressure High Stability nitrogen foam, Inertisation of Goaf, Water
mist etc.

To understand the complex dynamic phenomenon of open fires (fires that occur
in mine airways usually commence from a single point of ignition) and to study
the effectiveness of various fire suppression techniques viz., liquid nitrogen, high-
pressure high stability nitrogen foam and water mist, recently Central Mining
Research Institute, Dhanbad, India has designed and constructed a Mine Fire
Model Gallery. The model gallery is 65.5 m long; arch in shape with a base of
2.4 m and crown height of 2.7 m. The cross section of the gallery is 5.86 m>. The
gallery is divided into firing and non-firing zones. An exhaust type axial flow fan
having a capacity to deal with 25 m¥/s. of air quantity at 50-mm wg pressure has
been installed at its end. The gallery is provided with two sliding doors for quick
sealing of the fire and a rolling shutter for regulation of desired airflow. An iso-
metric view of mine fire model gallery is shown in Figure 1.

It is equipped with a state-of-the-art computer aided on-line telemonitoring
system. The system consists of 130 sensors (98 temperature, 25 gas, 3 pressure, 2
heat flux, 1 each velocity and Suspended Particulate Matter (SPM) concentration
sensor) and instruments with data logger, computer, computer peripheral etc. for
continuous monitoring of various fire parameters like gas concentration (O,, CO,,
CO, CHy4 & H»), air velocity, pressure across fire zone and fan pressure, tempera-
ture, heat flux, dust and particulate matter concentration inside the gallery.
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Figure 1. Isometric view of mine fire model gallery.
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Details of the construction of the gallery and its instrumentation system have been
described elsewhere [1].

In the experiments inner side of the firing zone of the gallery which is 22 m in
length (firing zone starts from 10.5 m from the entry of the gallery) was lined with
a thin layer of coal slabs, 810 cm thick, brought from Dobrana seam of New
Kenda Colliery. Fixing of coal slabs were effected with a mixture of air setting
cement and liquid binder. In each set of experiments about 18-20 tons of coals
were used.

The paper addresses all the above control measures that have been applied all
over the world. Results of experimentation on open fires in Mine Fire Model Gal-
lery are also discussed.

2. Adopted Methodoligies to Control Fires

If the heating is detected then any one or a combination of the following control
methods may be adopted to bring the mine back to a productive one. Selection of
appropriate technique should be site specific and as per prevailing condition. Suc-
cess of dealing with fire also depends upon the exact location of seat of fire, mag-
nitude/extent of the fire, approachability, gassiness of the mine, ventilation system
and availability of resources.

2.1. Injection of Inert Gases

The fire triangle consists of three components viz., fuel, oxygen and source of
ignition. If one of the components can be removed from the triangle it is impossi-
ble to ignite or sustain any fire. Removal of oxygen from air in underground is
impossible but its percentage can be lowered down by infusion of inert gases.
Based on this concept the use of inert gases to control underground mine fires
have long been practiced in India as well as abroad.

Inert gases can be used in fighting mine fires in the following ways:

(a) Reducing the oxygen concentration in the air around the seat of fire (to about
12.5%) so that combustion is inhibited.

(b) The prevention of gas explosions by introducing sufficient inert gas into the
area to dilute the gas composition out of the so called ‘explosive zone’.

(¢) Reducing the intensity and spread of secondary combustion and cool the area
surrounding the fire zone.

There are three types of inert gases that have generally been used to fight mine
fires.

They are: (a) Carbon dioxide, (b) Combustion gases, (c) Nitrogen

Among these nitrogen is widely used in Indian mines. Nitrogen is advantageous
because of the fact that it is present in air in high percentages and it can be sepa-
rated by various techniques while the other two gases do not have such facility.
The application of nitrogen in various forms to control underground fire has been
discussed below.
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2.2. Nitrogen

Nitrogen can be delivered into fire area in liquid form through a tanker or in gas-
eous form through air separation unit/evaporation unit via piping arrangements.
There are several advantages of liquid nitrogen.

1. The nitrogen is cold and dry and thus poses no problem with cooling and in
compression, as is the case with other processes where the gas is produced by
chemical reaction or catalytically.

2. It is simple to deliver liquid nitrogen on-site and the safety aspects are good.

3. It can be gasified in vapourisers with a rated output of up to 300 m*/min. and
this can be raised even further by operating vapourisers in parallel.

However, the system also has some disadvantages

1. It is unsuitable for storage over long periods. Therefore, sometimes it is very dif-
ficult to obtain sufficient quantity if large amounts (i.e. more than 300 m?/min.
for several days) are needed. This may arise when there are several fires at the
same time or if there is really a big fire or a deep-seated fire.

2. It can only be introduced into the pit by piping it from the surface, which calls
for a great deal of preparatory work in surfaces as well as underground.

3. Nitrogen is less expensive than Carbon dioxide but costlier than Combustion
gases.

4. Liquid nitrogen as the base material is not available in unlimited quantities.

To avoid storage problems of liquid nitrogen, skid mounted on-site storage ves-
sels are used. They are transportable and they can be filled up regularly by cryo-
genic tankers. Thus liquid nitrogen can be stored and be used directly on the fire
from the vessel through boreholes so as to have an uninterrupted and continuous
flushing of nitrogen. Nitrogen flushing is always accompanied with air sample
analysis of the fire affected area. Quantity of nitrogen flushing or its rate depends
upon O, percentage in that area. As O, percentage gets reduced, CO percentage
decreases and requirement of nitrogen become less.

It was experienced that liquid nitrogen was not very effective to control open
fires in underground coal mines [2]. The liquid nitrogen was used first time in
1949, to control an underground fire at Doubrava Mine in the Ostrava-Karniva
Coal Basin, Czech Republic [3], [4]. Since then, many countries had used nitrogen
for fighting, suppression and prevention of underground fires. Fernhill Colliery
(UK), Osterfeld Colliery (Germany), Schlagel and Eisen Colliery (Germany), Ro-
zelay Colliery (France), Springfield Colliery (South Africa) and Fryston Colliery
(North Yorkshire) are to name a few. In 1962 to control fire in underground
development heading at Fernhill Colliery (UK) nearly 2.4 million m® of nitrogen
gas was injected [S5]. It was possible to control the atmosphere in the sealed road-
way to safe limits, so that work could be carried out near the seat of fire without
an explosion hazard. The first reported case of inertisation came from Osterfeld
Colliery in Germany in 1974. A total of 154,000 m® of nitrogen had been used to
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guard against the danger of an explosion during salvage operation in a section of
the mine in which a heating had developed [4]. A fire broke out in a longwall
face, No. 4 panel of the Gustav seam workings in Schlagel and Eisen Colliery
(Germany). “Target Inerting” with nitrogen was adopted for the first time in this
mine with success. A total of 126,000 m® of nitrogen was delivered to the fire site
at a rate ranging between 50 m’/min and 20 m’/min [6]. The first trial to reduce
oxygen percentage in the goaf in France was done in 1976 in Rozelay Colliery.
Since then many applications of nitrogen injection have been done in French Col-
lieries [7]. Spontaneous heating, which occurred in a retreat face of a longwall
working at Fryston Colliery, was controlled by nitrogen [8]. Springfield Colliery
was the first mine in which injecting inert gas into a fire area had been attempted
in South Africa in 1977. Several explosions occurred whilst fire control operations
were in progress. Eight different methods or techniques were employed in an
attempt to control the fire. Injection of liquid nitrogen was one of them. 65 tonnes
of liquid nitrogen was injected into the fire area over a period of approximately
66 h. The attempt was only moderately successful mainly due to leakage. Leakage
through the seals was as high as 1.5-2.0 m?/s [4].

Further, liquid nitrogen was applied during experimentation in CMRI Mine
Fire Model Gallery to control open fire. It was observed that liquid nitrogen
could not control open fires completely even when infused @ 2,000 1/h, although
it reduced the temperature up to some extent. The rate of reduction in tempera-
ture was found to be 48°C per hour. On infusion of liquid nitrogen, reduction of
generation rate of CO, and CO is estimated as 30% and 93%, respectively [9]. It
was also experienced that liquid nitrogen was very effective only when the fire
area was perfectly sealed. In India, large scale application of liquid nitrogen for
controlling fire in Lodna Colliery, Bharat Coking Coal Ltd. (BCCL) in 1985,
Godavari Khani No. 9 incline of Singareni Collieries Company Ltd. (SCCL) in
1986, Sijua Colliery, Tata Iron and Steel Company (TISCO) in 1994-1995, Kott-
adih Colliery, Eastern Coalfields Ltd. (ECL) in 1997 has firmly established the
usefulness of cryogenic technology [2].

When liquid nitrogen is flushed through borehole there is possibility of blockage
of borehole due to high temperature difference between liquid nitrogen and the
strata. Further the temperature differential between the nitrogen and the fire area
has a thermal ‘shock’ that could lead to collapse of the roof [10]. This dual problem
can be solved by evaporating the liquid nitrogen on the surface and it should be
piped down the borehole in stainless-steel pipes. The alternative is to have a gas
generator. A gas generator is cheaper than any cryogenic plant. There are two types
of nitrogen generator available in the market viz. PSA based nitrogen gas generator
and Membrane based nitrogen gas generator. In the early 1980s, Bergbau-For-
chung, Essen of the Federal Republic of Germany (FRG) developed Pressure Swing
Absorption (PSA) type nitrogen generator to separate N, from O, by use of carbon
molecular sieves. In membrane based generator the membrane of the generator con-
sists of millions of hollow fibres, each about the size of human hair, through which
compressed air is passed. The components of air, O,, CO, and moisture diffuse
through the semi-permeable membrane surface, leaving behind high purity N,.
Details of these nitrogen generators are explained elsewhere [2].
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2.3. Dynamic Balancing of Pressure

In majority of the underground fires, the affected areas are sealed by explosion
proof/isolation stoppings to exclude leakage of air so that inflammation is put out
due to lack of oxygen. However, experience has shown that it is often impossible
to make these stoppings airtight particularly under considerable pressure differ-
ence. Leakage of air can be totally precluded if pressure across stoppings can be
neutralised. Pressure difference across the sealed off area/stoppings can be neutra-
lised by a technique called pressure balancing [11]. In this technique balancing of
pressure is achieved by judicious adjustment of air flow rate, first through the dif-
ferent branches of the ventilation network around the affected zone and secondly,
the remaining pressure is balanced by adjustment of air flow rates through pipes
and pressure chambers specially designed for this purpose. The flow through the
pressure balancing chambers and connecting pipes is maintained by the ventilation
pressure of the mine itself.

Pressure chamber for the purpose of pressure balancing is generally constructed
by building a thin brick stopping provided with a small door at a distance of 2—
3 m from the isolation stopping [11]. The isolation stopping should be near to the
seat of the fire. Two pipes are laid, connecting the pressure chamber to main
intake as well as return airways. Air sampling pipe through the isolation stopping
is used to measure the pressure differential across the isolation stopping by a
manometer. Difference in pressure across the stopping is balanced by adjusting
airflow rates through these pipes. A schematic layout of arrangement for estab-
lishment of dynamic balancing of pressure in a bord & pillar working is shown in
Figure 2.
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Figure 2. Dynamic balancing of pressure in a Bord & Pillar working.
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For successful application of the method of dynamic balancing of pressure fol-
lowing conditions need to be satisfied:

1. Sealed area should not have connection to surface through cracks, fissures etc.

2. The amount of pressure difference that can be neutralised by adjustment of air
flow through ventilation circuits is dependent on the ventilation layout, location
of the affected zone. The extent of air flow adjustment is possible through ven-
tilation circuits without adversely affecting the ventilation of the mine.

To neutralise the pressure differential across a fire stopping the following proce-
dure are to be adopted.

e Pressure drop across the fire stopping should be monitored carefully for 24 h to
know the range of pressure variation.

e Air flow rates through relevant circuits of the mine are then adjusted to an
extent possible (without unduly affecting ventilation of any working district)
and in a manner such that pressure differential across the fire stopping is
reduced to minimum possible value.

e The remnant pressure across the fire stopping and that caused by diurnal varia-
tion of atmospheric pressure or that produced by any change in ventilation sys-
tem of the mine is to be neutralised by adjustment of airflow rate through the
pressure chamber made for that purpose and pipes connecting the pressure
chamber to main intake as well as return airway.

The recent successful control of fire in Jhanjra land 2 incline, AW, longwall
panel, ECL (2000) [12], Kachhi Balihari Colliery, BCCL (1998) [13], Kottadih col-
liery, ECL (1997) [14] and Ningha colliery, ECL (1995) [15] has provided ample
evidence that the dynamic balancing of pressure is one of the most effective tools
for combating underground mine fire. It has been observed that for control of
fire, balancing has to be maintained round the clock for number of days, extend-
ing to over a year in some cases. To overcome this problem and to make mainte-
nance of perfect balancing over a long period an easy task, an automatic dynamic
pressure neutralisation device has been proposed [16].

The proposed device is capable of balancing pressure by automatic adjustment
of airflow to pressure chamber by controlling valves in the pipes through a micro-
processor based system.

The microprocessor based automatic pressure balancing system consists of three
parts:

(a) Differential pressure sensor,

(b) A microprocessor programmed to receive and process the signal from the dif-
ferential pressure sensor and then activate airflow control system, and

(c) Airflow control system comprising of two pipes fitted with stepper motor con-
trolled valves that are guided by signals from the microprocessor.
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2.4. Reversal of Underground Mine Ventilation

Reversal of main ventilation is one of the important means to isolate a fire during
emergency. The kind of emergencies is open fires in the main intake airways near
the downcast shaft and immediately after explosions has occurred in the intake
airways. The main purpose of reversal of fan is to prevent the poisonous fumes of
the fire from flowing inbye and polluting the whole of the mine atmosphere with
danger to life. In the United States, it has been reported that by fan reversal lives
have been saved in underground coal and metal mine [17]. Hinsley (1966) [17]
pointed out that there were 10 disasters where the air-currents were reversed after
the disaster by the use of the fan and in five of those there was saving in life
amounting to over 500. In another occasion, prompt reversal of the air-current by
mine officials after an explosion saved about 80 lives. The decision to reverse the
ventilation is a difficult proposition to make and should be implemented only after
careful examinations of the situation, which indicates that this would be advanta-
geous in saving life and property. Logically, the decision to reverse the air current
could be taken only by a responsible official on or in touch with the surface and
fully informed as to the nature of emergency and as to the positions of all men
underground.

The following points may be considered before taking the decision of fan rever-
sal [18].

e The position of the fire in the intake air-path and its extent, position of possible
survivors

e Workplace environment viz., presence of noxious and inflammable gases and
temperature

e Likely danger of explosion

e If the fire/explosion has affected only the faces and the return or the intake
haulage roadways

e [f the explosion has caused a fire in or near the downcast shaft/incline or in the
intake near the face.

Apart from above, the type and condition of fan and arrangement for reversal
are to be examined.

In case of centrifugal fan, the fan impeller continues to rotate in its normal
direction and the air current in the mine is reversed by rearranging a system of
doors connected with the ventilator housing. Additional air passages must be con-
structed together with necessary doors to course the air to reverse whilst the fan
continues to run in its original direction. In case of axial flow fans reversal of the
air could be readily accomplished simply by reversing the direction of rotation of
the motor by using a reversing switch. A common practice is to interchange the
leads either at the motor terminal box or in the starting unit.

As per Coal Mines Regulation (CMR) 131(4) [19] in India every main mechani-
cal ventilator in coal mines shall be so installed, designed and maintained that the
air current can be reversed when necessary. Russian mine regulations require that
main mine fans be equipped with reversing facilities to enable the airflow to be
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reversed within 10 min if required in emergencies. Axial flow fans are fitted with
reversing drifts to meet this regulation [17]. The first enactment in USA making
provision for arrangements to reverse the ventilating current was included in the
Coal Mines Act, 1911. Section 31(3) required that in every mine in which a
mechanical contrivance is used, be provided and maintained in a condition to be
put into immediate operation adequate means for reversing the air current [17].
The first enactment in UK making provision for means to reverse the mine venti-
lation was included in the Mines and Quarries Act, 1954 [20]. In Australia there is
no legislation requiring the ability to reverse the ventilation flow in underground
coal mines. Most of the Australian mines have methane gas in goaf areas, which
would make reversal of the ventilation a high risk option [21].

2.5. High Pressure Foam

Use of foam plugs has been successful in fighting mine fires in roadways where
direct attack with water is not possible [22]. USBM studies reveals that the water
content of the foam should not be less than 0.20 kg/m? otherwise the foam is not
capable of controlling the fire [23]. With sufficient ventilating forces (around 8 cm
wg) properly generated foam may be transported over 300 m. Foam does not
appear to be effective against deep seated, rapidly advancing, buried or dead end
fires [22].

In India, suppression of spontaneous heating by high pressure high stability
foam is a new and effective method. However, the method has been widely used in
Czech mines in controlling spontanecous heating of the mined out areas of long-
wall panels [24].

The foam is produced by high pressure foam generator under the pressure of
foaming gas. The produced foam is transported by pipelines or fire hoses to the fire
area. Inert gas (N,, CO,), compressed air or a combination of both is used as foam-
ing gas. The foam generator consists of two independent units namely pumping unit
and foam generating unit. The foam is produced from a mixture consisting of water
and 5% foaming agent. This mixture is pumped by a pumping unit into a foam-
generating unit where the foam is produced [24]. At the same time inert gas (N») is
supplied to the foam-generating unit at a minimum pressure of 0.2 MPa, mixed
with foaming mixture sprayed from nozzles and then passes through a fine mesh
installed inside the foam generation unit. At the outlet of the foaming unit a fire
resistant hosepipe of suitable diameter is attached by which the foam is transported
to the place of infusion. A schematic diagram for HPHS nitrogen foam generation
system is shown in Figure 3.

The foam helps in controlling the spontaneous heating in following manner.

e Reducing air leakage through mined out arca

e Reducing temperature

e Reducing the rate of sorption of oxygen by the coal as the foam forms a thin
protective film over the coal.
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Figure 3. Set up for injection of high-pressure high stability nitrogen
foam.

High pressure nitrogen foam has recently been used in AW, longwall panel of 1
& 2 Incline mine of Jhanjra project, ECL with very encouraging results. In this
mine foam was injected in the longwall goaf through boreholes. A trolley moun-
ted PSA type nitrogen generator having a capacity of 300 Nm®/h. was used. High
pressure high stability nitrogen foam (HPHS) is cheap (one kg of foaming agent
capable of producing 2 m® of foam costing about 2.1 $) and has long self life.

The HPHS nitrogen foam at a rate of 200 m?®/h has been applied during experi-
mentation in CMRI Mine Fire Model Gallery to control open fire.

The following points are worth mentioning [9].

e It has been observed from the results that there was substantial reduction in
temperature. The average value of this reduction in temperature has been found
to be 207°C per hour.

e After infusion of foam in open fire condition the concentration of all the Prod-
ucts of Combustion (POC) like CO,, CO, CH4 and H, has decreased, indicating
the retardation of combustion process.

e On infusion of foam, reduction of generation rate of CO, and CO is estimated
as 80% and 85%, respectively.

e High-pressure high stability nitrogen foam technology proved to be promising
to control open fires. However, 200-m?/h infusion rate was found inadequate to
suppress the fire completely.

2.6. Inertisation of Goaf in Operating Panels

Inertising the goaf area to control/delay in spontancous heating has been found to
be successful in operating longwall and Blasting Gallery (BG) panels.
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The goaf was inertised with high-pressure high stability nitrogen foam in AW,
longwall panel of 1 & 2 Incline mine of Jhanjra project, ECL. For this purpose a
few boreholes were drilled from the surface to the goaf area and the foam was
injected through these boreholes. Inertisation helped in plugging the air path from
top and bottom gate side particularly along the barrier and creation of N, bank
in the floor of the goaf. This reduced the leakage of air to the seat of the fire.
Besides, the ventilation arrangement of the panel was made in such a way that the
pressure of the affected panel was positive with respect to surface atmosphere and
the optimum flow rate was maintained at the face with minimum leakage of air
into the goaf [12]. To adopt such type of ventilation in the panel the area was
converted into a chamber by closing the cross connections and a suitable forcing
fan was also installed. Two regulators with variable aperture were also placed in
the chamber. These measures helped to maintain the CO level at the face within
the permissible limit and safe coal winning operation in the panel.

In another occasion, fire in a longwall panel was controlled by nitrogen infusion
in conjunction with dynamic balancing of pressure [14]. However, the panel had
to seal initially for infusion of nitrogen in the goaf area and adopting dynamic
balancing of pressure around the sealed panel. The sealing was done by making
two isolation stoppings one at the main gate and the other at the tail gate of the
panel. The panel was successfully reopened after 19 days of sealing.

Blasting gallery (BG) method, adopted for thick coal seams, envisages blasting
the entire thickness of the seam by successive blasts and retreating along the level
gallery, which is driven along the floor of the seam. In this method seam is devel-
oped into panels of about 150 mx 120 to 150 m. The panel is further subdivided
into two parts by driving a central main dip. From this central dip rooms are
driven to the full width of the panel and the coal between the rooms is blasted
down to the full thickness of the seam and loaded by remotely controlled loaders.
The life of the rooms should be kept as short as possible so that they do not
undergo excessive convergence and the movement of the vehicles is not rendered
difficult. Recently CMRI has conducted a study [25] where spontaneous heating
was controlled in BG panel by inertising goaf flushing with nitrogen gas, liquid
CO,, and nitrogen foam. Coal can be extracted up to 80 to 85% through BG
method. It has been reported [24] that 15-20% of the coal, which is being left in
the goaf as a side barrier, acts as a potential source for the initiation of spontane-
ous heating. This is because the compaction is less in the barrier zone and it is
subject to leakage of air.

Goaf areas are inertised by making boreholes from a monitoring gallery into
the goaf followed by injecting inert gases through these boreholes. Monitoring
Gallery (also called Probe Gallery) has been developed for the first time in BG
panel along its barrier for taking gas samples as well as for application of fire
fighting measures. While inertising goaf areas precautions must be taken to see
that oxygen percentage in the goaf edge (where miners are exposed) do not fall
below 19% [26]. Rate of flushing of N,/CO,/nitrogen foam should be such that
the above standards are maintained. Continuous monitoring with Flame safety
lamps, Oxymeter and Toximeter is necessary for the purpose. It has been
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established that incubation period of the coal seam can be delayed by using the
above technique.

Similar technique may be applied to Bord & Pillar method. While depillaring
operation in spontaneous heating prone seam is in progress goaf areas may be in-
ertised to avoid heating.

2.7. Water Mist

Water can be used in mines either in the form of spray or mist. McPherson (1993)
[27] mentioned that once a fire has been progressed to a fuel rich condition there
is little chance of extinguishing without sealing off the fire. He does, however, sug-
gest that a means available to gain control of the fire by the application of water
as a natural scale fog.

“Water mist” refers to fine water sprays in which 99% of the volume of the
spray is in droplets with diameter less than 1,000 u. Water mist fire suppression
systems (WMFSSs) are readily available, simple in design and construction, easy
to maintain, effectual in suppressing various fires, non-toxic, and cheaper than
other familiar fire suppressing system with no harmful environmental impact.
While applied in fire areas, it cleans the air by dissolving soluble toxic gases pro-
duced during combustion, washing down smoke and suppressing dust, and thus
improves visibility as well. Unlike many other fire fighting systems, WMFSSs can
be safely used in manned areas and found to be effective in open condition. Fur-
thermore, water consumption in WMFSSs is far less than that in water flushing,
spraying or sprinkling systems. On account of these advantages, much study has
been carried out in recent years to develop appropriate WMFSSs to control vari-
ous types and size of fires.

A survey carried out in 1996 indicated that nearly 50 agencies around the world
were involved in the research and development of WMEFSSs, ranging from theo-
retical investigations into extinguishing mechanisms and computer modeling to the
development, patenting and manufacturing of water mist generating equipment
[28]. Water mist is being evaluated for the suppression of fires in diesel fuel stor-
age areas in underground mines at National Institute for Occupational Safety and
Health (NIOSH), Pittsburgh [29]. Water mist has shown a positive impact to con-
trol a fuel-rich duct fire [30] when a series of experiments on water mist was car-
ried out in a 30 cm square, 9 m long wind tunnel constructed in the Department
of Mining & Minerals Engineering, Virginia Polytechnic Institute & State Univer-
sity. A fire is called fuel-rich when the oxygen concentration falls to below 15%in
products of combustion [31].

The concept of water mist to suppress the mine fire is a unique one and for the
first time in India it has been tried in the Mine Fire Model Gallery to work out
the strategy to control fire with the water mist in actual mining condition [9]. For
the purpose an indigenous system for generation of water mist has been devel-
oped.

The water mist was infused in the gallery at a rate of 33 I/min. From the study
the following points are emerged [9].
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After only 20 min of infusion of water mist on the full-fledged fire the tempera-
ture along the length of the gallery was reduced to a great extent. The average
reduction of temperature was found to be 294°C per hour. It also reduces the
backlash to a great extent.

It has been found that after application of water mist the oxygen concentration
had increased to above 19% whereas the product of combustion gases (no mea-
surable amount of methane) have decreased indicating retardation of combus-
tion process.

On application of water mist, reduction of generation rate of CO, and CO was
estimated as 89% and 93%, respectively.

In the experiment with water mist hydrogen percent recorded an increase by
0.01-0.26% which is well below the explosive limit. Therefore, there was no for-
mation of water gas (fuel gas containing about 50% CO, 40% H,, and small
amounts of CH4, CO, and N,) terminating the possibility of explosion.

On application of water mist the opacity was decreased by 84%. Therefore, it
can be inferred that the water mist has the potential to improve the visibility in
the mines during open fire condition.

3. Conclusion

Based on theoretical, experimental and field observations the following points are
emerged.

1.

Inert gas use for underground mine fire control has been well accepted world
over by and large. Judicious application of inert gas obviously would be a cost-
effective proposition. Application of liquid nitrogen on open fires seems to be
not effective; rather liquid nitrogen is quite effective only when the fire area is
perfectly sealed. This is also being observed on experimentation in CMRI mine
fire model gallery.

Dynamic balancing of pressure technique has been effective as one of the tools
to combat underground coal mine fire. The integrated approach i.e. dynamic
balancing of pressure along with judicious application of inert gases like N,
CO; or high-pressure high stability nitrogen foam has proved to be successful
in several occasions to control fire.

Reversal of main ventilation is one of the means to isolate a fire during emer-
gency. In the United States, the method has been successful in saving lives. Pro-
vision for reverse the ventilation is also there in Russia as well as UK. The
decision to reverse the ventilation is a difficult proposition to make. In India,
the method has not been implemented because of stringent regulations.

Recent successful control of fire with high-pressure high stability nitrogen foam
in Indian coal mines and on open fire experimentation in CMRI mine fire model
gallery has provided ample evidence that foam technology is a promising one.
Inertising the goaf area to control/delay in spontaneous heating has been
proved to be successful in operating longwall and BG panels in India. This



298 Fire Technology 2007

technique may be implemented in fire prone depillaring section developed by
Bord and Pillar method.

6. Water mist seems to have enough potential to control open mine fire as has
been observed on experimentation in CMRI mine fire model gallery. It has sev-
eral advantages. It reduces the temperature as well as Product of Combustion
(POC) gases particularly CO to a great extent. Further, it reduces the backlash
and SPM concentration thereby improves the visibility. There is no threat of
formation of water gas eliminating the chances of explosion.
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