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Introduction

Fire is one of the most dreaded and
devastating hazards for coalmines that often
causes large-scale damage to property and
sometimes loss of precious lives. The outbreak
of fire in an open gallery of a mine generates a
huge quantity of toxic and explosive gases,
and smoke lowers visibility and raises air
temperature quickly. Further chances of fire
damp explosion often hamper fire-fighting and
rescue operations.

Until recently no facility was available in
India to perform a systematic in-depth study to
understand the complex dynamics of an open
fire, unlike other parts of the world1–3.

To bridge this gap, a mine fire model
gallery has been designed and constructed on
the premises of the Central Mining Research
Institute (CMRI), Dhanbad, India. The gallery
is 65.5 m long, arched shape, and 5.86 m2 in
cross-section. It is equipped with a computer-
aided online telemonitoring system with 130
sensors and instruments for continuous
recording of important fire parameters viz.,
temperatures, gas concentration, heat flux,
particulate matter concentration, velocity and
pressure. An axial flow fan to generate airflow
through the gallery has been installed at the
end of the second crosscut of the gallery.

Two sets of experiments have been carried
out in the gallery, maintaining air velocity of 1
and 1.5 m/s through it. In both sets of
experiments, coal of Dobrana seam of Raniganj
coalfields was used. In the experiments, the
inner sides of the firing zone, 22 m in length,
were lined with a thin layer of coal.

After establishing desired airflow and the
initiation of the fire in the beginning of firing
zone of the gallery, the telemonitoring system
was started for continuous monitoring of
important fire parameters. 

In these two experiments, two fire
suppression techniques, viz., flushing of liquid
nitrogen and infusion of high pressure high
stability nitrogen foam, were tried under
dynamic fire conditions.

This paper deals with important design
features of the gallery, its instrumentation
system, experimental procedure and important
findings from the experiments. The efficacy of
the fire suppression techniques has been
assessed in terms of reduction in temperature,
generation rate of CO2 and CO, and heat
release rate after its application.
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airflow. 
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lined with a thin layer (8–10 cm thick) of coal slabs. Two fire
suppression techniques viz. flushing of liquid nitrogen (LN2) and
infusion of high pressure high stability (HPHS) nitrogen foam were
tried to quantify their effectiveness under dynamic fire conditions.

The paper addresses important design features of the gallery, its
instrumentation system, the experimental procedure adopted and
important findings from the experiments. 

It has been observed that the intensity of the fire was very high
after one hour of its initiation and continued for 3–4 hours. During
the period, frequent backlash with smoke and flame was noticed.
The efficacy of the fire suppression techniques has been assessed in
terms of reduction in temperature, generation rate of CO2 and CO,
and heat release rate. The study reveals that high pressure high
stability (HPHS) nitrogen foam is more effective in controlling open
fires than liquid nitrogen is.  
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Design specifications of the mine fire model gallery

The CMRI mine fire model gallery is 65.5 m long arched
shape with a base of 2.4 m and crown height of 2.7 m. The
cross-section of the gallery is 5.86 m2. The gallery is
basically divided into two zones, viz. a non-firing and a
firing zone. The first 10.5 m long segment of the gallery is
known as the non- firing zone, the middle 22 m length is the
firing zone and the last 33 m long segment is again a non-
firing zone. One cross-cut gallery, 3 m long with two
stoppings, has been provided in the centre of the firing zone
and a second cross-cut gallery of the same cross-section but
13.75 m in length has been provided at the end of the
gallery. This cross-cut gallery is also a non-firing zone. An
axial flow fan, having the capacity to deal with 25 m3/ s of
air quantity at 50 mm wg pressure, has been installed at the

end of the second cross-cut gallery. To avoid air pollution in
the surroundings due to the burning of coal in the gallery, a
chimney of 10 m height and 1 m diameter made of 6 mm
thick steel plates has been provided with a fan. Two sliding
doors, one 5m from the gallery, entry and another at the end
of the gallery have been provided to seal the fire area
whenever needed. One rolling shutter has been fitted at one
end of the second cross-cut gallery opposite the fan for
regulation of airflow in the gallery and cooling of hot air
coming from the firing zone. A monitoring room for the
installation of instruments, data logger, computer, printer,
plotter, etc. adjacent to the gallery has been constructed. An
isometric view of the CMRI mine fire model gallery is shown
in Figure 1. The material and wall thickness of the gallery
varies in the firing and non-firing zones, and details are 
as follows.
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Figure 1—Isometric view of mine fire model gallary
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Firing zone

The total wall thickness of the 22 m long firing zone is 
725 mm, comprising a 150 mm thick outermost layer of RCC, 
120 mm thick red brick and a 380 mm thick innermost layer
of fire brick of IS: 8 quality. To avoid excessive heat loss
through the walls, one layer of 25 mm thick mineral wool
mattress has also been provided in the wall between the red
brick and fire brick in this zone. Thermowell slabs 50 mm
thick have been provided at the roof of the gallery between
the red brick and RCC layers to avoid damage to the gallery
due to vertical expansion caused by heating. Coal slabs are
lined in this zone which set into fire after establishing the
desired air velocity in the gallery for experimentation.

Non-firing zone

The first 10.5 m segment from the entry of the gallery is a
non-firing zone. The total wall thickness of this zone is 
700 mm, which comprises a 150 mm thick RCC cover, a 
380 mm thick red brick and a 120 mm thick innermost layer
of fire brick of IS: 6 quality. 50 mm thick thermowell slabs
have also been provided at the roof of the gallery between
the red brick and RCC cover. A section of the firing and non-
firing zones of the gallery is shown in Figure 1a. A 33 m
long segment of the gallery just downstream of the firing
zone is also a non-firing zone. The wall thickness of this
zone is similar to the non-firing zone mentioned earlier. A
cross-cut gallery, 13.75 m long and 2.40 m wide, is provided

at the end of the main gallery. The wall thickness of this
cross-cut gallery is 650 mm, which consists of a 150 mm
thick RCC cover and 500 mm thick red brick.

Instrumentation system
The mine fire model gallery is equipped with a state-of-the-
art computer-aided online telemonitoring system. The instru-
mentation system was designed with care in view of the
stringent requirements of the experiment. To have an in-
depth understanding of the dynamics of open fire in a mine
gallery, it was necessary to record every change that took
place in the gallery in regard to temperature of the air, coal
slabs and gallery walls, gas concentration and other
parameters. The system consists of 130 sensors and
instruments with data logger, computer, computer
peripherals, etc. for continuous monitoring of various fire
parameters like gas concentration, air velocity, pressure drop
across fire zone and fan pressure, temperature, heat flux,
dust and particulate matter concentration inside the gallery. It
was expected that during experimentation the temperature
inside the gallery would go up to 1200°C; under such
conditions only temperature sensors can be placed inside the
gallery and other sensors have to be placed either in the
monitoring room or on the outer side of the gallery wall, with
proper cooling arrangements. For better understanding, the
entire monitoring system may be explained in two stages viz.
(1) instrumentation in the gallery for data generation. and
(2) data acquisition system for collection, storage and
analysis of data.   
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Figure 2—Details and location of various monitoring stations and sensors along the gallery length
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Instrumentation in the gallery for data generation
The computer-aided on-line telemonitoring system comprises
130 sensors and instruments installed in the gallery as well
as in the monitoring room. The temperature, pressure, air
velocity, heat flux, dust and particulate sensors are installed
inside the gallery with proper cooling arrangements while,
gas measuring sensors and instruments are mounted on a
panel in the monitoring room for continuous monitoring of
CO, CO2, CH4, O2 and H2 gases. Gas samples from inside the
gallery are continuously drawn out by a membrane pump.
The gases so drawn then pass through a stack of gas sensors
after being cooled and filtered. Altogether five gas sampling
systems are provided at five gas monitoring stations. Details
of the location of all sensors in the gallery are shown in
Figure 2. Details of sensors, along with their range, accuracy,
etc. are furnished in Table I.

Data acquisition system for collection, storage and
analysis of data

The data acquisition system consists of data logger, computer
peripheral, printer, plotter and software for online
transmission and analysis of data obtained during experi-
mentation. As mentioned earlier, about 130 sensors and
instruments are installed in the mine fire model gallery and a
signal from a sensor is transmitted to the data logger and
then to a computer. To meet these requirements, two PC-
based data loggers of 98 and 48 channels, model 8030-MI,
are provided. Details of the sampling and data acquisition
system are shown in Figure 3. 

SCADA software on the Windows 98 operating system is
incorporated in the system for analysis, graphical presen-
tation and fault detection. The software has the following
features:

➤ It can read and store data online that can be retrieved
later

➤ It gives digital and graphical representation of an
individual channel for the entire period of the
experiment

➤ It can identify each sensor and has an alarm generation
facility for critical values of different parameters

➤ An outline diagram of the gallery, along with the
location of the sensor can be displayed on the monitor,
along with a current reading, as and when required

➤ The facility for incorporating the of EXPLO program
developed by CMRI to determine the explosibility of fire
gases

➤ Software that can detect errors like sensor failure, cable
faults and other faults in the system.

Experimental procedure

Coal slabs of 8–10 cm thick were prepared from freshly
exposed coal samples collected from the Dobrana seam of
New Kenda Colliery, ECL. These coal slabs were then
carefully fixed to the inner wall, roof and floor of the 22 m
long firing zone of the gallery. The coal slabs were fixed with
a mixture of air-setting cement and a liquid binder, although
utmost care was taken to see that there was no gap between
the two slabs. Any gap found was filled with a mixture of
loose coal and air-setting cement. 

The fixing materials were tested earlier in the laboratory
for their thermo-decompositional property to ensure that they
do not decompose at high temperature and do not release any
toxic and combustion gases. Test results indicate that the
material can withstand a temperature up to 1400°C and does
not liberate any toxic and other gases that could vitiate the
proposed experiments.

Study on application of fire suppression techniques under dynamic fire conditions
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Figure 3—Sampling and data acquisition system
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Before starting the experiments, all sensors installed in
the gallery and monitoring room were checked and
calibrated. Fire was initiated in the beginning of the coal zone
by burning a small amount of wood chips, newspaper, jute
wool, etc. soaked in kerosene oil after establishing the
desired air velocity through the gallery. For the purpose of
maintaining the desired air velocity, the opening of the
shutter at the second cross-cut was adjusted. For the first
experiment the air velocity selected was 1m/sec while for the
2nd experiment it was 1.5 m/s. When coal in the roof, sides
and floor catches fire at the initiation points, the entire
instrumentation system is switched on so that all the fire
parameters like temperature, pressure, gas concentration,
heat flux, air velocity and smoke density are continuously
monitored online. Data thus generated are recorded in
computer memory.

After monitoring the above parameters for 4–5 hours in
open fire conditions, the effectiveness of two fire suppression
techniques, viz., flushing of liquid nitrogen and infusion of
high pressure high stability (HPHS) nitrogen foam, were tried
separately in both the experiments in open as well as sealed
conditions.

Design parameters for the first and second set of
experiments are depicted in Table II.

Parameters studied
➤ Temperature, at 98 points
➤ Concentration of gases, viz., O2, CO, CO2, CH4, H2 at

five locations
➤ Air flow rate, at the entry of the gallery
➤ Pressure differential across the fire zone and fan

pressure

➤ Heat flux at two locations
➤ Smoke density at one location.

Application of liquid nitrogen (LN2) as a fire
suppression technique

Liquid nitrogen is extensively used for suppression of fire in
Indian coal mines. It is a very effective tool to suppress fire,
particularly when the fire area is well sealed. It has been
reported that in Germany in some of the open fire incidents,
the infusion of cold nitrogen reduced the temperature consid-
erably, thus enabling the rescue team to work in more
tolerable conditions, Harris4. To quantify the effectiveness of
LN2 in open fire conditions the technique has been applied in
the model gallery.

The dynamic behaviour of fire has been assessed by
monitoring the fire parameters for about 5 hours in open fire
conditions. Thereafter the infusion of LN2 was started in the

Study on application of fire suppression techniques under dynamic fire conditions
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Table I

Instruments in the mine fire model gallery

S.N Name of the equipment/sensors Range Number Purpose

1 Temperature sensors -50 to 1300°C 98 For continuous recording of temperature
Cromel-alumel type thermocouples in the gallery

2 Gas sensors
• IR based CO analyser 0–10% Accuracy +2% of FS 5 each For continuous measurement of CO, CO2, CH4,
• IR based CO2 analyser 0–20 % Accuracy ±2% of FS O2 and H2 gases at different locations in the gallery
• IR based CH4 analyser 0–100% Accuracy ±2% of FS

• Paramagnetic type O2 analyser 0–30% Accuracy ±0.1%
• Thermal conductivity based H2 0–5% Accuracy ±3% of FS

analyser (single pass type)

3 I- Heat flux meter 0–2 kW /m2 2 To measure the conductive and convective 
heat in the gallery

4 Durag smoke density meter D-R 216–40 Opacity range 0–100% 1 To measure the smoke and dust particle 
down stream of fire

5 Velocity sensor 0.5 to 5 m/sec 1 To measure air velocity at the entry of the duct

6 Differential pressure sensors 0–50 mm.wg 3 To measure fan pressure and differential 
pressure across fire zone

7 Axial flow fan Model-AF-50 Pressure– 50 mm wg 1 To ensure air supply through the gallery
(BS) with 30 HP motor Quantity - 25m3/ sec

8 PC based data logger Mixed universal type 2 To collect data from different sensors/analysers
i- Data logger —98 channel in the gallery and thereafter their 
ii- Data logger—48 channel analysis and graphical presentation

Model-8030—MI and 484 port
PC specification RAM – 128 MB, HD-4 GB, Window -98 1

Pentium III –17” colour monitor with CD operating system with internet modem
writer with CITECT SCADA software

Colour printer, plotter  and  UPS 1 No.

Table II

Design parameters for the 1st and 2nd set of 
experiments

Parameters 1st set of 2nd set of
experiments experiments

Coal Dobrana Seam Dobrana Seam
Length of coal lining 22 m 22 m
Fire suppression technique Liquid nitrogen (LN2) HPHS N2 foam
in open & sealed condition
Velocity of air 1 m/s 1.5 m/s

Infusion rate 500, 1000, 2000 l/h 200 m3/h
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Figure 5—Effect of LN2 injection on fire in open conditions (LN2 injection started at 17:00)

Figure 4—Pressure attenuation system for liquid nitrogen infusion

beginning of the firing zone. Infusion of LN2 was carried out
with the help of a copper pressure attenuation system,
connected to a liquid nitrogen tanker (Figure 4). The basic
purpose of this attenuation system is to deliver LN2 to the
fire area at a minimum pressure that is directly connected to
an LN2 tanker having a pressure of 6–7 bar. Delivery of LN2
with minimum pressure was helpful in the smooth flowing of
LN2 through the air stream in the model gallery and
quantifying its effect along the firing zone. 

The infusion of LN2 in open fire conditions was started
initially at a rate of 500 l/h and continued for two hours.
Thereafter the rate was increased to 1000 l/h and maintained
for one and half hours, and finally it was increased to 
2000 l/h which continued for one hour. Thus, the total liquid
nitrogen infused in open fire condition was 4500 l in 
4.5 hours. 

The effect of LN2 infusion in open condition has been
assessed on the basis of reduction in temperature, generation
rate of CO2 and CO, and heat release rate. Results are
depicted in Figure 5 and Tables III, IV and V. The generation
rates of CO2 and CO have been calculated according to the
formula given by Egan2 and the heat release rate has been
calculated as per the formula given by Litton et al.1. The
same was applied by Singh et al.5.

Application of high pressure high stability (HPHS)
nitrogen foam as a fire suppression technique 

High pressure high stability (HPHS) nitrogen foam has been
used in the Czech Republic to control fire in a number of coal
mines, Voracek6. The foam generation machine and foaming
agent were brought from the Czech Republic. The machine
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Figure 6—Schematic diagram of HPHS N2 foam generation system
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Table III

Effect of liquid nitrogen injection on temperature in open fire conditions

Temperature, °C at various locations
Condition A B C D E F G H I J L

Normal 961 830 979 901 751 854 952 864 987 609 316

Open @ 500 l/h 814 756 734 762 770 817 791 769 839 620 –

Open @ 1000 l/h 763 708 664 697 700 795 760 755 834 564 274

Table IV

Effect of application of fire suppression techniques on generation rate of CO2 and CO in open fire condition

Techniques Location              Before application of fire suppression technique After application of fire suppression technique

GCO2, g/s GCO, g/sec GCO2, g/s GCO, g/s

Liquid nitrogen A 593 35 577 7
C 1278 222 966 7
F 844 144 813 7
I 1089 156 755 7
L 1028 95 275 15

HPHS nitrogen foam A 2868 48 381 22
C 2855 557 392 33
F 1268 173 617 44
I 1169 173 353 33
L 867 146 110 29

Table V

Effect of liquid nitrogen and HPHS N2 foam on heat release rate in open fire conditions

Heat release rate in Mw
Location LN2 infusion HPHS N2 foam infusion

Heat release rate just Heat release rate Heat release rate just before Heat release rate
before infusion after infusion infusion of foam after infusion

A 13.34 6.35 3.44 2.77
C 14.08 10.58 16.57 4.64
F 16.49 8.92 28.15 7.20
I 14.17 7.44 21.07 3.50
L 9.89 3.16 7.47 0.99
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Figure 7—Effect of foam injection on temperature in open fire conditions (foam injection started at 18:30)

Table VI

Effect of HPHS nitrogen foam on temperature in open fire conditions

Temperature, °C at various locations

Condition A B C D E F G H I J L

Normal 847 653 783 761 925 1100 854 827 971 854 809
Open 315 291 342 110 317 438 603 880 372 341 262

consists of two units viz., a foaming unit and a pumping
unit. The HPHS nitrogen foam is produced from a 5%
mixture of water and foaming agent (foam concentrate)
prepared in a mixing reservoir, which was then pumped by a
pumping unit into a foam generating unit where the foam is
produced. At the same time, compressed gas (N2) is also
supplied to a foam generating unit under a minimum
pressure of 0.2 MPa, mixed with a foaming mixture sprayed
from nozzles and then passed through a fine mesh installed
inside the foam generation unit. At the outlet of the foaming
unit, a fire resistant hosepipe of 75 mm diameter is attached
by which the foam is transported to the place of infusion. The
schematic diagram of the HPHS nitrogen foam generation
system is shown in Figure 6. 

The dynamic behaviour of fire has been assessed by
monitoring the fire parameters for about 5 hours in open fire
conditions. Thereafter the infusion of HPHS nitrogen foam
was started in the beginning of the firing zone at a rate of 
200 m3/h. The duration of foam injection in open fire
conditions was about 21/2 hours. 

The effect of foam infusion in open condition has been
assessed on the basis of reduction in temperature, generation
rate of CO2 and CO, and heat release rate. Results are
depicted in Figure 7 and Tables IV, V and VI. 

Visual observations

Throughout the course of experimentation, a number of
observations from time to time have been made which are
worthy of mention. A fully fledged fire was developed after
one and half hours of its initiation. When the intensity of the 
fire was very high heavy backlash and dark smoke with
flame started coming out towards the entry of the gallery
(Figure 8). It was also observed that the duration of backlash
was about 5 minutes, recurring at an interval of 15–20
minutes. During the period, the gallery was divided into two
distinct zones. Up to 1.4 m from the floor of the gallery,
airflow was normal but in the rest of the upper portion of the
gallery the airflow was the reverse. As the fire advanced and
spread downstream of the gallery, the reduction in intensity
of the backlash has also been noticed. During the period of
the fully fledged fire condition (3 to 4 hours), the burning of
combustion gases like CH4 in blue flames was also observed.

Results and discussion

Two sets of experiments were carried out at air velocity 1 and
1.5 m/s in the model gallery and data were collected through



the computer-aided on line telemonitoring system. The effect
of LN2 and HPHS nitrogen foam infusion on open fire was
studied during experimentation at 1m/s and 1.5 m/s air
velocity, respectively.

Important results for both sets of experiments are given
in Table VII. From the Table it is clear that the maximum
temperature recorded at 1 and 1.5 m/s air velocity were
1238°C and 1100°C, respectively. The intensity of the fire can
be estimated by the fact that the maximum concentration of
products of combustion like CO, CO2, CH4 and H2 at 1m/sec
air velocity has gone up to 9.41, 15.59, 7.916 and 5.00 per
cent respectively. At 1.5 m/s air velocity, the maximum
concentration of these gases was 7.21, 17.44, 18.59 and 4.90
per cent respectively. The reduction in air quantity due to the
throttling effect for the first and second set of experiments
was about 32% and 53%, respectively. This reduction in air
quantity can be corroborated with the pressure difference
across fire zone, which was 17.14 and 28.20 mm wg at air
velocity of 1 and 1.5 m/s respectively. 

The effectiveness of both fire suppression techniques,
viz., liquid nitrogen and HPHS nitrogen foam, may be
assessed in terms of reduction in temperature, generation
rate of CO2 and CO (GCO2 and GCO) and heat release rate. 

Liquid Nitrogen 

Temperature

Liquid nitrogen was infused from the entry of the gallery
from 17:00 to 21:30 in open conditions. The effect of LN2
injection on the open fire conditions in terms of temperature
reduction is depicted in Figure 5 and Table III. In the table
‘Normal’ indicates the data before infusion takes place,

‘Open’ indicates the data after infusion in open fire
conditions. Before infusion of LN2, the temperature in the
gallery at locations A, B, C, D, F, G, H, I and J was 961, 830,
979, 901, 854, 952, 864, 987 and 609°C, respectively. After
two hours of infusion of LN2 @500 l/h, the temperature at
these locations recorded as 814, 756,734,762, 817, 791, 769,
839 and 620°C, respectively. The data indicate that the rate
of reduction in temperature is not uniform at all locations. It
varied between 19 and 122°C per hour. The average rate of
reduction in temperature was found to be 66°C per hour.
Further, the infusion rate increased to 1000 l/h and
continued for about 11/2 hours. During this period the rate of
reduction in temperature along the gallery length varied
between 9 and 47°C per hour, averaging 32°C per hour.
While the infusion rate has been increased to 2000 l/h for a
period of one hour, the rate of reduction in temperature
varied between 3 and 105°C per hour, with an average value
of 48°C per hour. From the above discussion, it is clear that
the rate of reduction in temperature is not proportional to the
rate of infusion of LN2.

Further, in open fire conditions, the total quantity infused
during 4.5 hrs is 4500 l. Therefore,the average infusion rate
comes to 1000 l/h. The average rate of reduction in
temperature is calculated as 38.4°C per hour (Table III).
Considering this average rate of infusion of LN2 and the rate
of reduction in temperature, it will take about 25 hours to
bring down the temperature at location I from 987°C to
ambient level (30°C). 

Generation rate of CO2 and CO

It is evident from Table IV that before the application of LN2
the average value of the CO2 generation rate at all locations
comes to 966.4 g/s while after application it reduced to 
677.2 g/s. The reduction was calculated as 30 per cent. The
average generation rate of CO at all locations comes to 130.4
g/sec, which got reduced to 8.6 g/s after the application of
fire suppression techniques. This reduction was 93 per cent.   

Heat release rate

Table V indicates that before the application of LN2, the
average heat release rate of all five locations was to 
13.59 Mw, whereas after infusion this value reduced to 7.29
Mw. This reduction comes to 46 per cent.

HPHS Nitrogen Foam Infusion

Temperature

The foam infusion was carried out from 19:00 to 21:30 in
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Figure 8—Blazing fire with backlash

Table VII

Important results of both set of experiments

Parameters 1st 2nd 

Maximum rise in temperature, °C 1238 1100
Minimum concentration of O2, % 0.592 0.095
Maximum concentration of CO, % 9.41 7.21
Maximum concentration of CO2, % 15.58 17.44
Maximum concentration of CH4, % 7.916 18.59
Maximum concentration of H2, % 5.00 4.90
Maximum concentration of SPM, mg/m3 470 467.9
Maximum pressure differential across 17.14 28.2
fire zone, mm wg
Reduction in air quantity, % 32.76 53.58



open conditions. The effect of infusion of foam on the fire in
terms of temperature reduction is depicted in Figure 7 and
Table VI. In the table ‘Normal’ indicates the data before
infusion takes place, ‘Open’ indicates the data after infusion
in open fire conditions. It reveals that in open fire conditions
a substantial reduction in temperature has been noticed
along the gallery length ranging from 251 to 662°C in 21/2
hours. The average value of this reduction in temperature is
calculated as 207°C per hour. Considering the same rate of
infusion, i.e. 200 m3/h and the same rate of reduction in
temperature, it will take about 5 hours to bring down the
temperature at location F from 1100°C to ambient level
(30°C). 

Generation rate of CO2 and CO

It is evident from Table IV that before application of HPHS
nitrogen foam, the average value of the CO2 generation rate
of all locations comes to 1805 g/s, while after application it
reduced to 270.6 g/s. The reduction is calculated as 80 per
cent. The average generation rate of CO of all locations comes
to 219.4 g/s, which was reduced to 32.2 g/s after application
of HPHS nitrogen foam. This reduction was about 85 per
cent.   

Heat release rate

Table V indicates that before infusion of HPHS nitrogen
foam, the average heat release rate of all five locations comes
to 15.35 Mw, whereas after infusion this value reduced to
3.82 Mw. This reduction comes to 75 per cent.

It is evident from the above discussion that the
generation rate of CO2, CO and the heat release rate increases
with increase in air velocity. Per hour reduction of various
fire parameters after employing fire suppression techniques
is shown in Table VIII. It indicates that the HPHS nitrogen
foam technique is more effective in reducing the temperature,
generation rate of CO2 and CO  and heat release rate. Hence
the technique can be used to control open fires in
underground coal mines.

The temperature gradient along the gallery length
indicates that the temperature at a distance of 30.3 m (at
location L, near the first cross-cut of the gallery) from the
gallery entry did not undergo a substantial reduction in
temperature after application of both the fire suppression
techniques. It may be assumed that the junction of the
galleries in the mine is a critical point from a fire point of
view and proper attention must be given while suppressing
the fire in open conditions. 

Conclusions

The following points emerged from the study:

➤ It is evident from the experiments that the design,
construction and instrumentation system of the gallery
have been found suitable for simulation studies on
open fire dynamics

➤ The systematic study revealed that the intensity of the
fire was very high, particularly after one hour of
initiation of the fire in the open gallery. Heavy
backlash with smoke and fumes were observed during
experimentation

➤ The generation rate of CO2 and CO and heat release
rate increase with an increase in air velocity

➤ The HPHS nitrogen foam can be used as a suitable fire
suppression technique in open fire conditions as it has
great potential in reducing the temperature, generation
rate of CO2 and CO, and heat release rate

➤ Infusion of 200 m3/h of foam is better than injection of
1000 l/h of LN2

➤ From the study it can be said that the junction in the
gallery must be taken care of while dealing with the
fire in the open gallery of a mine

➤ It may be possible to control open fire in underground
coalmines by infusion of HPHS nitrogen foam. 
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Table VIII

Per hour reduction in various parameters after
application of fire suppression techniques

Parameters After LN2 After HPHS nitrogen 

infusion foam Infusion

Temperature (°C) 38.4 207
CO2 generation rate( g/s) 64.26 613.76
CO generation rate (g/s) 27.06 74.88
Heat release rate (Mw) 1.4 4.61



Pit-slope design is a specialized activity requiring antici-
pation of variable geological conditions and the
application of engineering analyses. Greater levels of
safety and productivity can be achieved if the knowledge
of how pit slopes behave can be transferred to the
operators at the coalface. Any training needs to keep a
focus on the practical issues, with just the right amount
of technical content and jargon to allow recognition of
the hazards and efficient communication back to
management. Unearthing Black Gold, a training package
for the surface coal mining industry, gets that balance
right. 

Unearthing Black Gold was produced by the
Australian Centre for Geomechanics with the script
written by leading geotechnical consultants to the
Queensland coal industry, and edited by mining
company personnel from New South Wales and
Queensland. The training package consists of 2 CDs: a
4- minute training video, and comprehensive training
and language support materials. The script is written for
the layperson, and uses high quality video footage from
mining operations and excellent graphics to explain pit
slope failure modes. The script moves effortlessly from
explaining the hazards to identifying the warning signs
and then the importance of controls that the workforce
can implement. There is an emphasis on the importance
of following the site’s procedures and controlling water. 

The video has eight chapters, stepping logically
through definitions of terms, the mining cycle, general
pit slope hazards, hazards in excavated rock walls,
hazards during stripping, hazards in spoil and waste
slopes, and hazards in coal stock piles.

For excavated rock walls, the identified hazards are
falls of isolated rocks, planar failure, wedge failure,
toppling failure and composite failure. Computer
graphics are used to illustrate each of these
mechanisms. Failures of boxcuts and dragline benches
are also included. The importance of good blasting
practices, excavation to the design limits, wall trimming,
water control, and following site procedures are all
stressed.

For spoil piles and waste dumps, the hazards are
rolling of isolated rocks, skin slippages and deep-seated
slips. The role of poor floors, weak base material, weak
spoil material, dumping into water/mud and control of
surface water are all mentioned. Monitoring systems are
introduced in this section, on the basis that the deep-
seated slips are usually the slowest moving and hence
the easiest ones to monitor. Hazards associated with the
construction of stockpiles and waste dumps and
reclamation of coal stockpiles are covered. 

To quote from the video: ‘We can’t rely only on
monitoring systems. The eyes and ears of a committed
workforce are the most valuable assets mines have for
monitoring hazards’. The reviewer is in total agreement
with this: recently there has been too much emphasis on
monitoring in the guise of risk management, almost to
the exclusion of the fundamentals of good design and
the hazard reduction potential of a trained and
committed workforce. Unearthing Black Gold will assist
in achieving the latter.

For further information please contact Josephine
Ruddle at the Australian Centre for Geomechanics via
acg@acg.uwa.edu.au.     ◆

Unearthing Black Gold—a geotechnical
hazard awareness training video and

language support materials for open-pit
mineworkers

By Ross Seedsman, director Seedsman Geotechnics
The eyes and ears of a committed workforce are the most 

valuable assets mines have for monitoring hazards


