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Abstract: Fires are the most feared hazard in underground mines. The problems associated with under-
ground mine fires calls for special techniques and treatments in its prevention and fire fighting. Each mine
fire presents unique conditions from the perspective of dealing with it. The purpose of this paper is to
present Computational Fluid Dynamics (CFD) simulated fire scenarios on which is tested the brattice
barrier method for approaching underground mine fires. With this experimental CFD model we can de-
termine the effectiveness of this method. These simulations were performed to determine if we increase
the air velocity into the roof with help of brattice barrier, will this remove the smoke and heat upstream of
the fire so that firefighters can approach safely and extinguish the fire. We can also observe the explosive
range of the particles and gases that travel upstream of the fire and are then forced back into the fire area
by this brattice barrier method.
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INTRODUCTION

Special conditions that are peculiar to underground mining, differentiate it from
normal surface fire fighting operations. Because of this special conditions, new inno-
vations are required to deal with cases of underground mine fires which is unique in
itself. Some of the common hazards which should be taken into account in planning
and approaching the fire fighting operation for mines, are list below (Banerjee, 2001):
= Gas hazards associated with the spread and generation of fires combustion prod-

ucts.
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= Flashover phenomenon due to confined space fires.

= Smoke rollback effect.

= Fires affect on the underground mine ventilation.

= [Inaccessibility to the fire.

= Other associated hazards and risks caused from the fires.

Effective strategies in fire fighting process that include optimal ventilation practic-
es and procedures for combating underground mine fires would reduce severity of the
mine fires. The decision to change the air velocity over a fire must be considered care-
fully. There are advantages and disadvantages to increasing, maintaining or reducing
the air velocity over a fire and all of these must be considered carefully (Conti et al.,
2005).

Reducing the airflow over the fire is done to limit the oxygen supply to the fire and
slow the growth of the fire. The reduction of airflow to the fire may cause smoke and
heat to rollback upstream of the fire and limit the firefighters approach to be able to
effectively extinguish the fire (Ryan, 1996). Depending on the size and location of the
fire, the heat and smoke may rollback and contaminate additional areas of the mine.
The raise in the temperature can cause increased fatigue or heat exhaustion of person-
nel fighting the fire. Approaching and fighting underground mine fires can be impos-
sible if high temperatures are present and may also damage roof supports and cause
rock falls (cave-in).

Increasing the air velocity over a developed fire can have serious consequences
that need to be recognised. If the air velocity is increased over a fire, unburned com-
bustible products (particles and gases) that may have travelled upstream of the fire
will be forced back into the fire (Klote, 2002). If these gases are in the explosive
range, they could be ignited by the fire and cause an explosion. Increasing the air ve-
locity may also increase the burning rate and rate of heat released from the fire. Some-
times, increasing the air velocity is the only way smoke and heat can be removed from
the upstream of fire area so that firefighters can approach and extinguish the fire safe-
ly. Increasing the air velocity will lower the temperature upstream of the fire area,
however, it may raise the temperature downstream from the fire (McPherson, 1993).

METHODS

SMOKE ROLLBACK EFFECT

It can be observed from both laboratory studies and field investigations that hot
smoke and combustion products from a fire in a mine roadway may travel back a con-
siderable distance against the direction of the primary ventilation flow, depending on
how strong the fire is and the gradient of the mine roadway (Edwards et al., 2006). A
declining mine roadway assists in the smoke rollback effect where incline gradient
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impedes the rollback effect. The above phenomenon is a result of a convection current
rising from the fire and is known as the smoke rollback effect.

rollback of smoke

——
ventilation

Fig. 1. Smoke rollback effect

When the convection current rising up from the fire, encounters lower ventilation
air speed near the roof, they can overcome the lower air velocity and a counter current
is set up. This air stream moves back upstream of the fire till its buoyancy is reduced
by heat loss to the strata/roof and the air beneath. The cool tongue of the smoke lowers
down and returns back with the ventilating air stream to the base of the fire, and thick-
en the smoke due to turbulent mixing (Edwards & Hwang, 1999). The hazards associ-
ated with the rollback of smoke are (Adjiski, 2014):
= Transportation of heat from the fire to the roof and at times causing rock falls due
to heating of the rock surface and burning of timber supports.
= Allowing the flammable gases to reach the base of fire which can increase the risk
of explosion.

= The rollback effect on a decline or hoizontal roadway creates resistance (from
smoke, heat) in the top of the roadway above the fire thus increasing air velocity at
the base of the roadway fanning the fire.

= The effects of smoke rollback can be a dangerous and potentially fatal threat to
miners, firefighters and mine rescue teams, preventing them approaching close

enough to be able to effectively extinguish the fire. This fire effect can occur di-

rectly over the heads of the firefighters and miners, enveloping them with hot fire

gases, that can have fatal consequences.

The principle for dealing with the above hazards is to increase air ventilation speed
in the mine roadway by restricting the opening with a brattice barrier which has width
as the mining roadway and at least 60-70% of the mining roadway height (Mitchell,
1996). These measures would deflect all the ventilating air into the roof zone, and by
mixing with the combustion products in the smoke stream would cool the air and dis-
perse the smoke and gasses. It has been reported that the brattice barrier method has
made it possible to approach a roadway fire in U.K. within 5 metres of its source (Eis-
ner & Smith, 1954).
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Fig. 2. Brattice barrier method for approaching underground mine fires

One of the method for analysing the brattice barrier approach of underground mine
fires is to use CFD (Computational Fluid Dynamics) analysis. It should be noted that
the CFD analysis can only be used to represent a small section of the mine ventilation
network because of the large number of calculations performed in the analysis process
and the current limitations of normal computer processing power.

MODELING OF FIRE SCENARIOS

For the purposes of this research paper, we have used the PyroSim software from
the company "Thunderhead Engineering". PyroSim is a graphical user interface for the
"Fire Dynamics Simulator”" (FDS) (PyroSim User Manual, 2012). FDS models can
predict smoke, temperature, carbon monoxide, and other substances released during
fires. The results of these simulations have been used to ensure the safety in buildings
before construction, evaluating safety options, reconstructing fires for post-fire inves-
tigation and assisting in firefighter training. The software solves numerically a large
eddy simulation form of the Navier-Stokes equations appropriate for low-speed, ther-
mally-driven flow, with an emphasis on smoke and heat transport from fires. This
approach is very flexible and can predict and simulate different fire scenarios, includ-
ing the ventilation in the same process (Adjiski et al., 2015).

Fire models describe the fire characteristics, for example (Hansen, 2010): heat re-
lease rate, burning rate of material, heat flow, smoke, generation of toxic gases, etc. In
this paper we will model fire scenarios in which we will assume a fire caused by the
ignition of the front right tire of a loader Scooptram ST 3.5. For the purposes of this
research paper, in software PyroSim a 3D underground mining horizontal drift is
modeled with the following dimensions: 4 m width, 3 m high, and 75 m long, in which
is simulated fire of the front right tire of loader Scooptram ST 3.5. The cause of the
fire ignition will not be analyzed in this paper. In large eddy simulations (LES), the
grid size is an important factor to be considered. A smaller gird size the more detailed
the information of the turbulent flow but this also needs more computation resources
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and a longer computing time. For this simulation, we take into account a moderate cell
size (dx) of 0.12 m (Fig. 3). The mesh line for FDS is as follows:

= Actual (dx) size is 0.12(x), 0.12(y) 0.12(z), m.

Distances are 75(x), 4(y), 3(z), m.
Total number of cells are 460 800.

Tab. 1. Chemical and physical characteristics of the tire

Tire Size Tire 17.50x25, 20 ply, L-5S,
Weight of a tire 248 kg
Density of tire 1150 kg/m?®
Simplified chemical hydrocarbon formula of tire C,4Hs
Heat of combustion 44004 kJ/kg
Burning rate of tire (experimental data) (Totten et al., 2003) 0.062 kg/m?.s

Mesh Algnment Test:  Passed
Mesh Boundary (m):

Max: [0
MaxX: |75

Divison Method:  Uniform =

XCels: 600 © Cel Sze Rato: 1,00
YCels: |32 © Cel Sze Rato: 1,00

2Cels: 24 © Cel Sze Rato: 1,00

Cel Size (m): 0,12x0,12x0,12

Fig. 3. Process of modeling moderate mesh in computer program PyroSim

Tab. 2. Lower and upper explosive or flammable limits of gases and vapours
in air at ordinary temperature and pressure (Zalosh, 2003)

Lower Explosive or "Upper Explosive
Gas Flammable Limit or Flammable Limit Autoignition
(LEL/LFL) (UEL/UFL) temperature
(% by volume of air) (% by volume of air)
Carbon monoxide, CO 12 75 609 °C
Acetylene, C;H, 25 100 305 °C
Ethane, C,Hs 3 12-12.4 515°C
Ethylene, C,H,4 2.7 36 490 °C
Hydrogen, H, 4 75 500-571 °C
Hydrogen Sulfide, H,S 4.3 46 232 °C
Methane, CH, 5.0 15 580 °C
Ammonia, NH; 15 28 651 °C
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RESULTS AND DISCUSSION

CFD SIMULATION OF THE BRATTICE BARRIER METHOD
FOR APPROACHING UNDERGROUND MINE FIRES

On the same 3D horizontal mining drift, we will perform two simulations, one of
which will be without and one with the brattice barrier method. After the simulations
we will analyse the results.

The airflow in the 3D horizontal mining drift is set to 1 m/s in both simulations.
Measurements for average gas concentrations and temperatures were taken at loca-
tions downstream and upstream from the fire along the length of the 3D horizontal
mining drift. The measurements and data were collected over the entire length of the
fire scenario until the tire was consumed by the fire.

SCENARIO 1:

In scenario 1, we will perform CFD simulation of the fire scenario where we will
not use the brattice barrier method for approaching the fire. From the software for
modelling fires Pyrosim (PyroSim User Manual, 2012), and the chemical and physical
characteristics of the tire (Tab. 1), we get the following experimental software results
for Scenario 1, for simulated fire of the front right tire of loader Scooptram ST 3.5.
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Fig. 4. Heat release rate of the fire Fig. 5. Burning rate of the fire

Experimental software results for Scenario 1, downstream of the fire:
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Fig. 8. Temperature downstream from fire

Experimental software results for Scenario 1, upstream of the fire:
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Fig. 12. Temperature upstream from fire
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Fig. 13. Visibility upstream from fire

Fig. 14. CFD simulation of fire scenario 1, in computer program PyroSim
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SCENARIO 2:

In scenario 2, we will perform CFD simulation of the fire where we will install the
brattice barrier method 8 m upstream of the fire, 10 min after fire ignition. We will
assume that 8 m is the optimal and safe distance for extinguishing the fire, and 10 min
is the time needed for response and installation of the brattice barrier method. From
the software for modelling fires Pyrosim (PyroSim User Manual, 2012), and the chem-
ical and physical characteristics of the tire (Tab.1), we get the following experimental
software results for Scenario 2, for simulated fire caused by ignition of the front right
tire of loader Scooptram ST 3.5.
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Fig. 17. Burning rate of the tire
Fig. 16. Heat release rate of the fire g g

Experimental software results for Scenario 2, downstream of the fire:
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Fig. 26. CFD simulation of fire scenario 2, in computer program PyroSim
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The experimental software results clearly show that the use of brattice barrier
method for approaching underground mine fires is a very effective and safe method.

This experimental data suggest that the use of brattice barrier method is able to
create a safe environment from which personnel can effectively extinguish the fire. In
this simulated fire scenario with use of brattice barrier which has the same width as
the mining roadway and 70% of the mining roadway height, installed with the existing
ventilation air speed of 1 m/s, allowed for the creation of safe conditions for dealing
with the fire from distance of 8 m. The use of the brattice barrier method in this case at
8 m distance from the fire enable safer upstream conditions so firefighters could ap-
proach close enough to be able to effectively extinguish the fire. Using the brattice
barrier method upstream from the fire, reducied the CO concentration from 0.00085
ppm to 0.00048 ppm, reduced the SOOT concentration from 99.6 ppm to 57.5 ppm,
reduced the temperature from 75.5 °C to 49 °C and increased the visibility from 17.8
mto 23.2 m.

CONCLUSION

It must be pointed out that there are quite a number of technological gaps to be
resolved for effective control and fighting of mine fires. The loss of life due to mine
fires has preoccupied the minds of mining engineers and scientists. In most cases the
majority of deaths arising from mine fires are caused not by burns or blast effects, but
by the inhalation of toxic gases, in particular, carbon monoxide. In the context of this
paper the fucus has been in simulating method to create safe conditions for dealing
with fires that can occur in underground mines. These methods reduced the toxic gases
and heat upsteram of the fire and enable firefighters to approach close enough to
extinguish the fire. In this research paper it is presented through CFD simulation the
brattice barrier method of approaching underground mine fires. The results from this
research shows that if we increase air ventilation speed at the mine roadway by
constricting it with brattice barrier which has width as the mining roadway and 70% of
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the mining roadway height, we will deflect all the ventilating air into the roof section
which will cool and disperse the combustion products from the fire. This brattice
barrier method will then allow firefighters and mine rescue teams to approach close
enough to be able to effectively extinguish the fire. Very complicated ventilation
networks are often in deep mining. An effect of a fire to a ventilation system can be
unforeseeable. It depend on leveling and depression balance of ventilation roads
behind a fire. That's why an effect of a fire to a ventilation network should be
considered on a case-by-case.
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