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Ian Morton Loomis
Malcolm J. McPherson, Chairman
Department of Mining and Minerals Engineering

(ABSTRACT)

As the nature of coal mining changes, to higher production associated with higher
mechanization, the way in which mine safety is approached must also change. This
situation was clearly shown in a very devastating coal mine fire in late 1984. In the
absence of effective fire-fighting procedures and equipment the affected mine was quickly
rendered helpless. Of particular concern with coal mine fires is the possibility of entering a
fuel-rich state. In this state current practices have proven to be of little use in gaining
control over the conflagration. Recent experiences with the application of water mist to
industrial fires has shown that use of fog can be an efficacious agent in controlling large
scale fires. The postulations of this phenomenon concern the ability of the water, as a fog,
to get deeply within the fire structure. In this manner it works to remove the three legs of
the fire triangle; heat, oxygen, and fuel. The research contained in this thesis dwells in
three associated areas. These are: the general theory of water mist application relative to
current practices; the design and construction of a fire tunnel for experimental work; and
the results obtained from experiments with fuel-rich fires in the simulated coal mine entry.
The results of this research are most encouraging, not only for the more devastating fuel-
rich fires, but also for application from the onset of fire fighting activities in the coal mine

environment.



To the coal miners of the world, who fueled the industrial revolution.
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1. INTRODUCTION

The public address system blares out: "There is a fire in the underground, this is not a
drill." Whether one is on the surface or in the underground at the time this message is

reported the first response is likely the same, "Where is it?"

Fortunately most fires that occur in the underground are small and brought under control
and extinguished quickly. Unfortunately, without quick and decisive action a small fire
can become a large fire, and some fires just start that way. Of the 298 fires reported to the
Mine Safety and Health Administration (MSHA) in the 20 year period of 1970 through
1989, 5 are reported to have resulted in the total loss of life of 40 miners (Timko and

Kissel 1993).

Under current regulations, in the United States, the Mine Safety and Health
Administration must be notified of a fire if any of the following occur (Timko and Kissel
1993, anon. 1994a):

(a) A fatality of an individual at the mine (30 CFR 50.2 h (1)),

(b) An injury to an individual at the mine which has a reasonable potential to cause

death (30 CFR 50.2 h (2)),



(c) An unplanned fire not extinguished within thirty minutes of its discovery (30
CFR 50.2 h (6)).

An, admittedly, few of these fires progress to the point of inflicting such major damage to
the mine. This thesis reviews the nature of those fires that grow to extend beyond the
locale of their origin and effect the entire mine or a significant portion of it. The intent of
the work is to evaluate the efficacy of water mist as an extinguishing agent for those fires
that have grown to immense proportion relative to the scale of the mine entry. To
accomplish this task a scale model wind-tunnel was designed and constructed at the
Virginia Polytechnic Institute and State University. The work documented here covers
three general areas:
(1) A basic review of the nature of the fires that are being considered in this thesis
is provided in this chapter. Included in this section are the definition and nature of
oxygen-rich and fuel-rich fires, and the manifestation of fuel-rich fires as
experienced at three coal mines in the United States. Literature regarding previous
research in the field of fuel-rich mine fires and the application of water mist as an
extinguishing agent is reviewed in chapter 2. The underlying theory of the fires
and of the water mist system is covered in chapter 3.
(2) The design and construction of a wind tunnel in which the environment of a
coal mine undergoing a fuel-rich fire could be simulated is covered in chapter 4.
The testing of the tunnel systems is covered in the early part of chapter 5.
(3) The actual fire tests are covered in the later part of chapter 5, with a discussion

of the results in chapter 6 and conclusions drawn in chapter 7.



As an introduction to the subject of oxygen-rich and fuel-rich fires in coal mine entries this
chapter discusses the relative differences of these fire types, the mechanism by which a fire
can spread when it is contained in a mine entry, the effect of fuel-rich fires in three mine
environments, and the purpose for conducting the research covered. This should provide

the reader with a starting base for the more detailed analysis that is to follow.

1.1. Oxygen-Rich and Fuel-Rich Fires

Three very basic elements are required for a fire to ignite or propagate: fuel, oxygen, and
heat. Without any of the three a fire is not possible. One can envision this simply with a
common match. To begin with, the match (fuel) is held in the air (oxygen) and no
combustion is taking place. When the match is struck, friction (heat) ignites the match
head which burns vigorously. The burning of the head provides heat to the match stick
causing the wood to vaporize (or produce gaseous fuel) which reacts with the oxygen in
the air producing the observable flame of fire. Eventually, despite the heat and oxygen the
match goes out, what is left is a stick of incombustible ash. The fire went out when it ran
out of fuel. This is the basic idea of fire that one is likely to receive from grammar school

onward, and is a relatively sufficient starting point.

Expanding the scale of the above fire, consider an open fireplace. Under this condition a
larger quantity of fuel is available, as is a relatively unlimited supply of fresh air. As one
can observe, the fire spreads from the kindling to the logs, by direct contact of the flame
to the next element of fuel that will be burnt. The exhaust from the fire mixes readily with
the available fresh air diluting and cooling the gases produced by the burning. The

resulting products downstream of the fire are relatively cool; with a significant quantity of



oxygen, an elevated level of carbon dioxide, and little carbon monoxide. The exhaust may
not, however, be capable of supporting life. This is the type of fire referred to as oxygen-

rich.

Consider, now, a fire burning with a distributed and unlimited fuel supply that has a limited
supply of fresh air. This fire may begin slowly in an oxygen-rich state, however, as it
grows and begins to consume all the available oxygen its nature changes drastically, on the
larger scale. When the oxygen concentration in the exhausts falls to a level of about 15
percent there is sufficient heat being carried away from the fire to cause spreading without
direct contact with the flame structure. A fire burning in this state can quickly accelerate
to produce exhausts that contain virtually no oxygen, and very high levels of both carbon
dioxide and carbon monoxide, and that leave the location of the fire very near the flame

temperature.

It has been assumed that the flame structure is that of a turbulent diffusion flame, in which
the vaporous fuel and the oxygen react in stoichiometric proportion at the flame front,
coupled with turbulent flow conditions. Furthermore, neither fuel nor oxygen is
transported through the reaction interface, but are carried in the bulk flow away from the
reaction zone. For a more detailed discussion of this phenomenon refer to chapter 3 of

this thesis.

1.2.  Duct Fire Mechanism

Once a fire has been ignited in a coal mine entry it can quickly begin to consume the entry

where it began, and spread with the airflow downstream. Once the fire begins to spread



with the airflow, what began as a limited open fire takes on characteristics that make the
fire both difficult and dangerous to fight directly. Fires in fuel lined ducts, such as coal
mine entries, have three distinct characteristics separating them from normal open
combustion. First the physical limits of the entry contain the fuel for the fire. Second the
supply of air is limited to that being delivered through the duct or airway. Third, only a
relatively small percentage of the overall heat generated by the fire is lost from the duct in
the immediate vicinity of the fire. The dangers and problems associated with a mine fire
can be contemplated by investigating the development and transformation of a

hypothetical mine fire.

Consider a typical coal mine entry, as shown in figure 1-1a, in which roof coal has been
left. Let a small fire begin as shown in figure 1-1b. As the fire develops, the air is locally
warmed around the fire, but the down stream air remains relatively unaffected. As the fire
begins to consume more of the available fuel the local temperature continues to rise, the
hot gases from the smoke plume run along the ribs beginning to warm the coal. The rib
coal then begins to contribute fuel to the fire. Ever hotter fumes begin to lap across the
roof volatizing the coal there. During this time more and more of the available oxygen is

being consumed in the fire.

When the volatizing fuel from the roof coal ignites, the fire has begun to completely engulf
the entire drift and consequently the whole air supply, figure 1-1c. During this process the
temperature of the exhaust continues to rise. It can easily be shown that the highest
reaction temperature from the fire occurs when there is a stoichiometric balance between

the available oxygen and fuel, see figure 1-2.
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Some of the heat generated during combustion is used to volatilize fuel downstream. The
combustion reactions can continue until, theoretically, all the oxygen has been consumed.
The exhaust from the fire is now near its adiabatic reaction temperature. As the exhaust
leaves the fire and begins to cool, the only direction for heat transfer is to the drift
surfaces. This heat transfer is capable of volatizing the coal, since there is not sufficient
oxygen available the excess fuel is carried along with the exhausts. The condition that
now exists is a fully developed fuel-rich fire in a coal mine entry. The general differences

between the oxygen-rich and fuel-rich regimes are illustrated in figure 1-3.

The hazard of this fire is compounded when a cross-cut is added to the visual model,
figure 1-4. At this point consider that exhaust gases are leaking out of the fire drift to the
fresh air drift. If the exhaust temperature is still above that required for ignition, the fire
will re-erupt at the cross-cut. At this point a fully volatized fuel mixture is being mixed
with fresh air, the flames that erupt start the entire process again, except that the fire is
likely starting along the roof. It is in this manner that a fuel-rich fire can spread at rates up

to ten times that of an oxygen-rich fire.

With a little more imagination one can perceive that the fire cannot be returned to an
oxygen-rich state by increasing the airflow. Such an action would result in unreacted fuel
to be combusted, increasing the total heat liberated allowing even more fuel to be

volatized thus consuming the additional oxygen added to the system.
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1.3.  Actual Fuel-Rich Mine Fires

The realization that a fuel-rich fire could develop spontaneously in a coal mine entry was
made as the result of a mine fire in West Virginia in 1965. Considering the report of this
incident one can hypothesis that the fire became fuel-rich as the result of the misguided
action being taken by the mine operator. In this case, addressed in detail below, one can
ascertain that the action taken was the result of a lack of knowledge, both of the actual
situation and the likely outcome of actions to be taken. (No attempt to lay blame or imply

negligence is intended.)

The three case studies reviewed below show several things of significance to this research:
(1) understanding the conditions in and around the fire is very difficult, even for those who
are intimately familiar with the mine configuration, (2) that the fire can become fuel-rich,
as the result of the wrong action, or of insufficient action, and (3) once the fire has
become fuel-rich, sealing of the affected area or entire mine is soon to follow. In the
examples below, the development of the fuel-rich state does not follow the neat
hypothetical model described above. From these examples, however, an understanding
can be gained into what the mine fire-fighters are up against and what tools they may need

in their attempts to save the lives of others, their own lives, and if possible the mine.

1.3.1. Mars Number 2 Mine, October 1965

Late in the evening of 16 October 1965 a fire was ignited in the Mars Number 2 Mine

operated by Clinchfield Coal Company, in Wilsonberg, West Virginia. The events that

11



followed the initial ignition indicate that this fire may have become fuel-rich as a result of

the attempts made to control the fire (Roberts and Blackwell 1969).

As a piece of mining equipment was being moved, workers used belting to insulate the
equipment from live trolley wires. Apparently the belting wore through allowing the
trolley wire to arc to the machine. The intense arcing, caused by a failure of the circuit
breaker, ignited the belting, coal and, eventually, the machine’s hydraulic oil
Approximately forty-five minutes after the fire was lit the main fan was stopped in an
effort to slow the spread of the fire. The resulting "roll-back" of smoke and fumes drove
the fire-fighters away from the fire. About 20 minutes after the fans were turned off they
were restarted to clear the smoke and fumes from the fire. This action resulted in an
explosion spreading debris and igniting new fires for long distances in the affected entry

(Anonymous 1966).

Evidently, after the fans were stopped, the fire continued to burn liberating excess oil
vapors so that a fuel-rich condition was achieved. When the fans were restarted, the
supply of fresh air allowed the fire to flare-up engulfing the highly volatile mixture of oil

vapors near the fire (Roberts and Blackwell 1969, Mitchell 1990).

Seven miners downstream of the fire died of carbon monoxide poisoning (Anonymous
1966). These deaths were reported as asphyxiation by Mitchell (1990), which is not an
uncommon practice in carbon monoxide related incidents, since death occurs due to
oxygen starvation. Although not indicative of a fuel-rich fire on its own, it is quite

obvious that such a fire would produce quantities of carbon monoxide that would tax the
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capacity of a conventional self-rescuer, not to mention the effects of the total depletion of

oxygen. At this time the Self-Contained Self Rescuer (SCSR) did not exist.

1.3.2. Wilberg Mine, December 1984

On the evening of 19 December 1984 a fire erupted in an intake airway of the Wilberg
Mine in Emery County, Utah. This fire exhibited characteristics that provide irrefutable
evidence that a fuel-rich fire can occur in a mine, as suggested by Dr. A. F. Roberts, of the

United Kingdom's Safety in Mines Research Establishment, in 1969.

The official Mine Safety and Health Administration (MSHA) report identifies an air
compressor located in an intake airway to be the most likely source of ignition for this fire
(Huntly, et al. 1984). Assuming that this was the case, it is likely that most of the nearly
30 gallons of oil in the compressor were discharged into the cross-cut where the
compressor was located. It is believed that the oil, as a fine mist, came in contact with a
highly heated component of the compressor and erupted into flames, much like a flame-
thrower. In a supplemental report to the MSHA, Nagy (1987) states "The rapidity at

which the fire developed and spread is consistent with fire from the heated oil fuel.”

Reports of the fire fighting activities indicate that the fire had progressed nearly six
hundred feet in the first four hours and between the fourth and fifth hours the fire had
progressed to nearly eleven hundred feet (Mitchell 1990). Mine Rescue and Fire Fighting
teams reported flare-ups when doors where opened. This was probably due to allowing

fresh air to the hot fuel-rich gas mixture (Huntley, et al. 1984; Mitchell 1990).
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The reports supplied by eye-witnesses indicate that "roll-back" of smoke and heat was not
occurring in the airway of the fire during the initial stages (Huntley, et al. 1984). Later
reports from the fire fighting teams indicated significant smoke "roll-back" (Mitchell

1990).

After over four days of fire fighting and rescue efforts, sealing of the area began.
Recovery work began in February 1985 with the origin of the fire not being reached until

July 1986.

1.3.3. Orchard Valley Mine, June 1986

On 1 June 1986 a fire occurred at the Orchard Valley Mine near Paonia, Colorado. This
fire resulted in the sealing of the mine at its portals and shafts. This fire was determined to

be, most likely, the result of spontaneous combustion (Derick 1993).

Based on the paper "Mine Emergency Response" by Mr. R. L. Derick a brief synopsis of
this fire (Derick 1993) is:

1) Operation of one of the two main fans was terminated. The mine was idle and
therefore no personnel were underground. Smoke and hot air were observed to be

flowing upstream, against the airflow.

2) Use of foam generating equipment began using two foam generators. During

this time the fire was starved of fuel due to the foam.
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3) Once the available foaming agent had been depleted the mine was evacuated,

the second main fan turned off, and the intake fire doors sealed.
4) With the reduction in airflow and the increase in available fuel the fire quickly
transformed from and oxygen-rich to a fuel-rich fire, evidenced by a nearly six fold

increase in the fuel consumption rate.

5) Eventually the entire mine was sealed. Production from the mine resumed in

December 1986.

1.4.  Purpose of this Research

Going back to the fire triangle one should be able to extinguish any fire by removing any
of the individual legs (fuel, oxygen, or heat). The method chosen to effect the appropriate
leg may be based upon the material that is burning, the location of the fire relative to
combative personnel, or the availability of extinguishing agents. In a typical open fire in a
coal mine entry the methods available to the fire-fighters are control of the airflow to the
fire, application of water, or inertization techniques. These common practices are covered

in some detail in chapter 2 of this thesis.

Attempting to control an open fire by limiting the ventilating airflow to the fire may slow
its spread, at least temporarily. Even during conservative airflow restriction it is possible
that the velocity of the airstream may be reduced to the point that the buoyant forces
generated by the fire overcome the inertial forces of the airstream. When this occurs,

smoke and exhausts from the fire will begin to “roll-back” against the in coming fresh air.



This situation may lead to restricted visibility and these gases could be explosive and/or
toxic, increasing the hazard to the fire-fighters. Over-restriction of the air into an
established fire, that is one that has begun to extend beyond its point of origin, may lead to
the increased likelihood of an explosion as the fire accelerates from oxygen to fuel-rich

combustion.

The direct application of water can be hindered in the mine by the great distances over
which the underground workings may cover and the relative dearth of areas covered by
sprinkler systems. This leaves a direct attack with hoses and nozzles as the initial means
to apply water. Under current regulations and existing nozzle technology the effective
range of a conventional water attack may be less than thirty feet (Mitchell 1990). This
condition is further compounded by the inability of conventional systems to produce water
droplets that can be carried a significant distance in the air stream, thus restricting the

capability to get water deep into the established fire.

Water may also be carried to the fire region in the form of a high expansion foam. This
foam is carried along the drift by the airflowing across its surface, as the plug develops.
Once the foam plug has been developed the airflow pressure drives it forward, hopefully
towards the fire. Foam plugs are restricted by several associated phenomenon; since they
restrict airflow to the fire the problems associated with ventilation changes need to be
considered, the amount of water carried by the foam plug is small compared to the amount
of air within the plug, and radiant heat from the fire can cause the plug to break down

before it gets close enough to affect the established fire.
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Inerting methods control the fire by removing most or all of the oxygen from the fire
location in such a manner as to cease the combustion process. The inerting agents
commonly employed include nitrogen, carbon dioxide, and the products of combustion
from jet engines. Inerting requires rather extensive action to implement, ranging from the
staged construction and closing of seals to changing the mine infra-structure to
accommodate the transmission of the inerting agent; not the mention the provisions to

generate large quantities of the inerting agent.

With the recent philosophy whereby the Halon fire extinguishing agents have fallen out of
favor, much research has centered on an effective replacement for this fire-fighting agent.
One means that has shown promise in industrial applications, including oil storage fires, is
water mist, or fog. The general theory behind the use of water fog lies in the ability for it
to affect all three sides of the fire triangle and its ability to be carried for extensive
distances in the air stream. As applied here the scale of the fog is that which is found in
nature with particle sizes ranging from 5 to 50 microns in diameter. As the fog enters the
fire the liquid water is converted to water vapor consuming heat, the water expands some
1700 times between the liquid and vapor states displacing oxygen, beyond the fire the
condensing water coats the available fuel. In this manner the fog works against all three

sides of the fire triangle at once.

It is postulated that the application of water mist to a mine fire, particularly one that is
fuel-rich, can make the fire more manageable for the engineers and fire-fighters, reducing
the chance of loss of life and decreasing the likelihood that the capital investment of the
mine will be lost. This research is intended to investigate the hypothesis that a large scale,

fog generation system could effectively be used to combat fuel-rich fires in coal mine
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entries. This investigation will be limited to work in a scale model with the general results

extrapolated back to the defined prototype, coal mine entry.
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2. LITERATURE REVIEW

Research into the field of fires appears to be divided chiefly into two distinct studies of its
mechanism. The first dealing with the application of fire for the benefit of human society,
the second dealing with the means to minimize the damage caused by fires that are

unwanted.

With the technology available for use in the subsurface environment today there is little
need for open fires in support of mining activities. Further, with the distinct differences
between building and compartment fires versus duct and mine fires the scope of this
review will therefore be limited, with a few exceptions, to that literature of interest; that is
the mechanisms that affect the development and spread of fires in ducts and mines, the

tactics of fighting such fires, and the current research surrounding them.

In late 1969, Dr. A. F. Roberts and J. R. Blackwell published a paper entitled "The
Possibility of the Occurrence of Fuel-Rich Mine Fires" (Roberts and Blackwell 1969).
Through the publication of this paper the mining community was introduced to the general
concept of a fuel-rich fire, and its causes and implications. In the introduction to this

paper the authors cite a previous work by D. G. Wilde, in which Mr. Wilde makes the
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statement ". .in the very largest [mine] fires wood has nearly always been a major, if not

the principal fuel..."(Wilde 1967, Roberts and Blackwell 1969).

Another paper is that of Dr. M. J. McPherson entitled "The Development and Control of
Open Fires in Coal Mine Entries" published in 1993 (McPherson 1993a). One of the
important factors of this paper is the brevity by which Dr. McPherson describes the causes
and impacts of open fires in coal mines. Dr. McPherson observes that despite, and
perhaps because of, the evolving technology applied to mining and mine ventilation
systems "...the past decade has seen a renewed concern with respect to mine fires and
explosions." He bases this as being due to the plethora of hydrocarbon materials being
used in the modern mining environment. Dr. McPherson reiterates the concern that once a
mine fire has progressed to a fuel-rich condition there is little chance of extinguishing
without sealing the fire off. He does, however, suggest that a means may be available to
gain control of the fire by the application of water as a natural scale fog. It is this theory

that forms the basis of this research project.

2.1.  Mechanics of Coal Mine and Duct Fires

By reviewing the previously mentioned paper by Roberts and Blackwell, and a later
publication "Duct Fires," by John de Ris (1970), one can quickly gain a feel for the
mechanics surrounding a fire burning in a fuel lined duct and the corollary in a coal mine
atrway. In an address of comments to de Ris’s (1970) paper Roberts (1971a) identifies
three regimes of duct fire behavior. These surround the likelihood that the ignition source
results in an oxygen-rich fire or a fuel-rich fire regardless of the size; or a condition

whereby the fire may be oxygen-rich or fuel-rich depending on the size of the ignition
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source. He seems to leave the question as to the characteristics that will cause the result

of one of these outcomes.

An investigation into the critical conditions of duct fire development is presented by
Hwang and Litton (1984). They define a dimensionless parameter (£) to evaluate the
likelthood that ignition can take place or that sustained propagation will occur. This

parameter is defined as:

Where Qf is the source fire strength, 7, is the mass flow rate of air upstream, ¢, is the

specific heat of the upstream air, 7., and T, are the upstream and ignition temperatures,
respectively. Based on their research a value of £ > 1.5 is required of the ignition of
untreated timber. Sustained combustion requires £ > 3 for untreated timber and £ > 5 for
treated timber. The researchers note that the relevant value for £ is dependent on the
configuration of the available fuel and that critical £ is inversely proportional to the fuel

loading density.

The general means for the propagation of a steady-state fire in a duct or mine entry can be

expressed in the following manner. Fresh air enters the combustion zone of the fire where
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consumption of oxygen begins by rapid chemical reaction. In this region fuel is being
vaporized from the solid phase and reacting with available oxygen. Once all of the oxygen
has been consumed the products are still at a temperature above that required to vaporize
the solid fuel. These heated products transfer heat to the solid fuel on the surrounding
surfaces, vaporizing fuel that continues in the products stream unreacted. Once the
products have cooled below the temperature required to vaporize the fuel they continue to
pre-heat the fuel until the initial ambient temperature is re-established. For this type of fire
numerical models of the phenomenon ordinarily assume that the vaporized fuel does not
recondense and that the velocity of the fire is small compared to the velocity of the air

stream (Comitis, Glasser, and Young 1994).

2.2. Fuel-Rich Fires

Once a fire has been ignited in a duct or mine entry there exists the possibility of the fire
making the transition from an oxygen-rich state to a fuel-rich state. Dr. Roberts defines
three situations in which a fuel-rich fire may develop (1) by the unrestricted growth of an
oxygen-rich fire, (2) by the action of a very large ignition source, or (3) by the action of

reducing the ventilation quantity to an oxygen-rich fire (Roberts 1970a).

While an oxygen-rich fire may represent a fairly limited phenomenon, as described above,
a fuel-rich fire can quickly become overwhelming and encompassing. In a response to
"Duct Fires," by de Ris (1970), Roberts states that, in its fully developed condition, a fuel-
rich duct fire may encompass some 370 times the duct characteristic dimension (Roberts

1971a). He breaks this down, beginning at the first significant temperature rise, as:
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120 Diameters Burnt-out zone

100 Diameters Charcoal zone
30 Diameters Pyrolysis zone

120 Diameters Pre-heating zone

370 Diameters Total involved length

The configuration of this is somewhat different than that presented by later authors,
Comitis and others (1994). When one considers a fire that has been burning for some
period of time, the principle omission is the lack of the specific excess fuel zone.
Although he is not explicit, it is probably safe to assume that Roberts included this in the

definition of the pre-heating zone.

Roberts further goes on to state, in the same paragraph, that the charcoal zone may have
an important part in the overall picture as it may lower the level of oxygen reaching the
pyrolysis zone. Presumably the charcoal zone could reduce the oxygen content to a point
that an existing fire would become fuel-rich as the oxygen is remove from the incoming
air. It is unclear what Dr. Roberts expects of this type of a fire, since flaming combustion
ceases when the oxygen concentration drops to between 16 and 17% (Burrell and Seibert
1912). The total or near total consumption of oxygen in the charcoal zone appears
unlikely due to the relatively slow burning in the charcoal compared to that of the flaming
combustion. This is because the vast majority of the volatile materials have been burned

off leaving only the slow burning elemental carbon (Haessler 1989).

2.3.  Transition from Oxygen-Rich to Fuel-Rich

As we begin to look at the transition from the oxygen-rich to fuel-rich states the concept

of the fuel/air and equivalence ratios should be introduced. The fuel/air ratio represents
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the relationship between the available fuel and oxygen at a molar level. The stoichiometric
fuel/air ratio represents relative concentrations whereby all of the fuel and oxygen will be
consumed in the completed combustion reaction. The equivalence ratio expresses the

existing fuel/air ratio to the stoichiometric fuel/air ratio (Kuo 1986).

( Sfuel (;lr)

stoich

While the fire is in the oxygen-rich regime (¢ < 1) it is spreading by radiation and
convection from the flames to the local wood. The heating of the bulk air stream is
insignificant beyond the local region, thus does not affect the spread of the fire. As the
fire grows in size the temperature of the airstream rises to a point where it can play a role
in the spread of the fire. Heat transfer from the exhausts can cause pyrolysis of the fuel
downstream of the fire without direct contact of the flames. In this manner, a fire burning
in a fuel lined duct can accelerate to a stage such that all of the available oxygen is reacted
in the fire (Roberts and Clough 1967a). This is the fuel-rich condition where ¢ > 1.
Additional volatile fuel is carried away from the fire in the exhausts. This volatized fuel
may ignite should the exhausts come in contact with oxygen while still at elevated
temperatures. A cooled exhaust and fresh air mixture may be explosive, depending on the

ratio of the mixture.

In evaluating the likelihood that a fire will make the transition from the oxygen to fuel-rich
regimes, Roberts and Clough (1967a) observed that the tendency to make this transition is
inversely proportional to the size of the airway. That is, the smaller the passage the more

likely the fire is to spontaneously transition from an oxygen-rich to a fuel-rich state.
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Chaiken, Singer and Lee (1979) observed that, in their tunnel with coal fuel, when the fuel
was limited to the floor surface the fire propagation was limited to the oxygen-rich state.
In further tests with coal on all four of the interior surfaces the fires began oxygen-rich,

transitioned to fuel-rich, and returned to oxygen-rich as the fire died out.

The presence of top coal is indicated in the Mars No. 2 mine fire, discussed in chapter 1,
above, the USBM report indicated ignition of the “coal roof and ribs” (Anonymous 1966).
No indication of top coal is given concerning the Orchard Valley mine fire (Derick 1993,
Timko, Derick, and Thimons 1987) , it is known, however, that this fire began

spontaneously as a concealed fire, and was made fuel-rich by the fire fighting efforts.

Once the fire has made the transition from oxygen-rich to fuel-rich it is likely that its rate

of advance will accelerate to nearly ten times that of the oxygen-rich state (Roberts and

Blackwell 1969).

2.4.  Transition from Fuel-Rich to Oxygen-Rich

So long as there is fuel for the fire to burn there is no direct mechanism that will cause a
fuel-rich fire to return to an oxygen-rich state. Experimental evidence reported by Roberts
(1970a) showed that, “A fourfold increase in ventilation rate to a fuel-rich fire only had

the effect of making it burn more vigorously.”

One can imagine that if the fuel-rich fire can be brought back to an oxygen-rich state it will
be easier to combat. The oxygen-rich state can be approached more readily from

upstream, and does not present the same degree of hazard when attempting make an



approach from downstream. The ability to reduce the fire back to oxygen-rich has been
proposed by McPherson (1993a). The mechanism by which this regression is postulated is
based on attacking the fire on all three sides of the fire triangle. The net effect being to

cause the fire to regress by removing the elements of the fire itself; fuel, heat, and oxidizer.

2.5.  Current Coal Mine Fire Fighting Tactics

Without a doubt water is by far the most versatile fire extinguishant in use today. The use
of water in fighting fire is so fundamental that even when preparations are underway for
more drastic methods, direct attack with water should continue for as long as possible

(Ramlu 1991).

2.5.1. Water

A major part of fighting any mine fire begins with the application of water. During fire
fighting activities with water it is best to stay upstream of the fire. In this manner the
personnel remain in relatively fresh air and should have a clear means of escape. The
general philosophy behind the use of water is very much the same as its application in fires
on the surface. Where there is a large supply of oxygen available to the fire, water works
against two of the sides of the fire triangle, heat and fuel. The increase in sensible heat
and the latent heat of evaporation accounts for some 2600 kJ/kg to convert water from a
liquid at 20°C to vapor at 100°C. Furthermore, the water that is not vaporized begins to
coat the fuel reducing the production of volatile fuel gases. Under some conditions, such
as limited fresh air sources the generation of water vapor will serve to displace oxygen,

reducing its role in the combustion process.
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The overall utility of water as a fire fighting agent lends it self well when coupled with the
relative ease at which water distribution systems can be installed and maintained. During
fire fighting activities the water available will not only be required for direct attack against
flames but may be required for other roles, including, cooling stoppings and spraying in
the entries down stream of the fire. The total water requirements during a fire may exceed
38 liters per second at a minimum delivery pressure of 345 kiloPascals (600 gal/min at 50

psi) (Gallick 1991).

In order to assist the utilization of water during a fire scenario several considerations
should be made. These include, concurrent flow between the air in the drift and the water
in the pipe, locations of valves and fittings in strategic locations. Underground water
pumps and their power supplies should also be carefully laid out to minimize the likelihood
of disruption during a fire (McPherson 1993b). It is also important that the team fire

fighting gear be inspected on a routine basis and replaced as necessary, even if never used.

Fire drills and exercises are an important part of a mines basic fire control strategy. On a
small scale these can be used to train the miners in the operation of the basic fire fighting
equipment that is available to them. On a large scale these exercises can be used to train
the line and staff management, engineering, and labor personnel in the complexities and

possible outcomes of various fire scenarios (Eschenburg 1982).
The direct application of water to the fire requires that personnel get fairly close to the

fire. As the fire grows hot gases and smoke are likely to begin to “roll-back” against the

incoming fresh air; hampering the visibility towards the fire, providing a source of toxic
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gases to the fire-fighters, and further increasing the ambient temperatures upstream of the
fire. To combat the role-back, fire-fighters may have to expend some of the water as a
spray directed against the roof. This action can counter act the inertia of the flowing
stream and cool the gases. Once in the vicinity of the fire, the attacking personnel must
try to spray as much water as possible into the fire. Of particular importance here, since
the fire is being fought from only one direction, is getting the water as deep into the fire as
possible. The ability to spray deeply into the fire can be hampered by a number of
phenomena, in particular the size of the particles generated by the nozzle, and the delivery

pressure of the water.

Typical mine conditions limit the effectiveness of water sprays to about 10 meters. This is
due to the design of, and available pressure at the nozzles. Current legislation in the
United States limits waterline pressure to 690 kPa (100 psi). It has been projected that
line pressures on the order of 800 to 1400 kPa would be required to increase the effective

range of the typical water spray to 30 meters (McPherson 1993b, Mitchell 1990).

Two particularly interesting observations are made by Scheffey and Williams (1991a and
1991b) regarding the application of water to fires. They observed that in open, outdoor
fires a water flow rate per surface area of 27.5 g/m®s was required to extinguish the larger,
test scale, fires. Their best overall results were obtained with a total water supply of 2.6
I/m? of burning surface. During tests concerning ship board, compartments fires they
found that 10 to 20 times as much water may be required compared to the outdoor test
fires. They attribute most of the increase to the inefficiencies of fighting the larger fires in

a compartment, versus fighting the fires in the open and under laboratory conditions.
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Fire fighting by the application of water from the upstream side should be the first
consideration when developing the mode of attack. This procedure does have its
limitations and if the fire cannot be brought under control by a few hours effort plans

should be made to begin more rigorous efforts (Ramlu 1991).

2.5.2. Foam

In Mine Fires and Mine Rescue, Ramlu (1991) reports that the use of foam plugs has been
successful in fighting mine fires in roadways where direct attack with water is not possible.
With sufficient ventilating forces and a properly generated foam, research by the USBM
has shown that a foam plug may be transported over 300 meters (1000 ft) (Nagy, Murphy,
and Mitchell 1960).

The experiments conducted by Nagy, Murphy, and Mitchell (1960) showed that the foam
plugs could be efficacious against coal, oil and wood fires in a full scale coal mine entry.
The tests involved fires covering floor, rib, and roof fuels in varying configurations.
Where the water content of the foam was less than 0.20 kg/m® (0.0125 Ib/ft’) the foam
was not capable of controlling the fire. Above this water content, the foam appeared to be

capable of controlling the experimental fires.
The application of foam plugs must be closely monitored, as the reduction in airflow

across the fire may cause an originally oxygen-rich fire to become fuel-rich (McPherson

1993b).
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Several factors work against the application of foam for fighting mine entry fires. Foam
does not appear to be effective against deep seated, rapidly advancing, buried or dead end
fires (Ramlu 1991). An insufficient amount of foaming agent that leads to running out of
foam prior to controlling the fire may be as bad as no foam at all, a condition that was
experienced at the Orchard Valley Mine (Derick 1993; Timko, Derick, and Thimons

1987).

2.5.3. Inertization

The use of the practice of inerting the atmosphere within the mine fire area has been
employed in most of the mining world. The techniques used and the levels of success vary
from continent to continent. In North America and Europe the gas of choice tends to be
nitrogen, with some minor application of Carbon Dioxide, while the Eastern Europeans
and the Russians prefer the use of the products of combustion. Each of these methods
have, as can be expected, their strengths and weaknesses. A very good comparison of
these three inerting media is presented by Bacharach, Craven, and Stewart (1986). A

synopsis of their comparison is given in Table 2-1.

The generation of large quantities of inert gas is a relatively straight forward process.
Nitrogen or Carbon Dioxide are delivered to the site in a liquid form. The liquid is
pumped into an evaporator to generate the gas. The gas can then be piped into the mine
through existing, or specially laid, pipes. Major controlling factors to consider are the rate
at which the liquid (or solid) phase can be delivered to the site and the availability and size
of evaporation systems. Either of these can limit the quantity of the inerting agent that

may be applied to the fire. The type of the evaporator may also affect the quantity of gas
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that can be produced. An ambient temperature evaporator will not produce significant
quantities of gas compared to an externally heated unit. The externally heated evaporator
presents further strains on the infra-structure by requiring provisions for the fuel system
(natural gas, propane, diesel oil, electricity, etc.) and for the heat transfer systems, whether

direct fired or by hot water (Bacharach, Craven, and Stewart 1986).

The use of Products of Combustion (POC) as an inerting agent has usually been achieved
with the application of a turbojet engine equipped with an after-burner. Such systems
developed by Russian and Polish agencies have proven capable of producing up to 30 m’/s
of inerted gases. The hot exhausts are cooled through a water filled radiator. The hot
water is then rejected as waste or piped through an evaporative cooler. Due to the low
delivery pressure of the exhaust gases the system must be placed relatively close the fire,
or be assisted with the application of ducts and blowers. An obvious problem with this
type of system is that the jet engine is not, by nature, permissible in the coal mine
environment. It is possible, though, to argue that this fact is of little consequence in a
mine that is already engaged in fighting an existing fire (Bacharach, Craven, and Stewart

1986).

Some of the first field applications of inerting fires appear to come from the United States,
where in the late 1940’s carbon dioxide was used to control two fires in the Illinois coal
fields. The first of these fires (Valier Mine) resulted from an electrical failure, the fire was
burning in a caved area and it was believed that the burning coal was buried beneath the
roof fall. Rather than attempt to fight the fire directly the mine management decided to try
to seal the affected area. This technique failed to control the fire and resulted in two

explosions inside the sealed area. Experiencing these failures the management then
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attempted to flood the area with water, behind dams. Officials from the USBM found that
the dams would not be sufficient to contain the expected hydrostatic head and suggested
that they attempt to flood the area with gaseous carbon dioxide. The theory was that the
CO; would render the atmosphere behind the seals incapable of becoming explosive while
the seals were reconstructed to isolate the fire. Forty-five hundred kilograms (10000 Ibs)
of CO, were piped through an existing sprinkler system pipe to the affected area of the
mine. It is believed that the introduction of the CO, extinguished the fire following its
introduction. A feel for the size of the fire can be gained from the reported 1900 tonnes
(2060 st) of rock, coke and coal that was later removed from the fire area (Westfield,

Brumbaugh, and Whittaker 1950).

The second of the fires (Peabody No. 59) in Illinois proved that there were some problems
with the use of Carbon Dioxide. This fire was also of electrical origin, resulting from a
train collision in a main haulage road. Initial attempts to control this fire consisted of a
direct attack with rock dust and excavation of burning material. Some three days
following the eruption of the fire mine management decided to attempt to seal the fire.
Based on the success of CO, flooding experienced at the Valier Mine, and with the
assistance of USBM personnel, inertization of the atmosphere in the affected area was to
be attempted. Over a period of some 31 hours, 19 tonnes (21 st) of gaseous CO, was
piped into the area, believed to be sealed, surrounding the fire. The volume of the CO,
gas is reported to be “well in excess” of the volume of the affected area. In the aftermath
it was found that the CO, had not been completely successful in extinguishing the fire, a
large quantity appeared to have leaked into previously abandoned workings. The CO, did,
however, cool the fire area sufficiently to allow the sealed area to be reopened without the

risk of the fire rapidly regaining strength (O’Connor, Malesky, and Higgins 1950).
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An early application of Nitrogen as an inerting agent is reported from a British colliery
(Fernhill Colliery). The reported fire occurred as an ignition related to blasting. Early
attempts to control the fire were made with water, which appeared to be successful. A
follow up team later found the fire to be spreading. About 12 hours after the ignition the
mine management decided to seal the affected area. They expected that this action would
cause the atmosphere around the fire to become extinctive, however, the desired effect did
not occur and further attempts were made to plug all the leaks in the seals. Experiencing
continued failure to control the fire in this manner the decision to use Nitrogen as an
inerting agent was made by the mine management. By applying N, as an inertant the
managers wanted to: dilute the combustible gases (which were increasing in
concentration), reduce the oxygen content to below 12 percent to further eliminate the
possibility of an explosion and make the atmosphere extinctive, and allow normal mining
activities to continue in the remainder of the mine. Engineers at the mine determined that
an nitrogen plant capable of producing 0.4 cubic meters per second (840 ft*/min) at 99.5%
pure would be required. Injection of the nitrogen was attempted no less that four times,
each for periods extending for several days, with actual nitrogen flow rates between 0.2
and 0.4 m*/s (420 and 840 ft*/min). Each time, after the nitrogen injection was suspended
the fire appeared to rekindle and grow. While this fire was eventually brought under
control it points out several factors and weaknesses relevant to inertization. The
application of nitrogen allowed exploration to be conducted without an explosion hazard,
and allowed work to continue in the remainder of the mine. However, the effectiveness of
the nitrogen was limited by the leakage occurring around the affected area. The ability of
the nitrogen injection to be efficacious may have been limited by the time that was

required to secure and set-up the nitrogen gassification plant (Vaughn-Thomas 1964).
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Later application of Nitrogen to fighting mine fires is discussed concerning the French
mining industry by Froger (1986). The application of nitrogen in France is used to control
spontaneous fires in gobs, and to hinder the eruption of fires by preventative injection of
nitrogen. Typical injection systems use liquid nitrogen transported to the site in tanks and
a truck mounted evaporator. The advantages to using nitrogen in the French mines arises
from reducing the likelihood of spontaneous combustion in mines subject to this hazard.
This does not come without a relatively high cost. To reduce the cost of the injected

nitrogen some French mines have connected into commercial nitrogen pipeline systems.

Experience with inertization techniques has proven to give marginal to limited success in
the coal mines of India. Applications in India have been made using gaseous carbon
dioxide and nitrogen, direct use of liquid nitrogen, and flue gases from fuel oil combustion.
Where applied, the fuel oil was burned on the surface, with the exhaust gases being piped

to the underground (Banerjee 1987).

2.5.4. Sealing

The most drastic measure to be taken as a result of a mine fire is the complete sealing of
the affected section or sections or even the entire mine. Despite the severity of this
measure, it is frequently taken as a normal course of action when efforts to fight the fire
begin to seem futile. Once the affected areas have been sealed, several months to several

years may be required before the areas can be reopened.



The construction of seals can be a complicated and drawn-out process that often places
the emergency personnel in significant danger. During the sealing process the atmosphere
may pass through the explosive range, which can result in an explosion that destroys the
seals being constructed. Such conditions were experienced at the Valier Mine fire
discussed above (Westfield, Brumbaugh, and Whittaker 1950). In addition, sealing of the
fire area may be dependent on closing off all sources of access to the fire area. Unknown
break-throughs to abandoned workings, or other mines can have an affect on attempts to

seal a fire, as will break-throughs to the surface.

Many of the advantages and problems associated with sealing a fire can be seen in the
aftermath of the Wilberg mine, Emery County, Utah fire of December 1984, as reported
by Moon (1993). The source and severity of this fire has been discussed previously
(section 1.3.2), so only the sealing efforts will be discussed here. Construction of
temporary seals at the Wilberg mine began about 4 days after the fire erupted. The same
day that the temporary seals were started, the mine was evacuated as gas analysis showed
a trend towards an explosive environment. Two days following the evacuation,r fire
reached the intake portals to the mine. At this point the plans were started to seal the 15
active mine openings, and over the next 12 days these entries were sealed. Construction
of the seals was performed from locations outside of the mine. Bore holes were drilled
into the entries near the mine portals, through which concrete was pumped to cap the
rubblized material near the adits; working inby to outby until the entire portal area was
sealed. Completion of three inby remote seals, one in each entry, allowed the rubblized
caps to be removed so that the areas surrounding the remote seals to be grouted.
Following the grouting the seals and exposed coal seam were shotcreted to prevent air

from leaking into the mine. About 6 months following the construction of these original
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remote seals the fire showed signs of regaining strength. To further seal the entries
boreholes were drilled inby the original remote seals, and more flyash and concrete mix
was pumped into the mine drifts. About one and a half times as much material was

pumped during the second seal construction as was applied in the initial sealing efforts.

Following the construction of the second seal the fire showed a continued downwards
trend. Prior to attempting to reopen the affected areas a mixture of rock dust and water
was pumped into the workings around the seals to cool the area and quench any place that
may have still been burning. This entire effort proved effective in gaining control over the
fire, however, over two years elapsed between the initial construction and the removal of
the seals. Further compounding the construction of these seals was the very rugged,

mountain terrain surrounding the mine (Moon 1993).

In a 1989 incident in France, a seal was constructed remotely to isolate a fire burning in a
caved waste area (Naquet 1990). The mine management desired two factors in attempting
to fight the fire. First, they did not want to reverse the mine ventilation. Second, they
wanted to minimize the need for any personnel to work downstream of the fire. The first
course of action selected was to barricade the region and flood it with nitrogen through a
pipeline from an upper level. This action did not appear to have an effect on the fire.
With this observation the management decided to isolate the fire and try to fully inert it
with nitrogen. Three holes were drilled into the return airway so that a concrete dam
could be constructed, followed by injection of a resin foam to complete the seal. This

technique proved to be satisfactory in gaining control over the fire.
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2.6. Current Research

On going research into fires and the application of extinguishing agents can be found from
two sources of noteworthy interest. The United States Bureau of Mines (USBM) has
conducted research into the nature of mine fires at its Pittsburgh, Pennsylvania office and
at the Lake Lynn laboratory in the Allegheny mountains of Pennsylvania. This research
has dealt with the origination and development of fires in mine entries, both in scaled and
full sized models. Furthermore, the USBM has performed research dealing with the
products of combustion in mine fires and the nature of explosions in mine entries. The
research of interest from the general industrial sector is that which deals with the
application of water mist to industrial and marine fires. The use of water mist in industrial
is related to the forthcoming limitations on the application of Halon agents. Marine fire
utilization is concerned with gaining the best use of limited water on board ocean going

vessels.

2.6.1. United States Bureau of Mines

A great deal of research into the characteristics of duct and mine fires has been performed
by the United States Bureau of Mines. This research covers both physical experiments

and numerical analysis.

Hwang and Chaiken (1978) performed analyses pertaining to the interaction of a fire in a
duct, or mine entry, with the ventilation airflow. This paper analytically relates observed
phenomenon with theoretical work performed earlier by Hwang, Chaiken, Singer, and Chi

(1976). The earlier (1976) paper presents a two-dimensional model by which one can
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investigate plume behavior in a duct or mine entry. Their flow model allows for the
consideration of buoyancy effects and the fire intensity. In this manner it is possible, using
their model, to determine when and under what conditions reversal of flow in the mine

entry will occur.

Experiments conducted by the USBM concerning the behavior of coal fires in model
entries is reported by Chaiken, Singer, and Lee (1979). This paper documents 6
experimental fires conducted in a 28 ¢cm square by 9.1 meters long coal fire tunnel at the
USBM Pittsburgh center. One of these tests was configured with a 1 meter long slab of
coal on the floor only, the remainder had 1 to 3 meter long slabs of coal placed on all four
internal surfaces. The authors report that the floor fire spread and remained in an oxygen-
rich burning mode. Whereas, all of the four-surface fires began oxygen-rich, transformed
to fuel-rich, and dropped back to the oxygen-rich state as the fuel was consumed. They
further report that these fires were accompanied by stratification and reversal of flow due

to the throttling effects of the fires.

Experiments conducted by the USBM concerning the behavior of wood fires in model
tunnels is reported by Lee, Chaiken, Singer, and Harris (1980). The intent of these
studies, as stated by the authors, was to complement the work performed earlier by
Roberts (1950) and Roberts and Blackwell (1969). They wanted to investigate the
growth of the fires and the transient interaction between the fire and the ventilation
airflow. This research was conducted in a 30 cm square by 10 meter long fire tunnel at
the USBM Pittsburgh center. The transition from an oxygen-rich to fuel-rich state of
burning was observed during the tests that they reported. Additionally, reports are made

of airflow reversals occurring in the duct air flows. The fan settings were adjusted during
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most of these tests to maintain a continuous flow rate of fresh air into the fire. These
authors also make the note of the difficulty in sizing the ignition source to produce a self

sustaining fire without overpowering the tunnel fire that is being observed.

Investigations into the relationship between a small fire’s development and its detection is
reported by Egan (1993). These tests were conducted to determine the relationship
between the ventilation rate, the fire spread, and the response of the fire detection

equipment. An intermediate scale, 80 cm square by 10 m long, wind tunnel was used.

2.6.2. Industrial Fire Protection

In March of 1993 the United States Department of Commerce, National Institute of
Standards and Technology (NIST) conducted a workshop dealing with the application of
water mist for fire suppression. This workshop dealt with the potential for water mist
systems to replace halons and other industrial fire suppressants, and the potential to apply

water mist technology in residential and aviation applications (Notarianni and Jason 1993).

The application of water mist appears to have a significant potential for industrial fire
protection systems. In particular, water mist has been shown to be efficacious against fires
involving flammable liquid pools, high pressure jets, room fires, and special risk areas
including submarines and aircraft (Mawhinney 1993).  Experiments cited have
demonstrated the effectiveness of water mist in extinguishing 200 MW methane jet fires
(Mawhinney 1993, Evans and Pfenning 1985), and against diesel fuel, crude oil, and
hydraulic fluid pool fires (Mawhinney 1993, Olsson and Ryderman 1990; Wighus 1991).
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The research documented by Evans and Pfenning (1985) indicated that for a gas well head
fire, exceeding 185 megawatts the mass flow rate of the water needed to at least 1.6 times
the mass flow rate of the gas. This ratio was based on four spray nozzles radial around
the well head. If the number of nozzles was decreased to two the ratio could more than
double, based on small scale tests. They also found that the application of water sprays
decreased the radiation emissions by about 30%, even when the fire was not extinguished.
The authors report that this decrease could be attributed to a number of phenomena,

including the changes to the shape of the plume and absorption of energy by the water

spray.

In this industrial type of application there appear to be several factors that will affect the
ability of the mist to have a positive impact on the state of the fire. Two that are very
important are the spray density and the particle kinetic energy. The spray density provides
an indication of how much water will be available for fighting the fire, the particle kinetic
energy will affect the ability of the mist to interact turbulently with the flame (Mawhinney
1993).  Turbulent interaction with the flame is an important consideration when
attempting to quench diffusion type flames. It is this factor that “tears” the flame apart,

interrupting the spread of the combustion reaction.

The effect of water mist may be controlled by several of the factors surrounding the fire
itself, including; the size and type of the fire, and the degree of enclosure. For instance, in
a large enclosed fire the displacement of oxygen by water vapor may be more prevalent
than the cooling effect of the intact mist. Whereas in a smaller or unenclosed fire the
greater effect may be the cooling nature of the mist rather than the presence of water

vapor that plays a greater role (Mawhinney 1993).
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The presence of the water mist was investigated by Reischl (1979) to determine its ability
to attenuate radiant heat emitted from the subject fire. The purpose of this research was
to quantify the shielding effect that water sprays have on the fire-fighters tackling the
blaze. The results of this research indicate that the presence of the water mist significantly
reduces the amount of radiant heat present behind the nozzle. The degree of attenuation
appears to be related to the spray angle and to the flow rate. The greatest attenuating
factor behind the mist appears to be the mist itself, which affects the radiant heat by
reflecting heat back towards the fire, refracting the radiation away, and absorption of the
radiated energy into the water droplet. The ability of the water to attenuate the radiated
heat decreases as the mist is converted to vapor (Reischl 1979). Attenuation of radiation
occurs as an exponential process in air as a function of the vapor content and the distance
from the source (McPherson 1993b). Since the attenuative capacity increases as the water
vapor content increases it is reasonable to assume that the presence of free water, in the

form of a mist, will greatly enhance this capacity over the existing water vapor.

Due to the complex and interactive nature of water mist and vapor on the fire in question
Mawhinney (1993) states: “It is not yet possible to set design criteria that are applicable to
the full range of fuels, fuel configurations and compartment conditions for which water
mist systems are being considered.” The key then appears to be adequate definition of the

conditions under which the specified water mist system will be efficacious.
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3. BASIC THEORY

The phenomena associated with mine fires is a mixture of combustion and heat transfer in
what can amount to a relatively adiabatic system. Based on de Ris (1970) as much as
66% (;f the heat released from the combustion is available for the vaporization of coal in
the fuel lined entry. The remainder of the heat is used to warm the rock mass around the

mine workings. This is apparent if one considers that the temperature of the air leaving

the mine will remain basically constant during the duration of the fire.

In order to develop a basic theory into the effects of the water mist extinguishing system it
will be important to review some basic fundamentals of the combustion and thermal
processes. In particular, a review will be made of flame structure, heat transfer processes

in the mine, and interactions of extinguishing agents and the fire.

3.1.  Flame Structure

The structure of flames is of a very complex nature that is well beyond the scope of this
thesis. However, in order to provide a better understanding of the role that the fire plays

in this research the basic processes involved in four types of flames will be covered. These
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include: the pre-mixed flame, diffusion flames, turbulent diffusion flames, and glowing
combustion. The pre-mixed and the laminar diffusion flame structures do not appear to
play a direct role in the fuel-rich fire scenarios; however, they provide a basis of familiarity
as a reference. It should be mentioned that methane and coal dust explosions, as they are

prone to occur, represent the realm of pre-mixed combustion in the turbulent regime.

Since combustion is a chemical reaction phenomenon it is controlled by a reaction rate
(RR) that will limit the speed at which the chemical reactions are capable of occurring.
The reactions that compose the combustion process require a relatively high activation
energy, and thus, are highly temperature dependent. In order to begin the chemical
reactions the reactants must be raised to a significantly high temperature. The reaction
can be curtailed by cooling the reaction zone below the temperature necessary to sustain

the reaction, although this means cooling an overall exothermic reaction.

3.1.1. Pre-mixed Flame

The pre-mixed flame, as its name implies, undergoes the combustion process after the fuel
and oxidizer have been thoroughly mixed together. A very basic example of this process,

in the laminar regime, is the Bunsen burner or the burner of a gas range.

Based on research by Mallard and Le Chatelier, the laminar flame is divided into two
regions, the pre-heat zone and the reaction zone. In the reaction zone chemical energy in
the fuel is converted to thermal energy, through oxidation. Some of the heat generated by
this reaction is conducted to the incoming fuel and oxidizer to raise the mixture

temperature to the ignition point (Kuo 1986). The theories of Mallard and Le Chatelier
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are based on thermal considerations that rely on three assumptions. Fifst, that there is a
flame speed that is unique to the mixture. Second, that heat is not transferred to the walls
or downstream, although heat is conducted upstream. Third, that the reaction zone is a
thin layer compared to the rest of the flame structure and is distinct from the pre-heating

zone (Strehlow 1984). This theory leads to the conclusion regarding the flame speed (S;):

Where A is the thermal conductivity, p the density, ¢, the specific heat at constant
pressure, and o the reaction zone thickness. The temperatures, 75 7;, and 7} are those of
the flame, ignition point, and ambient mixture, respectively. By rearranging they were able
to show that the flame speed was related to the thermal diffusivity () and the Reaction

Rate (RR) by the proportionality (Glassman 1977):

S, < JaRR.

A more comprehensive theory regarding the laminar flame speed has been presented by
Zeldovich, Frank-Kameneskii, and Semenov who added to the above theory by including
the effects of the diffusion of the molecular species present. Their theory is simplified by
making the initial assumption that the thermal, mass and momentum diffusivities are all
equal. Thus the Prandtl (Pr), Schmidt (Sc), and Lewis (Le) numbers are all equal to one,

where:

Pr=v/«a
Sc=v/D
le=a/D
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with v as the momentum diffusivity (kinematic viscosity), and D the mass diffusivity. This
research further confirmed the observations of Mallard and Le Chatelier, the propagation
of the laminar flame is a diffusional process related to the square root of the diffusivity and

the reaction rate (Glassman 1977).

3.1.2. Diffusion Flame

The basic diffusion flame theory considers that the oxidizer and the fuel diffuse together
with the combustion reaction occurring at the interface where the fuel/oxidizer
concentrations are in stoichiometric proportions. A general example of the laminar
diffusion flame is the candle or gas light. These flames exhibit their illuminating
characteristics due to the luminescent soot produced as a result of the diffusive nature of

the combustion.

Diffusion flames do find their way into daily application beyond the occasional use in
candles. The basic combustion structure of diesel engines, liquid fueled turbine
combustors, and some types of coal fire boilers exhibit diffusion flames. Unlike the pre-
mixed flames that can be characterized in several manners, fuel/air ratio, flame speed, etc.,
the diffusion flame has no distinctive characteristic. A general assumption that is made,
concerning the process rate, is that it is not controlled by the reaction rate, rather by the

much slower diffusion rates. (Gaydon and Wolfthard 1970).

Some work has shown that the flame height may be a defining characteristic, since in both

over and under ventilated conditions it represents the location where the fuel and oxidizer
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are reacting in stoichiometric proportions. The physical significance of this state is small,
however, since the mixture will react anywhere within its flammability limits (Gaydon and
Wolfhard 1970). One way to imagine a diffusion flame is illustrated in figure 3-1. Notice
that the fuel and air are flowing at the same velocity from the different tubes, thus no shear
is immediately present at the fuel/air interface. The fuel is flowing in the inner tube and
the oxidizer in the annulus around the fuel tube. Shown above the tubes is a diagram
representing the relative proportions of fuel, oxidizer, products, and inerts in the cross-
section. This diagram can represent any location along the length of the existing flame.
The flame front represents a sink for the oxygen and the fuel, thus the concentrations of
both are assumed to drop to zero at this point. One would assume that the concentrations
of the products and the inerts would be zero in the center of the fuel plume. This,
however, is not the case, some of each diffuse towards the center even though the bulk

flow is outward, away from the flame (Glassman 1977).

In a system as described above the over-ventilated, or oxygen-rich, condition results in a
flame that is closed at the top, similar to a candle flame. When the system is under-
ventilated, or fuel-rich, the flame spreads out to contact the walls of the outer tube

extension. The remaining fuel-rich mixture is vented out of the tube.

This type of profile was observed in the tunnel tests where fuel-rich (under-ventilated)
fires fully engulfed the duct cross-section. In this configuration, the fuel was diffusing
outwards from the duct surfaces towards the oxidizer in the center. The net result,
however, was the same, with the fuel fully consuming the available oxygen and the excess
fuel and products being exhausted. The fires in the duct were compounded by the

turbulent airflow and the effect on the flame structure.
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3.1.3. Turbulent Diffusion Flame

The turbulent diffusion flame is the rolling, licking flame that occurs in the common
fireplace. This is the common flame for open fires, the flame structure is carried upwards

in the buoyant column of air rising from the fire seat.

Much of the theory concerning the study of turbulent diffusion flames centers on a laminar
diffusion flame analogy. The basic theory seems to be that the turbulent flame can be
thought of as occurring as a wrinkled, laminar diffusion flame within the turbulent flow
structure. With this in mind, it is possible to imagine that with sufficient energy the flame
structure can be affected by increasing the turbulence. Increasing the turbulence has the
possible effect of stretching the flame to the point of extinction (Graydon and Wolfhard

1970).

Flames of this type, as others, require a means of stabilization to hold and maintain the
chemical reaction process. When applied to jet type combustors the “flame holder” can
take on several shapes, such as bluff bodies, sudden expansions or opposed jets (Strehlow
1984). The desired effect is to create a recirculation zone where some of the products of
combustion are being carried back towards the flame holder to ignite the incoming fuel
and air. In the case of the combination extinguisher, see section 3.4.2 of this thesis, the
turbulent diffusion flame was stabilized in the air swirl created by the fan driving air into

the combustion chamber.
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Another theoretical approach involves the longitudinally burning surfaces where flame
structure is held within the boundary layer of the flow field. In this case the vaporized fuel
diffuses outwards through the boundary layer, while the oxidizer diffuses inwards. The

flame is then held within the boundary layer (Glassman 1977).

An acceptable analogy for the flame stabilization technique in the open fires may the
sudden expansion technique, where the flame is held in position in the recirculation zone in
the step region. Such an approach seems somewhat more intuitive for visualizing the form
of the combustion field. The flame structure is being held by the interaction of the airflow,

buoyancy, and diffusion process.

3.1.4. Glowing Combustion

Glowing combustion can occur to a significant degree at two phases of a mine fire. The
first being the result of self-heating of the coal, resulting in spontaneous combustion. This
phenomenon results from the interaction of physical and chemical processes at the coal
surface. Within the possible ranges of airflow there can exist a critical range whereby
there is sufficient oxygen to result in the generation of heat, but insufficient airflow to
effectively remove the heat. The excess heat is retained in the coal, ultimately leading to
increased oxidation and incandescent conditions (McPherson 1993b). That self-heating
may lead to a fuel-rich fire is evident in the case involving the Orchard Valley Mine,
section 1.3.3. Mitchell (1990) reports that coal can burn in the glowing phase nearly
indefinitely, even in the absence of oxygen in the air. Under these conditions the

combustion process is utilizing the oxygen available in the coal itself.
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The second phase at which glowing combustion is significant is in the so-called charcoal
zone. During the flaming combustion process of solid hydrocarbon fuels, wood or coal,
the pyrolitic decomposition cause the gaseous release of fuel vapors. These vapors burn
in the flames that are readily visible. As the bulk of the fuel is pyrolized, with the
associated loss of mass, the initial fuel is reduced to elemental carbon and ash, akin to
charcoal or coke. When the fire has reached this stage the original orange flames have
been reduced to light bluish surrounding the burning embers. The light blue flames arising

from the conversion of carbon monoxide to carbon dioxide (Heassler 1989).

It is the glowing combustion phase that presents the concern regarding the generation of
water gas. When water comes into contact with the incandescent coal the reaction of the
water with the coal can produce as products hydrogen and carbon monoxide gases. This
is an endothermic reaction requiring about 31.4 kilocalories per mole (Chaiken and Martin

1992), see section 3.4 of this thesis.

3.2.  Heat Transfer to the Duct Walls

The transfer of heat generated by the fire to the surrounding rock mass occurs by an
interaction of the three basic heat transfer processes, conduction away from the entry
surface, convection within the airflow, and radiation from the fire to the surrounding
surfaces. One significant situation regarding duct and mine entry fires is the fact that
relatively little of the heat generated is lost from the system. About 66% of the heat
generated by the fire is used in the vaporization of additional fuels and pre-heating of the
mine airway, the remainder is lost permanently from the system (Roberts and Clough

1967b, de Ris 1970).



3.2.1. Conduction

Conduction of heat away from the entry accounts for a limited amount of heat loss.
Ordinary approaches to the modeling of the heat transfer process in the mine entries
assumes that the heat transfer in this manner is small compared to that carried by

convection.

Considering that the conduction of heat will be much greater radially away from the entry
than axially, a one-dimensional analysis, normal to the entry axis, of the heat equation
provides an acceptable solution. A second dimension may be employed to account for the
cooling of the gases as they progress downstream. The conduction of heat to the entry
surfaces results in both the warming of the surrounding strata and the liberation of
additional fuel. De Ris (1970) expresses the conductive effect by the second order, steady
state, partial differential equation:
oT or o°T

CV—4m"C —+21 ~
ps ps ax ps ﬁy say_

for 0<x<x,; 0<y<w

Where the first term, with p; as the wall density, C,; as the specific heat of the wall, and V
as the fire spread rate, represents the change in temperature along the length between the
beginning of the fire and the end of the excess fuel zone. The second term, with " as the
mass transfer flux, represents the energy that is conducted to the surface to vaporize the
fuel. The third term, with A, as the thermal conductivity of the strata (presumed constant),

represents the heat that is conducted away from the fire as lost heat. Due to the
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volatilization process the surface temperature in this region can be assumed to be at the

vaporization temperature of the fuel.

Within the expressed ranges, x; is the end of the excess fuel zone. It is intuitively obvious
that, at distances exceeding x., although vaporization of fuel may not be possible heat
transfer to the surfaces will continue. At least, so long as the gases are above the
temperature of the entry surfaces. Under these conditions then the second term of the
differential equation is equal to zero. A similar condition occurs upstream of the fire

where the air is preheated as it passes through the burnt-out zone (de Ris 1970).

3.2.2. Convection

The process of forced convection accounts for most of the heat transfer. It is by this
process of hot products from the fire flowing along the entry walls that additional fuel is
vaporized, the second term in the above partial differential equation. Once the fire has
reached a stable fuel-rich state it can be treated as a constant temperature heat source

(Kennedy and Taylor 1967).

Convective heat transfer is estimated by Charters, Gray, and Mclntosh (1994) using

Newton’s law of cooling:

g, =hANAT.

Where g, is the convective heat transfer from the plume to the entry surfaces, 4, is the

contact area of the plume on the surface, AT is the temperature difference between the



plume and the surface, and 4. is the convective heat transfer coefficient. The convective
heat transfer coefficient is a function of the flow profile, and can be expressed for

turbulent flow as:

Y 0296(Re)"*(Pr)* ¥4,

[4

X

Where Re is the Reynolds number, Pr is the Prandtl number, A, 1s the thermal

conductivity of the air, and x is the distance from the fire to the point of interest.

In the model presented by Bolstad, Foster and Gregory (1983) the value of x above is
replaced with the duct equivalent diameter. These researchers also point out that for large
temperature differences the heat transfer coefficient is a function of the duct geometry,

mass rate of flow, properties of the fluids and temperature differences.

The above models for convective heat transfer are based on the conditions whereby none
of the heat is being used for the liberation of fuel. The first model was applied to lined
road and railway tunnels and the second case for ventilating ducts, such as those in
buildings. The application of the convection effects would be the same as those for the
conduction, where volatilization of fuel would only be occurring where the bulk

temperature of the gases is above the vaporization temperature.

3.2.3. Radiation

The effect of radiation is only a particular concern in the near vicinity of the fire. Once the

gases have past away from the seat of the fire the emissivities of the symmetric molecules
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(nitrogen and oxygen) are sufficiently low so that they do not play an important factor.
Some significance may arise in the presence of heterpolar gases such as carbon dioxide
and water, or in the thick smoke (Bolstad, Foster, and Gregory 1983, Hottel 1954). It is
conceivable that the presence of high quantities of water vapor associated with the use of
a water mist system could absorb a significant quantity of thermal radiation on both the
upstream and downstream side of the fire. This could affect the radiative feed back of

thermal energy to the fire seat.

Radiative feedback of heat does play an important role at the seat of the fire.
3.2.4. Heat Balance in Duct Fire

The heat balance of the fire is important to be able to predict the severity and speed of the

fire. In terms of the fire velocity V, the heat balance is shown to be (de Ris 1970):

_ MAYO(O)Q/"_Q.L
PH '

vap

Vv

Where M, is the mass rate of air supplied to the fire, ¥,'” is the oxygen concentration
upstream of the fire, O is the heat of combustion, r is the fuel to air stoichiometric ratio,
Q, is the heat flow away from the fire, P is the fuel loading per unit length of the entry,
and H,,, 1s the heat of vaporization of the fuel at the ambient temperature. From this
information one can deduce that the spread of the fire will be related to the fuel properties.
This was in fact seen in the field tests where the fires developed much more rapidly for the

plywood fuel than for the coal fuel.
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The term Q, is represented by the third term (1, & 2T/&/°) in the differential equation in

section 3.2.1 of this thesis. Tests conducted by Roberts and Clough (1967b) indicate that

the magnitude of Q, is approximately 34% of the total heat liberated.

3.2.5. Buoyancy Effects

As the fire begins to develop the heated air and gases will begin to affect the ventilation
system of the mine. The result of the local heating can be to cause stratification of the
airflow with hot and cold air masses moving concurrently and counter-currently. Wide
ranging impacts to the mine ventilation system can be to throttle the airflow in the local

vicinity or the entire mine and to affect the natural ventilation conditions of the mine.

3.2.5.1. Stratification

As the air and gases from the fire are heated, at a constant pressure, their density falls and
they become buoyant in the local airstream. A detailed model of this effect is given by
Hwang, Chaiken, Singer, and Chi (1976), in which they describe, by two-dimensional
analysis, the reversal of flow in duct fires. They describe the development of the buoyant
plume above the fire and the resulting trajectories of the gases in relationship to the normal

ventilation flow within the mine entry.
Where top coal has been left in the entry there is the possibility that the hot gases rising

from a floor fire can cause the fire to spread to the roof. This may be due to the fire

spreading up the ribs or by direct contact of the plume with the roof.
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Vanpée and Wolfhard (1960) describe experiments whereby explosive mixtures of gases
where ignited by the introduction of hot gases into the mixture. One of the observations
of their research is the transfer of heat between the hot jet and the explosive mixture.
Such an observation is easily extrapolated to the heat transfer from the rising plume to the
top coal. Provided that the plume is of sufficient temperature and duration there appears

no reason that pyrolysis of the available fuel should not begin.

Such a condition is of concern in the mine entries, but has also been extensively studied in
its relationship to building and room fires. Research by Cooper (1982) and Vafai and
Lacalle (1989) indicate the heat transfer is of differing magnitudes in side of the stagnation
zone and outside of the stagnation zone above the plume. Furthermore, the heat transfer

will be affected by the walls as a smoke layer begins to form in the room.

As the buoyant effects of the plume begin to overcome the inertial effects of the incoming
fresh air “roll-back” of the plume can occur. Under these conditions smoke and hot gases
are flowing counter-current to the main airflow in the affected drift. Stratification of the
smoke and gases can occur downstream of the fire as well. Conditions can exist where the
macro scale of the fire may be oxygen-rich, but producing a fuel-rich stratified region at
the top of the drift. The stratified flow can move along the drift with both regions (hot
and cold) in the turbulent regimes but separated by a laminar layer (de Ris 1970). Another
concern with the degree of stratification is the relative location of the fire with respect to
the effective end of the entry. It is conceivable that with sufficient heating of the air in the
fire that the airflow along the floor of the fire could be reversed to draw fresh air from a

source downstream of the fire.



Another important factor in the development of stratified flow is the inclination of the
airway. When the airflow is ascensional the development of a stratified layer will be will
be enhanced, requiring a greater mixing length for the stratification to be overcome. In
conditions of decensional airflow, the tendency for the heated gases to flow uphill, counter
current, will assist in the development of stratified flow as the angle of inclination
increases. With regards to methane (p = 0.554), McPherson (1993b) shows that in an
entry ascentionally ventilated that the velocity required to minimize layering at a 45 degree
inclination is nearly 1.56 times that of a level entry. While, under the same conditions the
required airflow for a descentional airway is slightly below that of the level entry.
Furthermore, for slightly declined airways the required velocity drops below that required

in level entries.

The role of the airway slope is covered by the inclusion of a cosine function of the angle of
inclination in the Richardson number, see section 4.1.3. Under these conditions an
inclined airway is shown to reduce the value of the Richardson number, effectively

reducing the velocity at which the backing layer is likely to develop.

By dimensionless analysis, stratification and counter flow of the gases, is likely to occur
when the inertial forces are overcome by the buoyant forces. This ratio is referred to as
the Froude number and is discussed in some detail in section 4.1.3 of this thesis. The
scaling of the fire section, of the experimental tunnel, was based on matching Froude

numbers for similitude in the experiments conducted.
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3.2.5.2.  Throttling of Airflow

As the air entering the fire begins to expand its performs work against the surrounding air.
This effect is in both directions, relative to the incoming airflow. This effect is known as
throttling or choking (McPherson 1993a, 1993b). The treatment of this condition is based
on the development of an effective resistance of the airways caused by changes in the
density of air. In covering the subject McPherson shows that this effective resistance is
proportional to the square of the absolute temperature. He cautions that this condition is
an approximation to allow for the continuation of analysis by incompressible flow

assumptions.

A somewhat different analysis is given by Sengupta (1988), where he develops the
relationship that the new pressure drop along the affected airway is related to the original

pressure drop by the temperature ratio.

A minor effect on both of the above analyses is the increase in mass flow associated with
the products of combustion. Throttling could be affected as well by the increase of mass
due to the evaporation of water from the liquid to gas phase associated with the water
mist system. Of a much greater effect, however, will be the increase in volume due to the

nearly 1700 times volume increase due to the vaporization of water.
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3.2.5.3.  Affects to Natural Ventilation

Beyond the local effects of buoyancy described in section 3.2.5.1, the buoyant forces
induced by the fire may result in more widespread changes to the mine ventilation system.
The wide spread impacts may be more pronounced when the fire is in a shaft or inclined
airway. Under these conditions the fire may develop a heated air mass with sufficient
buoyancy to restrict or reverse decensional airflow. The effect could be to increase the
airflow to the fire if the airway carried ascensional airflow. In either case the fire may
result in the spread of gases to parts of the mine that would be inaccessible to the normal
airflow pattern. It is possible, under these conditions, that the fire establishes zones of

uncontrolled recirculation of the toxic gases (McPherson 1993b).

3.3.  Extinction of Combustion

This thesis is principally concerned with the attempts to gain control over a fuel-rich mine
fire by returning it to an oxygen-rich state. However, many of the aspects of fire
extinction play a role in this desired result. It is theorized that if one can gain control of
the fuel-rich fire by returning it to an oxygen-rich state, the fire will be much easier to

extinguish by conventional methods.
Extinction of combustion is accomplished by the removal of any of the three sides of the

fire triangle. One additional means that is available is the interruption of the chemical

chain reactions within the combustion process.
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3.3.1. Removal of Fuel

Clearly the removal of the fuel will result in the cessation of the combustion process. The
difficulty with this practice is getting the removal agent to the fuel source. Typical
application of this method is the use of modified water based agents, which include
detergent Aqueous Film-Forming Foams (AFFF), diammonium phosphate solutions,
brines, and bentonite or borax slurries. Dry agents that are employed to remove the fuel
source include monoammonium phosphate, graphitized coke, and dry salts (Haessler

1989).

Isolation of the fuel in this manner is most appropriate for solid fuel fires, although there is
some application for the use of foam agents in fires involving fuel not miscible with water
(Haessler 1989). For gaseous fuels the concept of fuel removal may be extended to the
introduction of inert gases to the reaction zone. In this manner the partial pressure of the
fuel (and oxidizer) is reduced, which in turn reduces the frequency of collisions between
the reactants. This is a somewhat artificial view point since it does not actually remove
the gas phase fuel, rather it merely reduces the potential for reaction between the fuel and

the oxidizer.

3.3.2. Removal of Heat

One of the most familiar means of fighting a fire is the direct application of water. This
action serves to remove heat from the reacting materials and is most appropriate for
surface fires of solid materials. The heat energy removed by water is approximately 2600

kJ/kg when the water temperature is raised from 20°C to a vapor at 100°C. In open
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conditions it is not practical to assume that further heating will occur since the vapor is

likely to rise away from the fire area.

Other means of cooling the fire are the application of water as a spray fog, or in a
modified form such as foams or slurries. In some instances the introduction of carbon
dioxide as a liquid or solid directly to the fire serves to remove some heat as well as to

displace the oxygen.

3.3.3. Removal of Oxygen

The dilution of the oxygen concentration is usually accomplished by flooding the fire with
an inert gas, such as nitrogen, argon, or carbon dioxide. This means of attack is most

appropriate for flammable liquid and electrical fires.

The concept of the application of water mist can also fall within the realm of oxygen
removal. This mode of extinguishment may be the affective agent for those fires burning
within enclosures or other locations with a limited supply of fresh air. Under these
conditions the heat within the environment may vaporize the water droplet before it has
physical impact on the seat of the fire. The vaporizing water displaces the oxygen,

reducing the effective concentration and partial pressure of the oxidizer.

The role that the partial pressure of the oxygen can be explained using a gas kinetics
model for the gas phase chemical reactions. This theory is based on the collision
frequency of the gaseous molecules. It can be shown (Kuo, 1986) that the collision

frequency between two different molecules is proportional to the concentrations of the
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species. In this manner, the introduction of inert species reduces the rate of interaction of

the active species.

3.3.4. Interruption of the Free-Radicals

The consideration of radicals in the combustion process opens depth to the basic fire
triangle, producing a tetrahedron. This concept is put forth by Haessler (1989) to explain
the additional mode of depth to the fire condition, in which he expresses the principle
features of chemical and physical attacks on a fire. Interruption of the exchange of
radicals and resulting chain branching reactions is the basic theory behind the application

of the halogenated hydrocarbons (Halons) as an extinguishing agent.

The presence of free radicals, in particular H and OH, play a critical role in the combustion
of hydrocarbons. These radicals induce the chain branching reactions that cause the self-

sustained combustion process to continue. A typical reaction of this type is:

H+O0, >OH+O

where two radicals are formed by the interaction between a single radical and a molecule
(Kuo 1986). One typical application of radical interruption can be illustrated with
Bromotrifluromethane (CF;Br), also known as Halon 1301. The series of reactions can be

shown, in general, as:

CF,Br + H - HBr
HBr +OH — Br + H,0
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The production of the CF;, Br, and H;O go on to terminate the chain reactions. This
chain breaking action is also the principal factor in the use of dry-chemical extinguishing
agents such as sodium bicarbonate, potassium bicarbonate, potassium chloride, potassium

carbonate, and monoammonium phosphates (Haessler 1989).

3.4. Extinguishing Systems Tested

Both of the extinguishing systems tested, water mist alone and water mist in association
with a propane combustor, are at least partially dependent on the size of the water
particles generated. Water mist systems for use against fires in enclosures and liquid pools
have effectively used particle sizes up to 400 microns in diameter. In quiescent air a water
droplet of 400 micron diameter behaves as a large particle exhibiting a terminal settling
velocity of about 160 cm/s. This implies that the particle is likely to settle out of the air
stream before it can effectively reach a fire in a mine entry. Below a 50 micron diameter
the water droplets begin to behave as a Stoke’s particle with a terminal settling velocity of
less 1.8 cm/s in quiescent air. The smaller droplets are also more likely to remain

entrained in the turbulent airflow.

These smaller particles are also effective for increasing the degree and rate of evaporation
as the particles approach and enter the fire. Based on the single particle evaporation

equation, it can be shown that (Kuo 1986, Vandsburger 1994):

,
Dy

evap
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Where f..,, is the time required for the evaporation of the droplet (seconds), Dy is the
initial diameter of the droplet (meters), and A..,, is the evaporation rate coefficient given
as:

dD’

=S py = 4D
P dt

_ G -Ty)
L +CL(TBP - 7:))

Where C, and C, are the specific heats of the vapor and the liquid phases, p; and p; are the
densities of the liquid and at the droplet boundary, a; is the thermal diffusivity of the water
vapor, and 7., Tgr and T, are the far field temperature, liquid boiling temperature and
liquid initial temperature respectively. The evaporation model above can also be
expressed with the p;a, replaced with A/C,; where A is the thermal conductivity of the
evaporating gas (Lefebvre 1989). In the analysis presented by Lefebvre, & is used to
represent the thermal conductivity, for consistency this has been change to A for this

thesis.

This analysis has assumed that the droplet is of infinite conductivity and that the Lewis
number is equal to 1. Using this analysis it is possible to make the following conclusions
regarding the life of the droplet as it approaches the fire. The very small droplets will
likely evaporated before reaching the seat of combustion, whereas the larger droplets may
pass through the fire with no significant loss in mass. A basic evaluation of the
evaporation times for various size droplets versus the field temperature is show in table 3-

1. This table illustrates the estimated time to evaporate a single droplet into effectively dry
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air. The effect of a spray would be to increase the time required to evaporate the droplet

since the driving force of evaporation diffusion would be reduced due to the higher water

vapor content of the surrounding air.

Table 3-1: Lifetime in Seconds of Single Water Droplets for Various Conditions.

Tsp = 100 deg C C,=  1.842kl/(kg K) 5= 0.77 kg/m’

To = 20 deg C CL=  4.183kJ/(kgK) o= 1000 kg/m’
L= 2256.7 ki/kg a= 2.58E-05 m?¥s k= 1.60E-05 kJ/(s mK)

Dia\ T, |200°C | 300 400 500 600 700 800 900

6251 81.86| 4229 29.08 22.46| 18.48| 15.82 13.92 12.49
500 5239 27.07| 18.61] 1438 11.83] 10.13 8.91 7.99
400 33.53| 17.32 11.91 920 757  6.48 5.70 5.11
300 1886 974 6.70 5.18 426 3.65 3.21 2.88
250 13.10 677  4.65 3.59 2.96| 253 2.23 2.00
200 838 433 298 2.30 1.89] 1.62 1.43 1.28
150 472 244 1.68 1.29 1.06] 091 0.80 0.72
100 2,100 1.08] 074 0.58 047 041 0.36 0.32
75 1.18 061 042 0.32 027 023 0.20 0.18
50 0.52| 027 0.19 0.14 0.12| 0.10 0.09 0.08
25 0.13| 007 005 0.04 0.03| 0.03 0.02 0.02
5 0.01| 000 0.00 0.00 0.00 0.00 0.00 0.00

Based upon the p C, model.

One likely concern related to the use of water mist on a coal fire is the generation of a

mixture of carbon monoxide and hydrogen, referred to as water gas. Both of the product

gases are capable of forming an explosive mixture in air (CO 12.5 to 74.2% in air, H; 4 to

74.2% in air). The chemical reaction involved:

H,0+C, —» CO+H, —314kcal / mol
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is endothermic (Chaiken and Martin 1992). This condition is likely to cool the reaction
quickly. Haessler (1989) reports that this reaction becomes significant near 650°C and
complete near 1370 °C. Furthermore, he illustrates that the rate of this reaction is
between .1 and 0.01 percent of that for the carbon/oxygen reaction. Since, one mole of
gas reacts with one mole of solid carbon to produce 2 moles of gas a doubling of the
volume will be associated with this reaction. This will result in a change in both the

volumetric and mass flow rates.

3.4.1. Water Mist

The application of a fog or water mist to a fire, particularly in a mine environment,
presents several possible advantages to the fire fighting crew. The use of small to very
small droplets would allow the water to remain suspended in the airflow so that it could be
carried deep into the fire seat. The small droplets, about the same size as a natural fog,
can be expected to be relatively unaffected by obstructions to the airflow. The application
of low pressure fog generation system can make the fire fighting effort less dependent on
having a high line pressure in the underground water reticulation system (McPherson

1991).

The application of water mist to fighting fires has received a good deal of attention
recently for commercial and industrial application. Although it is not yet considered a
valid alternative for wide spread use, water mist is seen by some as an alternative to the
utilization of halogenated hydrocarbons (Mawhinney 1994). The interest that has been
generated has led the National Fire Protection Association to begin developing a standard

on water mist systems (Solomon 1994).
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The action of the water mist is described by McPherson (1993a) as having a distinct effect
on each side of the fire triangle. The evaporation of the water displaces oxygen reducing
the effective concentration of the oxidizer, and removes heat; the later recondensing of the

water could effectively isolate the available fuel downstream of the fire.

Water exhibits an increase in volume of about 1721 times as it evaporates from a liquid to
a vapor at its normal boiling point. Given a sample case of 5 m’/s airflow and 2 I/s of
water converted to fog, McPherson (1993a) shows that the evaporation of the water will
decrease the oxygen concentration from 21% to about 13.5%. This analysis neglects any

effect that the fire may have to choke the incoming airflow.

The heat removal effect of the evaporating water can easily be ascertained from a
thermodynamic steam table. To raise the water from an initial temperature of 20°C to a
superheated vapor of 750°C (at a constant pressure) requires some 4000 klJ/kg.
Continuing with his example, McPherson (1993a), shows computationally that nearly 7.8
MW of heat are required to raise the 2 /s of water from 20°C to 800°C. The heat

required to raise the air temperature over this range is about 870kJ/kg or about 5.1 MW.

It is expected that the gases and water vapor will quickly cool as they pass from the active
fire zone. As the gases cool the water vapor will recondense, with the net effect to “rain”
water on all surfaces of the mine entries. This liquid on the entry surfaces will inhibit the
spread of the fire since it must be re-evaporated for the fire to spread. In this way the
water mist should inhibit the spreading fire by functionally isolating the fuel source. This

effect can be considered to be minimal in its impact compared to the other two effects
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since the recondensation is likely to occur some distance downstream of the last point of

combustion.

3.4.2. Combination Extinguisher

As a result of the work performed early in this research, a new design of extinguisher was
proposed for study (Loomis 1994). The device, which has been referred to as the
Combination Extinguisher, utilizes the controlled combustion of propane and the injection
of water into the hot gases to reduce the overall oxygen concentration to below 13%.

This section details the general design of the extinguisher.

The reduction of the oxygen content is accomplished in a two step process. First a
propane burner is used to consume about 25% of the available oxygen. The basic

combustion reaction is expressed as:

C,H, +50, — 3CO, +4H,0

Overall, this reaction alone would reduce the total oxygen content to about 15.75%. This
reaction will also liberate a large quantity of heat (46.3 MJ/kg of propane) which will
allow the application of the second step. Most of the heat is used to vaporize water to a
superheated steam, further reducing the oxygen content. It is estimated that this process
could reduce the oxygen in the intake air to between 10 and 13%. At this level of oxygen

content flaming combustion in the fire zone will be extinguished (Loomis 1994).
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The design of the combination extinguisher is shown in block form in figure 3-2. The
design process is given below. The basic assumption for the combustor is that complete
combustion occurs. This is a gross simplification; however, it provides sufficient accuracy
for the basic design and function. The stoichiometric reaction of propane in air can be

expressed as:

C,H, +50, + 188N, — 3CO, +4H,0 + 183N, .

The produces a theoretical Fuel/Air ratio of 0.0643 kg fuel per kg air. The combustor was
designed as a steady-state, steady-flow reactor with an over supply of air 150% of the
theoretical requirements. A further assumption was made that the combustor would be
adiabatic, the implications of this assumption are discussed below. From the general
design parameters the work done in the combustor control volume is zero, the heat added
to the control volume is zero, as is the change in potential energy. The change in kinetic
energy of the gases is also assumed to be zero. Based on the first law of thermodynamics,
the enthalpy of the reactants will be equal to that of the products. In the chemical energy

form this is expressed as:
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>on(h; +AR) =Y n,(h +AR)
R P
where n; and n, are the reaction coefficients for the respective species, 17; is the heat of
formation of the species, defined as zero for elemental species, and A/ is the change in

the enthalpy of the species with respect to a reference condition. By setting the reference

base at the ambient conditions the reactants term is simply the heat of formation for the

fuel, l_z; (CsHg) = -103847 kJ/kmol. The second term is expanded to the form:

Yo (b +AR) =3(h; +AR)  +a(h; +AR) +25(AR) +188(AR) .

2 2

The solution to the adiabatic flame temperature must be arrived at by iteration based on

the properties of the products. The heat of formation for the CO, and H,O are fixed at:
h;(CO,) = -393522 kI/kmol and A, (H,0) = -241827 kl/kmol. It can be determined that

the temperature lies between 1800 and 1900K, at which temperatures the gas properties

are given in Table 3-2.

Table 3-2: Energy of Products at Bounding Temperatures

Temperature (AR )CO, (ah)H0 (AR )0, (AR N2 Hp
(K) (kJ/kmol) (kJ/kmol) (kJ/kmol) (kJ/kmol) (kJ/kmol)

1800 79442 62609 51689 48982 -148597

1900 85429 67613 55434 52551 -611

Data From: Van Wylen and Sonntag, 1986

The adiabatic flame temperature can be interpolated between the two temperatures to be

approximated at 1830K or 1557°C. The composition of the products of combustion are

estimated as those listed in table 3-3.
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Table 3-3: Estimated Products of Combustion from Propane Burner

Species Mole Mole % Density Mass Mass %
kg/kmol kg
CO, 3 7.96 44.01 132.03 12.30
H,O 4 10.61 18.06 72.06 6.72
0O, 2.5 6.63 32.00 80.00 7.46
N, 28.2 74.8 28.01 789.97 73.62
Total 37.7 100.0 1073.09 100.00

Knowing the temperature of the products of combustion it is now possible to determine
the quantity of water that must be added to reduce the temperature to a point that the total
products can be introduced to the main airstream. The final temperature in the main
airstream must be high enough to keep the water vaporized (>100°C) but below the
volatilization temperature of coal (say 400°C). Consider then, that the products of
combustion are to be cooled to 527°C (800K), by the injection of water. To simplify the

problem, assume that the products of combustion behave as an ideal gas.

Again, making the assumption that work, heat exchange, and changes in kinetic and

potential energy are zero in the control volume the energy balance can be expressed as:

m,h, +mh,, =mh, +nh,

Where 1 is the mass flow rate of the products of combustion and water as indicated by
subscript, and A; and A, are the enthalpies at the initial and exit temperatures of the
products and water. The properties of interest for the products and the water are listed in

table 3-4.

73



Temperature (°C) | Enthalpy (kJ/kg)
Air
1527 2003
527 822
Water
25 105
527 3542

Data From: Van Wylen and Sonntag, 1986

Table 3-4: Thermodynamic Properties of Products and Water

Basing the mass flow of the products on 1 kg of propane the mass flow rate of water can

be determined from the energy balance as:

w

) i, (h, - h,,)
) (hwe'hm') .

By evaluating this expression for 1, = 24.5 kg, (23.5 kg air + 1 kg propane), the mass

rate of water is determined to be 8.4 kg per kg propane. Following the evaporation of the

water introduced to the products the gaseous mixture has the composition listed in table

3-5.

Table 3-5: Ratios of Species Following Injection of Water

Species Mole Mole % Density Mass Mass %
kg/kmol kg
CO, 3 5.2 44.01 132.03 9.2
H,0 4 6.9 18.06 72.06 5.0
0O, 2.5 43 32.00 80.00 5.5
N, 28.2 48.2 28.01 789.97 54.8
H,0 20.4 35.1 18.06 368.4 255
(injected)
Total 58.1 100.0 1442.5 100.00
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Considering that 62 percent of the available air from upstream by passes the combustor
the final temperature and mixture can be determined by again using the thermodynamic
mixing of the two streams. The first consideration is to determine the final mixture
downstream of the combustor. Reducing to a balance based on 1 kilogram of propane
fuel the by pass air mixture, and the products of combustion and the injected water can be

assumed as shown in table 3-6. The final mixture is listed in table 3-7.

Table 3-6: Concentrations of By Pass Air Mixture

Species Mole Mole % Density Mass Mass %
kg/kmol kg
By Pass Air Fraction

O, 0.285 21.0 32.00 9.13 233

N, 1.074 79.0 28.01 30.07 76.7
Total (air) 1.359 100.0 39.2 100.0

Combustor Products Fraction

CO, 0.069 52 44.01 3.03 9.2
H,O 0.555 419 18.06 10.03 30.5

O, 0.057 4.3 32.00 1.81 5.5

N, 0.644 48.6 28.01 18.03 54.8
Total (prod.) 1.325 100.0 32.9 100.0

Table 3-7: Final Mixture Downstream of Combustor

Species Mole Mole % Density Mass Mass %
kg/kmol kg
CO; 0.069 2.57 44.01 3.03 4.2
H,O 0.555 20.68 18.06 10.03 13.91
0O, 0.342 12.74 32.00 10.94 15.17
N, 1.718 64.00 28.01 18.03 66.72
Total 2.684 100.0 72.1 100.0

The final mixture has an oxygen concentration less than 13 percent by volume and can be

expected to exhibit extinctive characteristics. The final step in evaluating the design is to
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estimate the final temperature of the system downstream of the combustor. This is made

by again considering the thermodynamics of the mixture based on a constant enthalpy. To

simplify the problem the oxygen, nitrogen and carbon dioxide fractions will be assumed to

exhibit ideal gas characteristics. The water vapor fraction will be treated as a superheated

vapor.

By using the same analysis as used to determine the combustor outlet temperature, it is

possible to estimate the final temperature downstream of the combination extinguisher.

The relevant heat balance for this case becomes:

m,h

air” “air,i

+ mphpv,. +mh,, =m

air““air e

+ mphp.e +mh,,.

In this equation the enthalpy of the water vapor in the products has been separated out for

convenience in estimating values from tables.

The by-pass air and the air fraction of the

products has been assumed to exhibit ideal gas behavior. The enthalpy values for relevant

conditions are listed in table 3-8.

Table 3-8: Enthalpy (kJ/kg) of Air, Products, and Water

25 °C 127 °C 327 °C 527 °C
Air 293.17 400.98 607.2
Products 400.98 607.02 821.94
Water 3278.2 3704.7 4158.6

Data from: Van Wylen and Sonntag, 1986

The estimated final temperature can be interpolated between the values of 127 and 327 °C

to be 300 °C, as shown in figure 3-2. Thus the final estimated temperature is below the

value of 400 °C that was specified above as the upper limit temperature. This value is
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assumed to be independent of the partial pressures of the vapors since enthalpy is a

function of temperature only, in the ideal gas case (Van Wylen and Sonntag 1986).
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4. TEST PARAMETERS

4.1. Scaling Factor

In order to obtain experimental results that can be scaled to real life conditions a degree of
similitude must be maintained. The similitude between the model and the prototype can be
based on geometry, kinematics, or dynamics. Complete similarity between the model and
the prototype is obtained when there is satisfaction of the geometric, kinematic, and

dynamic requirements.

For geometric similarity the proportions of the model and the prototype must be identical,
that is width, length, and depth ratios are equal. It follows then, that the surface areas will
vary as a square function and the volumes as a cubic function between the model and the

prototype.

Kinematic similarity arises when the forces acting on the model are exactly proportional to
those acting on the prototype. If this condition can be met then exact kinematic similitude

can be achieved.
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Dynamic similarity arises when the forces affecting the flow field are held in similitude.
The forces are associated with pressure, inertia, gravity, elasticity, and surface tension.

They are generalized by the following equations (Vennard and Street 1976).

F,=(Ap)a=(Ap)P (Pressure)
V2 b ')
F, =Ma= pl{TJ =pV*l? (Inertial)
F,=Mg, =plg, (Gravitational)
F, = y(ﬂjfi = ,u(z)lz =uVl  (Visocous)
dy /
F, =E4 =EI (Elastic)
F. =0l (Tensile)

Where: p is pressure, A is area, / is length, M is mass, a is linear acceleration, p is density,
V is velocity, g, is gravitational acceleration, u is the absolute viscosity, y is the distance
from a boundary, and o is the surface tension. The symbol E is used here to indicate the
modulus of elasticity. These forces can be combined as ratios of the inertial force to
describe the flow field conditions. When the flow fields are similar all of the following

simultaneous equations will be satisfied (Vennard and Street 1976).

Euler Number: Ratio of Inertial to Pressure Forces

(}’]J :(F]) (szj :[pV:]
F, F, AP AP
14 m ¥4 m
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Reynolds Number: Ratio of Inertial to Viscous Forces

7,7~ -

P nm

Froude Number: Ratio of Inertial to Gravitational Forces
) -(g) =(4]) (2]
— = — =S| — = —
FG P FG m lgn P lgn m
Mach Number: Ratio of Inertial to Elastic Forces
=) =(3) =) -(5)
F, ) Fy . E ) E
Weber Number: Ratio of Inertial to Surface Tensile Forces

7 -3 =2 (5
P} P FT n o P = ni

In order to gain similitude between the model and the prototype all five of the above

n

simultaneous equations must be met. However, due the nature of the models being tested
and the dynamic range of the process some of the equations can be neglected. In
particular the Mach and Weber numbers. This case will reduce the number of variables
that must be met when seeking similarity. For the base of the fire tunnel design each of

the remaining ratios (Euler, Reynolds, and Froude numbers) will be quantitatively analyzed
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and discussed below. Similitude of the fire tunnel model to a prototype mine opening will

be sought based upon the relevant relationships.

For the sake of this design, consideration shall also be made of the ratio of Momentum to
Thermal Diffusivities and the ratio of Momentum to Mass Diffusivities. These ratios are
referred to as the Prandtl and Schmidt numbers respectively. For the cases of simple
model gas the ratios are both equal to one and for simple real gases both are nearly equal
to one. These ratios become important when multiple transport phenomenon are

occurring simultaneously (Foust, et al. 1980).

Drysdale (1985) presents two forms of fire modeling, one based the Froude number and
the other based on pressure. Froude modeling can be employed where viscous forces are
negligible. Use of Froude modeling preserves the Froude Number group when scaling is
performed. Scaling in this manner requires that the velocities are scaled to the square root
of the principle dimension, i.e. (#/V'[) remains constant (Drysdale 1985). Furthermore, it

has been shown (Drysdale 1985, de Ris 1970) that

Pressure modeling can cope with both laminar and turbulent flow. By use of the Grashof

Number;
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Where p is the density, g is the gravitational acceleration, / is length, f is temperature
coefficient of volumetric expansion, AT is the temperature difference, and u is the absolute
viscosity. The system can be scaled where p2/° is maintained constant. However, without
the ability to perform highly pressurized tests this scaling method is impractical (Drysdale,

1985).

To this end only the Froude modeling method will be considered in the design of the Fire

Tunnel.
4.1.1. Euler Number

This number represents the ratio of inertial to pressure forces. It has been defined as:

1

u=V P :>( P )2
2AP 2RA?

where R is the turbulent resistance. It can be observed, therefore, that the Euler number

seeks to find a state of similitude between the resistances to flow for a given duct size for
the model and prototype. Based on the second form a constant Euler number exists for a
given duct and a given fluid density. Seeking similitude between a model and prototype
can therefore be achieved by altering the model cross-section. This may affect the

geometrical relationship of the model to prototype and the model resistance.
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The Euler number is important in matching the characteristics between the model and the
prototype based on differences in surface effects (resistance to flow). The Euler number is

independent of the flow.

An attempt, in the design, will be made to characterize the Euler number based on the
change in air density and the apparent change in the airway resistance as a result of the

duct fire.

4.1.2. Reynolds Number

The Reynolds number is the expression for the ratio of inertial to viscous forces.
Although the forms of the Reynolds number expression may vary from text to text it can

be reduced to:

Regardless of the form used to determine the Reynolds number two ducts that are

operating at the same Reynolds number are dynamically similar regardless of size.

Let us consider two lengths of geometrically similar pipe, that are scaled by a factor of ».
Now consider that the centerline velocity and all geometrically corresponding velocities
are related by a constant ratio then both of the flow fields are kinematically similar.
Furthermore, if the inertial forces (kinetic energy per volume) and the viscous forces (fluid
stress) bear a constant ratio, in the absence of other significant forces, then the flow fields

are dynamically similar (Foust, et al. 1980).
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Obtaining similitude for most model testing is normally related to a similar Reynolds
number between the model and the prototype. This is true, for example, when testing
conventional airfoils in low-speed conditions (Pope and Harper 1966). Under these
conditions the surface tension, compressibility and gravity effects are negligible. Thus if

the Reynolds numbers are matched then the condition of similitude is established.

In the case of Fire Tunnel testing the buoyancy created by differential densities within the
flow field leads to gravity being an effective agent. For the case of scaled fire testing it is
important to obtain similar gravity/buoyancy situations. The effects of the flow condition
(laminar or turbulent) expressed by the Reynolds number are also important to ensure that

representative mixing is occurring upstream, within, and downstream of the fire zone.

4.1.3. Froude Number

The Froude number represents the ratio of Inertial forces with respect to the gravitational

forces. It can be expressed as:

)
Fr = v = ,Oﬁ
Vg, Vo
En

The Froude number is used as a key factor in the modeling of fire situations (Drysdale
1985) using the Froude Modeling method. This holds also true for mine and duct fires.

One can apply the Froude number to determine if smoke and other products of
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combustion will flow upstream on a horizontal airway. This phenomenon is commonly
referred to as "roll-back." As the buoyancy induced in the air by the fire overcomes the
inertia of the airflow, Froude Number >1, the smoke and gases may move upstream along

the top of the duct.

Based upon arguments presented by Drysdale (1985) and de Ris (1970), modeling the
effects and scale of the fire based on a similitude of the Froude number is more important
than the use of any of the other scaling ratios. It is assumed that when analyzing fire for

turbulent conditions the magnitude of the Reynolds number is insignificant.

It is conceivable that even under turbulent flow conditions a separation can occur, by
gravity, whereby hot air flows downstream along the roof and cold air downstream along
the floor. The cold air is intake air passing through the fire zone without involvement in
the combustion process. The hot air may be fuel-rich in its products of combustion
profile. The two layers are separated by a thin laminar layer. Gravity is acting in such a

manner as to prevent mixing of these two otherwise turbulent fluids (de Ris 1970).

Turbulent mixing of the layers can be predicted with the Prandtl mixing length hypothesis.
Mixing can be expected when the cold eddy characteristic vertical kinetic energy is greater
than the increase in potential energy across the mixing length. In the form of the Froude
number, downstream turbulent mixing will be completely suppressed when the Froude

number is greater than 0.8 (de Ris 1970).

This leads to a brief comparison between the Froude number and the Layering number.

The Layering number (L) is routinely used to determine the distance downstream that will
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be required for initially stratified fluids to become mixed. The Layering number is

expressed in terms of the dimensionless relationship (McPherson 1993b):

where u is the airflow velocity, O, is the rate of gas emission, W is the airway width, and
Aplp is the difference in the densities of the two gases. The Layering number can be used
to estimate the distance over which the stratification will exist, whereas the Froude
number is useful in determining the existence of stratification and counter current flow

based on the differential densities of the fluids.

Another approach to the problem of determining the extent or probability of gas
stratification is by application of the Richardson number (Ri). Hwang, et al. (1976)

express the local Richardson number as:

&(Pw = Pb )3,
Lo (Vm +u, )2

Ri =
where p, and p, are the densities of the ventilation stream and the backing gas layer,
respectively, J, is the thickness of the backing gas layer, V., is the ventilation air velocity,
and u, is the velocity of the backing layer. The equation as presented by Hwang, et al,,
contains a cosine(¢) factor in the numerator that accounts for the angle of inclination of
the airway. Through massaging of the differential equations Hwang, et al., show that a

critical Richardson number exists where:

86



2
u
K. =o{7)
crp1+u

where u = u,/V,. In this manner the critical Richardson number provides the value at
which the backing ceiling layer ceases to exist. The Froude number, as presented in this
thesis, predicts the presence of stratified flow when its value is greater than 1, whereas the
Richardson number can be used to predict the conditions at which the ceiling layer will
cease to exist. The Froude number expressed by Hwang, et al., omits the Ap/p term that
is shown in the expression above the result being a dimensionless relationship for the duct
that does not account for the buoyant gradients within the fluid. They do, however,
employ a relationship, attributed to Thomas (1958, 1968) in which he replaces the Ap/p
term with A7/7. That the density and temperature terms are interchangeable can be shown
when one considers an ideal gas situation. Assuming that there is very little change in the
pressure between the two states the temperature is inversely proportional to the density,

therefore the ratios between the change in the property and the original state are equal.

4.2.  Tunnel Layout

The layout of the fire tunnel was configured to facilitate two goals. The first being to
allow simulation of the conditions that could be expected in a fuel-rich fire in a typical coal
mine entry. The second goal was to support the operational requirements of the
experiments. It is helpful, here, to describe the tunnel in two basic sections, the fire
section where the actual experimental fires were constructed, and the pre-fire sections

where the airflow was metered and “conditioned” prior to entering the fire section. The
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upstream pre-fire section was designed as a matter of course to support the experimental

section.

Before designing the experimental section, the basic prototype coal mine entry was
identified. The prototype entry provided a point of comparison to which the expected
reactions in the tunnel could be eﬂlaluated. The next step was to determine the size
requirements for the model entry. The model section had to be large enough to conduct
the experiments at a scale that supported the desired similarities with relative ease. This
section was restricted in size to keep the amount of coal fuel that was being burned fairly

small, and by the physical size and cost of constructing the facility.
4.2.1. Prototype

The prototype for the Fire Tunnel is a typical coal mine entry 6.1 meters wide by 1.52
meters high (20 by 5 feet), for the sake of consistency it is assumed that this is a single
entry without cross-cuts. The k factor used and applied to this airway is 0.012 kg/m® (65
Ibymin?-ft-4(1019)). Evaluation of similitude will be based on the average airway velocities
shown in table 4-1. For the purpose of design all airflow calculations will based on an air

density of 1.21 kg per cubic meter (0.0698 Ib_, per cubic foot).
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Table 4-1: Case Number and Airflow Velocity for Study (prototype scale)

Case v(m/s) v(ft/min)
1 0.46 90
2 0.51 100
3 0.76 150
4 1.02 200
5 1.27 250
6 1.52 300
7 1.78 350
8 2.03 400
9 2.29 450
10 2.54 500

The model (wind tunnel) was designed, as closely as reasonable possible, to represent the
relevant conditions that exist in an actual fire in the prototype drift. In order to
accomplish this the model was to seek to represent the fire situation as closely as possible
by scaling those factors most important to the fire dynamics. Hence, the first area of
concern was the dynamic condition involving the Euler, Reynolds, and Froude numbers as

discussed previously.
The parameter table for the prototype case is given in table 4-2, this outlines the values

determined for Quantity, Pressure Drop, Euler number, Reynolds number, and two values

of the Froude number (based on differing (Ap/p) values).
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Table 4-2: Parameters for Prototype Case

Case Vim/s) | OQ(m3/s) | Ap(Pa) Eu Re(103) | Fr(1/2) | Fr(2/3)
1 0.46 4.24 0.17 0.82 72.57 35.70 47.60
2 0.51 4.71 0.21 0.82 80.67 28.89 38.52
3 0.76 7.07 0.48 0.82 121.00 12.84 17.12
4 1.02 9.42 0.85 0.82 161.33 7.22 9.63
5 1.27 11.78 1.33 0.82 201.67 4.62 6.16
6 1.52 14.13 1.92 0.82 242.00 3.21 428
7 1.78 16.49 2.61 0.82 282.33 2.36 3.14
8 2.03 18.84 341 0.82 322.67 1.81 241
9 2.29 21.20 431 0.82 363.00 1.43 1.90
10 2.54 23.55 532 0.82 403 .33 1.16 1.54

4.2.2. Model

With the prototype established it was possible to determine the characteristics desired in
the model. For the sake of size limitations a tunnel with a square opening of thirty by
thirty centimeters (1 foot by 1 foot) was selected. It appeared that this configuration
provided a good trade-off between the area within the tunnel and the overall size of the

facility. The resulting parameters for the model case are listed in tables 4-3 and 4-4.

Table 4-3: Case Number and Airflow Velocity for Study (model scale)

Case v(m/s) v(ft/min)
1 0.21 413
2 0.23 453
3 0.36 71.0
4 0.47 92.5
5 0.59 116.1
6 0.70 137.8
7 0.82 161.4
8 0.93 183.1
9 1.06 208.7
10 1.18 2323
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Table 4-4: Parameters for Model Case

Case V(m/s) | O(m3/s) | Ap(Pa) Eu Re(103) | Fr(1/2) | Fr(2/3)
1 0.21 0.02 0.02 1.17 4.13 33.05 44.07
2 0.23 0.02 0.02 1.17 4.56 27.10 36.14
3 0.36 0.03 0.05 1.17 6.97 11.61 15.48
4 0.47 0.04 0.09 1.17 9.14 6.75 9.00
5 0.59 0.05 0.14 1.17 11.53 4.24 5.66
6 0.70 0.06 0.20 1.17 13.70 3.00 4.00
7 0.82 0.07 0.27 1.17 16.09 2.18 2.90
8 0.93 0.08 0.35 1.17 18.26 1.69 2.25
9 1.06 0.10 0.45 1.17 20.67 1.32 1.76
10 1.18 0.11 0.56 1.17 23.06 1.06 1.41

The wind tunnel was divided into three general sections, each having its own set of
parameters, capacities and effects. Each of these three, the fan, the flow control and
fogging, and fire test sections, are reviewed and discussed separately. The discussion

begins at the fire test section and work towards the fan.

Due to the expectation that a highly fuel-rich gas mixture would be coming out of the fire
section, and to preclude the leakage of fresh air into the tunnel a forced ventilation

arrangement was selected.

4.2.2.1.  Fire Test Section

The fire test section included three sub-sections, the entrance, fire chamber, and post fire
sections. These are illustrated in figure 4-1. This section was supported above the ground
on stacked cinder block and shims. Supports were provided at the beginning and end of

each of the sub-sections.
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422.1.1. Fire Entrance

The fire entrance section provided a length of tunnel 10 diameters long to separate the fire
itself from the closest upstream disturbance. This allowed for the establishment of a "flat"
velocity profile in the air stream prior to entering the fire. The degree to which this
condition was successfully accomplished is covered in chapters 5.1.1 and 6.1.2 of this

thesis.

Construction of this section is of stiffened 1/8" A36 steel plate.

42212  Fire Chamber

The fire chamber section provided the capability of supporting a fire 6 to 10 diameters in
length. This was based on experience shown by the United States Bureau of Mines
(Chaiken, Singer, and Lee 1979) in which, for a 0.3 by 0.3m tunnel roll back of smoke

was not experienced until the available fire section was some 2 meters in length.

Construction of this section was full thickness fire brick mortared together on the thin
faces. The bricks were supported on the bottom by a stiffened tray constructed of 1/4"
A36 Steel plate. For this section, and the following, the bricks were set in the form of a
trough with completely separate lids. The lids were formed of four fire bricks adhered to
a plate. During the course of a test the lids were placed over the trough with fiberglass
insulating tape on the lid/trough and lid/lid interfaces. Plate 4-1 shows the last of the lids

being set in place prior to a test fire.
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Plate 4-1: Setting Last Lid on Tunnel for First Test.
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422.1.3. Post Fire Section

The post fire section was to be approximately 10 diameters in length. This length was
intended to provide thorough mixing of all exhausts under turbulent conditions, provided
such mixing will take place. The length ensured that "duct-fire" conditions were
maintained, that is that the fire was not able to induce counter-current draft flow in the

post fire section.

Construction of this section is identical to that of the fire section.

4.2.2.2. Ventilation System

The fire tunnel was ventilated with a centrifugal fan in a forced airflow configuration. The
airflow was metered to the desired level by the combined application of an orifice and
waste gate. A set of ten orifices was prepared to provide the desired level of airflow at
each of the cases conceived with a constant pressure drop through the orifice in place.
That is, the pressure drop through orifice 10 for case ten is designed to be the same as
through orifice 6 for case six. Any excess air from the fan was disposed of through the

waste-gate.

The waste-gate position can be adjusted to provide a range of airflows through any of the
given orifices. The possible ranges for the tunnel are between 0.13 m’/s and 0.014 m/s,
with orifice 10 and the waste gate closed, and orifice 1 and the waste gate open,

respectively.



4.2.2.3. Fogging System

The initial fogging system employed a spinning disk humidifier. This style of system is
typically used in controlling the humidity in greenhouses or other locations where large
volumes of water need to be added to the air. A typical unit of this type is illustrated in
figure 4-2. The object of this type of system to produce a fog in which the droplet size is
representative of that found in a meteorological fog (5 - 50 um diameter). The unit used

in the wind tunnel was a model 30-C (30 Series) from Industrial Ventilation, Inc.

The operating scheme is such that while the disk is spinning water is pumped to the center
of the disk. As the water accelerates to the outside of the disk the film of water thins.
When the film of water reaches the edge of the disk it separates from the disk. The film
strikes the stator attached to the shroud of the disk. The stator is configured with tiny
vanes protruding into the water film separation area. When the separated film strikes the

vanes it is dispersed into natural fog size droplets.

The spinning disk system was employed for two of the tests (1 and 3), involving plywood.
However, it was felt that this system was not producing a sufficient quantity of fog to
affect the coal fire tests. Based on observations much of the fog that was being generated
by the system was being lost in the elbow, upstream of the fire. Therefore, a new fogging
system was constructed that employed a number of air atomizing pressure spray jets.
These jets use a small quantity of compressed air to assist the breakup of the water jet as it

exits the nozzle. An array of twelve of these jets was constructed and configured in the
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Figure 4-2: Illustration of Typical Spinning Disk Humidifier (from: Anon. 1992).
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fire entrance section of the fire tunnel, approximately 4 diameters upstream of the fire

ignition point.

The water and compressed air were metered to the system using rotameter flow meters.
The schematic of this system is illustrated in figure 4-3. The nozzles used were model

1/8]JJ-SUIJ11 air atomizing spray nozzles manufactured by Industrial Spray Systems.

Furthermore, two additional experiments were conducted using the products of
combustion and water vapor to gain control of the fuel-rich fire. For these experiments a
custom combustor/evaporator system was constructed. The schematic of the system is
shown in figure 4-4. This system used the combined effects of two processes to lower the
concentration of oxygen in the intake air to a level that would not support flaming
combustion. The combustor burned propane gas to consume a portion of the available
oxygen, the heat generated was used to evaporate the water mist that was injected into the

combustor near its exhaust point.

The combustor was configured such that a small fan forced air into the burner section,
propane was added using a “rosebud” type heater head. In this situation the rosebud
supplied straight propane (for routine usage in this device, propane and oxygen would be
premixed before entering the rosebud). Mixing of the air and propane occurred in the

combustor body to provide swirl stabilized diffusion flames.
The injection of water mist was accomplished through the application of four air atomizing

pressure spray jets, one jet placed on each of the sides of the combustor. The nozzles

were model 1/8JJ-SUJ11 air atomizing spray nozzles from Industrial Spray Systems. The
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jets were directed acutely to the flow of the products of combustion from the burner. In
this manner the water mist was mixed with the hot gases exiting the burner and converted

to vapor. Photographs of the extinguisher bench tests are shown on plate 4-2.

4.2.3. Monitoring System

A data logging system was used to collect data during the course of the tests. A general
schematic is shown in figures 4-5 and 4-6. The instrument panel is shown in position next

to the fire tunnel in plate 4-3.

The data logging system employed was an existing 16 channel Omega data logger
operating in an IBM PC/XT. The system hardware and control software allows the
channels to be configured for various data input types, in particular voltage, current,
thermocouples, etc. As applied to the fire tests, voltage signals were used for gas
concentrations, current for pressure measurements, and the thermocouples where directly

wired for voltage measurement, using the logging system thermocouple function.

The control program (Omega Software) is written in the BASIC language and operates
under BASICA as provided with MS-DOS 3.3. The Omega software allows the user to
specify the signal type and range (0-10 Volts, 4-20 mA, etc.), as well as set the output
units (Pa, ppm, %, °C). The user can also specify the logging parameters such as
frequency, resolution, and time per channel. During the course of logging the data can be
displayed in columnar format on the screen or as a running graph on the screen (anon.

1989).
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Plate 4-2: Views of Combination Extinguisher During Bench Test.
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Plate 4-3: Instrument Panel with Tunnel in Background.
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The configuration used for the testing is listed in table 4-5. Variations to this scheme are

annotated.

The logger hardware card connects to the computer via an XT slot. The card can support
two external terminal boards, with eight channels each, sixteen channels total. The
monitoring equipment is connected to the terminals as shown in the schematic in figures 4-

5 and 4-6.

4.2.3.1. Gases

Monitoring was conducted for 4 different gases: carbon dioxide, carbon monoxide,
oxygen, and methane. The gas sample was drawn from the wind tunnel through a
manifold located approximately 10 cm above the floor and 50 cm from the end of the
tunnel. The sample was drawn through a steel pipe configured as a counterflow gas to
water heat exchanger. See the illustration in figure 4-7. The cooled sample then flowed

through a tube from the heat exchanger to an instrumentation board.

At the instrumentation board the sample was filtered and metered. The first filter used
was a conventional inline compressed air filter, this proved to be unsatisfactory (see test
descriptions for tests 1 and 2, in sections 5.2.2 and 5.2.3) so a disk type filter with
disposable elements was built. Metering of the air was accomplished with a Dwyer

Ratemaster Flowmeter.
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The Ratemaster is a small rotameter type of flowmeter. The rate of flow is control with a
needle valve on the inlet side with the flow rate indicated by a ball "floating" in the
calibrated columnar face. In this application the inlet flowmeter was used to indicate the

total flow through the vacuum pump collecting the sample.

The carbon dioxide meter is equipped with a vacuum pump, as shown in figure 4-7. This
pump was used to collect the entire sample used for analysis, as shown. The sample
drawn through the flowmeter then enters the vacuum pump and is passed through the
carbon dioxide cell. When the air leaves the carbon dioxide cell it splits. The majority of
the sample was passed to the diffusion manifold for the Oxygen and Methane monitors. A

small amount was metered to the Carbon Monoxide meter.

As discussed below, the carbon monoxide meter has a range of 0-50 ppm, much less than
the >10000 ppm that are possible from a fuel-rich fire. To compensate for this weakness
the sample was diluted with an inert gas mixture, in particular welding Argon (75% Ar,

25% CO,).

423.1.1. Carbon Dioxide

The carbon dioxide monitoring system employs an infra-red sensor that provides a 0 to 1
volt output signal on a two wire system from the monitor op-amp. The two wires
connected to the OMEGA terminal board are the ground and signal voltage. The input

voltage for the CO, monitor is supplied from the 110 volt AC input supplied to the
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monitor. The input voltage supplies the power required to operate both the measurement

system and the sample pump.

Calibration of this monitor was accomplished by measuring the voltage output for three
CO; concentrations (0.3, 2.5, and 25%). The use of the 25% CO2 sample represented a
250 percent over-range of the instrument. For this reason the three points were used to
generate the calibration line. The slope of which represents the scale, and y-intercept the
offset to the OMEGA software. A typical calibration chart is shown in figure 4-8, the

correlation coefficient is given for the line based on the three point regression.

Based upon a conversation with technical personnel at REL-TEK, the CO, monitoring
system supplier, the above approximation is appropriate. The Infra-red sensor element is
capable of handling a range up to about 45% carbon dioxide. The output range of the
amplifier is nominally 0-1V dc, with 1 volt corresponding to 10% CO,, at output ranges
above 1 volt the supplier does not ensure linearity. Based on the close correlation of the
three data points to a straight line, the linear approximation appears appropriate over the

broad range of the data (0-23% CO5).

42312 Oxygen

The sensor system used to monitor the Oxygen concentration was a model MC-4110
diffusion type supplied by American Mine Research, Inc. This instrument is scaled to
indicate 0-25% O,. The unit was configured to supply a 0.1 to 4.0 volt signal on a three
wire system. The three wire system provides ground, input voltage and signal voltage.

The arrangement of the wiring is illustrated in figures 4-5 and 4-6.
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Calibration of the Oxygen sensor was accomplished in a two stage process. First, the
normal atmospheric oxygen level (taken as 21% O,) was set using the magnetic switch on
the monitoring unit. Second, the output voltages where measured for the normal oxygen
level and for 0% oxygen. From these measurements a two point calibration provided a
line, the slope of which represents the scale and the y-intercept the offset to the OMEGA
software. A typical calibration chart for the oxygen monitor is shown in figure 4-9. The
output of the sensing element was reported by the supplier as sufficiently linear for the two
point calibration over the nominal range. The sensor cell manufacturer’s bulletin reports
the nominal range to be 0-25%, the resolution to be 0.1%, and the maximum overload to

be 30% (Anon. 1992b).

The “zero-gas” employed in the calibration was either welding argon (75% Ar, 25% CO,)

or nitrogen evaporated from a liquid, depending on availability.

4.23.1.3. Methane

The methane (CH,) monitor employed during the testing (tests 1, 2, 3 and 4) was a model
MC-4110-CH4 supplied by American Mine Research, Inc. This monitor uses a pellistor

Sensor.

This system was calibrated using a two step process. First, the zero point was set using
the magnetic switch located on the monitor. Second, the output voltage was measured for
0 and 2.5% methane. The voltages provided for a two point calibration line, the slope of

which represents the scale, and y-intercept the offset to the OMEGA software. A typical
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calibration chart for the methane monitor is illustrated in figure 4-10. This is the

calibration procedure applied by the manufacturer.

Although this instrument was used in the first 4 tests several problems with its application
are worth noting. First, the sensor requires “normal” levels of oxygen to properly
determine the quantity of methane (and other combustible) gas in the sample. Second, this
gauge experiences a great deal of drift due to poisoning of the cell. The methane monitor
eventually died as a result of this treatment during the fourth test (the first test with coal as

the fuel).

423.14. Carbon Monoxide

The measurements of Carbon Monoxide were made using a model CO-2112 diffusion type
monitor supplied by American Mine Research. This monitor uses a three wire system,
configured as ground, input voltage, and signal output. The output signal is nominally 0.1
to 4.0 volts, linearly proportional to the CO concentration. The nominal range of this
instrument, as configured using internal dip switches, is O to 50 ppm CO. Calibration of

this instrument using a 60 ppm CO check gas allowed for an over-range of 20%.

Calibration of this instrument was accomplished in a two step process. First, the zero was
set using the magnetic switch provided. Second, the output signals were measured for
both 0 and 60 ppm CO. A two point calibration yielded a line of which the slope
represents the scale and the y-intercept the offset to the OMEGA software. A typical
calibration chart for the Carbon Monoxide monitor is shown in figure 4-11. The range of

the CO cell was given as 0-1000 ppm by the manufacturer (City Technology LTD) with a
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maximum overload of 2000 ppm. The linearity of the output was based on a maximum

output of 4 volts from the monitor op-amp, corresponding to a reading of 50 ppm.

As mentioned above, the range capability of the Carbon Monoxide monitor is significantly
less than levels that can be expected from a fire. For this reason the CO monitoring
system was configured to provide a diluted sample to the monitor. This was accomplished
by mixing a metered gas sample with a metered quantity of welding argon (75% Ar, 25%
CO,). Typically, these were mixed at the rates of 10 cc/min sample with 5000 cc/min
diluent. The arrangement of this system is illustrated in figure 4-7. The dilution system
introduced a delay of about 4 minutes between the other gas measurements and the

Carbon Monoxide readings.

4.2.3.2.  Pressure Measurements

Measurements of pressure were taken across the orifice plates for all tests. A measure of
the static pressure in the duct, down stream of the orifice was taken for all tests except for
the first. These measurements were taken using MODUS Instruments type T40
differential pressure transmitters. The operational element of this instruments is a
capacitance cell in which the capacitance is varied by a diaphragm that deflects with an
applied pressure. These transmitters supply a nominal 4-20 mA signal linearly scaled from
0-3 inches water gauge that has a rated accuracy of £1% of the range. Application in the
OMEGA software allowed the 4-20 mA signal to be expressed in Pascals rather than

inches water gauge.
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Calibration of these gauges was accomplished using a stable pressure source to generate a
differential pressure. The output signal, in milli-Amps, was monitored using the OMEGA
software. A two point calibration results in a line the slope of which yield the scale and
the y-intercept yielding the offset required by the OMEGA software to produce the
desired output units. A typical calibration chart for these instruments is shown in figure 4-

12.

4.2.3.3. Temperature Measurements

Measurements of temperature where taken using J-type thermocouples consisting of a
twisted pair of iron and constantan wires. During the first test a single thermocouple was
used to measure the temperature of the air in the tunnel upstream of the fire. This
thermocouple was connected to a transmitter that produced a 4-20 mA output signal,
linearly proportional to the temperature indicated by the thermocouple. This system was

calibrated in a similar fashion to the pressure transmitters.

From the second test onwards 10 J-type thermocouples were used, rather than the single
one used in the first test. To support these, the thermocouple feature was used in the
OMEGA software to determine the temperature, rather than the transmitter above. In this
manner each thermocouple was terminated at the OMEGA terminal board. The software,
instructed that the appropriate terminals are J-type thermocouples, converts the induced

voltage to a temperature indication on the desired scale (°C).
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For the tests using multiple temperature measurements the thermocouples were placed
near the top of the tunnel, on the inside, at locations of -2.5, -0.5, 0.0, 1, 2, 3,4, 5, and 6
meters; the zero point being the interface between the pre-fire and burner sections of the
tunnel. Placements at the positive positions were affected by the lid sections and therefore

did not fall precisely on the distance desired.
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S. RESULTS

This section will review the procedures employed and the results obtained for the
experiments.  Since the wind tunnel used for these experiments was specifically
constructed for them it is appropriate to cover the start-up testing prior to a discussion on

the results from the intended studies.

Such an approach is relevant for two reasons: (1) it validates the original design, (2) it will
be useful in determining the actual conditions employed during the fire tests to follow.
Furthermore, the fire tests are divided into two groups, those for which the fuel was wood

and those for which coal was the fuel.

5.1.  Start-up Testing

Start-up testing was conducted on the elements of the wind tunnel to determine the level
to which it met with the original design. Two key areas of the tunnel to be verified were

the airflow control system and the fog system efficiency.
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5.1.1. Orifice Flow Tests

As described earlier, an orifice, in conjunction with a waste gate, is used in the tunnel to
control the airflow into the fire section. The procedure employed for this testing provided
observations of the flow for each orifice considered under each of three settings of the

waste gate.

5.1.1.1. Procedures

The following procedure was used to determine the airflow rate through the wind tunnel

for the designed and available configurations.

1) With waste gate open and no orifice installed start the wind tunnel fan.

2) Zero micromanometer, then connect to static pressure taps across flow control

section.

3) Fix guide plate, for pitot tube/hot wire anemometer, over the vent opening at the

pre-fire to fire section interface.

4) Insert desired orifice plate and adjust waste gate to desired depth and lock in place

with small clamp.

5) With fan running and appropriate orifice installed, record the Barometric Pressure

(P), and Wet and Dry Bulb Temperatures (%, and ;) on the test log sheets
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(figure 5-1). Record the remaining data, Orifice Number, Waste Gate Position,

Pressure Drop across orifice, time, gauge number, and date on the test log sheet.

6) When using pitot-tube continue at step 7, when using hot-wire anemometer

continue at step 9.

7) Disconnect micromanometer from the flow control section static pressure taps,

check zero, and configure to the pitot tube.

8) Use pitot tube to measure the velocity pressure in the pre-fire section at the points
indicated on the log sheet. With this complete return to step 4 and continue for

the next desired configuration.

9) Use the hot-wire anemometer to obtain velocity readings in the pre-fire section at
the points indicated on the log sheet. With this complete return to step 4 and

continue for the next desired configuration.

5.1.1.2. Results

The pressure - quantity diagrams for the open tunnel and for orifice 6 are shown in figures
5-2 and 5-3, respectively. The results of the orifice tests indicate that for the conditions
recorded a flat velocity profile existed across the tunnel cross-section leading into the fire
section. See figure 5-4. This figure was produced using the SURFER package available

from Golden Software, Inc.
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Since the orifices are being used to meter the flow through the tunnel it is necessary to
know the resistance of each orifice so that the appropriate pressure drop can be

determined. Under normal airflow conditions the following relationship is known to exist:

p=RQ"

Given that both pressure drop (p) and airflow quantity (Q) are known, the resistance (R)
and the index (1) can be computed by linear regression if the equation is rewritten in the

form of a line:

In(p) = nin(Q) + In(R)

When this is done the slope of the line is the index and the y-intercept is the natural log of
the resistance. Based on the actual field tests, corrected to a density of 1.21 kg/m’, the

resistance and index of each orifice is listed in table 5-1.
The values for the index were expected to be around 2.0, to be in accordance with the
square law normally used to associate the pressure drop with the quantity, satisfying the

proportionality:

pxQ’
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Table 5-1: Orifice Resistances and Indices

Orifice Resistance Index
None 9.1516 2.6308
10 113185 2.3669
9 159035 2.3800
8 353122 2.5979
7 392806 2.5500
6 326621 2.3300
5 2000000 2.5737
4 382793 1.9874
3 996626 2.2355
2 2000000 2.1281
1 451428 1.7118

With the exception of orifice 4 the indices appear to vary significantly from 2.0, most of

them are higher than 2. One possible explanation for this deviation may be the relatively

short distances used in obtaining the pressure drop readings. That is the static pressure

taps, placed in the center of the air flow may have been too close to the orifice and elbow

at the fan. Such proximity to disturbances could account for incorrect, actual, pressure

readings. Subsequent use of the developed curves did prove, however, that they would

reliably predict the airflow in the wind tunnel based on the relative pressure differential

measured across the orifice in place.

S.1.2. Fog System Efficiency Tests

The fog system efficiency tests were conducted to determine two basic factors. First was

the rate at which the fog system actually consumed water and second to determine the

density of the fog being created.
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5.1.2.1. Procedures

The fogging system efficiency tests were conducted by the procedure outlined below.

1) With the waste gate open and no orifice installed start the tunnel fan. When fan

has started insert desired orifice and set waste gate to the desired depth.

2) Zero the micromanometer then attach to the static pressure taps across the flow

control section.

3) Record the Barometric Pressure (P), wet and dry bulb temperatures of ambient air
(1,, and 1,), pressure drop across flow control section (4p), and the orifice and
waste gate settings on the test log sheet.

4) From a measured bucket fill the cistern below the fogger. Record the total
quantity of water in the cistern (Q,). (This worked out to be 9.5 liters (10
quarts)).

5) Place buckets at probable leak points to collect dripping water (figure 5-5).

6) Start fogger by plugging it into the extension cord (no distinct switch is

provided). Start stopwatch when fog is visible exiting the wind tunnel.

7) While the fog is operating record the temperature of the saturated fog at the exit

of the wind tunnel (#,,,) and record on the test log.
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8) Stop the stopwatch when fog is no longer visible exiting the tunnel, then stop the
fogger by unplugging. Remove the cistern from the fogger and collected any

remaining water in it, record this on the test log (Q,). This will be about 1 quart.

9) Collect all the water that has leaked out of the tunnel and record on the test log

(Q,). Dispose of all the water collected.

10) Continue at step 3 to obtain a total of three sets of data for the current

configuration.

11) Set new wind tunnel configuration and repeat test beginning at step 3. At least
three configurations should be observed, including the full fan capacity and

conditions expected during fire testing.

5.1.2.2.  Results

The results showed two very distinct characteristics of the fogging system both of which
become intuitively apparent when one steps back to review the results. The first is the
density of the fog is inversely proportional to the rate of airflow. The second is that the

efficiency at which the water is carried away as fog is proportional to the rate of airflow.

Table 5-2 shows a reduced data table for the tests conducted to determine the

characteristics of the fogging system. The configurations are identified numerically and
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individual tests with an alpha designator. Efficiency is defined as the proportion of the

water that exited the system in the form of a fog.

Table 5-2: Results from Fog System Tests

Test Time Airflow Airflow | Fog Rate Efficiency
min) | (m¥%s) | (kg/y | (kg/s) (%)

la 7.97 1.16 1.28 0.0124 72.25
1b 8.00 1.16 1.28 0.0104 58.33
lc 7.50 1.16 1.29 0.0122 65.17
1 (ave) 7.82 1.16 1.28 0.0117

2a 7.62 1.68 1.84 0.0122 65.56
2b 7.75 1.71 1.88 0.0122 66.67
2C 7.50 1.71 1.87 0.0126 67.42
2 (ave) 7.62 1.70 1.86 0.0123

3a 8.95 0.11 0.11 0.0085 54.55
3b 8.20 0.11 0.11 0.0081 46.67
3c 9.50 0.11 0.11 0.0074 33.33
3 (ave) 8.88 0.11 0.11 0.0080

In the above table, the test 1 group was conducted with a clean tunnel with the waste gate
open, the test 2 group was conducted with a clean tunnel with the waste gate closed, and

the test 3 group with orifice 10 in place and the waste gate at about 1/2 open.

The relationship of the fog density and the fog rate against the airflow rate is shown in
figure 5-6. As mentioned above, the fog rate varies proportional to the airflow, and the
fog density varies inversely proportional to the airflow. It is interesting to note that the
relationships extend over an entire order of magnitude. This condition allows the
application of the trend down to the airflow rate of about 0.070 m*/s that are associated

with the fire tests, conducted with orifice 6. Regression analysis shows that the fog

density versus airflow rate has a correlation coefficient of 0.992 to a logarithmic fit. An
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analysis of the fog rate versus airflow rate shows a correlation coefficient 1.0 to a

logarithmic fit.

8 o= —0.0257In(Q,,, ) + 00176

~air

1, = 0001510

0,,)+00115

The relationships between the rate and the density to the airflow rate appear to make good
physical sense. When one considers the fog generator to be producing the water mist at a
constant rate, independent of airflow, the amount of water being carried per unit volume
of air should decrease as the airflow increases. The first response to the other relationship
is that the fog rate should remain constant if the production rate is constant. However,
one can imagine that as the fog density increases, the interaction of the mist particles will
increase. The increased interaction leads to the initially small particles combining into
larger particles. The large droplets of water that form cannot be held in suspension and

drop out, leading to a decreasing fog carrying rate as the airflow decreases.
5.1.2.3.  Pneumatic Assisted Spray System

Bench tests of the pneumatic assisted spray nozzle system seemed to indicate that it would
provide good dispersion of fine droplets into the air stream. When the system was
installed into the wind tunnel, it appeared that a relatively large quantity of the water was
being lost due to impingement and coalescing of the water particles. A set of quantitative
measurements were made at an airflow rate of 0.071 m*/s (150 cfm), and pneumatic assist
airflow of 0.001 m’/s (2.3 cfm). Water flow rates of 0.037 kg/s (35 gph) and 0.042 kg/s

(40 gph) were used revealing a fog generation efficiency of about 55%. Of the remaining
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45 percent about half of this water flowed into the fire section of the tunnel and the other

half leaked from the tunnel without getting to the fire section.

5.2. Wood Fire Tests

In order to obtain a general feel for the response of the tunnel to the fire and to observe
the response of the fire to the various extinguishing attempts four tests were conducted
using plywood as a fuel. These tests (number 1, 2, 3, and 6) made use of the lower energy
fuel source to demonstrate the basic procedures for the operation of the tunnel and the
extinguishing equipment. A typical wood fueled fire is illustrated in the photographs of

plate 5-1.

S5.2.1. Procedures

Prior to setting the tests up in the field, the gas monitoring instruments were individually
calibrated. The results of the calibration were applied to the logging data for each specific
test. The gas monitors were calibrated prior to and following each test since they were
coming in direct contact with the gases produced in the fire. The pressure monitors were
not calibrated prior to each test since they were isolated from the fire, and would not be

sensitive to “poisoning” by the fire gases.

The wood fueled tests were conducted using conventional plywood as the fuel source.
The wood was formed into an open ended box to fit within the fire section of the tunnel.
A wrap of fiberglass insulation was made around the wood to seal the interface between

the fuel and the incoming air at the point of ignition.
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Once the fuel was in place in the tunnel, the lids were put in place. At appropriate
intervals the thermocouples were inserted between the lids, as they were put in place. The
thermocouple wires were supported above the tunnel lids to prevent the insulation from
being melted as the tunnel was heated. Once all of the lids were in place the fan was

started at the desired flow level.

Water hoses were connected to the disk humidifier cistern and to the gas intercooler. The
cistern was filled automatically by a float valve within the tank. The intercooler was filled
by opening the ball valve at the inlet end. After the cooler was filled with water the valve
was closed to preserve water, and reduce the quantity of mud generated by free flowing

water.

The instrument panel was prepared by placing a clean filter in the filter house (or cleaning
the fixed element for tests 1 and 2). A hose connected the intercooler to the filter inlet for
gas samples. The pressure connections were made between the manometers and the static
tubes in the tunnel. The thermocouples were connected to the appropriate contacts on the
data logger. The instrument panel was connected to the data logger by means of the 25

pin connector.

Prior to igniting the fire the vacuum pump in the CO, monitor was turned on to begin the
gas sampling, and the balance was set between the CO sample and the diluent gas. When
the fire was ready to be set the data logger was activated. The valve to the intercooler

was again opened.
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The ignition of the wood was made using diesel fuel. In the first test the diesel oil was
held in a pan. In subsequent tests the diesel oil was spilt on the wood, and over a pile of
saw chips. The pan method proved to inadequate, as some of the fuel needed to be
splashed out in order to accelerated the fire growth. Even the oil spilt directly on the fuel
proved to be marginal, as one of the tests required additional fuel to be added to

accelerate the fire to a fuel-rich state.

An active test is illustrated in the photographs of plate 5-2.

Following the tests the gas monitors were again calibrated to evaluate any significant drift

that may have occurred during the course of the test.
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Plate 5-2: Photographs of Active Test.
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5.2.2. Testl

Test number 1 was the initial run of the fire tunnel with all of the systems in place. This

test used a small fuel charge of plywood, about one-half of that used is subsequent tests.

5.2.2.1.  Gas Trace Profile

The gas traces from this test are shown in figure 5-7. For clarity each gas is shown on a
separate set of axes. With no other analysis, one can quickly identify the mirror image
relationship between the oxygen and carbon dioxide traces. This is a condition that was
found throughout the following tests and is indicative of the completed combustion
reaction whereby the carbon in the fuel and oxygen in the air are converted to carbon
dioxide. With two oxygen atoms present in the oxidizer and in the product it makes sense
that as long as the reaction is carried to completion the increase in carbon dioxide will

equal the loss of oxygen.

The oxygen trace exhibits the following characteristics. After the fire was lit the
concentration slowly decreases as the fire accelerates. Once the fire has “caught” the
oxygen concentration rapidly decreases. It is this transition that was selected to represent
the time zero point for all of the tests, in this manner the relative times could easily be
compared from test to test. The oxygen concentration drops below 15% about 30
seconds after the fire begins to accelerate. The water mist is begun, from the spinning disk
humidifier, three minutes after the fire acceleration point. The oxygen concentration had

been making a slight increase (5.7 to 6.7 percent) in this time frame. Once the water mist
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is initiated the oxygen concentration drops from 6.7 to just over zero percent in 2 minutes.
Following this brief drop the oxygen concentration rapidly rises back to the 15% level
over in about 2 minutes. From this point the oxygen concentration slowly rises back to
the 21% level over the next 20 minutes. No change in the slope of the oxygen
concentration is apparent when the water mist is ceased at the reference time 17 minutes

after the fire began to accelerate.

The carbon dioxide trace shows a very similar pattern, in mirror image. An increase in the
carbon dioxide concentration follows the initiation of the misting system, followed by a
rapid decrease in CO, levels. As in the oxygen case, the rate of change of the carbon

dioxide decreases as the fire decays.

The carbon monoxide trace, figure 5-7c, indicates a very rapid growth in concentration at
about -1.5 minutes that peaks and falls rapidly as the fire begins its full acceleration at time
0 minutes. During this test the CO monitor was sampling an undiluted sample of the fire
exhaust gas. It is most likely that that the pattern exhibited by this trace is due to an

overload of the monitor and therefore the trace shows no significant data.

The methane trace, figure 5-7d, shows a growth in concentration from time O minutes
through time 3 minutes, to a concentration of about 0.65 percent. Two spikes in the
concentration occur at 4 and S minutes. The first of these spikes can be correlated to the
initiation of the fogging system. It is unclear as to what may have induced the second

spike, which shows a near doubling of the methane concentration.
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It is unclear from the data whether or not the fogging proved efficacious in this case. The
burn time for the fuel load was very short, and much of the fuel had most likely been
consumed near the time of the fogging system initiation. A video tape was made of this

fire for analysis, a synopsis of the tape is provided in table 5-3.

5.2.2.2.  Pressure Profile

The monitored pressure across the orifice reveals a constant airflow of about 0.0723 m%/s.
This is shown in figure 5-8. The histogram of the airflow data appears to be normally
distributed about the mean. This data shows no obvious signs of a throttling effect during
the course of the fire. The data that is shown here extends to reference time 22 minutes.
At this time the fire was essentially burnt-out and the airflow was increased by closing the
waste gate. This change resulted in a step in the data that shows a similar pattern of
consistency. To show this data in figure 5-8 would result in the data being skewed due to
a known outside influence. Therefore, the additional data has been omitted from this
presentation. A small bump can be seen in the oxygen and carbon dioxide traces in figure

5-7, that correlate to this point in time, 22 minutes.
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Table 5-3: Test 1 Video Tape Synopsis

Ref. Time Description
-0:03:00 Diesel Fuel Lit
-0:01:40 Fuel splashed from pan, flames from fuel reaching
top
-0:01:05 Flaming evident on left rib
-0:00:10 Flames on left rib reaching top
0:00:03 Charring (smoke) on right rib
0:00:13 Flame left to right on top licks right rib
0:00:20 Heavy smoke (charring) on right rib floor to top
0:00:48 Flame circling clockwise full around, very heavy
white smoke from right rib
0:00:53 Right rib begins to flame - flow clockwise
0:00:55 Counter-clockwise flow begins at right rib and to
0:01:06 Twin vortex flow along top centered
0:04:30 Fogging begins
0:14:33 Fire no longer visible
0:06:30 Camera moved to exhaust end
0:06:42 Flaming on top, embers with some flame on ribs
and floor
0:07:27 Yellow flaming on floor ceases
0:08:18 Piece falls from top-right (previous left), yellow
flaming on floor
0:08:22 Jet of flame from top to floor, extinguishes piece
that fell at 0:14:48
0:08:50 Yellow flames on top now top quarter
0:09:14 End of wood fuel on left side peels back, red
flames reaching to top
0:09:15 Top of fuel begins to fall - yellow flames from
inside only
0:09:17 Fire not visible on tape (camera moved)
0:09:40 Fire again visible
0:09:45 White and yellow flame visible on left and right
ribs, end of fuel charge peeling towards center
0:09:48 Opposing twin vortex yellow flames along top
0:10:01 Camera moved off fire
0:10:20 Camera returns to fire
0:10:34 Piece of roof collapses, yellow flame on floor
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Table 5-3: Test 1 Video Tape Synopsis - Continued

Ref. Time Description

0:10:39 Yellow/white flames for piece hanging half way
down from back

0:11:05 Large piece begins to separate from top

0:11:26 Piece swings over to right rib, yellow flaming
limited to right top and rib

0:11:41 White flaming begins right floor, ceases right top

0:13:13 white flames from right floor cease

0:14:00 Flames on top cease

0:14.05 Flames on right top re-appear

0:14:08 Piece falls from right rib

0:14:11 flames on top cease - smoke visible from this

0:14:17 Right rib collapses

0:14:22 Light visible from vent port, upstream of fire

0:14:32 Vent port closed

0:15:01 Light visible from vent port

0:15:29 Vent port cover removed

0:15:46 Vent port cover replaced

0:15:47 Yellow flames right floor extinguish

0:16:13 Yellow flames return

0:16:43 Viewport (window at elbow) visible

0:16:56 "Shimmer" at viewport appears to become more
vigorous

0:24:00 Video of fire stops, embers burning on floor
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Figure 5-7 (a, b) Oxygen and Carbon Dioxide Gas Traces for Test 1.
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5.2.3. Test2

This test was the first using a full sized fuel charge of plywood. The purpose of this test
was to obtain a baseline data set for the plywood fire. This test allowed the fire to burn to

completion without attempts to bring it under control.

5.2.3.1.  Gas Trace Profile

The gas traces from this test are shown in figure 5-9. For clarity each gas is shown on a
separate set of axes. A video tape was made of this fire, a synopsis of the tape is provided
in table 5-4. The gas traces show much less data than the time on the video tape indicates.
This is due to the fact that the gas sample filter became clogged with soot approximately

10 minutes after the fire began to accelerate, reference time 0 minutes.

The section of the gas data that is known to be valid indicates that the growth of the fire

was similar to that of test 1 and of the following tests.

5.2.3.2.  Pressure Profile

The pressure profile, figure 5-10, across the orifice indicates an airflow for this test
varying between 0.072 and 0.074 m’/s with an average of about 0.073 m*/s. The airflow
trend shows a decrease in the airflow as the fire accelerates, with an increase in the airflow

as the fire begins to die away. The initial drop in airflow represents a decrease of about
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1.5 percent. The histogram shows a distribution that appears to be normally distributed,

although slightly skewed to the lower end.

The relative pressure in the tunnel, figure 5-11, shows the same pattern as the airflow, a
slight decrease in the pressure as the fire accelerates, returning the initial level as the fire
intensity drops. The histogram of this data shows a distribution that appears skewed to

the lower end.

5.2.3.3. Temperature Profile

The in-duct temperature data collected is illustrated in figure 5-12. This figure illustrates
the strong temperature front of the fire, compared to the upstream portions of the duct.
This conditions indicates that little or no reverse stratified flow was occurring. The

existence of reverse stratified flow is also not supported by the video tape recording.

Figure 5-12a illustrates the rate at which the fire reached its highest temperature and
remained there for a period of about 10 minutes. The reverse view, figure 5-12b,
illustrates the rather slow rate of decay of the fire temperatures, relative to the rate of
growth. The jagged top of these surfaces may be due to the rejection of data that was

evidently related to over-ranging the thermocouples, causing obviously erroneous data.
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Table 5-4: Test 2 Video Tape Synopsis

Ref. Time Description
Diesel fuel lit
-0:03:10 Time mark appears
-0:03:05 Vent closed
-0:02:58 Frame fitted to show full fire area
-0:02:13 Flame licking up left side
-0:02:06 Downstream virtually opaque, flame licking about
half way up left side
-0:01:45 Downstream totally opaque
-0:01:02 Flames momentary contact with top on left side
-0:00:52 White vapor begins to be visible on left side
-0:00:34 Flames licking with top on left side
-0:00:23 Flames licking about half way up right side
0:00:05 Gas sample rake (+5.5m) visible
0:00:15 Flames licking over half way across top from left,
nearly reaching top on right side
0:00:20 Bottom of tunnel at exhaust visible and
distinguishable
0:00:25 Flame licking top from right side
0:00:35 Light from lower half of tunnel exhaust wvisible,
Flames nearly contact from right and left across to
0:00:58 Most of exhaust of tunnel clearly visible
0:01:23 Flames beginning to intermingle on top from right
and left, white smoke beginning to appear along
centerline on top, strong "tongue" beginning to
form on centerline at bottom, flaming about half
way up
0:01:54 Strong vortex beginning to form on top with
flames from right and left at centerline
0:02:27 Apparent contact of flames form vortex and tongue
0:02:37 Tongue weakens; vortex flames reaching about half
way down
0:02:41 Daylight not visible from tunnel exhaust
0:03:15 Tunnel has flames nearly 100%
0:03:30 Flames on floor and sides appear crenulated while
vortex appears smooth
0:04:20 Upstream fuel on left engulfed




Table 5-4: Test 2 Video Tape Synopsis - Continued

Ref Time Description

0:06:43 Wood appears to be separating on left side

0:06:53 Piece falls from left side

0:06:58 Piece falls from left side

0:07:08 Piece from left side protruding about a quarter of
the way across opening

0:07:12 Protruding piece collapses, right side appears to be
separating

0:07:22 Piece from top collapses

0:07:30 Right and left sides curling inwards

0:07:34 Piece falls from top

0:07:36 Pieces from top and left fall

0:07:40 Collapse of right and left sides

0:07:44 Opening about 50% blocked by charred wood,
large droop from top

0:07:56 Upper right corner collapses and opens

0:08:44 Piece in left center falls away

0:08:56 Wood Collapsing from left upper center to block
tunnel, embers fill lower half of tunnel

0:09:23 Sample rake visible center right

0:10:50 Jet of flame down near left edge

0:11:01 Piece from center top begins to fall

0:11:04 Piece falls, daylight visible from extent of exhaust

0:11:26 Jet of flame down near right limit

0:11:43 Flame on near left limit out

0:12:15 Flame on near right limit out

0:12:40 Top appears to begin to swell

0:12:52 Piece falls out of top

0:13:01 Swell from top collapses covering opening of
tunnel

0:13:05 Swell falls - opening tunnel

0:13:26 Piece falls from upper left corner

0:14:30 Daylight visible through right side wood/tunnel
interface

0:15:30 Left side slips slightly, right side leaning inwards
noticeably, mostly burning embers, flame on left
side only

0:15:57 Left side collapses leaving a little flaming in lower

left




Table 5-4: Test 2 Video Tape Synopsis - Continued

Ref. Time Description
0:17:16 Flames in lower left disappear
0:17:30 Embers (black) visible on right, brick visible in left
and top
0:18:35 Remaining wood on right side begins to collapse
0:19:10 Piece falls out of lower right
0:21:59 Piece falls out of middle right
0:27:10 Video of fire ends, piece (embers) still on right side
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5.2.4. Test3

This test was to observe the effects of adding a water mist to the air upstream of the
plywood fire burning in a fuel-rich state. The fire was observed to grow until reaching a
fuel-rich state, at which time the spinning disk fogging system was initiated. A video tape

was made of this fire, a brief synopsis of which is provided in table 5-5.

5.24.1. Gas Trace Profile

The attempts to initiate this fire revealed that there is some relationship governing the
likelihood that the fire will accelerate to a fuel-rich state. In the previous two fires the
fuel-rich state was achieved with little effort, whereas this fire required the addition of
diesel fuel about 9 minutes after the initial attempt to ignite the fire was made. Following
the addition of the extra fuel the fire rapidly accelerated to a fuel-rich state. The gas traces

for this test are shown in figure 5-13.

After the oxygen concentration had dropped to nearly zero percent and had stabilized,
reference time 2.5 minutes, the disk humidifier fogging system was initiated. A brief
increase in the oxygen concentration followed, figure 5-13a, mirrored by a drop in the
carbon dioxide level, figure 5-13b. This change lasted about 2 minutes, at which time the
oxygen and carbon dioxide traces returned to their levels before the fog was started.
Shortly after the return to initial levels the oxygen and carbon dioxide traces indicate the

decay of the fire as they return to there natural levels.
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During this test the carbon monoxide sample was diluted approximately 100 times, even at
this level the dilution appeared to be insufficient. The carbon monoxide trace, figure 5-
13c, shows the initial increase to begin at about -1 minute. Between times 1 and 3, and 5
and 7 minutes the trace indicates a drop in the CO levels, these are most likely due to an
overload of the monitor, similar to that experienced in test 1. The portion of this data that
appears to be of significance is the downward spike that occurs at time 4 minutes. This
anomaly can be correlated to the similar conditions seen in the oxygen and carbon dioxide
traces. It appears that at the time of the fog system operation there was a reduction in the

CO concentration that permitted measurement by the monitor.

The methane trace, figure 5-13d, shows a relatively steady growth in the CH, levels up to
time 4 minutes. At this time the trace shows a fall to a 0% indication from time 6 to 8
minutes, followed by an increase. The final decreasing methane concentration appears to
follow a decay pattern seen in the other gas traces. The initial drop in the methane level,
at time 4 minutes, occurs at the same time that the momentary spikes were seen in the
other gases. Since the methane does not return to its initial pattern in the same manner it

is unclear whether the drop is due to changes in the fire or an overload of the monitor.

5.2.4.2.  Pressure Profile

The pressure across the orifice indicated the airflow profile shown in figure 5-14. The
airflow profile appears to be relatively constant through to the reference time of 25
minutes. After this time the profile exhibits a marked drop in the airflow that lasts for
about five minutes, at which time the airflow increases appearing to oscillate about the

mean of the initial airflow level. The histogram of this data appears to show two normal
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sets of data, one with a mean of about 0.072 m*/s and the other with a mean of about

0.062 m’/s.

Looking solely at the histogram, it could be possible to suggest that there was some
change in the airflow that could be associated with the throttling effect. However, a
comparison to the trend illustrates that the occurrence of the lower airflow can be

associated with the period when the fire had decayed to the point of extinction.

The relative pressure in the duct, figure 5-15, illustrates that this index exhibited a great
deal of scatter throughout the duration of the test. A trend can be fitted to this data that
shows a decrease in the absolute value of this index as the fire began to develop. Once the
fire began to accelerate the relative pressure leveled off and began to rise. The histogram
related to this data shows a nearly normal distribution with mean of about 12 Pa, that is

slightly skewed to the upper end.

5.2.4.3. Temperature Profile

The temperature profile for this test, figure 5-16, illustrates that there was little or no
reverse stratified flow of gases from the fire. The delay in the acceleration of the fire is
visible in figure 5-16a by the slight rise in the temperature during the -10 to -2 minute
interval, this correlates to the steady oxygen-rich period that preceded the acceleration to
a fuel-rich state. The rapid increase in the temperature, as the fire accelerated is also
visible in this figure. The temperature surface appears to have a decrease in the

temperature that occurs at a time of four minutes. This correlates to the application of the
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water mist. A return of the temperature to its initial peak levels occurs, following this

depression, before the temperature decays as the fire dies.
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Table 5-5: Test 3 Video Tape Synopsis

Ref. Time Description

-0:09:23 Diesel fuel and wood chips lit.

-0:09:21 Daylight from viewport obscured by smoke, some
flame visible

-0:09:00 Viewport not visible - camera zoomed back - so
significant smoke visible although flame cannot be
seen (may be due to light metering).

-0:08:50 Some dense black smoke is visible exiting the
tunnel.

-0:08:33 Camera zooms in, some flame visible.

-0:08:27 Smoke appears to be grayish.

-0:08:04 Momentary absence of smoke, small flaming
material visible.

-0:08:00 Dense smoke thickening.

-0:05:34 Small flicker of flame visible through thick, dark
gray smoke, flame on floor.

-0:04:55 Smoke clearing, flame visible on floor and up right
side (viewed from exhaust).

-0:04:30 Light is visible in viewport, flame on floor and
about half way up right side. Comment: added
wood shaving to assist with ignition.

-0:03:59 Flames licking top on right side only.

-0:03:11 Flames now in lower right corner only (flames
diminishing). Some flames reaching about half way
up right side.

0:00:58 Diesel oil added.

0:00:48 Thick black smoke, only flames on floor visible.

0:00:45 No flame visible.

0:00:25 Camera zooms back, thick black smoke visible out
of tunnel. Quantity of smoke is increasing.

0:01:10 Color of smoke appears to be lightening.

0:02:38 Rapid increase in quantity of smoke (medium gray
in color).

0:02:25 Camera zooms back to tunnel, smoke obscures
entire view.

0:03:55 Camera zooms away, smoke is dark gray to black
0:03:35 Large quantities of smoke blowing directly to
camera, appears light gray in color.

0:03:23 Comment: here comes the fog.

0:03:06 Comment: go for fog.
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Table 5-5: Test 3 Video Tape Synopsis - Continued

Ref. Time Description

0:03:00 Comment: it is on.

0:03:19 Flames visible through smoke, orange on floor.

0:03:42 Comment: Smoke is going down.

0:04:25 Flame obscured by white/gray smoke.

0:06:07 Flames visible on left side, lower corner

0:06:14 Flame visible on left side.

0:06:18 Most of flame on floor, not much appearing on
top.

0:06:23 Some flame visible on top, does not appear as
intense as that on floor and left side.

0:06:25 Appears as though there has been a collapse,
resulting in a pile of burning debris on floor, about
lower half of tunnel affected.

0:06:43 Right side does not appear to be burning.

0:07:05 Fairly intense flame visible on roof, but that from
debris on floor is still more intense.

0:07:12 Material seems to have “delaminated” and extends
into tunnel from the left side, about 1 third of the
way across.

0:07:39 Large piece from left side collapses onto floor.

0:07:56 Much of the flaming (yellow) on the floor has
subsided. Yellow flaming is on top only.

0:08:03 Flaming appears to be from floor and top only,
nothing from side.

0:08:58 Most of flame on floor is gone. Still flame from
top, bright yellow in color.

0:09:05 Smoke appears to thicken.

0:09:51 Smoke obscuring floor, some flame visible on top,
smoke appears bluish in color.

0:10:12 Only flame/color visible is on top through the blue
gray smoke.

0:10:32 Smoke clearing, no flaming visible on floor, but
some on top.

0:10:39 Slight glow visible from floor, but no apparent
flame.

0:10:58 Slight lick of flame visible up left side.

0:11:00 Slight lick of flame visible up right side.
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Table 5-5: Test 3 Video Tape Synopsis - Continued

Ref. Time Description

0:11:09 Material back appears to droop about 1/3 of height
downwards.

0:11:13 Acceleration and formation of twin vortex of flame
on top.

0:11:25 Vortex of flame on left appears to disappear,
vortex on right is weakening.

0:11:34 Increase in flames on left side.

0:12:20 Strongest flaming occurring on right side, bounded

by debris on floor and material on top. Vortex is
rotating in counter-clockwise direction.

0:12:40 No clear flames remaining on top.

0:12:49 Thick smoke/haze appears about the flaming
section.

0:13:15 Flaming is now just on floor, with slight lick on
right side, vortex structure has disappeared.

0:13:28 Smoke appears to thicken.

0:13:55 Flame intermittently visible through smoke.

0:14:23 Only a small flicker of flame is visible in centerline
of debris on floor.

0:14:31 Some licks of flame up right side.

0:14:37 Smoke clears. Some flames on floor, partially
obscured by debris.

0:15:05 Smoke begins to thicken.

0:15:31 Very little flame visible through smoke.

0:17:20 Only evidence of fire is slight glow of embers
through smoke.

0:17:59 Smoke clears momentarily, glowing embers can be
seen, but no flames.

0:19:25 Camera zooms away from tunnel, smoke appears
to have thinned, but no flame or embers visible in
tunnel.

0:20:46 End of tape.
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Figure 5-13 (a, b): Oxygen and Carbon Dioxide Gas Traces for Test 3.
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5.2.5. Test6

This test was to observe the effects of the propane combustor/water vapor fire

suppression system on a plywood fire. This fire was not recorded on video tape.

5.2.5.1. Gas Trace Profile

The reference time for the initiation of this fire shows a brief step in the oxygen and
carbon dioxide levels, this was again due to some brief difficulties associated with the
ignition of the fire. See the gas traces shown in figure 5-17. This is, however, followed
by the very rapid transition towards the fuel-rich state. Once the fire was obviously fuel-
rich, oxygen levels less than 2% on the data recorder monitor, the combination fire

extinguisher was ignited.

During this test the propane burner in the extinguisher was ignited before the water mist
sprayers were initiated. The most immediate result was the extinction of flames in the fire
section of the tunnel upon the ignition of the gaseous propane fuel. The exhausts of the
tunnel, which had been mostly translucent became an opaque white. The opaque white

smoke was lingering, maintaining a plume about 50 feet into the air.

Following the ignition and water sprays of the combination extinguisher the oxygen
concentration showed an increase, figure 5-17a, mirrored by a decrease in the carbon
dioxide concentration, figure 5-17b. Both of these gas traces show a spike, momentarily

reversing the trend toward fire extinguishment, at a time of 5 minutes. The traces return
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to their normal pattern following this digression. Based upon the burning characteristics
of the combination extinguisher, and the available fuel supply, it appears that this

irregularity is due to the drop in the propane supply rate.

The carbon monoxide trace, figure 5-17¢, shows a consistent growth to a level of about
29000 ppm. The peak in this trace lies about halfway between the ignition of the propane
burner and its extinguishment. The peak also appears to correlate the anomalous spikes in
the other two gas traces, occurring at about 5 minutes. The total width of the increased
level of CO, about 12 minutes, correlates well to the width of the oxygen and carbon

dioxide traces during the period of fire involvement.

The rate at which the propane was supplied to the burner rapidly dropped off after
ignition. The evaporation rate of the propane was such that the liquefied gas was cooled
to the point of inhibiting further evaporation at the desired rate. To combat this tendency
the propane bottle was placed in a bucket of hot water, an act that proved to be of some

assistance, delaying the flow rate drop by about two minutes.

This fire was extinguished completely before all of the fuel could be consumed. Upon
opening the tunnel the fuel charge was found to be intact, with only minor indications of
the fire on the outside surfaces. The inside surfaces of the fuel charge showed that
charring of the wood had occurred to about half the depth of the wood panels, on all four
surfaces, and over the entire length of the charge. The indication of the degree of charring
is that all of the interior surface area was involved in the fire within 2-1/2 minutes of the

initial acceleration. Furthermore, considering that the vast majority of the consumption of
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the wood occurred during the five minute period in which the fire was fuel-rich leads to

the estimate that the peak fuel pyrolysis rate exceeded 27 kg/hr m* (5.5 Ib/hr ft%).

5.2.5.2.  Pressure Profile

The level of airflow shows an increasing trend over the duration of this test, see figure 5-
18. A slight drop in the airflow rate occurs at about 10 minutes, the trend is reversed at
20 minutes. There appeared to be nothing noteworthy occurring during this period time
that could account for the change in the trend. The histogram of this data does not appear
to indicate anything of note. It does, however, appear to be reasonably normal in its

distribution. But, looking at the trend graph, it is clear that the data is not random.

The relative pressure graph, figure 5-19, shows a different tale of the events. This data
appears to break into three clumps; the first, up to 5 minutes, shows a decease in the
absolute value of the relative pressure. From 5 to 12 minutes the data is clumped at the
highest absolute value of the pressure. Following 12 minutes the data appears to be
randomly distributed about the mean of all of the data. Possible correlations can be
predicted. The change from the first to second clumps occurs at the time when the
propane flow to the combustor is affected by the cooling of the liquefied gas. The change
from the second to third clumps occurs near the time when the combustor went out due to
the total consumption of the propane. At this time, 12 minutes, the fire was essentially

out, oxygen concentration about 20 percent and the carbon dioxide about 1 percent.
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5.2.5.3. Temperature Profile

The temperature profile for this test is shown in figure 5-20. One noticeable feature of
this profile is the presence of elevated temperatures upstream of the ignition point, this is
associated with the combustor, and does not indicated any reverse stratified flow. No

reverse stratified flow was observed in the duct during the course of this test.

A smooth, although steep, rise in the temperature is indicated in figure 5-20a. The decay
in the temperatures of this fire, figure 5-20b, appear to be a near mirror image of the
growth. This would, further, indicate that the fire was rapidly extinguished. The small
saddle in the profile that occurs at a depth of about 4 meters may be due to the relevant

thermocouple being shielded between lids or the fiberglass insulation.
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Figure 5-17 (a, b): Oxygen and Carbon Dioxide Gas Traces for Test 6.
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Figure 5-20: Temperature Surface Views, Forward and Reverse, for Test 6.
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5.3.  Coal Fire Tests

This research was intended to investigate the effect of water mist on fuel-rich coal fires.
The tests covered in this section form the brunt of this work and will be the basis of the
conclusions reached. A typical fire of a coal fueled test is illustrated in the photographs of

plate 5-3.

5.3.1. Procedures

The procedures for the coal fueled tests were essentially the same as those for the wood
fuel tests. The major difference being the configuration of the fuel. For these tests the
coal fuel, in lump form, was supported against the interior surfaces of the tunnel by steel
grating. Expanded steel grate was formed into an open ended box approximately 24 cm

(9.5 inches) square and 2.5 m (8 ft) long.

Lumps of coal were placed on the floor of the tunnel to form a continuous bed along the
length of the fuel section of the tunnel. The grate was inserted on the floor coal and
centered in the tunnel cross-section. Coal was then placed between the grate and the walls
of the tunnel until continuous beds of coal were formed along both sides. Coal was placed

on the top of the grate to form a continuous bed, as the lids were being set in place.

As with the wood fueled tests, the thermocouples were put in place at appropriate

intervals as the lids were being set.
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5.3.2. Test4

In this test coal was used as the fuel in the fire tunnel, the fire was allowed to burn without
attempts to bring it under control. In this manner, a baseline for coal fires was obtained.

A video tape of this test was made, with a brief synopsis given in table 5-6.

The initial fuel load for this test consisted of 60 kg of bituminous coal from the southwest
Virginia coal region. When the tunnel was opened, following the test, 20 kg of coke was
removed. The size of the coke was approximately that of the initial coal lumps, about 1/3
of this weight was what one might call ash. It should be mentioned that this test was
terminated at a reference time of 100 minutes, by which time the gas traces indicated
oxygen-rich conditions. Termination of the test was performed by turning off the
ventilating fan, closing in the wastegate, and leaving the orifice plate in place. The test
was ceased due to impending darkness. During the clean-up process of the tunnel the
view window showed a band of condensation that appeared to indicate that some
stratification of the air in the tunnel had occurred. This was most likely due to closing off

the in flowing air, allowing the heated gases to flow back towards the inlet of the tunnel.

5.3.2.1. Gas Trace Profile

Ignition of this fire required some secondary assistance, beyond the initial attempt. The
initial source of ignition was a small fire of newspaper, diesel oil, and split wood intended
for fireplace use. The action of this source is evident in the oxygen and carbon dioxide

traces, figure 5-21. Notice that there is a decrease of about 5 percent in the oxygen and
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an increase in the carbon dioxide of about 4 percent, followed by a return to near normal
levels. Once additional wood was supplied to the ignition source the fire begins to
accelerate in a two-stage mode. The first four minutes of this growth shows a drop in the
oxygen from 19 to 13 percent, with a corresponding increase in the carbon dioxide
concentration from 1 to 7 percent. Once the fire reached the 13 percent oxygen
concentration its rate accelerated to drop the oxygen to O percent in the subsequent two

minutes. This growth is mirrored in the carbon dioxide profile.

During the course of the fire the oxygen remains at a constant level, figure 5-2la;
indicated as slightly negative value most likely due to the calibration levels. At the time
when the oxygen level reaches 0 percent, the carbon dioxide level, figure 5-21b, shows a
relative maximum. Through the time that the oxygen content is 0, the carbon dioxide level
drops from 19 percent to a relative minimum of 17 percent returning to another relative
maximum of 19 percent before decaying off The relative maxima of the carbon dioxide
correlate in time to the period that the oxygen is below the limits of the sensor. It is
during this period of time that the marked increase in the carbon monoxide, figure 5-21c,
level is seen. The peak in the CO level, 35000 ppm correlates to the relative minimum of
the carbon dioxide. The carbon monoxide level is near 4 percent, which can account for
the corresponding 2 percent drop in the CO, level. It is apparent that the carbon
monoxide level rises very quickly as the fire becomes fuel-rich and falls off as rapidly as

the fire begins to decay.
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5.3.2.2.  Airflow and Relative Pressure Profile

The airflow profile, figure 5-22, from this test shows a marked drop in the flow quantity
that correlates well to the acceleration of the fire to the fuel-rich regime. The airflow
slowly increases as the fire decays. The data appears to be randomly distributed about the
trend line that is shown. The histogram shows what can be visualized as a bimodal
distribution. That is two normally distributed data sets, the first with a mean of about
0.0715 m’/s and the second with a mean of about 0.0730 m®/s. If this split in the data is
real then this is some evidence of the throttling process. The airflow does decrease as the

fire gains intensity, and increases as the fire begins to decay.

The relative pressure profile, figure 5-23, shows a similar pattern in the pressure changes.
The pressure drops rapidly as the fire gains intensity and begins to return to the normal
level as the fire decays. The histogram of this data shows a similar bimodal pattern as the
airflow. The use of an absolute change in the pressure here is, possibly, more appropriate
than the direction, since if throttling was occurring the expected result would be an
increase in the static pressure upstream of the fire. The data here shows the static
pressure decreasing. This may be associated with the location of the probe, as discussed

in section 6.3.3 of this thesis.

5.3.2.3. Temperature Profile

The temperature profile for this test is shown in figure 5-24. This figure shows the small

bump in the temperature near the -10 minute point that associates with the initial attempt
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to ignite the fire. This bump is followed by a temperature drop as the ignition fire began to
die out. The temperature profile shows an increase in the temperature at time 0, as the fire
accelerates to the fuel-rich regime. The overall face of the temperature profile, at a depth
of zero meters indicates that no reverse stratified flow developed, and none was seen in
the video tape. In the time period between 0 and 20 minutes, there is a valley associated
with the depth of about 2 meters, this is believed to be due to the thermocouple being
shielded from the fire, either behind a block of coal or between the lids. A drop in the
temperature is shown between 22 minutes and 40 minutes, this is an artificial drop due to
data in this region being rejected. The extreme range of this data as recorded (around
20000°C for some readings) indicates that the data is erroneous. This may also account

for the spiked appearance of several points on the surface.

The duration of the temperature profile, greater than an hour and a half, indicates that the
fire was continuing to burn, in a glowing phase for a time that continued beyond that
recorded. The level of these temperatures may also be buffered by the heat retained by the

brick walls of the tunnel.



Table 5-6: Synopsis of Video Tape Documenting Fire Test 4

Ref. Time Description

-9:30 Fire lit

-9:12 Smoke obscures daylight at end of tunnel

-9:07 Flames contact top

-8:05 Daylight visible at end of tunnel

-7:28 Settling if ignition source

-6:57 Further settling of ignition source

-6:40 Only small flames left if initial ignition source

-6:10 Smoke visible from top coal

-5:04 What appeared to be smoke may be shimmer

-4:45 What appears to be smoke from to begins to
disappear

-3:09 Only flame from ignition source is a small flicker
on the left side and some flaming below (but above
coal).

-2:20 Flames from ignition source do not appear to
contact coal

-1:46 Settling occurs in ignition source

-1:27 Access lid opened to add more fuel to ignition
source

-1:19 to -0:31 10 additional sticks are added to the ignition source

pile

-0:23 Access lid closed

-0:10 Last stick added begins to catch fire

0:20 Smoke from wood begins to obscure daylight from
the end of the tunnel

0:39 Flame visible below bottom grate

0:44 Flames begin to contact top

1:23 Flames from floor begin to intensify

1:55 Smoke from to begins

2:06 Smoke at top begins to exhibit an orange glow

2:20 Visible flaming at top erupts

2:38 Visible flaming on left side

3:09 Flaming at top extends fully across opening

3:10 Flaming visible on right side

3:39 Ignition source settling, about half consumed

4:15 Yellow flame swirl visible down centerline, behind

ignition source
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Table 5-6: Synopsis of Video Tape Documenting Fire Test 4

Ref. Time Description

4:36 Settling in ignition source

5:00 Distinct bowing of floor grating visible

5:35 Settling of ignition source material, piece rolls up
on end, left side

6:22 Ignition source distinctly glowing

7:35 Ignition source about two-thirds consumed

15:00 Sag visible in top grate

16:24 Top grate appears to have collapsed at far end of
fuel charge

17:30 Sag in top definite, with flames between the top
coal and the lids

17:45 Collapse in top grate clearly visible at far extreme
of the fuel load

18:55 Most of ignition source is gone, except for pieces

in lower left and right corners

19:09 to 19:36

Interruption in tape

19:44 Most of flaming appears to have subsided.
Buckling of side grates is beginning

26:25 Daylight appears to be visible at the far end of the
tunnel

28:02 Only major flaming appears at the far end of the
fuel load

3028 Daylight definitely visible at the far end of the
tunnel, strong glowing phase is evident at upstream
end

30:32 Camera relocated at exhaust end

30:36 Large swirl in flames is carrying flame away from
fuel, rotating clockwise to view in exhaust end of
tunnel

31:02 Flames seem to be blowing straight down side of
tunnel

33:57 Daylight visible in view port

42:21 Strong glowing combustion apparent, flames still
on side of opening only

47:14 Brick on top surface appears to be glowing

(distinguishable from coal)
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Table 5-6: Synopsis of Video Tape Documenting Fire Test 4

Ref. Time Description

50:35 View port boarded off

51:00 All of coal is brightly glowing, some flames still
exist on sides

53:51 Glow in coals has gone from red to yellowish, glow
from fire bricks still apparent, some bricks on lids
have separated from backing

59:51 Most of flaming has subsided.

1:07:22 Some flame is visible between the bricks of the lids,
this appears to be from the backing material
burning

1:15:00 Settling of the coal mass towards the floor is
becoming apparent, gaps of about one-quarter inch
appear between the coal and the lids, bricks in the
vicinity of the fire are definitely glowing
(incandescent)

1:20:45 Very little flaming left (on right side viewed from
exhaust end)

1:23:40 View of fire terminates
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Figure 5-21 (a, b): Oxygen and Carbon Dioxide Gas Traces for Test 4.

189



Carbon Monoxide

35000

30000 +

25000

20000

15000 +

10000 1

Concentration (ppm)

5000

-5000 ‘ ; + ‘ t : + T ‘
-10 0 10 20 30 40 S0 60 70 80 90 100

Time (min)

©

Figure 5-21 (c): Carbon Monoxide Gas Trace for Test 4.
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§.3.3. Test5

This test was to observe the impacts of adding water mist to the air upstream of the coal
fire burning in the wind tunnel. The fire was observed to grow to a fuel-rich state, at
which time the mist generation system was initiated. The fog system employed during this
test was the pneumatic assisted atomizing nozzles placed about four diameters upstream

of the fire.

The initial fuel load for this test was 50 kg of bituminous coal from the southwest Virginia
coal mining district. Approximately 36 kg of products were removed from the tunnel
following the test. The products consisted of unburned coal, coke, and some ash. A vast
majority of the remaining material was coal that showed signs of pyrolysis on the surface
exposed towards the interior, but unburned elsewhere. The effect of the fire on the coal

located at the top of the fire is shown in the photographs of plate 5-4.

5.3.3.1. Gas Trace Profile

The growth of this fire shows a slightly different pattern to that of the previous coal fueled
test. The oxygen concentration slowly drops from about 20 percent to 17 percent in the
first 10 minutes after the ignition fire was lit, see figure 5-25a. The fire accelerates
dropping the oxygen concentration to 10 percent in the next two minutes and to 0 percent
in the subsequent 2-1/2 minutes. The carbon dioxide profile, figure 5-25b mirrors this

activity.
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Plate 5-4: Coal Fuel After Water Spray.
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The carbon dioxide shows a relative maximum of about 17 percent and of about 18
percent corresponding the period that the oxygen concentration is at a constant minimum.
The profile of the initial maximum leading to a relative minimum is similar to that
experienced during the previous coal fueled test. A rapid increase in the carbon
monoxide, figure 5-25¢, concentration is associated with the first relative maximum in the

carbon dioxide concentration.

The fogging system was initiated at about reference time 10 minutes. At which time the
carbon dioxide shows a relative minimum of about 15 percent. The carbon dioxide
concentration increases to the second maximum about 5 minutes after the fogging is
begun. The decay of the carbon dioxide concentration from this maximum correlates to
the increasing oxygen concentration. The span of the carbon monoxide growth also

correlates well to the span of the carbon dioxide relative minimum, as was seen in test 4.

The carbon monoxide profile shows the expected growth and decay to the reference time
of 15 minutes. Following this time the trace exhibits two definite spikes (17 and 37
minutes) and a slight hump (23-30 minutes), these are considered to be anomalous. They
can be associated with the clogging of the disk filter element through which the gas sample

was drawn, with subsequent metering errors to the CO monitor.

5.3.3.2.  Pressure Profile

The airflow trend for this test shows two characteristics. The first is a relatively wide

distribution of points about the trend line shown in figure 5-26. The trend line shows a
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slight drop in the airflow as the fire accelerates. This is followed by an increase in the
airflow at ten minutes, this correlates to the initiation of the fogging system. As the fire
begins to decay the airflow shows a decrease at about 45 minutes. The second
characteristic of this data is the periodicity of the data that is about 5 minutes. That is, the
data does not appear to be randomly scattered about the trend line, but cycles back and
forth with a five minute period. The only guess for this would be fluctuations in the
frequency of the electric power delivered to the fan. (This guess being made on the
consideration that the speed of the fan, and hence airflow delivered, is proportional to the

frequency of the current.)

The histogram of this data appears to be relatively normal in the distribution, with perhaps

a skewness of the data toward the lower end.

The duct relative pressure chart, figure 5-27, shows the data in what appear to be two
segments. The first segment shows the relative pressure increasing as the fire accelerates,
a break in this data correlates to the initiation of the fogging system. With the initiation of
the fogging system the relative pressure drops and levels off as the fire decays. The
histogram shows the data skewed toward the lower end, which is easily explained as the
fire spent much of the time in the decaying condition. This data does not have the readily

apparent periodicity of the airflow data.

5.3.3.3. Temperature Profile

The temperature data associated with this test, figure 5-28, illustrates the relatively slow

growth of the coal fire, compared to the wood fires. The change in the growth rate is
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visible near time zero as the slope of the temperature surface increases. Due to the time
that the fire took to reach this point only the first 10 minutes preceding the acceleration to
the fuel-rich state are shown. These graphs also show that there was no reverse
stratification of airflow, nor was any visible in the video tape prior to the initiation of the
fogging system. In both views a distinct valley is visible at a depth of about 1.5 meters,
this is believed to be due to the thermocouple being shielded from the fire. This may be
due to the thermocouple element being caught between the bricks, or between a piece of

the coal and the lid.

The temperature ridge shows a brief decrease in the peak temperature between 10 and 21
minutes. The beginning of this drop correlates with the initiation of the fogging system.
The return to the normal level may be associated the fire re-stabilizing to the presence of
the water vapor and the thermocouples close contact to the top coal. The fire intensity
dropped off rapidly after the introduction of the water mist, however, some close flames
and glowing combustion remained after the fire had been returned to an oxygen-rich

regime.

The reverse view, figure 5-28b, illustrates the effect of opening the tunnel and exposing
the thermocouples to the open environment. The surface shows rapid cooling that

occurred as a result of opening the tunnel.
Of a noticeable occurrence in the temperature surface is the periodic nature visible at the 0

meter line. This line shows a period of about 10 minutes, which is marginally correlatable

to every other period in the airflow profile (figure 5-26).
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Table 5-7: Test 5 Video Tape Synopsis

Ref. Time Description

-0:08:42 Fire lit, view outside of vent port.

-0:08:35 View into vent port of ignited fire.

-0:07:36 Camera being moved to exhaust end.

-0:07:31 View into exhaust end of tunnel, no flame visible.

-0:07:26 Camera lower, flame visible.

-0:07:15 Some flame and daylight visible in tunnel.

-0:06:40 Only flame appears to be the ignition source.

-0:05:32 Smoke begins to thicken.

-0:05:25 Camera backs off, fire not visible

-0:04:45 Camera zooms out, smoke appears to disappear.

-0:04:35 Camera zooms in, smoke (blue-gray) visible at
outlet of tunnel, still no indication that coal has
begun to burn.

-0:04:30 Flames from ignition source appear to contact top.

-0:04:03 Smoke appears to be thickening and intensity of
the ignition source flames appear to be decreasing.

-0:02:55 Gray-black smoke begins to obscure view to
flames. Still only flaming appears in the ignition
source wood.

-0:02:42 Clockwise vortex of flame visible in upper right
hand side. (This is the opposite direction from
what would be expected.)

-0:02:20 Only flame visible is in lower left side. Very slight
on upper right side.

-0:02:12 Flash of smoke or flame in upper left side.

-0:02:10 Slight flicker of flame on coal in upper left corner.

-0:02:02 Smoke obscures much of the view, light from fire
is only evidence of burning. Can see only left half
of tunnel.

-0:01:55 All of burning is obscured by smoke.

-0:01:47 Some of flame visible, again only on left side of the
tunnel.

-0:01:35 Comment: Appears that smoke is turning black.

-0:01:20 Stronger burning on left side, visible through
smoke.

-0:00:12 Intensity of flames appears to be dropping, daylight

visible near top of fuel support frame, above
ignition source.
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Table 5-7: Test S Video Tape Synopsis - Continued

Ref. Time Description

0:00:03 Most of burning appears to be ignition source,
although some flames appear in side and bottom
coal, (may be diesel fuel).

0:01:09 Smoke begins to obscure view, some daylight still
apparent in to half of the picture.

0:01:20 Most of view obscured by smoke, some flames
visible in central region and in lower right corner.

0:02:03 Comment: Oxygen about 18%.

0:02:30 Fire not visible through smoke.

0:04:10 Camera zooms back - thick dark gray to black
smoke visible.

0:05:40 Smoke color changing to darker black and
thickening.

0:06:40 Smoke plume definitely thicker and darker.

0:06:44 White smoke clearly visible blowing away from
upstream side of tunnel (on out side), leakage.

0:07:18 Smoke plume now quite thick.

0:09:36 Smoke cloud thick and black.

0:09:40 Camera zooms in, cloud appears to lighten a bit at
the edges.

0:11:15 Thick smoke appears to have a slight brownish
tinge, but still dark gray.

0:11:55 Comment: smoke getting lighter.

0:12:08 Comment: something seems to be wrong with the
CO cell.

0:12:41 Comment: Smoke definitely getting thinner.

0:13:37 Some flame barely visible in bottom of frame.

0:13:51 Color of flame is becoming apparent in lower

ortion of picture.

0:14:14 Flames clearly visible in lower half of tunnel.

0:15:05 Flame that is visible on floor appears to be being
pushed downwards.

0:17:17 Flame burning on floor, “black out” area appears to
exist in central region.

0:17:25 Flame about half way up left side, one third up
right side and across floor.

0:17:30 Thick smoke may be obscuring burning on top.

0:17:43 Comment: Don't think that is burning on top.

200



Table 5-7: Test 5 Video Tape Synopsis - Continued

Ref. Time Description

0:16:52 Puff of smoke obscures entire picture.

0:16:57 Burning of floor and sides appears to intensify, still
no flames apparent on top.

0:17:05 Comment: Can see flame jets running along back.
(These are not visible in the tape.)

0:17:10 Some luminescence appears in the central region,
possible flaming.

0:17:39 Intensity of flames appears to be increasing, any
flaming on top is still not visible in the smoke.

0:17:53 Flames appear to be dropping out of the smoke
that is moving along the top.

0:18:02 Halo of flame appears to exist at lower interface of
thick smoke layer at top of tunnel.

0:20:15 Smoke layer appears to be thinning, flames
becoming visible on top region.

0:20:35 Comment: Gas burning towards the camera, not
lighting the coal as just previously.

Appearance is some yellow flames on coal surface,
but most of the smoke appears to be luminescent.

0:21:00 Puff of smoke obscuring view.

0:21:06 Intensity on top appears to be increasing, floor
decreasing.

0:21:46 Most of flaming appears to be occurring at
upstream end, with luminescent smoke flowing to
downstream

0:23:50 Hlumination of fog apparent in central region.
Largest flames in upper right corner.

0:24:23 Flames that are being produced on sides appear to
be being pushed to the sides.

0:24:40 Some vortex action present, but not distinct,
strongest effect appears to be that of having the
flames pushed out of the way, towards the sides.

0:25:51 Sag in the top portion of the coal support frame
clearly visible.

0:26:06 Some flames from floor, light flickers, but

downstream of glowing portion of floor.
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Table 5-7: Test 5 Video Tape Synopsis - Continued

Ref. Time Description

0:31:13 Flames subsided it light flickers on side, still strong
region in upper right side. Distinct glow in smoke
has gone.

0:38:29 Smoke appears to be thickening, flames light in
upper left, medium in upper right.

0:38:36 Comment: 45 Minutes

0:46:10 Flame in upper left out, flame in upper right is
weakening.

0:46:25 Flame in upper right exhibits weak and intermittent
counter-clockwise vortex.

0:49:03 Camera focused away from fire.

0:54:05 View of end of the fuel section. Comment: it’s not
burned it.

0:57:31 View of coal near ignition source. Vee pattern of

flame spread is visible.
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Figure 5-25 (a, b): Oxygen and Carbon Dioxide Gas Traces for Test 5.
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Figure 5-25 (c): Carbon Monoxide Gas Trace Profile for Test 5.
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Figure 5-26: Airflow Trend and Histogram for Test 5.
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5.3.4. Test7

This test was to observe the effects of the propane combustor/water vapor fire
suppression system on a fuel-rich coal fire. A synopsis of the video tape made during this
test is given in table 5-8. An event of specific note in the video tape is the mild propane
explosion that occurred during the time when propane bottles were being exchanged at

time 14-15 minutes.

This test is also noted in that several techniques were applied, in succession to attempt to
suppress the fire. The first was the propane combustor combination extinguisher that was
the original intent of this experiment. This device proved to rapidly suppress the fire for
the period that it was active. This is based on the observations made in the video rather
than gas analysis. The propane supply provided for about 10 minutes of combustor
burning. The combustor flame went out at 19 minutes, the water sprays on the combustor
were turned off at 23 minutes. The spinning disk humidifier was activated at about 26
minutes. At about 38 minutes water was sprayed directly into the fan inlet. All attempts

to extinguish the fire were stopped at 53 minutes.

5.3.4.1. Gas Trace Profile

The gas trace profiles for this test are shown in figure 5-29. The oxygen and carbon
dioxide traces show the common mirror image profile. The initial ignition of the fire is
visible in the brief spike in the traces that occur at minus 6 minutes. Beginning at time

zero the fire shows the two stage acceleration that has been visible in other two coal
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fueled tests. The fire accelerates, dropping the oxygen concentration from 20 percent to
12 percent in the first 5 minutes, then dropping to about 2.5 percent in the next 3 minutes.

The break in the slope is visible in both the oxygen and carbon dioxide curves.

The oxygen trace, figure 5-29a, shows a relatively stable concentration of about 2 percent
during the period that the combustor portion of the extinguisher was active, 9 to 19
minutes. Following the extinction of the combustor the oxygen concentration increases to
about 6 percent, at a time of about 23 minutes. At this time water flow to the misters in
the extinguisher was turned off. The oxygen concentration shows a decrease lasting about
2 minutes, until the spinning disk system was activated. Following activation of the

spinning disk system the oxygen concentration continues to increase as the fire decays.

The carbon dioxide trace, figure 5-29b, indicates a relative maximum occurring about two
minutes before the extinguisher system was initiated. The drop in the CO; level, following
the relative maxima was used to determine the fully-fuel-rich state of the fire. The
concentration of carbon dioxide increases shortly after the extinguishing system was
started. After the combustor portion of the extinguisher is turned off the CO, level drops
and remains fairly stable until the misting system is initiated and the fire begins its final

decay.

Concentrations of carbon monoxide, figure 5-29c, follow a pattern very similar to that
observed in test 4. The profile in this test, however, does not show the extreme peak that
was observed in the initial coal fueled tests. The initial growth of the CO level in this test

is also similar to that observed in test 5.
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5.3.4.2.  Pressure Profile

The airflow trend and histogram for this test are shown in figure 5-30. The airflow trend
shows a steady decrease in the overall airflow through the 40 minute time mark. A slight
increase in the airflow is shown in the trendline that does correspond to the time period in
which the combination extinguisher was active. This figure illustrates only the time until
the water was sprayed directly into the fan. Following this action the trend indicated a
marked decrease in the airflow. This was most likely an artificial condition caused by

water collecting on the static pressure taps.

The airflow histogram illustrates a relatively normal distribution of the data about a mean
of 0.0725 m’/s. This data appears to be slightly skewed towards the lower flow end. In
the absence of reliable data for the later portion of the fire life it is difficult to determine if

the data indicates any throttling effects.

The duct relative pressure profile, figure 5-31, shows a sharp increase in the pressure
during the acceleration phase of the fire. A slight drop in the relative pressure occurs that
corresponds with the time that the combination extinguisher was in operation. Following
the cessation of the water mist in the extinguisher the trend shows a return to the
increasing relative pressure. The histogram must be interpreted based on the relationship
between the range distribution and the trend data. Without additional information, the
histogram appears to represent a bimodal distribution that could be indicative of throttling
effects. However, the first peak in the data, about 5 Pa, occurs about an inflection in the
trend and at the relative minimum at 21 minutes; the second peak, about 25 Pa is the

combination of the first and second relative maxima. For these reasons the data cannot be
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construed to be indicative of throttling, although the trendline shows a definite pressure

trend that can be associated with changes in the fire status.

5.3.4.3. Temperature Profile

The temperature surface views for this test are shown in figure 5-32. An initial spike in
the temperature, near the upstream end of the fire, indicates the first burning of the
ignition source. That this source experience some decay prior to the coal igniting is
evident in the saddle that is visible between -6 and 0 minutes. The action period of the
combination extinguisher is visible in the hump in the temperature at a distance of -2.5 to 0
meters from the time of 9 to 21 minutes. The presence of this hump and the sharp break
in the surface at the O meter distance is indicative of the absence of reversed stratified
flow. No evidence of this condition was seen in the visual record of this test or in the field
observations. This test was terminated at a time when the oxygen concentration returned
to a value greater than 15 percent. That the fire was still active at this point is shown by

the continued high temperatures at the end of the data set.

There is a “hollow” in the data during the time period 15 to 41 minutes that extends back
to a depth of about 3.5 meters. This is due to the rejection of temperature data that was
obviously erroneous, evidenced by the ridiculously high values. The duration of the

elevated temperature state may be due in part to heat stored within the bricks.
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Table 5-8: Test 7 Video Tape Synopsis

Ref. Time. Description

-0:07:53 Fire has been lit.

-0:07:29 Flame from ignition source appear to be contacting
top.

-0:05:20 There still appears to be some daylight in the upper
right corner (viewed from upstream end).

0:08:28 Comment: 2.97% oxygen.

0:08:43 Bubble is visible in water delivery tube, indicating
start-up of combination extinguisher system.

0:08:50 Mist visible through combustor.

0:08:58 Propane flame ignites.

0:09:47 Water visible pooling on floor of the fire entrance
section.

0:10:57 Focus on flame in upper-left of coal section, still
appears to be burning fairly vigorously.

0:11:25 Comment: Color of smoke has changed.

0:11:43 Camera being moved to exhaust end of tunnel.

0:12:09 Camera at exhaust end of tunnel, coal flames are
red-orange on the lower right and left sides.
Propane combustor flame clearly visible.

0:12:23 Products down stream of coal appear to have a
red-orange glow.

0:13:02 Fire not visible, camera off line to fire.

0:13:33 Fire again visible as camera is re-centered.

0:13:47 Intensity of flames on sides of tunnel appears to be
increasing. Combustor flames are still visible.

0:14:30 Combustor flame goes out.

0:14:31 Large puff of smoke blocks all visibility.

0:14:33 Bright orange flash down stream of the coal
section.

0:14:35 Fire has rapidly accelerated with extinction of the
combustor (even though the nozzles are still
delivering water).

0:14:42 Large puff of smoke.

0:14:45 Some flaming visible through smoke, appears to be
subdued.

0:14:48 Flame visible in combustor. Slight flame visible in
coal fuel section.

0:14:50 Smoke obscures all flames.
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Table 5-8: Test 7 Video Tape Synopsis - Continued

Ref. Time Description

0:14:52 Clearing smoke reveals combustor flames and what
appears to be flames accelerating along fuel length.

0:16:41 Flames appear to be increasing, but look like
glowing gases rather than flames neat the fuel
source.

0:17:08 Flame in combustor still clearly distinct from
burning coal.

0:19:05 Most notable is the flames holding to the floor with
little or no flaming on top, some flame in upper
right corner, appears near the upstream end of the
fuel load.

0:20:01 Flame in combustor disappears.

0:20:03 Flaming in the coal fuel section appears to have
accelerated.

0:20:42 Flame appears to be moving towards the back, has
expanded to cover floor and sides.

0:22:24 Appearance of dark center “hole” with bright
yellow/white flames. Surrounded by reddish pink
halo.

0:22:30 Comment: Water mist from combustor stopped.

0:23:09 Full circle of flames around dark central region.

0:27:34 Spinning disk spray on, intensity of flame appears
to be subsiding in upper right hand side.

0:36:37 Vigorous section of flame is in lower left corner
and on sides. Primarily left side.

0:40:42 No flame apparent in top coal.

0:41:12 Comment: spray water directly into the fan.

0:45:32 Fire tunnel no longer taped.
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Figure 5-29 (a, b): Oxygen and Carbon Dioxide Gas Traces for Test 7.
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Figure 5-29 (c): Carbon Monoxide Gas Trace Profile for Test 7.
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6. Discussion

This chapter, Discussion, will lead to the following chapter in which the conclusions of
this research are to be drawn. Thus this chapter will be somewhat subjective in its
approach to the evaluation of the results presented in the previous chapter. Based upon
the general observations that have been made during the course of the documented
research it seems prudent to cover aspects ranging from the development of the wind
tunnel through to the fire tests. This will include the design of the tunnel, the procedures

used, the data collection system, data analysis, and observations of the experiments.

6.1. Tunnel Design

The design of the tunnel was an important factor in the test program and is worthy of

some discussion. Again, this will be based on the functional units of the tunnel structure.

6.1.1. Fire Section

The design of the fire section of the wind tunnel proved to be very convenient for the

conduct of the tests. By having a fully opened top the fuel could be easily loaded into the
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tunnel and the ash could be easily removed. The fiberglass insulation that was used as
gasket material appeared to function well in restricting the leakage of fumes from the fire.
An area that appeared to be a source of greater leakage was the mortar joints between the

bricks.

When the lids were removed from the tunnel following the first of the coal fuel tests the
gasket material was observed to have melted and fused to the fire brick. This condition
shows just how hot the fire actually was. The internal temperature of the tunnel could

also be seen during the tests in the glowing of the brick in the vicinity of the fires.

A mild explosion of propane gas, during the last test, proved the use of the vent
immediately upstream of the fire. The vent was observed to leap about 4 inches as a result
of the explosion. The vent settled back into position after the explosion had passed. No
damage to the tunnel structure or facilities was observed immediately after the explosion

nor at the conclusion of the test.

6.1.2. Airflow Control

The airflow control system, based on the orifice and waste gate, proved to be capable of
providing a consistent and repeatable supply of air to the fire. Although a full suite of

flow control orifices were designed and tested only one was used during the fire tests.
Differences in the design and field performance of the airflow control system were

experienced. This condition is illustrated in figure 6-1. The case shown is based on the

performance of orifice number 6, in the series. The remaining orifices exhibited similar
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deviations in their performance. The indication being that the characteristics of the tunnel

can be predicted based upon the test data.

The airflow profiles developed during the flow quantity tests show that a relatively flat
profile is developed across the duct immediately in front of the fire. A typical profile is
shown in figure 6-2. All of the measurements taken show a similar pattern, including a
slightly higher velocity on the right hand side of the duct. This is most likely due to
acceleration of the air at the bend upstream. The peak velocity in the skewed region is
about 34% higher than the mean velocity in the duct, thus V., is about 0.75 Ve The

impact of this condition is most likely negligible to the overall system.

6.1.3. Fogging Systems

Three separate fogging systems were used to generate the large quantities of water mist
required in controlling the fuel-rich fires. Problems that were found with these systems
can be associated with either the scale of the experiments or with the design of the fogging
system itself. One key problem with the fog is the interaction of the mist particles with the
walls of the tunnel, and the interaction of the mist with itself. During the lower levels of
airflow experienced during the tests these two actions (impingement and coalescence)

appeared to be significant in the reduction of the fog that could reach the fire.
The spinning disk system was initially chosen for its ability to produce a fog that is well

dispersed in the desired size range. The ability to produce a relatively large quantity of fog

without the introduction of additional air was also a chief consideration. In order to make
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visual observations of the fire, the spinning disk was placed upstream of the ninety degree
bend and window. As mentioned previously, in section 5.1.2, the ability of the air to carry

fog decreased as the airflow quantity decreased.

Observations made during the full sized wood fire (test 3) indicated that a very large
quantity of the water was being lost from the air. This reduction in the amount of water
available in the fog may have attributed to the apparent lack of effect by the fog on the
fire. The results from the fog system tests, for the spinning disk, indicate that under the
test airflow conditions only 45 percent of the water is effectively converted to a fog.
Thus, for the 0.035 kg/s (33 gph) rated capacity of the fogging system, 0.016 kg/s (15
gph) was converted to fog, while 0.019 kg/s (18 gph) ran along the floor of the tunnel to

leak points.

The overall lack of efficiency in the system for carrying the fog in the tunnel entry, or mine
entry for that matter, needs to be a consideration in the application of fog systems for
controlling fuel-rich mine fires. This will be of particular interest if the fog must be carried
over a long distance, of perhaps many hundreds of meters, under high Reynolds number
conditions. The bulk turbulent flow will increase the likelihood of collisions and
interaction between the water droplets. As the droplets agglomerate they will reach a
point where they can no longer be carried in the air stream and will begin to “rain” out.
The action of the turbulent air will increase the likelihood that the water particles will
come in contact with the drift surfaces causing the water to be removed from the air by

impingement.
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An alternative fogging system was used for the first of the fogged coal tests. This system
used an array of twelve pneumatically assisted impingement spray nozzles. The nozzles
used for the test were about the smallest made their manufacturer. The bench test of the
array seemed to indicate that the nozzles were effectively producing a fine mist with little
loss in the jet region of the nozzle output. When the array was installed in the wind-tunnel
the results seemed quite different, most probably due to the impingement of the sprays

against the interior surface rather than the interaction of the individual sprays.

During the tests in the tunnel, compressed air was supplied to the nozzles with a portable
compressor rather than off of the compressed air system in a near by building. The key
weakness in this scheme may have been inadequate filtration of the air prior to being used
by the nozzles. The air carried oil and other contaminants that could have affected the
performance of the nozzles. Such an effect may have been intermittent since the systems
appeared to work nominally after removal from the tunnel, when connected to the building

services.

One comment regarding the application of the pneumatically assisted nozzles used in the
above array, and in the combustor, which follows, is that the quantity of air required for
the desired atomization represents about 0.13 % of the entire tunnel airflow per nozzle. In
the case of the nozzle array the increase in airflow due to the nozzles was about 1.6 %,

and in the case of the combustor about 0.52 %.

Based upon the observation that in an enclosed environment, such as the mine entry or
ship’s compartment, much of the effect of the water can be attributed to the displacement

of oxygen, the combination extinguisher was developed. The net effect desired of the



combustor was to reduce the oxygen concentration to a level below that at which flaming
combustion could be sustained. To accomplish this a propane flame was used to convert
some of the oxygen to carbon dioxide and water vapor, and to produce heat for the
vaporization of liquid water into water vapor. The liquid water was injected into the
combustor with the same type of nozzle that was used in the above array, to be converted

to a vapor.

With the combustor in operation, the combination extinguisher appeared to effectively
convert much of the injected water into a vapor, at least until the bulk temperature fell
below the boiling point of the water. When the combination extinguisher was tried against
the wood fueled fire the flaming combustion of the wood was extinguished at the time that
the propane fuel was ignited. During this test (number 6), injection of the water began
after the propane flame was ignited. The fire was quickly brought back to a point where it

could not rekindle, leaving much of the initial fuel load un-burnt.

Given the very positive results indicated by the rapid extinction of the plywood fire a very
optimistic approach was made in the attempt to control a fuel-rich fire of coal fuel.
During this test (number 7), the water spray system was initiated prior to the ignition of
the propane burner. This was done in the hopes that the water spray might provide a
barrier between the fire and the propane fuel prior to the ignition. Since this extinguisher
consumes and displaces oxygen little evidence for the control of the fire can be gained
from the gas trace data. Some of the most compelling evidence of the control that was
gained over the fire is visible in the video tape. A point of considerable importance is the

rapid regrowth of the fire at time 0:21:35, where 5 seconds after the combustor flame was
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extinguished (to change fuel bottles) the fire has rapidly accelerated despite the continued

application of water mist.

This transformation in the state of the fire was rapidly reversed when the second fuel
bottle was attached and the burner re-ignited. (Following the mild explosion in the tunnel.)
The effect of the combination extinguisher is visible in the gas data when one considers
that the period of the fire lasts for only about 10 minutes. This is compared to 30 minutes

for the baseline fire (test 4) and about 8 minutes for the purely fogged fire (test 5).

6.2. Procedures

The general procedures used during the tests are covered briefly in chapter 5 of this thesis.
The discussion of the procedures here is intended to review the possible relationships

between the procedures and the data that was collected.

6.2.1. Start-up Tests

The start-up tests were used to verify the design of the tunnel prior to the initiation of the
actual fire tests. These tests included verification of the flow control system and the
airflow profile entering the fire section.

6.2.2. Wood Fuel Tests

The wood fueled tests used slabs of pine plywood formed into an open ended box with

interior dimensions of about 26 centimeters (10.25 inches) square. A piece of the
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fiberglass insulation was used as a gasket between the fuel box and the brick tunnel, at the
upstream end to limit the flow of air on the outside of the fuel load. During the growth
phase of the fires, there appears to be tongues of flames flowing through the gap where
the top piece of wood is screwed onto the side pieces. While it can be considered that the
flame did in fact pass through this gap it is also likely that the flame could have been
quenched by the gap. In either case the outcome of the flame is relatively insignificant

compared to the growth of the fire in the confines of the interior duct.

Insertion of the thermocouples through the fuel was made with holes drilled in the wood

for the placement of the couples.

6.2.3. Coal Fuel Tests

The coal fueled tests were made with lump coal of about 2.5 centimeter size (1 inch),
where possible large flat pieces where used to provide a flat surface for the fire to spread
upon. The lumps were held around the interior surface of the tunnel with a metal grate,
folded from expanded metal grating. The inside dimension of the grate was about 24

centimeters (9.5 inches) square.

One aspect of concern with the use of lump coal versus full size slabs of coal is the
increased surface area. The additional surface area would allow the fire to spread more
quickly and have a greater fuel vaporization area for a given length of duct. The result of
this appears to be that the fire would be more fuel-rich for a given length compared to a

slab fueled fire and that the fire would burn more quickly for a given fuel load.
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Efforts to ignite the coal required that a wood fueled fire be lit at the upstream end of the
coal fuel. The ignition fire nearly filled the entry causing increased local air velocity for
the fixed flow quantity. The higher velocity appears to have effectively fanned the flames
assisting in the growth of the fire and lighting of the coal. The affect of the initial wood
fire is probably of little consequence in the efforts to extinguish the coal fire as most of the
wood had been consumed by the time that the extinguishing efforts were made. This fact

is visible in the video tape records of each of the tests.

6.3. Data Collection Systems

The data collection system used during the testing proved to be fairly reliable in its
function and ease of use. The specific strengths and weakness of the system that were

encountered will be covered in more detail below.

A point of some concern with the data collection system is the rate at which sampling is
performed. To evaluate a wave form it is typical to sample at a rate ten times the event
period, this allows for the development of a representative wave form. During the tests
performed the sample recording rate varied between 3 samples per minute and 1 sample
per minute. This resulted in data sets with between 50 and over 200 valid data records.
Due to the long duration of these tests relative to the growth of the fire and its transition
for oxygen-rich to fuel-rich the most critical data collection period is during the growth
phase. The transition from an oxygen-rich to a fuel-rich state takes about 10 percent or

less of the total time of the fire life.
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6.3.1. Gas Monitoring

Many of the conclusions that are drawn in this thesis are based on the gas content of the
exhausts. This is due to the fact the gas concentration records, particularly for oxygen and
carbon dioxide, are the most complete through the life cycle of the fire. The instruments
used were basic off-the-shelf types that might be used as part of a mine monitoring system.
The characteristics of these instruments have been discussed in chapter 4.2.3.1 of this

thesis.

The measurement of the carbon dioxide and oxygen proved to be the most reliable of the
measurements taken of the gas concentrations. The carbon monoxide measurements are
affected by the fact that an extreme dilution of the sample was required to obtain a range
that was acceptable to the sensor. The dilution factor that was finally used for the coal
fires was 500 times. This extreme dilution magnified one problem that was found
concerning the low end calibration of this sensing unit. The unit zero was calibrated
against ambient air in a machine shop, when the unit was taken to the outside the zero
seemed to drift downwards so that ambient conditions were indicated as a minus
concentration. ~ With the diluent added the resulting indicated carbon monoxide
concentration varied between -500 and -1000 ppm. This fact is relatively insignificant
compared to the peak values of carbon monoxide that approached 35000 ppm during test
4. The trend in the concentration of carbon monoxide during the test is clearly visible,

despite the off-set induced by the shift in calibrated zero.
Measurement of methane concentration was inhibited by the type of cell that was used.

The pellistor cell requires oxygen to be available for the catalytic oxidation of the methane

and combustible gases that are being measured. Clearly when the fire was in a fuel-rich
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regime measurements of the combustible gases could not be made with the pellistor cell.
In test 4, prior to the demise of the methane cell, a peak is shown in the methane
concentration that correlates with the peak carbon monoxide concentration. It is unclear
what may have affected the readings indicated by the sensor. The calibration of the
methane sensor could not be checked following this test, nor could it be calibrated in later
attempts after giving the sensor time to relax. Clearly the sensor had been excessively

poisoned during test 4, and perhaps was affected by the previous tests.

Should further testing be desired, with the application of methane measurements, the gas
sample should be diluted with fresh air prior to introduction to the sensor. This could be
done with a mixing system similar to that used for the carbon monoxide measurements.
One consideration is that a separate vacuum pump would be required to facilitate this.
The actual sample could be mixed with the fresh air and measured prior to passing through
the pump, or the pump could be used to move the fresh air into the system mixing with the
sample that has been drawn through the carbon dioxide cell (as is currently configured).
Another alternative is the use of compressed air, this would be restrictive based on the
pressure capacity of the metering system and would require in line filters to remove water

and oils from the air.

The development and decay stages of each of the fires are clearly evident in these data.
The carbon dioxide traces, in the coal fires, also provide the indication that the fire has
become truly fuel-rich, evidenced by the drop in carbon dioxide (in favor of carbon

monoxide).
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6.3.2. Temperature Measurements

The measurements of the temperature were taken with J-type thermocouples, that is Iron-
Constantan type. Thermocouples of this type are usually rated to a maximum temperature
of 1200°C. The couples were located on the centerline of the tunnel about 2 centimeters

below the top inside surface.

One problem that was found with the thermocouples was that they did not seem to
provide an accurate temperature reading as the fire was directly in contact with the couple.
Based on the assumption that the adiabatic flame temperature for most hydrocarbons is
about 2500°C, the couples may be affected by the direct contact with the flame. Since the
measurements did provide data that was obviously in error much of the data over 1000°C
was rejected from the each data set. When the remaining temperature data was plotted as

a surface across depth and time a fair representation of the growth of the fire remained.

These surfaces do seem to provide fair and reasonable indication of the location and

intensity of the fire.

Some of the thermocouples appeared to have been affected by the positioning during the
tests. During one of the tests a thermocouple exhibited a highly delayed reaction to
warming. Since this particular couple was downstream of the fire it is likely that it had
slipped up between the bricks on the lids, thus it was indicating the heating of the bricks
rather than of the air. During the second coal test one of the couples appears to have been
in contact with a piece of the coal fuel. Indications for this condition are a delayed

reaction in the elevation of the temperature, and the later readings of temperatures well
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above the valid range. The later being an implication that the couple was in direct contact

with the flame, meaning that is was not caught between two of the bricks.

6.3.3. Pressure Measurements

The pressure measurements were made across the metering orifices with static pressure
tubes set at the centerline of the duct. The pressure drop across the orifice proved to be a
consistent measure of the airflow, based on the results of the start-up tests of this part of

the system.

A weakness of the pressure measurement system is clear in the records of the duct static
pressure. This measurement can be used as a relative measurement to observe changes in
the system status even if the true magnitude of the change is not evident. Had the
measurements of the duct static pressure been an accurate representation of the true
physical state then all of the data would have a positive value; a simple fact of having a

forced ventilation wind tunnel.

6.3.4. Video Tape and Photographs

The use of video tape and photographs of the fire tests provides a record of the
experiments that can allow for a degree of subjective analysis after the fact. The general
application of a video record provides a continuous record of the visual observations, to
the degree that the fire is visible. Photographs, on the other hand, provide a sequential
record of moments during the test. Both of these systems allow for the repeated

observation of the growth and decline of the fire.
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Unfortunately the nature of the experiments precluded having the cameras immediately
adjacent to the area of interest. Downstream viewing of the fire was hampered by the
thick smoke; observation of the upstream conditions during fogging was prevented by the
total opacity of the fog. Despite the obvious limitations of trying to film the fires the
visual records of the fires appear invaluable in the permanent records of the tests

conducted.

During most of the experiments, photographs of the fires were taken through a number 12
filter. This filter blocks much of the green through violet spectrum and is typically used in
visible light aerial photography to cut through haze. During the experiments the filter was
used to reduce the blue and green contamination in the pictures so that the reds and
yellows from the fire would stand-out against any background. Photographs obtained by

this method are illustrated in plates 5-1 and 5-3.

6.4. Data Analysis

Perhaps one of the most difficult aspects of the thesis is the data analysis. It is entirely
arguable that the conduct of only seven tests can hardly be used to prove or disprove the
concept of the effect of water mist on a fuel-rich fire. Furthermore, the fact that four of

the seven tests were applied to wood fuel hardly qualifies them as applicable to coal fires.

These arguments can be seen as the justification for the discussion section of this thesis.
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A very compelling argument of the acceptance of the conclusions that can be drawn from
the data pool is the consistency in the development stages of the fires. All of the fires in
the tunnel exhibit very similar growth patterns, including the noticeable acceleration as the
oxygen concentration falls below 12 percent. The existence of this point is consistent with

the findings of Roberts and Clough (1967a).

6.4.1. Gas Analysis

An interesting analytical procedure is to observe the slope of the gas traces. Ideally this is
the first derivative of the trace profile, however, for simplicity the slope between two
successive data points was used. The resulting line was further smoothed by using a five
period moving average. The results from test 4, the baseline coal fire, are shown in figure
6-3. The oxygen trace profiles, figure 6-3a, show the rapid growth of the fire and the
transition between the oxygen-rich and the fuel-rich regimes, occurring at a time of 6
minutes, as the concentration drops below 12 percent. At this point the change in

concentration moves from about -2 % per minute to -6 percent per minute.

Once the fire has reached a fully fuel-rich stage, the oxygen comes to a steady state value.
As observed during this test it is somewhat below 0 %, a physical impossibility. The
recording of this condition may be due to one of two factors, either a calibration error or
the interaction of an unknown species on the oxygen sensor. The post-test calibration
check revealed no significant drift in the set points for the instrument, however, this does

not rule out the role of the calibration set points.
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At a time of about 35 minutes the oxygen concentration begins a steady rise as the fire
begins to decay. The exponential character of this portion of the curve seems to indicate
that the fire makes a relatively quick transition away from the fully fuel-rich stage to
allowing some unreacted oxygen through the fire zone. However, the final demise of the

combustion process is slow as the fire ultimately burns through the glowing phase.

The carbon dioxide traces, figure 6-3b, show a similar growth profile as the oxygen traces.
Of particular interest in the carbon dioxide trace is the relative minimum that occurs in
conjunction with the total depression of oxygen (see figure 6-3a). This characteristic in
the carbon dioxide concentration can be expected when one considers that this gas is the
result of oxidation of carbon monoxide. While the fire is fully fuel-rich there is insufficient
oxygen available to fully oxidize the carbon monoxide that is produced, thus the
concentration of carbon dioxide should have a relative minimum that corresponds to the

peak levels of carbon monoxide.

When the carbon monoxide traces, figure 6-3c, are reviewed the expected peak value is
found to correlate to the relative minimum in the carbon dioxide trace. The fact that the
concentration trace exhibits a spiked peak, rather than a steady state value, may indicate
that the fire did not reach a steady state of carbon monoxide production. If this was the
case, it is possible to surmise that the fire section did not provide an adequate fuel supply

due to two possible factors. First, there was an insufficient mass of fuel available.

236



Oxygen

20
15 1
3
e 10 ¢
]
g
€ )
g 5| "
[ /
(&]
0 - /!
-5 t + + ; t ; t t ;
-10 10 20 30 40 50 60 70 80 90 100
Time (min)
Oxygen
Five Period Moving Average
6
£ 4]
E
3
c 2
2
g ol } /“*\'\«,\-\MMMM’J"\_W
: /
§ -2
S 2 ¢
k]
2 4y
:
5
= 871
-10 f + + + ; : t : ;
-10 10 20 30 40 50 60 70 80 80 100

Time (min)

Figure 6-3a: Oxygen Trace and First Time Derivative for Test 4.
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Second, there was insufficient surface exposure of the available fuel. The second case is
unlikely since lump coal fuel was used, rather than slabs of coal. If there was an
insufficient amount of fuel available this would indicate that more of the tunnel would
need to be fuel lined, beyond the 8-1/2 diameters used during testing. It is unlikely that an
addition 1-1/2 diameters, to a total of 10 as originally designed, would be sufficient. In
order to obtain the steady state carbon monoxide production, further testing should
consider a fuel load of as much as 20 diameters of the tunnel. (Perhaps even as much as
30 diameters, as suggested by Roberts (1971) as the length of the pyrolysis zone of a fully
developed fuel-rich fire.)

The results of the first time derivatives during test 5, the fogged coal fueled fire, are
shown in figure 6-4. The oxygen traces, figure 6-4a, shows the rapid growth of the fire.
Although the transition from an oxygen-rich to a fuel-rich regime occurs at about 12
percent, it is not as pronounced as that observed in tests 4 and 7. The oxygen
concentration reaches a steady-state value just above 0 %. This condition lasts about 8
minutes, at which time the oxygen concentration rapidly increases, in an exponential
profile as the fire decays. The initial increase in the oxygen concentration, at a time of 16
minutes, occurs about 7 minutes after the water sprays have been turned on. The duration
of the total oxygen depression in this test, 8 minutes, is less than one-third of that
observed in the baseline test, 30 minutes. Furthermore, the oxygen concentration in this
test reaches 15 percent at Jeast 80 minutes sooner than the baseline test, following the

initial increase in oxygen concentration.

The carbon dioxide traces, figure 6-4b, show the decreasing concentration as the fire

becomes fully fuel-rich. This point was used as the indication that the conditions desired
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had been achieved, and the water sprays could be initiated. There is a brief lapse between
the water sprays being started and a reaction by the fire. The reaction observed in these
traces is an increase in the concentration of carbon dioxide. The final decay of the carbon
dioxide concentration occurs in conjunction with the increasing oxygen concentration,

indicating the decay in the fire intensity.

Two possible explanations for the increase in carbon dioxide following the initiation of the
water sprays can be presented. First, that the amount of fuel available is being decreased,
that is the water sprays are effectively working against the fire. Second, that water is
undergoing dissociation, with a net increase in the available oxygen to support oxidation
of carbon monoxide. Although this case may be a factor, the dissociation of water is
endothermic (about 27214 kJ/kg) and would be occurring very close to, or in the flame
structure, therefore have a quenching effect. It can be noted that the dissociation of water

becomes appreciable at temperatures exceeding 1300 °C (Keenan, et al. 1969).

The carbon monoxide trace, figure 6-4c, indicates a pattern that is very similar to that
experienced in the baseline test. The peak level of carbon monoxide is about 1/3 of that
seen in the baseline test, however, the levels are very similar based on the fire growth.
The concentration when the water sprays were started was about 10000 parts per million,
at a time of 9 minutes, in the baseline test the concentration at 9 minutes was about 9000
parts per million. The trace of this tests shows a decreasing slope following the initiation
of the water sprays. The beginning of the drop in carbon monoxide concentration

correlates to the increasing carbon dioxide at a time of 10 minutes.

241



Oxygen

20
18 +
16 1 E Mist Spray On
14} F
£ !
A | /
€101t !
S \
g 8¢ |
3 \
6 1 :
\
41 :
|
2 1 |
\
-10 0 10 20 30 40 50 60 70
Time (min)
Oxygen
Five Period Moving Average
2
E Ot
olln - R
c
2 A
T -1
T
8 2
Q
o
5 37
2
g
3 5 1
E
F 6
-7 ‘ f ‘ + t ; i
-10 0 10 20 30 40 50 60 70
Time (min)

Figure 6-4a: Oxygen Trace and First Time Derivative for Test 5.
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The spikes on the carbon monoxide traces that occur at times 15, 25, and 36 minutes
should be neglected since they can be correlated to problems experience with the sample
metering system for this gas. Neglecting the first of these spikes, and projecting the initial
decay slope, as shown in figure 6-4c, the width of the period where the gas is greater that
1500 parts per million is about 15 minutes, compared to about 35 minutes in the baseline

test.

The results of the first time derivatives during test 7, the combination extinguisher on coal
fueled fire, are shown in figure 6-5. In the oxygen traces (figure 6-5a), the transition
between the oxygen-rich and fuel-rich regimes is clear as the slope of the changes from -2
%/min to -5 %/min at a time of 5 minutes. Once the fire has reached full growth the slope
of the trace line settles, very quickly to nearly zero. At this point the combination
extinguisher is ignited with the misters on. When the combustor is turned off, with the

misters left on, the concentration of oxygen rises, until the misters are turned off.

The elevation of the oxygen concentration during this time period is most likely due to
unreacted oxygen that was previously being consumed by the combustor. Obviously,
some of this newly available oxygen will be consumed in the fire; however, the fact that
some passes through the fire zone is indicative that the fire was being suppressed by the
action of the combination extinguisher. The suppressing effect of the mist alone can be
seen in the reaction of the fire in reducing the oxygen concentration of the exhaust during
the time period between mist being turned off and the spinning disk being started. The
reaction of the newly available oxygen is visible in the acceleration of the fire following the

flame out of the combustor. The effect of the mist provided by the spinning disk is evident
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Figure 6-5a: Oxygen Trace and First Time Derivative for Test 7.
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Figure 6-5b: Carbon Dioxide Trace and First Time Derivative for Test 7.
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in the rise in the oxygen concentration following its start-up. Spraying water directly into

the fan, to supplement the spinning disk appears to have had little or no effect.

A more provocative effect of the combination extinguisher can be seen in the carbon
dioxide traces (figure 6-5b). The expected response of carbon dioxide during the fully
fuel-rich phase of the fire is shown in the traces from test 4 (figure 6-3). In the baseline
test the carbon dioxide concentration has a relative minimum during the period of fuel-rich
combustion. In test 7 the concentration of carbon dioxide begins a decrease as the fire
enters the fuel-rich phase, at time 7 minutes; approximately 1 minute after the combination
extinguisher is lit this concentration rises again to a level of about 19 percent. The return
to that level occurs much more quickly than would be expected relative to the baseline
test. A sharp decline in the carbon dioxide concentration correlates to extinction of the
combustor, as the associated increase in oxygen. The remainder of the carbon dioxide
trace neatly mirrors the oxygen trace. The time derivative line for carbon dioxide seems to
show much more erratic behavior than the same line for oxygen. This may be due to the

dynamic interactions in the CO/CO, chemistry.

The carbon monoxide trace, figure 6-Sc, shows a single spike that is similar in form to that
experienced in the baseline test. The growth of the carbon monoxide concentration
appears to be retarded compared to the baseline and fog only tests. This spike appears to
be relatively symmetric above 1500 part per million concentration. The width of the spike

in this range is about 18 minutes, compared to about 35 minutes during the baseline test.
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6.4.2. Pressure Profiles and Airflow Rates

One of the factors used as a constant between the tests was the airflow rate. Since the
airflow was metered off of the differential pressure across an orifice calibrated to standard
pressure the airflow measurements are in standard volumetric units. Figure 6-6 shows the
mean airflow rates and + 1 standard deviation for the seven tests. This chart illustrates
that all of the tests, except number 6, exhibit an airflow between 0.070 and 0.072 m’/s.
Test number three appears to have a very wide standard deviation, fully encompassing the
first standard deviation of the remaining tests, except 6. Test 3 also shows the lowest

mean airflow.

In the presentation of the results, in chapter 5, some mention of the pressure and airflow
data was made. In that chapter the range and distribution of the airflow and a relative
pressure data was made. The descriptive statistics of this data are shown tables 6-1 and 6-
2.

Based on the assumption that the data is normally distributed, the skewness represents a
measure of how well the samples are centered on the mean. Unfortunately the skewness
tends to be a weak indicator of the data and should be used with caution when its value is
less than W for the respective data set (Press W. H., et al. 1992). This indicator
value is given in the descriptive statistics tables. Based on this limit of application only
test 4 shows evidence of skewness in the airflow data. Tests 2 and 4 show evidence of

skewness in the relative pressure data.
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Table 6-1: Descriptive Statistics of Reported Airflow Data.

Flow Statistics 1 2 3 4 5 6 7
Mean 0.0722| 0.0730| 0.0709 0.0715| 0.0737| 0.0774| 0.0723
Standard Error 3.7E-05| 3.9E-05| 4.1E-04| 4.6E-05| 8.4E-05| 6.4E-05| 4.3E-05
Median 0.0721] 0.0730 0.0710 0.0714| 0.0738| 0.0774| 0.0723
Mode #N/A #N/A #N/A| 0.07197( 0.07384( 0.07735| 0.07204
Standard Deviation 0.0003| 0.0003] 0.0046| 0.0007| 0.0012] 0.0007| 0.0005
Sample Variance 7.3E-08| 1.1E-07| 2.2E-05! 4.4E-07| 14E-06| 5.0E-07| 2.9E-07
Kurtosis -0.4861f -0.0195 0.7534 0.3318] -0.1896| -0.7530] -0.0678
Skewness 0.2841| 0.0935| -0.5524| 0.7328[ 0.1965( 0.0245| 0.2992
Range 0.0011| 0.0016| 0.0242| 0.0034| 0.0060| 0.0029| 0.0027
Minimum 0.0716| 0.0723 0.0585 0.0700| 0.0709 0.0758| 0.0711
Maximum 0.0727| 0.0739 0.0827| 0.0733] 0.0769] 0.0787| 0.0738
Sum 3.897 5.474 9.145 14.664| 14.673 9.596| 11.207
Count 54 75 129 205 199 124 155
Confidence Level (95.00%) | 7.2E-05| 7.6E-05| 8.0E-04| 9.1E-05| 1.7E-04| 1.2E-04| 8.5E-05
(SQRT 15/ Count) 0.5270] 0.4472 0.3410 0.2705] 0.2745| 0.3478| 03111
(SQRT 96 / Count) 1.333 1.131 0.863 0.684 0.695 0.880 0.787
Table 6-2: Descriptive Statistics of Reported Duct Pressure Data.

Duct Pressure Statistics 2 3 4 5 6 7
Mean 12.9203] 8.7187] -14.8876] -9.4186| -18.4413] 16.0740
Standard Error 04638 0.6905 0.7900| 0.6067| 0.4833| 0.8110
Median 13.5882| 9.87242| -17.3083|-11.7368| -17.7133| 18.7669
Mode #N/A #N/A -24.6013| 2.04939| -17.3955| 18.1874
Standard Deviation 4.0167| 7.8427| 11.3117| 8.5592| 5.3815| 10.0963
Sample Variance 16.134| 61.507| 127.954| 73.260( 28.960| 101.936
Kurtosis 0.1216 0.1494 0.9415| -0.2981 0.1286| -0.8064
Skewness -0.5487| -0.2376 1.2396| 0.6701| -0.1260| -0.5495
Range 19.224| 43.871| 56.125| 40.289| 27.942| 41917
Minimum 2.1136| -14.1551| -35.6567|-25.0247| -31.6880| -9.0920
Maximum 21.338] 29.716 20.469| 15.265 -3.746| 32.825
Sum 969.0 1124.7( -3052.0| -1874.3| -2286.7| 2491.5
Count 75 129 205 199 124 155
Confidence Level(95.00%) 0.9090 1.3534 1.5484| 1.1892| 0.9472| 1.589%4
(SQRT 15/ Count) 0.4472| 0.3410[ 0.2705] 0.2745| 0.3478| 0.31109
(SQRT 96 / Count) 1.131 0.863 0.684 0.695 0.880( 0.7870
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The apparent skewness in the test 4 airflow data is supported in the airflow histogram
shown in figure 5-22. This histogram illustrates, however, that the data may be bimodal.
The significance being that the data set may contain two differing conditions, unthrottled
and throttled flow, rather than being a single data set that is skewed to the upper end of a
single normal distribution. The indicated skewness in the test 4 relative pressure data is
also apparent in the respective histogram, figure 5-23. The skewness in this data set is

likely of the same cause as that in the test 4 airflow.

There is some evidence for skewness in the relative pressure data from test 2, as indicated
in table 6-2. The significance of this figure is marginal, however, since the magnitude of
the skewness value is less than 1.25 times the minimum criteria value of \/15/N. The
histogram of the data set, see figure 5-11, seems to show a data set that has a mean
around 15 Pascals, and does appear to have a longer tail on the left side than the right. It

is difficult, however, to say that the data set is definitely skewed from the mean.

The kurtosis is a measure of the data spread compared to an ideal normal curve for the
data. A positive kurtosis indicates that the data is more clumped at the mean, whereas a
negative value indicates that the data exhibits a wider spread than would be expected.
Application of this tool should be made with caution when its value is less than W
for the respective data set (Press et al. 1992). None of the airflow data shows a kurtosis .
that is sufficiently strong to consider that the data is not normally distributed. In the
relative pressure data, test 4 shows a positive kurtosis that may be of significance and test

7 shows a negative kurtosis that may be of significance.
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A review of the relative pressure histogram from test 4, figure 5-23, shows a data set that
exhibits a relatively high number of the samples clumped near the mean. This data set also
shows a longer tail on the right side than on the left. If, as has been mention concerning
the skewness of this data, the distribution is taken as being indicative of throttling, much
of the data on the right side (greater than O Pascals) can be eliminated. With this done the
graph could be taken as a normal distribution with a small standard deviation. In this case
the kurtosis would be relatively insignificant. It is therefore possible to consider the

kurtosis indicated for this test 4 data is insignificant.

Concerning the test 7 data, the kurtosis figure would tend to indicate that the data is wide
spread about the mean, tending to flatten the normal curve. Based on the histogram of
this data, figure 5-31, there is again evidence of a possible bimodal distribution. If this
were the case the kurtosis figure could be caused by melding of the two normal
distribution near the respective means. This case could be supported by the consideration
that the histogram appears to show skewness of the data to the right, with a long tail to
the left. The data set does indicate that skewness maybe a factor, table 6-2. However, the
data trend shows that the data series does not follow a random pattern, but is time

dependent.

The statistical evaluations made here have been to aid in the determination of any
significant features in the airflow and relative pressure data. Other than the anomalies
mentioned above, there is no compelling evidence that the data collected is not random in
the respective distributions. This statement provides that the airflow during each test was
effectively constant about a determinable mean. While the time dependent nature of the

data, illustrated in chapter S5, appears to show that there may have been airflow throttling
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in some of the tests, a definite conclusion cannot be made from this data. The presence
and nature of throttling associated with airway heating could be determined from tests
specifically designed to obtain that data. Testing of this nature could be performed in a
wind tunnel fitted with an electrically heated section. This type of test would provide a

stable heat source, and could be quickly repeated or cycled.

6.5. Observations

Throughout the course of the experimental program that has been documented here, a
number of observations occurred from time to time that are worthy of some mention. In
particular, the include the absence of reverse stratified flow, the definition of the fuel-rich

state, and the capacity of the airstream to carry the fog.

6.5.1. Reverse Stratified Flow

One of the most surprising observations during all of the tests was the lack of reversed
stratified flow, or “roll-back.” The presence of roll-back was predicted in the design
process by working with a Froude number greater than 1.0. In the absence of a backing
layer the development of a Richardson number is not possible. One possible explanation
for the lack of visible roll-back is the sudden contraction effect that occurs at the entrance
to the fuel load. The sudden contraction would cause a local acceleration of the air, with
the net effect of reducing the local Froude number. Such an explanation is unlikely based

on the physical observations.
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Had a sudden contraction been a significant factor some degree of recirculation would
have existed at the contraction. Such recirculation is not evident as the leading edge fuel,
at the top of the load, was unburned. If recirculation was occurring the fuel should have
been affected by hot gases carried forward. The conditions found after the tests are
consistent with the observations made in the video tape and photographic records. That
the fuel burning on the top was, in fact, displaced away from the leading edge of
combustion on the floor in the direction of bulk airflow. From this observation it is
possible to deduce that there was no significant movement of air, heated or otherwise, in

an upstream direction from the seat of the fire.

6.5.2. Limits of the Fuel-Rich State

While the tests were being conducted, one question that was raised concerned the
definition of the fuel-rich state. The most basic definition is that the fire is truly fuel-rich
when there is no oxygen remaining in the products of combustion. The broader definition
by Roberts and Clough (1967a) is that fuel-rich behavior begins when the oxygen
concentration downstream of the fire falls below 15 percent. The experimental basis for

this observation was a series of wood fires in a duct.

In the experiments conducted for this thesis the transition to fuel-rich behavior appears to
occur at a point when the downstream oxygen levels are closer to 12 percent. This is
evident in the gas concentration traces for tests 4, 5, and 7, see figures 6-3a, 6-4a, and 6-
S5a. As mentioned in section 6.4, it is near the 12 percent concentration that a distinct

acceleration in the fire’s growth rate is visible. The appearance here is that the fire is
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physically fuel-rich for the coal fuel when the oxygen concentration in the products of

combustion is less than 12 percent.

Based upon the chemical definition of the fuel-rich state the fire does not reach this point
until the level of carbon dioxide begins to decrease, in favor of carbon monoxide. The fire
begins returns to an oxygen-rich state as the carbon dioxide levels fall, with a coinciding
increase in the oxygen concentration. Based on the observed fire decay curves, there does
not appear to be distinct rate change in the fire decay as the oxygen concentration returns

above 12 to 15 percent.

For field application the definition of Roberts and Clough (1967a) can be used by fire-
fighters during the initial attempts to gain control over the fire. When the oxygen
concentration, downstream of an open fire, falls below 15 percent the indication should be
that the tactics being employed are ineffective. When approaching a fire that is already
fully fuel-rich the presence of any oxygen in downstream products can indicate that the
intensity of the fire is decreasing. This could be used to determine the degree to which the
fire is being controlled, and the relative effectiveness of the new tactics. The danger, to
the fire-fighters, possible survivors, and the mine is not over until the fire is entirely

extinguished.

6.5.3. Fog Capacity

The capacity of the air to carry a fog appears to be related to several factors. These
include the relative velocity of the fog droplets to the main air mass, the size distribution

of the particles, and the
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The upper, practical, limit of air to carry liquid water is in the neighborhood of 1 kg water
per 1 kg of air (McPherson 1993b). This is based on an airflow velocity of 4 m/s and a
water rate of 5 I/s-m”, which for standard conditions give the water/air ratio of 1, as
indicated above. Assuming a mass mean particle diameter of 25 um there would be about
110 billion droplets per cubic meter. A very dense natural fog, with a visibility of 25
meters, has a density of about 0.0045 kg per cubic meter (George 1951). A fog of this

magnitude would have about 550 million droplets, 25 um diameter, per cubic meter.

The water:air ratio of 1 kg/kg that was determined from McPherson (1994b), is intended
for used in water spray coolers, and is clearly inappropriate for determining a maximum
fog density. Assuming quiescent conditions and a mean water particle velocity of 5
cm/sec (0.01 % of the gas value of about 46000 cm/sec), the mean time between
collisions of the water particles is estimated to be 20 per sec per cm’. A fog of this density

would quickly turn into a rain.

Based on the results of test number 4, the purely fogged case, the fog rate was 0.018 kg
per second, providing a fog density of about 0.26 kg/m®. Considering that the fire was
fully engulfing the available fuel, this fog provided a water flux of 0.065 kg/m?-s', which
about one-quarter the 27 g/m’-s' stated as being necessary by Scheffy and Williams
(1991a and 1991b). The density found in this test was also significantly less than the
maximum practical value of 0.45 kg/m’ reported by McPherson (1993b), with respect to

water spray dust collectors.
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It seems clear that the maximum capacity of the mine airstream to carry a fog will be less
than that of the spray scrubbers, since the fog must be carried much further. The
maximum capacity may even be less than that found in this wind tunnel. The capacity of
the air to carry a very dense fog over long distances, and the optimum initial particle size

distribution leaves significant room for further study on these phenomena.
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7. Conclusions

The purpose of this thesis was to determine the effect that the application of water mist
has on a fuel-rich fire in a model coal mine entry. Namely, can the fire be brought under
control with water supplied as a fine mist or vapor. To ascertain the effects of the water
mist a series of experiments were conducted in a wind tunnel model coal mine entry. The
tests included baseline tests, in which no extinguishing effort was made, the use of a purely

fog system, and a system where fog was supplemented with a propane gas combustor.

As has been discussed in this thesis, the application of water mist has an effect of reducing
the intensity of the fuel-rich fires, and may be effective in total extinguishing them. This
chapter covers the observations that lead to the conclusions that the water mist exhibits
the desired effects, the ramifications for large scale testing, and some general

recommendations regarding the use of water mist.

A note of particular importance is the limited range of effect due to the mist that was
observed during the testing. Based upon the observations made, the water mist is most
effective while the fire is most intense. While the water mist is effective against the fire, its

strongest impact is seen in the immediate time frame of its application. This is in
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agreement with the results presented by Mawhinney (1994) for compartment fires in ships

and buildings.

7.1.  Efficacy of Water Mist

Regarding the effectiveness of water mist on the fuel-rich fires, mixed results were
obtained. During the wood fueled tests the application of water fog seemed to have an
initial positive effect, but the continued application of mist did not appear to significantly
shorten the life of the fire. During the coal fueled test the application of water mist
appears to have had an effect of shortening the life of the fire to about one-third that of the

baseline test.

7.1.1. Wood Fires

The use of the spinning disk humidifier, as the misting device, did not appear to be
particularly successful in controlling the fuel-rich plywood fire. There may be several
explanations for this observation. First, the application of water mist may have had no

effect at all.

Second, the amount of water mist reaching the fire was insufficient to affect the fire to a
significant degree. As was observed in the testing of this fog system a large percentage of
the water did not get ejected as a fog. Some of this water was lost due to impingement in
the tunnel, while some droplets simply “rain-out” being too large to be carried effectively
in the air. The system testing also revealed that the total flow rate through spinning disk

did not meet the ratings provided by the manufacturer at any of the airflow rates tested.
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A third possibility is that the natural decay point of the fire coincided with any effect of the
water mist. This is the most likely explanation for test 1, where the decay of the fire is
consistent with the application of the fog stream. It appears a less likely explanation in
test 3, where a momentary increase in the oxygen, and decrease in carbon dioxide,
coincide with the initiation of the fogging system. Following the blips in the gas traces the

fire appeared to return to its natural coarse, despite the continuing supply of fog.

The apparent initial positive reaction in the wood fire of test 3 seems to indicate that the
fog had a desirable effect, but the water supply was insufficient. To this end, the use of

pneumatically assisted water spray nozzles where chosen for the coal fueled tests.

7.1.2. Coal Fires

The application of a water mist to a fuel-rich coal fire was efficacious in leading to the
extinction of the fire. There are two principle supporting facts to this statement. First, the
fire to which the water mist was applied showed a fuel-rich life of about one-third of the
baseline fire. Second, the initial rate of oxygen increase, as the fire began to decay was
nearly twice that of the baseline fire. This is shown in figures 7-1 and 7-2. Notice the
oxygen traces and the carbon dioxide traces are virtual mirror images for each respective

test.
The continued application of the water mist resulted in a fire that was virtually

extinguished one hour after its acceleration to the fuel-rich state. The baseline fire

continued to produce an exhaust with less than 15 percent oxygen over an hour and a half
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after its acceleration to the fuel-rich regime. Furthermore, the remaining mass in the
tunnel after the extinguished fire was nearly twice that of the baseline test. Much of the
remaining material from test 5 was basically unburned, whereas the remains from the

baseline test consisted mostly of coke and ash.

7.2.  Efficacy of Combination Extinguisher

The device that has been referred to, throughout this thesis, as the Combination
Extinguisher used both the oxygen depleting effect of a controlled fire and the
vaporization of water as a combating agent against the fires. In this extinguisher water
was vaporized by the heat from the propane flame. The overall oxygen gas concentration
downstream of this device was computed to be just less than 13 %, low enough to inhibit

the action of flaming combustion.

The development, and testing, of this combination extinguisher was conducted in an effort
to evaluated its possible performance, despite the fact that it is clearly not “permissible” in
the sense of current coal mine practice and regulation. The general intent of the design
was to reduce the oxygen concentration of the air entering the fire area. This was done,
first, by a flame combustor, then by the vaporization of a water fog. Much of the heat
generated in the combustor was utilized in heating the water mist, thus cooling the total

mixture to a point that it would not prove an ignition hazard to the surrounding coal.



7.2.1. Wood Fire

The results show that the combination extinguisher very quickly suppressed the fire, and
kept it out. The was shown rather dramatically in the total extinction of flame in the fire
zone following the ignition of the propane combustor. Compared to the coal fueled test,
the wood fueled test was subdued instantly. However spectacular this may seem, no
distinct conclusion can be gained. It is likely that the fire was “blown-out” during the
rapid ignition of propane. Although this does not explain the reason that the fire showed
no regrowth, it seems the most probable explanation. Regrowth of the fire may have been

hindered by the presence of the water mist that was being injected into extinguisher.

7.2.2. Coal Fire

The effectiveness of the combination extinguisher against the coal fueled fire was most
clearly demonstrated by the abatement of smoke during the period of its action. The gas
measurements also indicate that the fire was being brought under control even after the
combustor was put-out, and the misting sprays were left on. The evidence for this lies in
the elevating oxygen levels followed by declining levels after the water sprays were turned
off. The falling oxygen concentration is indicative of the fire returning to its fully fuel-rich
state. For a comparison of the action of this device, to the purely fogged and baseline
fires, see figures 7-1 and 7-2. The overall effect of the Combination Extinguisher system

lies between the purely fogged and baseline cases.
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7.3. Recommendations for Full Scale Tests

The experiments conducted during the course of the work documented in this thesis were
conducted on a relatively limited budget. It is imagined that should full scale tests be
performed that the budget would be larger relative to the scale, and that the monitoring
systems portion of the budget would represent a smaller percentage than that of the small
scale tests. In general three possibilities exist for locating full scale tests. First, the tests
could be conducted in an existing coal mine entry. Second, the tests could be performed
in a surface facility specially constructed for the purpose of the tests. Third, the tests

could be conducted in an underground test tunnel, in a rock mass other than coal.

It 1s unlikely that a mine operator would be interested in allowing tests of this nature to be
conducted in an active mine, therefore the first location is probably out of the question.
The second location presents the problem of a significant expense in these days of
reducing budgets, and although it would be a fine solution it is most likely not fiscally
feasible. The third solution, to use an underground test facility is probably the most likely
case. This would, however, involve subjecting part of an existing facility to conditions
that would result in permanent damage to the facility. An alternative would be to conduct

the tests in an abandoned civil structure, such as a road or railway tunnel.

It is fairly easy to identify some of the technical problems that would be associated with
the conduct of full-scale tests. One of the first would be supporting the fuel during the
tests. This could be accomplished with closely spaced trays of coal along the sides and

top, while coal fuel could be spilt on the floor of the tunnel.
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Another, very significant, technical problem would be protecting the structure, be it a mine
entry, road tunnel, or surface model. One possible means would be the application a thick
cement layer to the opening surfaces. The cement would likely spall away during each
test, necessitating rework between tests. It should, however, be capable of preventing
significant damage to the airway. An advantage to the use of a cement coating is also that
it would allow instruments and data transmission lines to be set and insulated from direct

contact with the fire.

Data collection for a large scale test would also need to be more in depth than that used
for the tests documented here. In addition to the continuous gas monitoring system, and
temperature and pressure measurements, several other technical measurements should be
considered. The collection of discrete gas samples for chromatographic analysis would
allow for detailed gas species distribution to be made. The use a particle counter to
determine the density and particle size distribution of the fog in the airway upstream of the
fire. The use of infra-red imagers could also provide data on the effective thermal
attenuation provided by the fog. Within the fire zone, consideration should also be made
for the employment of flame detectors to monitor the speed of advancement of the fire at

different portions of the tunnel cross-section; both vertically and horizontally.

Despite the obvious technical problems that would be associated with full scale testing,
perhaps the highest hurdle would be funding. However, a facility designed for the conduct
of fuel-rich fire research would be invaluable for the study of fires in a mining

environment, in coal and metal/non-metal mines, and in the United States and elsewhere.
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7.4.  Other Recommendations

In this section some additional general recommendations are addressed. These are based
on the experience that was gained during the conduct of the initial experiments. The
subject here is the means by which the tools used during the course of this research could

be applied for use in the field.

7.4.1. Water Mist Suppression System

The increasing interest in water mist fire suppression systems as a replacement for Halon
system has sparked development of commercially available systems. These systems, for
use in building and ship compartments use a dedicated tank of water and compressed air
or nitrogen (anon. 1994b). It is conceivable that a commercial system could be fitted on a
trailer, or self-propelled vehicle, that could be transported throughout an operating coal

mine.

The use of nitrogen as the pneumatic assisting agent will serve a double duty in the mine
entry. It will perform the task of producing the fine mist droplets, and will serve as a
diluent for the existing oxygen. The diluting effect is small compared to the production of

the water vapor, however, since water to nitrogen ratio will be about 2.9 kg (H,O)/kg

(N2).

In a conceptual configuration this system should meet the following basic requirements:

1) Carry sufficient water on-board for 15 to 30 minutes of continuous operation.
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2) Carry sufficient bottled gaseous nitrogen on-board for 15 to 30 minutes of

continuous operation.

3) Be equipped with an on-board water pump that can be connected to any water

range in the mine.

4) Be equipped with an on-board air compressor, and by pass system to connect to

compressed air ranges in the mine.

The size and number of spray heads used should be capable of supporting the production
of 1.05 kg/s (17 gpm) of water fog at 25 - 200 micron diameter. This flow rate is about

1/3 of the statutory minimum of 50 gpm that must be available.

The deﬁsity of the fog that would be generated is sufficient to reduce visibility to nearly
zero, in normal day light conditions. With this basic consideration it would seem that
personnel could not make a safe approach to the fire will the fogging system is active.
However, with active monitoring of the downstream exhausts it would be possible to
determine a point at which the fogging rate could be reduced. Under the conditions of a
reduced fog rate personnel could, perhaps, approach the fire using the lower density fog as

a radiative shield, in addition the water that it is carrying.
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7.4.2. Combination Extinguisher

Concerning the design of a full-sized combination extinguisher some generic suggestions
can be offered regarding design. First, the use of pilot light appears to be a better
alternative than the spark igniter that was used in the working prototype. Second, the fan
should be coupled with the fuel flow controller to ensure that the desired combustion
chemistry is maintained. When coupled together, these two would help to assure that no

un-burned fuel exits the combustor.

When designing a full-sized unit the fuel type used should be balanced with minimizing the
overall size of the unit. The use of propane is nice since it is injected into the combustor in
a gaseous phase, however, in a large scale unit a heater/evaporator may be required to
provide a constant flow of fuel. The use of diesel oil could be advantageous from the
point of view of availability. However, it may be hampered by a larger/longer combustor
section, and the requirement for very small injection nozzles necessitating careful fuel

handling to avoid contamination.

In any case, the provision of a quenching screen should be made to prevent any flame from
leaving the unit. The water injection section portion should also be of sufficient length to

assure that vaporization of the water occurs prior to re-entering the mine airway.
The use of such a system in the field presents one significant technical problem. Due to

the heated nature of the vapor mixture entering the fire zone placing fire-fighting

personnel would have no access to the fire. In a manner similar to that of the pure fog
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based system, gas monitoring could be used determine the point where the combustor
could be extinguished. (This gas monitoring would need to be more detailed to determine
the effects of the combustor versus the effects of the coal.) The misting system alone
could be used to provide the fire-fighters a radiative shield as they make an approach to

the fire.

7.4.3. Throttling

A bit of discussion was made on the theory and effects of ventilation throttling as a result
of the ensuing fire, including addition in the results and discussion chapters. In general,
- the presence of throttling during the test fires cannot be ruled oui, although strong
evidence is not clearly present. One key issue here is that the tunnel was not adequately
configured to study and quantify the throttling effect. The dynamic nature of the fire itself
being a limiting factor. Verification of the throttling effect could, however, be performed
in a relatively small scale tunnel, perhaps on the order of 120 centimeters square. Such a
tunnel could be equipped with an electric heated that would not impact the true resistance
of the airway, but would allow for the carefully controlled addition of heat to the air

stream.

7.5.  Closing Comments

The work that has been documented in this thesis shows that the use of water fog against
fuel-rich fires in coal mine entries has promise for application. The very dense fogs that

were generated during these experiments proved to be effective in bringing the fuel-rich
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fires back to an oxygen-rich state. Although the fires were subdued in these experiments

the fog was most effective during the period in which the fire was most intense.

Any designed application of water mist / vapor systems need to consider that they are not
discrete in their attack on a seated fire. That is they flood the entire area under
consideration and are therefore limited as the fire is reduced in scale. A mine equipped
with a fog generation system of the scale described herein could find a duel use under a
fire scenario. First, in the event of a major fire that has become fuel-rich, or is
approaching that condition the high fog rate should be used. Under condition of smaller
fires, or a subdued fuel-rich fire, the continued application of a lower density fog could be

useful in providing some thermal shielding to the fire-fighters.

With the increasing interest in fog based systems that is evident in the industrial and
marine sector the hardware is becoming available and relatively inexpensive to construct
fogging systems. The major limitation the application of these commercial systems in the
mining environment appears to be developing a system the produces droplets small
enough to survive an arduous journey through the mine entry to a fire that may be several

hundred meters away.
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8. SUMMARY

8.1. Introduction

Most often a fire that erupts in a mine is small and brought under control relatively

quickly. There are a few, however, that get out of control and result in extraordinary

effort in trying to save lives of miners and the mine, while placing rescue personnel at a

high risk. One of the most frightening possibilities is that the fire becomes fuel-rich. A

fuel-rich fire is one in which the available fuel exceeds the available oxygen required for

complete combustion.

fuel/air ratio.

The fuel and air mixture differences can be illustrated with the

Oxygen Rich
[F uelj
Air
Fuel Rich

(F uelj
Air

(Fuelj
<
Air

Mixture Stoichiometric

(F uelj
<
Air

Stoichiometric Mixture

When a fire is burning in the oxygen-rich regime the fire is spreading through local heating

of the fuel supply by radiation and convection from the existing flames. This is the same

manner that a fire spreads when it is burning in the open. The resulting changes to the
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bulk airstream temperature and composition are relatively insignificant (Roberts and

Clough 1967a), while the fuel/air ratio is well below the stoichiometric mixture.

When the fire enters fuel-rich propagation its size and temperature of the products are
such that sufficient heat is transferred from the gas stream to the fuel lining to begin
pyrolysis of the fuel. This results in a fire that is self accelerating to the limiting condition
that all of the available oxygen is reacted (Roberts and Clough 1967a). The excess fuel is
carried in the high temperature products. This highly volatile mixture can react with fresh
air resulting in a re-eruption of the fire at some subsequent cross-cut. Once the fire has
entered the fuel-rich mode of propagation its rate of growth can accelerate by such means
to 10 times that of the oxygen-rich mode (Roberts and Blackwell 1969). Estimations of
the heat transfer characteristics show that up to 65% of the heat generated by the fuel-rich
fire is available for the further liberation of fuel from the surrounding surfaces (de Ris

1970).

Stepping back from the physical/chemical distinction between an oxygen and fuel-rich fire,
as described above, it is important to get a feel for where this transition will occur in a
burning fire. Roberts and Clough (1967a) describe the change of propagation mode to
occur at about 15% oxygen in the products of combustion. Their experiments were
conducted in a wood lined duct. When the oxygen concentration is greater than or equal
to 15 percent the fire is moving in an oxygen-rich mode. As the oxygen concentration
drops below 15 percent the fire tends towards the fuel-rich propagation. Distinction in

this case has been made by observation of the fire spread.
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Further correlation to the fuel-rich mode exists at the same concentration of 15-16 percent
oxygen in the products of combustion. At this level flaming combustion is inhibited and
the pyrolysis reactions are not occurring in the structure of the diffusion flame (Burrell and
Seibert 1912); the implication being that a further increase in the airflow, and hence
quantity of oxygen, will result in increasing the amount of flaming combustion. The
outcome is an increase in the heat released and an acceleration in the rate of the fire
spread. A reaction documented by Roberts (1970) indicated that a 4 fold increase in the

airflow to a fuel-rich fire had the reaction of causing the fire to burn more vigorously.

Many various techniques have been employed to try and fight large fires burning in coal
mines. These include direct attack with rock dust or water, application of foams,
inertization with nitrogen, carbon dioxide, or exhaust gases from turbine engines, and
sealing of the affected area. Despite the wide range of fire fighting techniques that is
available it seems that in most cases of large fires the result is the ultimate use of sealing
the fire area or the entire mine. It is desirable, then, to take a step back and see if there is
some means to fight large, and in particular fuel-rich, fires that will minimize the likelihood
that sealing will be resorted to. One possible method that has been suggested is the

application of water mist to the fuel-rich fire (McPherson 1993a).

The application of a water mist to the fire appears to have several advantages. These
include: ability for the water to remain suspended in the air stream for an extended period
of time; and hence to be carried further into the fire zone; and using the water mist as a
shield from the thermal radiation emitted by the fire (Reischl 1979). The presence of
water vapor is the air will also reduce the overall radiant heat transfer from the fire to the

surrounding drift walls (McPherson 1993b). Furthermore, the evaporation and
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superheating of 1 kilogram of water from 20 to 750 °C requires some 4000 kilojoules of
energy, heat that is then no longer available for fuel pyrolysis. A heat rate that is equal to
4 megawatts per kilogram of water per second. This water will also coat fuel in the

downstream workings as the product gases cool to below the prevailing dew point.

To determine the possible efficacy of water mist as a fire-fighting agent for fuel-rich fires a
series of experiments has been conducted at the Department of Mining and Minerals
Engineering, Virginia Polytechnic Institute and State University. These experiments have
shown that water mist has a positive effect in reducing the intensity of fuel-rich fires in a

30 cm square wind tunnel.

8.2.  Experiments

A wind tunnel was designed and constructed for the purpose of conducting fire tests, see
figure 8-1. The tunnel is of forced ventilation configuration utilizing a centrifugal fan.
Airflow to the fire test section is metered from the fan with an orifice and waste gate
system. Adjustments to the position of the waste gate change the airflow through the
orifice, while the fan operates at a constant speed. The tunnel makes a ninety degree bend
from the fan and airflow metering section to the fire section. This bend is fitted with a

Plexiglas window, through which development of the fire can be observed.

The fire section of the tunnel is 30 cm square with a total length of 9 meters. The first
three meters, after the bend, is constructed of welded steel plate and ensures that the
airflow entering the fire section is in a flat profile across the entire cross-section. The

remaining length is constructed of mortared fire brick, erected on a welded steel bridge
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structure. Test fires are placed in the first half of the fire brick section of the tunnel. The
second half of the fire brick section is intended to ensure that the products of combustion

are fully mixed and without stratification before exiting to the atmosphere.

Monitoring of the system is conducted with the use of a computer based data collection
system. This system monitors carbon dioxide, oxygen, carbon monoxide, and (for a time)
methane, differential pressure across the orifice, and temperatures at 9 locations in the

tunnel.

Seven experiments were conducted in the fire tunnel. Four of these tests have involved
the use of plywood fuel, while the other three used coal as the fuel. All of these tests
involved ignition by a relatively small fire that progressed from oxygen-rich to fuel-rich
burning. In some cases the small ignition fires required additional coaxing in order to push
the mode of propagation to the fuel-rich regime. The airflow velocity into the fire section

of the tunnel was held constant for all of the tests at approximately 0.76 m/s (150 ft/min).

8.3. Results

The first three and the sixth tests used plywood as the fuel source, which provided for a
test of the tunnel and its systems and the collection of useful data without subjecting the
tunnel to the extreme conditions that were expected (and found) during the coal fueled
tests. It is worth noting that the response of the plywood fires was very similar to those
conducted by previous researchers (Roberts and Clough 1967; Hwang and Chaiken 1978;

Chaiken et al. 1979; and Lee et al. 1980). Further, as expected, the wood fires reacted
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much more quickly than the coal fires. In all, these tests proved useful in verifying that the
type of fire being developed in the wind tunnel was similar to that described as a fuel-rich
duct fire by the previous researchers. Because the fuel source provided a smooth surface
on which the fire could spread; the buoyancy effects in the spreading of the duct fires were
very apparent, as were the oxygen-rich and fuel-rich propagation modes, as described

above.

Test number 4 was conducted with coal as the fuel. The test was the baseline for this fuel
type and no attempt was made to extinguish the fire. The oxygen, carbon dioxide, and
carbon monoxide concentrations are shown in figure 8-2. Notice that the oxygen and
carbon dioxide are near mirror images of each other during both the oxygen-rich and fuel-
rich states of burning and that the increasing levels of carbon monoxide in the products
appears to be somewhat delayed. One can observe that the carbon dioxide concentration
has two distinct peaks that bound the major increase in the carbon monoxide. This
situation is expected and can easily be explained when one considers that carbon
monoxide is an intermediate in the formation of carbon dioxide. Clearly, in the absence of
sufficient oxygen less of the carbon monoxide is being further oxidized to carbon dioxide.
As the amount of fuel available for consumption begins to drop off more of the carbon
monoxide can be converted to carbon dioxide, hence the reversal of the trend. This is
followed by the ultimate return to an oxygen-rich state as the fire begins to burn only in

the coal embers, ultimately consuming all of the available fuel.

This test was terminated nearly two hours after the initial ignition source was lit. At this

point the fan was shut off and the remaining fuel allowed to burn-out in unventilated
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Figure 8-2: Combined Gas Traces for Test 4 (Loomis and McPherson 1995).
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conditions. Inspection of the fire tunnel the following day revealed that almost the entire
fuel charge had been “coked” leaving some 33 % of the initial mass as coke and bottom
ash. A small portion of what remained, at the entrance to the fuel charge, was unburned
coal indicating that any burning in the upstream direction was insignificant compared with

the fire spread in the downstream direction.

Application of a fogging system to control a fuel-rich coal fire was made during test 5.
The concentration traces for oxygen, carbon dioxide, and carbon monoxide are shown in
figure 8-3. This fire shows a very similar pattern of growth to that of test 4. The fogging
system was initiated, with a water flow rate of 0.037 I/sec (35 gal/hr), following the
noticeable decrease in the concentration of carbon dioxide, indicating the fire was fully
fuel-rich. Based upon flow tests of the fogging system it is estimated that approximately
50 % of the water injected reached the fire as fog, 25 % reached the fire running along the
floor, and the remainder not reaching the fire at all. After the fogging system was initiated
field observation and monitored data indicated the fire was being extinguished. The color
of the smoke appeared to lighten from nearly black to grayish, while the carbon dioxide
concentration made a momentary rise followed by continuous decrease. The oxygen
concentration began to rise (from 0 %) approximately 8 minutes after the fogging was
initiated. The result was a return to an oxygen-rich (>15 % O,) fire some 80 minutes

sooner than the fire in test 4.

This test was terminated approximately 60 minutes after the rapid growth leading to the
fuel-rich state. At termination the fan and fogging system were left on, however the fire
section of the tunnel was opened to reveal the most downstream fuel. Inspection of the

fuel indicated that pyrolysis had been occurring on the surfaces facing into the tunnel. As
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the remainder of the fuel was exposed it was visually apparent that all of the fuel had been
exposed to some degree of pyrolysis, and that the fire was still in a state of growth when
the fogging was initiated. This was indicated by a vee shaped pattern of deeper pyrolysis,
facing back towards the ignition source. What was most apparent was the fact that the
application of the fog had rapidly reduced the size of the fire and the state of burning back
to oxygen-rich much faster than if the fire had been allowed to continue to burn on its
own. Later removal of the remaining fuel indicated that some 65 percent of the initial fuel
mass remained as unburned fuel (partially pyrolysed), coke, or ash. There was no

indication that the fuel had continued to burn after the wind tunnel was opened.

The carbon monoxide trace exhibits a shape that is similar to that in test 4, without the
very high peak value. The rate of increase in the carbon monoxide concentration is similar
to that in test 4. In test 4 the CO level attains a peak concentration of 35000 ppm. The
peak level of CO in test 5 is held to just over 11000 ppm at a time corresponding to the
initiation of the water sprays. The two peaks, at 16 minutes and at 35 minutes can be

associated to problems with the CO sample metering system and should be ignored.

Test number 7 investigated the effect of a combination extinguishing system. This system
used a propane flame to consume some of the available oxygen and the heat of
combustion to vaporize water to displace the remaining oxygen. The oxygen
concentration downstream of the combustor was about 13 percent. The gas traces from
this experiment are shown in figure 8-4. The pattern of growth exhibited by this fire is
similar to that of tests 4 and 5. When the fire was observed to reach a fully fuel-rich state,
exhibited by the decreasing carbon dioxide concentrations, the combination extinguisher

was ignited. This included initiation of both the water sprays and the propane burner.
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The initial effect of the extinguisher is visible in the carbon dioxide trace, as the
concentration of this gas begins to rise again at about 10 minutes. The action of the
combustion process in the extinguisher is evident in the depressed oxygen concentrations
during the period between 9 and 19 minutes. Notice that the oxygen concentration begins
to rise after the combustor portion of the extinguisher is put out. This effect is mirrored in
the carbon dioxide concentration. Once the mist was turned off the oxygen concentration,
again, began to drop. This appears to indicate the fire was trying to revert back to a fully
fuel-rich state, the implication being that the fire was under some degree of control by the
combustor and mist but had not been extinguished. At a time of about 28 minutes water
mist was supplied to the fire using the spinning disk humidifier. This point shows the

oxygen concentration again increasing as the fire begins its ultimate decay.

During the period that the combustor was in operation it was possible to view the fire and
the extinguisher from the exhaust end of the tunnel. From this point of view the fire was
observed to be significantly inhibited, compared to the baseline fire (test 4) at the same
period. Once the propane flame in the extinguisher was put out the coal fire appeared to
accelerate. This period of time is illustrated in figure 4 as the time between the Combustor

Off and the Mist Off.
The carbon monoxide concentration shows a similar pattern as that in test 4, but without

the extreme value seen in that test. The carbon monoxide trace is also similar to that seen,

initially, in test S.
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The tunnel was opened at a time of about 75 minutes so that the state of fuel consumption
could be observed. There appeared to be a fair amount of fuel remaining in tunnel. This

fuel continued to burn for several hours following the cessation of data collection.
At no time during the experiments was a water gas explosion experienced. The possibility

of the reaction of water on the incandescent coal producing carbon monoxide and

hydrogen gas has been an objection the application of mist in practice (McPherson 1993a).

8.4. Conclusions

The tests that have been conducted show that there is a positive impact related to the
application of water mist to a fuel-rich duct fire. The fact that the test fire was brought
under control can be seen in figures 8-5 and 8-6 that compare the carbon dioxide and the
oxygen traces from tests 4, 5, and 7. It is clear that both the control fire and the test fire
experienced similar growth profiles, but have radically different decay profiles. Since the
fires sustained similar and expected growth profiles it is reasonable to assume that had
nothing been done the decay of tests 5 and 7 would have been similar to that of test 4.
However, by the application of the fogging suppression system the fire in test 5 was
extinguished in such a manner as to leave nearly twice the amount of unpyrolyzed fuel as

was left from test 4.

One question that was raised during the course of these investigations concerned the point
at which the fire should be considered fuel-rich. The definition of Roberts and Clough
(1967) that the fire behaves in a fuel-rich manner when the oxygen concentration falls to

below 15 % in products of combustion appears to be valid. Although, in the experiments
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conducted here the transition from oxygen-rich to fuel-rich behavior appears to occur
nearer to 12 % oxygen. This point was visible in all of the tests, but shows up quite
clearly in the oxygen trace of test 7, figure 4. Notice the change of slope in the oxygen
line at a time of about 5 minutes. The chemical definition of the fuel-rich state is also clear
in the tests covered here, indicated by the increasing carbon monoxide and decreasing
carbon dioxide. The range over which the fires are shown as fuel-rich in figures 2, 3, and

4 are based on the less than 15 percent oxygen criterion

The first definition, by Roberts and Clough (1967), can by used by fire-fighters during the
initial attempts to gain control over a fire. If the oxygen concentration begins to fall close
to 15 % downstream of the open fire, the indication should be that tactics being used are
ineffective. On the other hand, once the fire has become fuel-rich the chemical definition
will be important to determining the degree to which the fire is being controlled. The
presence of in the oxygen downstream of the fire indicates that intensity of combustion is
decreasing, and that fire-fighting efforts are being effective. The danger, of course, has

not been overcome until the fire is entirely extinguished.

The effect of the combination extinguisher appears to have been to inhibit the fire during
the period of time that the extinguisher was operational. With the fire in a subdued state
the reduced quantity of mist seems to have been more able to control the fire, as evidenced

by the increasing oxygen concentration following the flame out in the extinguisher.
What has been shown here to be effective is the application of water mist to a fuel-rich fire

burning in a laboratory scale model of a coal mine entry. This still leaves the question

concerning the application of this technique in a full scale mine entry. The general theory

290



can certainly be expanded to the full scale in such a manner as to account for heat
removal, fuel coating, and oxygen displacement. But, this still leaves the questions
concerning the flame structure and turbulent flow patterns that may be more prevalent in
the full scale model. Experimentation at the full scale level is also subject to other
problems, the first being that no reasonable mine operator can be expected to allow this
type of experiment to be conducted in his operation. Equally impractical is the
construction of a full-scale model capable of sustaining the intense heat loads generated by
a large coal fire. The most practical solution to conducting full-scale tests seems to be the
use of an existing underground test tunnel. In any case, the major inhibiting factor appears

to be research funding.

Even before such a full scale test can be performed estimates must be made of the
extrapolated parameters. Principally the quantity of fog required for a similar fire burning
in a full scale entry. Based on the scaling factors used in the design of the fire tunnel, a
fogging system capable of producing approximately 1.05 I/sec (17 gal/min.) of a water
mist in the size range of, perhaps 25 to 200 um. This flow rate is approximately one-third
of the statutory minimum, 50 gal/min. Such technology is currently available for the
protection of building and ship compartments. With some ingenuity it seems possible that

such a system could be made mobile for rapid deployment within a coal mine.
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