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SUMMARY

This report contains a theoretical study on the use-
fulness of fighting mine fires with inert gases.

Four introductory chapters review the role of fires
in the mining industry; the conventional fire fighting
techniques, the influence of lnert gases on the burning
of gases and solids, and the well estabiished inert gas
firs extinguishing systems for buildings and machinery.

A large chapter describes the use which inert gas
has found so far for fighting mine fires in major mining
countries. More applicatlons have occurred than generally
expected and the inert gas method has in the last years
beceme rouftine in Cgechoslovakia and the USSR. This
chaptey is based on an evaluation of the extenslve litera-
ture as well as on personal information obtained from
leading experts.

To allow the precalculation of inert gas reguirements
for preventing the formation of explosive mixtures during
fire flghting operations, the production of flammable gases
by fires is investigated next. It is found that the explo-
sive danger from these gases 1s small compared with the
danger from methane, which is liberated in the mine. The
exceptions are sudden reductions in the oxygen supply of
the fire and the subsequent formation of distillation pro-
ducts. If such sudden ventilation changes are avoided, it
is possible to base the inert gas requirements in coal
mines on the normal evolutlon of methane.

Inert gases can be utilized for the prevention of
gas explosions when fires are fought directly or seals
are constructed or closed; for the extinction of fires
by lowering the oxygen concentration of thelr atmospheres;
for the effective sealing of fire zones by preventing air
leakage. The inert gas rsquirements for these purposes
are calculated in the next chapter. For the determina-
tion of extinctive atmospheres the oxygen consumption by
combustion and sorption as well as the oxygen dilution by
inert gases are taken into account. The calculated inert
gas requirements are compared with observed data from actual
inert gas appllcations.

It is then investigated how sealing times can be
reduced if heat is extracted from the fire zone by
ventilation with inert gases. Ordlnarily a fire zone
has to remain sealed over a time of 15 to 20 times the length
of the active fire period. The calculations of this chapter
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show that with the ventilation of sealed fire zones with
inert gases the sealing times can be kept in the same order
of magnitude as the active fire times. Although these cal-
culations are based on many simplifying assumptions they
show, nevertheless, that the ventilation of sealed fire
zones with recirculated inert gases might be a promising
method.

The mine ventilating system and the released inert
gas will influence each other. Several aspects cf this
interaction are investigated and the obtained results
compared with practical observations. These aspects are:
reduction of air leakage in sealed fire zones by inert
gas injection; mixing of irert gases and mine atmosphere;
influence of inert gases on mine ventilating pressures;
and the risks of inert gas use underground. It is found
that problems, which can arise from this interaction can
be overcome without greater difficulties, once they have
been recognized.

The available inert gas sources are evaluated next,.
Design, functioning, and performance of avallable inert
gas generators are described and theilr fuel consumption and
heat development derived. The two most important sources
for the supply of the generally needed large quantities
of inert gases will be: liquefied nitrogen or carbon dio-
xlde, delivered by tankers to the mine site; large
capacity mobile or portable inert gas generators. Both
methods are routinely used in the USSR, where delivery
rates of 2,800 - 3,500 ft¥/min with tankers and 12,00 ft3/
min with portable underground inert gas generators are
reached.

A final chapter tries to compare advantages and
disadvantages of inert gas methods with conventional fire
fighting methods under conditlions prevailing in JS coal
mines., Sinze very few such applications have taken
place on a larger scale, the records of five fires in one
larger company were picked at random and the actual course
of the fire was compared with its likely course, if inert
gas had been used. The probable advantages and disadvant-
ages found in this comparison together with those recognized
in actual inert gas applications are summarized.

The conclusion reached 1s that inert gas methods will
not be able to match direct fire fizhting methods in effective-
ness and economy. Their ability to cool fires is limited and
the needed gas gquantities to lower the oxygen concentrations
of the atmosphere sufficiently over the required cooling
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periods are prohibitlvely large, unless the fire is sealed
or the inert gas is recirculated. Inert gas methods will
therefore find their main application when a direct attack
of the fire is nco longer possible. They can permit the

fast and close sealing of fire zones without danger of
explosions, the fast buildup and maintenance of fire
extinguishing atmosgheres in the sealed area and the possible
reduction of cooling times with a recirculated, cooled inert
atmosphere. Inert gases can support the direct attack on
the flre also by providing a nonexplosive atmosphere and
clearing the fire site of smoke without fanning the fire.

The main competitor of inert gases will be high expan-
sion (air) foam, which in the U.S. has become the preferred
fire fighting method when a direct attack is nc¢ longer
possible., The maln advantages, which inert gases compared
with high expansion foam offer, are: explosive atmospheres
can be avoided at any phase of the fire fighting operations;
no distance limitations exist; blocking of the flcw by roof
falls is negligible; the application requires less skill;
weakened roofs and softened floors are avoided; and air
leakage in sealed areas can be reduced or altogether
avoided. The disadvantages are: sealing of the fire zone
is required even where high expansici foam could be applied
without it; the required large quantities of inert gas are,
at present, difficult to provide; and lnert gas generators
will always be bulkier, heavier, and costlier than foam
generators.

There is no justification to expect the inert gas method
to become the standard method for fighting mine fires. There
is however reason to expect its wlder use, when sealing
operations cannot be avoided and can cause explosion dangers.



I. INTRODUCTION

Although in the past years great efforts have been
made to free mines, as far as possible, from fire hazards,
approximately 50 large fires happen in U, S. coal mines
per year. *% Unreported smaller fires occur daily. The
number of fatal 1n%ur1ms bx fires in coal mines over the
last years was: s115,11

1968: 4 1969: 0 1970: 1 1971: 2 1972: 9 1873: 0O

Several of these inveclved miners who were engaged in
fighting the fires. The statlstics for the 8 years between
1952 and 1960!'12,1!3 show that of the 401 fires investigated
by the U. S. Bureau of Mines (30 fatalities, 75 injuries)
50% burned longer than one shift and 20% could not be
extinguished by direct attack but required sealing. HNo
newer figures could be found in the literature but the ratio
most probably will not have changed significantly.

Sealing the fire to extinguish it depends for success
on the sealed fire zone becoming filled with inert gases
which deprive the fire of oxygen and stop the combustion
process, The idea of artificially flooding fires with
inert gases obviously presents itself and has been proposed
for more than one hundred years. Inert gases in this sense
mean all gases which can replace the oxygen and are
incombustible themselves. TFor the various attempts to
extinguish fires with inert gases, all degrees of success
have been claimed, from complete effectiveness to complete
uselessness. The attitude of most mining engineers towards
this method is therefore in most countries a rather
cautious one.

A major handicap in the successful application of
the inert gas method has, in the past, frequently been the
limited and costly supply of inert gases. This difficulty
seems to have been overcome in several countries with tank-
trucks carrying liquid nitrogen to the fire site, or
with large capacity portable inert gas generators. To
reduce the risks in sealing fire zones and to shorten
the time period Dbefore reopening the seals, the use of
inert gas has become routiné in these countries. In view
of these recent successes, it seems worthwhile to make a
new assessment of the usefulness of the inert gas method
for fighting fires in underground mines.



II. FIRE FIGHTING TECHNIQUES IN MINES

A. General Review

For a comparison of the inert gas method with conven-
tional fire fighting techniques, a short review of the
latter seems appropriate. Since it will later in this
report become obvious that inert gas should only be used
in connection with sealing, the procedures followed in the
sealing and unsealing of fire zones shall receive a more
detailed description.

Fire may be described as a rapid oxidation process
with the evolution of heat. The oxidation rate depends on
the nature of the combustible material and the oxygen
concentration and increases greatly with femperature. If
the heat being generated by the oxidation is equal to the
heat losses, the combustible material will maintaln its
oxidation rate and, once ignited, will continue to burn. At
fhe same time, the heat losses to the surrounding have to
be large enough to prepare new adjacent material for burn-
ing by raising its temperature to a sufficient high level.
To extinguish a fire, the rapid oxidation rate has toc be
decreased. This is mainly done by:!'®® cooling, lowering
the oxygen concentration, separating the oxygen from the
fuel, chemical extinguishment, dilution or removal of the
fuel supply, or combinations of these methods. All of them
are used to fight mine fires,.

Following the classification of the National Fire
Protection Association as to fuel type,'®® most mine fires
fall into the following three categories: class A-fires,
in which the fuel is coal, wood, rubber or other solid
material which will burn; class B-fires, in which the fuel
is liquid such as 0il; and class C-fires, which occur in
live electrical equipment during arcing. State and Federal
laws require fire fighting equipment working with water
rockdust, foam and dry chemicals.

Water, directly applied, is used for class A-fires and
class B-fires of high flashpoint oil or grease. It exting-
uishes fires mainly by cooling. An additional effect is
the lowering of the oxygen concentration by the developed
steam. The specific and latent heats of water are higher
than those of most other extinguishing agents; with the
gdditional advantage of being cheap, abundant, easily
distributed, and relatively harmless, it can be considered
as the universal agent for fighting fires.’?



Rock dust is used for class A-, B-, and C-fires. It
is mainly effective in smothering them by separating the
oxygen Trom the fuel, but has a cooling effect also. It is
therefore suited only when the fires are small or the
available rcock dust quantities large enough to cover the
fire.

Alr foams (produced from a foaming agent, water and
air) have a threefold action: preventing the air from
reaching the fire and thus separating the oxygen from the
fuel, producing steam and thus lowering the oxygen concen-
tration at the fire site, and cocling the fire. Apart
from being able to extinguish class B-fires, alr foams are
very well suited to fight class A-fires when the fire has
spread beyond the reach of water hoses or fire extinguish-
ers.

Chemical foams (produced from foaming agents and inert
geses) prevent air from reaching the fire, dilute the
oxygen at the fire site and have a certain coocling effect
also, the latter being smaller thar that of air foams.

They can be used for class A-, B~, and C-fires. Their
preferred application in the mining industry is in portable
fire extinguishers to fight fires in their incipient stages.

The dry chemicals which are commonly used are mono-
ammonium phosphate (ABC Powder), potassium bicarbonate
(Purple K) and sodium bilcarbonate (Standard Dry Chemical).
They are based on the chemical reaction of the chemical
with one of the intermediate products in the combustion
process. The formation of CO, with its oxygen diluting
effects may for the two metal salts support the extinguish-
ing of fires. Besldes reacting chemically, ABC Fowder
Torms a glaze of phosphoric anhydride, which coats the
combustible materials and separates them from the oxygen.
411 these dry chemicals can ve used for class #-, B-,
and C-fires, with ABC Powder for class A-fires and
Purple K for class B-fires suited best.

Carbon diocxide filre extinguishers dilute or replace
the oxygen. If discharged closely to the fire they have a
cooling effect also. They are best suited to fight class
B~ and C-fires, although they are much less effective
than the dry chemical extinguishers (Table 1) and therefore
not listed as recuired fire fighting equipment in the
Mandatory Safety Standards, Underground Coal Mines.



Table 1: Comparison of Agent Effectiveness for Equal
Sized Extinguishers’?
Agent Silze Underwriters' Laboratories

Rating

Water 2 1/2 gal 2 A

Standard DC 20 1b 4o B:C

Purple K 20 1b 60 B:C

ABC Powder 20 1b 1¢ A, 40 B:C

€0y 15 1b 12 B:C

A-rating: effectiveness on wood fire; prececding number:
relative size

B-rating: effectiveness of gasoline fire; preceding number:
surface (sg. ft.)

C-rating: discharge on live electrical equipment permissible

Extinguishment of fires by dilution or removal of the
fuel supply in mines is only possible in some rare cases. An
example is the fire of a methane blower!®? extinguished by
draining the gas through adjacent boreholes.

The last resort in fighting mine fires is sealing the
fire zone or the whole mine. Sealing tries to interrupt
the airflow through the fire zone and, with the consumption
of the oxygen and the inflow of strata gases, to lower the
oxygen concentration until the fire is extinguished. Ample
time (an average of 100 days) has to be allowed for letting
the fire zone sufficiently cool down to prevent rekindling
or the ignitlon of flammable gas mixtures, which may have
formed in the sealed area.

A1l the discussed fire fighting techniques have their
shortcomings. Experience shows that mine fires, except in
their incipient stages, can only be extinguished by large
quantities of water, large quantities of air foam or by
sealing. Water applied through fire hoses and nozzles has
a range of usually less than 4C feet. Since the heat of the
fire weakens the roof and lets part of it cave, it is neces-
sary to clear the floor from burning material and to set up
timber supports. This, usually, lets the fire extend away
from the fire fighters faster than they can follow. Control
of the smoke without fanning the fire is also difficult.
Since high expansion foam does not carry much water it must
be caused to flow through the fire area, which requires
experienced fire fighters who understand how foam moves
and how to control it. Actually, this should not be too
serious a problem since it can be resolved by training
under non-fire conditions.



Finally, sealing of underground mines can be hazardous
and is always costly.

Miners are therefore still trying to improve their
fire fighting techniques. After the successful introduction
of foam generators in the fifties, and new, improved dry
chemical extinguishers in the sixties, the usefulness of
the new %eneration of halogenated hydrocarbons has been
studied??,!%*% lately; altnough, with the result that the
toxic reaction procducts as well as the high costs make their
application in mine fires inadvisable. The long and suc-
cessful history of carbon dioxide extinguishing systems in
other industries has over the years led to many attempts to
fight mine fires with inert gases. The successes which are
presently claimed in several countries for this method,
has revived the interest in this method again.

B, Procedures Followed in the Sealing and Unsealing of
Mine Fire Zones

The majority of mine fires in accessiblie workings,
when detected early enough, can be fougnt and extinguished
directly. During the direct attack, the ventilation of
the fire site is reduced to a minimum; large enough to
keep the intake side reasonably free of smoke and fire
gases and to prevent flammable gas mixXtures from forming,
but small enough to avoid unnecessary intensification of
the fire."® When it becomes obvious that a fire can not
be extinguished by fighting i1t directly or when the accumu-
lation of flammable gas mixtures or other circumstances
create dangerous conditions in the neighborhood of the fire,
it is necessary to withdraw and to isolate the fire site
by sealing. The purpose of sealing is to prevent access
of air to the fire and to stifle it in the oxygen deficient
atmosphere, which gradually forms in the sealed off area.
The atmosphere must be held in this oxygen deficient state
until the fire zone has cocled enough to prevent reignition
after the seals are opened.

When constructing the seals, the air flow through the
fire zone is reduced and after the seals have been completed,
interrupted. This can result in explosion hazards caused
either by accumulaticns of methane or of flammable combustion
or distillation products. As in the direct fighting of
fires it is sound practice to reduce the air flow to avoid
unnecessary fanning of the fire, but to maintain a ventila-
fion which is large enocugh for the prevention of explosive
gas mixtures until the seals can be closed. The USBM
Miner's Circular 36"? recommends for gassy sections of mines
to erect tight temporary seals but tco close the last seals
only after all men, except those immediately involwved, have



left the mine. Remote or automatic closing is preferred.
At least 24 hours should elapse before the mine is entered
again. Dougherty"! states that "while sealing work is in
progress, the volume of intake air coursed to and over the
fire should be reduced to sufficiency to keep the products
of combustion moving away from the fire to the return. In
the absence of ventilation controls, fighting or sealing
an underground fire is too hazardeous to contemplate". He
recommends a waiting period of 72 hours after the simultane-
ous closing of the temporary seals. Only when the gas
analysis confirms that an explosion is impossible, work on
the permanent seals may be started.

The memorandum on the sealing of under;round fires by
the British Institution of Mining Engineers!®® states that
"wherever there is the possibility of such accumulations near
the fire or of migration of firedamp to the seat of the fire,
the ventilation should be maintained as nearly as possilble
at its normal rate, or at least reduced under control only
to a s8tlll safe rate, durlng the operation of building the
seals". The seals should be of explosion prcof construction,
closed simultaneously and a waiting period of 24 hours
should be observed before approaching them after closing.

The West German Guidelines for Fire Protection
Underground!?® demand that the fire zone be ventilated
during construction of the seals to avoid explosive gas
mixtures. Where such mixtures are possible temporary seals
have to be erected, closed simultaneously and a waiting
period of B hours has to be observed before they may be
approached again for taking gas samples. Where no explosion
danger exists the intake seals may be closed first. The
temporary seals have to be supplemented by permanent seals
of explosion procof construction, but work on these may start
only when no explosive gas mixtures behind the temporary
seals are found.

The earlier expressed opinion®’!*® that sealing the
return airways first helps to extinguish the fire due %o
the backing of €0 finds little support nowadays, because
of the explosion danger from flammable combustion and
distillation products.

Explosions in a sealed off area are prevented when the
oxygen is consumed faster and inert gases are produced faster
than flammable gases can accumulate. This process 1s fre-
quently compared to a race between the gases involved*®, 146,348
and has been simulated experimentally.'?2:1%3 T¢ has been
suggested 1965146,1%8 £hat one should let the fire reach a
certain intensity before sealing it to guarantee a fast
oxygen depletion. Scott !*® calculates the combustion rate



a fire should have before sealing. Another approcach is to
make the sealed off space the larger, the larger the production
of flammable gases is, in order to allow encugh time to
elapse before an explosive concentration is formed.*?,3%6,1883
This contributes additionally to the safety of the miners
constructing the seals by removing them from the fire or the
center of a prospective explosion and protects the seals
from destruction. Both methods, intense fires and large
sealed spaces, make the extinction of the fire more 4iffi-
cult, however, since intense flres require longer cooling
periods, and larger spaces provide more oxygen for the fire
and are frequently more difficult to keep tight.

The distances between seals and fires are therefore in
most cases compromises which take the gas production, venti-
lation, rock conditions, number of cpenings to be sealed,
haulage system and many other factors into account.*!s%%,18%°
As a rule one tries in metal mines cr coal mines without
CHy evolution in the fire zone, to erszct the seals as clcse
as possible to the fire to facilitate a rapid oxygen deple-
tion and fast extinction of the fire. *?>!8° 1In gassy
sections of mines the distance from the fire should depend
on the gas liberation,'®® although the practice varies.'“®
The literature is full of fire descriptions where seals
were originally constructed as close as possible to the fire
and after destruction by explosions were rebuilt at greater
distances. The USBM Miner's Circular 36%® recommends ¢that
in gassy mine sections the seals should be placed as far as
possible from the fire (1000 feet or more).

Mines are nowhere allowed to return to production until
the rCire zones have been sealed permanently with explosion
proof seals. As long as explosive gas mixtures exist in the
sealed off areas, an opening of the seals is not permitted.
If nonezplosive gas mixtures, which in dilution with air
can become exglosive,exist, the seals can be opened through
airlocks, "®>%%,125 hyt a wide margin of safety should be
observed. The USBM Miner's Circular 36*° reccmmends that,
although there is 1little 1likelihood of gas explesions at
vrygen concentratlions of 4% or less, with combinations of
different flammable gases the cxygen content should be 2%
or less, with CHy as the only significant flammable gas, it
should be 3% or less before seals are opened.

I1I. INFLUENCE OF INERT GASES ON THE BURNING OF GASES AND
SOLIDS

Combustion processes in mine fires can be divided into



two categories, which follow different physical laws and
shall therefore be treated separately: the burning of
gaseous combustibles, and the burning of solid combustibles.
This division is not based on the original state of aggreg-
ation of the combustibles before burning starts. All solid
fuels contain substances which decompose and form combusti-
ble gases, the volatiles., Volatile contents range between
5% for anthracite, 40% for high volatile C bituminous

coal, and 75 - 85% for timber. Only the residual carben
rvepresents a solid@ and burns as such.

Liquid fuels, burning from an open surface, likewise
have for their combustion to evaporate and their burning
takes place in the gas phase.

A. Combustion of Gases; Flammability Limits

The combustion of gases usually involves complicated
reactions, consisting of many steps.'’® Although several
theories for these chaln reactions have been developed, it
is customary to use experimentally determined overall
kinetic eguations, which allow the calculation of reaction
products yield and liberated heat in narrowiy defined
ranges.

It 1s possible to derive the influence of inert ad-
mixtures qualitatively by considering the combustion in
a simplified way as a bimolecular reaction, in which a com-
bustible A and an oxidizer B react chemically with one
ancther and form the combustion product M under liberation
of the heat Q:

A+ RBR>M+ Q

If a, b, and m are the molar concentrations (numbers of moles
per unit volume) of A, B, and M, the reaction rate is
dm - 4, = =

— = a b T = Time
dr

where k is called the reaction rate constant. If instead
ol molar concentrations volume concentrations a, b, and m
shall be used, one obtains from the eguaticn of state and
the fact that partial pressure ratios in mixtures are equal
to volume fractions .

a=_-P _a;b=-L2_¢p
RT RT

where p is the total gas pressure, T is the absolute temper-

ature and R the universal gas constant. Consequently:
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This indicates that the reaction rate is proportional to

the product a¥*b of the volume concentration and the square
of the total pressure p. It is however, not inversely
proportional to the square of the temperature, but increases
greatly with T, since the reactlion rate constant k, accord-
ing to Arrhenius' theory of molecular activation, follows
the equation

K = constant * exp(- ﬁE )
RT

E is called the activation energy of the reaction and has
usually numerical values of the order of tens of thousands
of Btu/lb-mole, which explains the rapid increase of k
with T.

Combustion starts through the transition from a slow,
almost imperceptible reaction to a rapid reaction. This
transition 1s by most researchers explained by a change in
the chemical process in the presence of chain reactions.

It can however be explained as caused by the intensification
of the reaction due to thermal stimulation also.®® When

the heat generaticn of the reaction exceeds the heat neces-
sary fto maintain the temperature, at which this heat genera-
tion takes place, gas temperature and reaction rate rise
rapidly and this leads to the phenomenon of combustion.

The lowest tempecrature at which heat 1s generated
faster than heat 1s lost fo the surroundings, is called the
ignition temperature. Below this temperature the gas mix-
ture will not burn without a heat supply. Since the rate
of heat generation is proportional to the reaction rate
and the latter proportional to the product of the volume
concentrations of the reactants, this product must not be
below certain values, er¥pressed by the limits of flammabil-
ity, 1f the gas mixture shall ignite and once ignited con-
tinue to burn, without external heat supply. The lower
1imit of flammability indicates the lowest volume concentra-
tion of the combustible in the mixture, the upper limit the
highest volume concentration.

3ince heat generation and heat losses depend on many
different factors, like ~ caoncentrations, pressures,
temperature gradlents, heat capacities, heat conductivities,
flow conditions, size and wall properties of reaction
volume spaces - lgnition temperatures and limits of flam-
mabllity are no fixed properties for a mixture of a combust-
ible and an oxidizer. If numerical values have been deter-
mined, they are valid only for the conditions under which
they were determined.



Since limits of flammability are of great practical
importance in the technical combustion of gases and in
safety considerations, ample experimental data exist for
them.3%,!%3  Most have been determined under the condition
of forced ignition, when ignition occurs only within a
small portion of the gas whereas the rest remains cold.
Table 217% gives an example of the flammability limits
of methane, hydrogen, carbon monoxide, and ethylene in
mixture with air and of the varilation of these limits
with initial gas temperatures.

Table 2 shows that an increase in temperature widens
the range of flammability, as can be expected from the
fact that less heat is needed fc raise the temperature of
the gas mixture to the i1gnition temperature. A variation
in pressure has the same influence, as can be expected
from the increase in reaction rate with pressure, although
the influence on the lower limit is small.’® With the
small pressure changes encountered in mine ventilation
systems, the effect of initial pressures on flammabillity
limits can be neglected.

Inert admixtures exert several influences in a
flammable gas mixture. They lower the reaction rate by
lowering the concentrations of combustible and oxidizer,
absorb heat due tec their own heat capacity and change the
heat conductivity within the gas mixture. Changed
dirfusion constants can have an influernce 2lso. Lowering
the concentrations and absorbing heat narrows the flammabil-
ity range. Increasing the heat conductivity can widen 1t
since the propagation of flames is supported ~ can narrow
it since the heat transfer to the walls is increased.

Which influence prevails, depends on the geometry and the
volume of the space filled with the gas mixture. The
difference in wvalues obtained for the upper limits can

be considerable,!’? for the lower limit it seems to be 1less
significant.

The different effects of inert admixtures upon lower
and upper limits may be explained in the following wvay.®®
At the lower limit the combustible gas is completely consumed
by the reaction, and the amount of combustible gas which is
present determines the quantity of generated heat. The excess
air, which does not take part in the reaction, plays the role
of an essentially inert admixture. Replacing this excess air
with a different inert gas has, therefore, no influence on
the heat generation and only a minor influence on the burning
properties of the mixture. At the upper limit exlists an
excess of combustible gas, and the amount of oxygen which is
present determines the heat generaticn. Replacing this
oXygen by an inert admixture will have a large effect.
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Table 2: Variation of PFlammability Limits with Initial
Gas Temperature'’®

Fuel in Mixture with Air (%)

Initial Gas Carbon
Temperature (°F; Methane Hydrogen Monoxide Ethylene
63 6.3 -12.9 9.4-71.5 16.3-70.0 3.45-13.7
212 5.95-13.7 8.8-73.5 14.8-71.5 3.20-14.1
392 5.50-14.6 7.9-76.0 13.5-73.0 2.95-14.9
572 5.10-15.5 7.1-79.0 12.4-75.0 2.75-17.9
752 4.80-16.6 6.3-81.5 11.4=77.5 2.50-...

Conditions: vertical tube, downward flame propagation,
atmospheric pressure

Table 3: Zero Pressure Molar Specific Heats at 80°F'77

Gas Cp (Btu/lb-mole °F)
Carbon Dioxide 8.93
Steam 8.0z
Nitrogen 6.95
Helium 5.00
Argon 5.00
Air 6.95

Table 4: Volume of Inert Gas Required for the Extinection
of Hydrogen, Methane, and Carbon Monoxide Flames’S®

Combustible Gas Added Inert Gas Vol. Ratio Concentrations
Inert Gas at Extinction
Comb. Gas Point (% Vol.)

Comb. Gas Oxygen

Hydrogen Nitrogen 16.55 b3 5.1
Carbon Dioxide 10.20 5.3 8.4
Methane Nitrogen 6.00 6.1 12.1
Carbon Dioxide 3.20 7.3 14.6
Carbon Monoxide Nitrogen 4.2 13.9 5.0
Carbon Dioxide 2.16 18.6 8.6
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Filgure 3 shows a comparison of the effectiveness of
CO0,, H50, Ny, He, and 4, obtained in a tube of 5 1nches
diameter. %his tnbe dlameter is large enough to let the
heat conductilvity support the flame propagation and widen
the flammabllity range. Since the heat capacity narrows
1t, it has been suggested that the amount of inert
admixture - necessary for the same phlegmatizing effect -
must be proportional to the ratio heat conductivity A
divided by the constant pressure specific heat c,. These
ratics A/cy have for COp, No, He, and A relative values
of 15, 23, 27, and 33. Other authors '%® make the effective-
ness of inert admixtures proporticnal to their consfant
pressure molar speciflc heats Cp, which for the dlluents
of Flg. 3 are listed 1n Table 3. One sees that both
opiniocns are supported by Fig. 3.

There is in all reported test results general agreement
about the order CO,, Ny, and A with respect to théir phle%—
matizing effectiveness. The position of He changes, 3%,10°
most probably because He has thermal conductivities, specific
heats and diffusion ccefficlents so much different from
those of the other inert admixtures that the type of experi-
ment has a large bearing on the results.

The flammability limits of complex gases, which are
mixtures of several flammable gases, can be derived with
the help of Le Chatelier's rule, This rule is based on
the assumption that the individual flammable constituents
do not react with one another nor do have any catalytic
influence upon each other. Mixtures of complex gases with
other noncombustible gases can then be considered as systems
comprising simple mixtures, formed by one flammable constitu-
ent with a fractlon of the remaining nonflammable gases.
When each one of che so dissected simple mixtures is at its
lower or upper flammability limit, the total mixture will
be at 1ts lower or upper flammability limit also.

For mixtures of complex gases with air, the lower and
upper limits of the mixture can be determined as follows.
if Nl, No, ..., Ny are the flammability limits of the
individual constituents and py, Pp, ..., Py are their volume
percentages in the complex gas, t%e flammagility limits L
of the complex gas will be

L = 100
P14+ P2 4 + Pn

" NE RN N;

T
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It has been shown experimentally 3€>7% that this
formula shows sufficient accuracy for mixtures of hydrogen,
carbon monoxide, and methane and many other, although not
all gases.

For mixtures of complex gases with air and 1nert
diluents the influence of the ratio inert gas:flammable
gas on the flammability limits has to be taken into account.
Figure U4 % shows these 1limits for hydrogen, carbon monoxide
and methane dilluted with nltrogen or carbon dioxide when
mixed with air. The upper and lower limits of mixtures of
complex gases with inert gases in mixture with alr can then
be determined as follows. °%57%:176 The mixture of the
complex gas with the inert gases !s dissected intc simpler
mixtures, each of which contains only one flammable gas and
one inert gas. The flammability limits N of these slimpler
mixtures are determined from tables or graphs like Pig. 4.
Ifps are the volume percentages of the dissected mixtures,
the flammabllity limits L of the total mixture of complex
and inert gases when mixed with air can again be calculated
from

L = 100
Py © D
S I

Nl N? N

It has been shcwn®®27% that this procedure shows suf-

ficient accuracy for mixtures of hydrogen, carbon monoxide
and methane with air, nitrogen, and carbon dioxide and can
therefore be used for mine fire gases.

From curves llke those in Fig. 4 or the experimental
resultsion which they are based,’® one can determine the
minimum volume of inert diluent that must be mized with a
cembustible gas in order to assure that none of its
possihle mixtures with air is Flammable. These volumes,
together with the concentrations of combustible gas and
oxygen at the extinction or nose point - the point where
lower and upper {lammability limit meet - are contained in
Table 4. 7%

There exists an abundance of literature on the flam-
mability of gas mixture which can be encountered in mine
fires. For a fast determination if such mixtures are
flammable or if they can become flammable when diluted
with air or if flammable mixtures can form when the
ventilation is reduced, a great variety of diagrams have
been developed in almost all mining countries. A large num-

ner of them are found in the English literature.2,3,35,3%6,67 71
75’151’139,192
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One type of these diagrams, suggested by Zabetakls,
Stahl, and Watson®251!%3 is later in this report used to
visualize the changes which the compositionand the flam-
mabllity of flre gases experlence when mixed with air and
inert gases. It shall, therefore be described more in
detail.

Flgure 5 shows as an example an exploslbility diagram
for methane-nitrogen-air mixtures.'*? It contains three
dlstinguished regions of gas composition. A: mixtures,
which are already explosive in their present state. B:
mixtures, that will become explosive when mixed with air.
And C: mixtures, that wlll not become explosive when air
1s added. The remaining area (D), the triangle between
the ordinate, the lower flammability curve and the diagonal
inerting boundary indlcates mixtures of methane and nitrogen,
which upon less dilution with air would become explosive.

If to a gas mixture of a given composition, indicated
by the composition poilnt, methane, nitrogen, or air are
added, the composition shifts towards the 100% methane-,
100% nitrogen-, or 100% alr-concentratlon points, respect-
ively. If mixtures of these gases are added, the new
composition can be found by considering this addition as a
sequence of admixtures of the indivldual constituents of
the addition.

Similar diagrams, 1llke Fig. 5, can be plotted for
mixtures of combustible gases mixed with mixtures of inert
gases and wlth ailr. Flammabllity limits and inerting
boundaries can without difficulty be determined with the
help of Le Chatelier's rule.

B. Combustion of Solids; Minimum Oxygen Concentrations
for Support of Combustion

The basis of almost all types of solid fuels 1s carbon.
The combustion of these fuels 1is a very complex process
which ecan be considered In two stapes: combustion through
volutlllization, and combustion of the solid carbon residue
through surface oxidation. The former 1s a reaction in the
gaseous phase, the latter is a reactlion between a solid and
a gas. Burning of the s0lid carbon can be considered as a
sequence of two different processes:

a) the chemical reaction of the carbon at the surface
of the solid with the gaseous oxygen,

b) the transfer of oxygen from the gas surrounding
the carbon to the place of its consumptilon.
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The chemical reaction proceeds accordlng to the formula
xC + y0Oo, = mCO + nCo,

and is accompanied by the secondary reaction
2C0 + 0p = 2C0y

when the ignition temperature of CO 1s exceeded. When the
temperature of the carbon is sufflciently high and the oxygen
concentration low, another secondary reaction proceeds:

C + COp = 2CO

Unlike the reactlon of gases where the concentration of
all reactants influence the reaction rate, the oxygen concen-
tration is the overriding determining factor in the combustion
of solid carbon. This 1s because the carbon is always present
in great excess in the reaction area. Experiments have shown
that the reactlon rate per unit surface area 1s well described
by an equation of the form®®

3
w= _KkK¢ ( ft

= where k = reaction rate constant
A+c ft2sec
gl
ft?sec
A = characteristic constant
¢ = 0p concentration

gt

ft

When the O, concentration 1s small (c<<A), as happens close
to the reactlion surface, this egquation can be written as

X c = qe o = effective reaction rate
A constant (ft3/ft?sec)

w:

o can be regarded as a scale of the reactive properties of

the solid carbon under consideration. It takes the chemical
properties as well as physical properties, like an increased
reaction surface due to porosity, into account. Since hetero-
geneous reaction beiween gases and solids follow Arrhenius'!
theory 1n the same way &as homogeneous reactions between gases,
o increases very raplidly with temperature.

The transport of oxygen to, and the transport of reaction
products from the reaction surface, takes place by means of
diffusion. The transport rate depends on diffusion constants
of the gases involved, and 1n the case of moving gases, on the
nydrodynamic state of the gases at the surface. The ash con-
tent of the solid coal may have an influence also. It has
become custcmary to describe the rate of gas transport by
diffusion per unit surface area analogous to heat transfer
by the equation
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4 = agir (cy - C4) G4y p = diffusion coefficient (fggégg)
3 Cy = concentration in general
(_227_ sec) body of gas
£t cg = concentration at reacting
surface

agif 1s, like its thermal analogue the heat transfer co-
efficient Otps @ very complex quantity. For rough calcu-
lations one can, due to the analogy between mass and heat
transfer, derive tyip from Lewls' law

agif = otth/pcp ) density of gas
cp specific heat of gas

nn

In an equilibrium state the rate of oxygen consumption

w o= a
Cs

1s equal to the rate of oxygen supply

Q@ = o%33if (Ca - Cs)

From w = é and by combining the two equations, one obtains
3
- 1 S ft
4 T T “a % Ca (ftzsec)

+
o egif

The amount of carbon oxidized g corresponds to the amount of
oxygen consumed. If the ratio of both, the stolchometric
factor 1s called B, one obtains from

the rate of carbon oxidized per unit surface area

o ] 3
T o= B 1 ] —————*I t )
® T 1 a (ftzsec

& e31f

Although derlived under simplifying assumptions, this equation
expresses the fundamental properties of the oxidatlon process
of coke comparatively well. 1Its rate is described as
depending both on purely chemical reaction properties and on
the factors determining the oxygen supply to the surface of
the coal. When the temperatures are low, the effective
reaction rate constant is small and 1 >> 1 . In this

o Oqir
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case the process 1s mainly controlled by the rate of the
chemical reaction and can be described by

g% B acy "gquasikinetic range"

For high temperatures, 1 << 1 and the process is

a 0Ldj:f
mainly controlled by the diffuslve resistance the oxygen
supply encounters. It 1s practically independent of the
reactive properties of the coal and can be described by

g R B U41p Ca "diffusion range"

Between these two limlting cases exists a transition region
where a and agqp are both of essential importance.

For the ignition of coal, it is necessary as for the
ignition of gases, to reach a certain temperature at which
the heat generation of the oxidation process is larger
than the heat losses to the surrounding.

Accurate calculations have to take into account that
surface temperatures and gas concentrations are inter-
dependent and show considerable local variations. A great
amount of theoretical and experimental work has gone into
exact descriptions of the burnin% process of spherical
particles and circular channels.>?*%% Burning channels,
which resemble fuel rich flres in mine workings (see chapter
VI B.), are distinguished by the formation of two consecutive
zones, an oxygen zone and a reduction zone. In the former,

a rapid consumpticn of the oxygen is observed and the com-
bustion products are mainly CO,; in the latter, a progressive
reduction of CO, to CO takes place. Since these zones are
separated in space, they can lor approximatlive calculations
be considered separately. Although exact solutions for the
channel burning of solid carbon exist®%>15% which take all
chemlcal reactions simultaneously into account, they are
little suited for practical purposes.

A simple approximation for the change of the oxygen
concentration along a channel can be obtained under the
assumption of a steady state prdcess, constant 0, concen-
trations C, 4Cross every cross section except for the
bour:dary layer, where 1t drops from c¢_ to cg, and constant
wall temperatures. For a channel witﬁ the perimeger P, the
cross sectional area A, and an airflow velocity V the rate
of oxygen consumption over a length dL 1is

dQ = 4 P dl = o¥e. P 4L (ft? )
a sec
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This changes the oxygen concentration of the gas flow
through the channel by

- dca = (-j.Q
V A
FProm
dey = P a¥ar
Ca AV
one obtains with ca T o for L =0
¢y = Co €xp(~ B «'L) = ¢, exp(- _P 1 L)
AV AV L1
& %gir
This can for low temperatures ( 1 > 1 , quasikinetic
o egir
range) furthermore be simplified to
cy = ¢, exp( - P__ al)
AV
and for high temperatures ( 1l << 1 , diffusion range) to
o o,
dairf
P
c, = ¢, exp( - T Casp L)

For turbulent flow, a4y, can be approximated by®®

Caovp & V 18%¥10°3 N _~0-1°€ for Reynolds' numbers N_ =
aif R 10" - 10° R
agip ¥ V 2.2%107° for Ng> 10°

Admixture of inert gases to the gas stream llowing over
the burning solid surface has the effect of reducing the
oxygen concentration, which reduces the rate of carpon
oxidation and consequently the rate of heat generation.

How high the oxygen concentrations are which can no longer
support compustion, depends on the factors determining the
rate of carbon oxidation and on the heat transfer from the
burning surfaces. Theoretical calculations and experiments
have been performed for solid particles®®:11%,129% in gases
of different temperatures. Their results are important for
dust ignitions but are not directly applicable to ordinary
mine fires. The ASTM oxygen index flammability test??®
bears too little resemblance with burning conditions in mines
also, to glve useful results. One has, therefore, to rely
on observatlions in real mine fires. For the sake ol com-
pleteness, observations on flaming combustion -~ which is
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actually a reaction in the gaseous phase - shall be quoted,
also.

In the discussion of a paper by Spencer!®" it is
maintained that gob f{lres were kept alive by O, concen-
trations of 1.31%. Walsh'®! recommends that t%e 0,
content of inert gases should not exceed 4 - 5%,

Rice and colleagues'?®® state that active flaming stops

below 12 - 15%, combusticn below 5 - 6% oxygen.

Mason and Tideswell!®? conclude from their experiments
that at oxygen concentrations of 5% dylng fire may be main-
tained or it may develop further activity. "“Under the good
conditions of heat lnsulation that oceur underground the
continued presence of only 1 or 2% of oxygen in the
atmosphere of a sealed off waste might maintain a heating
indefinitely".

Willett and coauthors'!®® state that "flaming combustion
normally ceases when the oxygen content in the surrounding
atmosphere is reduced below 12%, but this dying out of open
flames is only the first stage in extingulshing of the fire.
Atmospheres of much lower oxygen content may suffice to
maintain incandescence of solld combustible material, whilst
slow smouldering may persist at very low oxygen percentages".

Kukuczka®! 1s of the opinion that below 5% down to 3%
the combustible material stops to smoulder. Below 3% the
combustion process stops completely and after extraction of
the heat developed during the fire period, the fire 1is
extinguished. Krotkiewskl states®’ that any combustion
process is arrested when the oxygen content drops to 3%.
Ratuskov and coauthors!?®® write that after a reduction of
the orygen content to ; -~ 5% combustion and smouldering
come to an end. Hajek®® states that the oxygen content has
to be lowered to 3% to extinguish fires.

Stark!®® found in large scale tests that flaming
combustion of wood and liquid fuels could be extinguishasd
with inert gases containing 12% oxygen, but that smouldering
combustion continued. Superficial smouldering is extinguished
at 8 - 10%. Extinction of the fires could only be accomplished
wilth certainty by the use of gas containing less than 2 - 5%
oxygen, and by leaving the fire zone filled with this gas
for very long periods. For atmospheres of oxygen and nitrogen
with up to 20% water vapor, Stark characterizes the effect of
reduced oxygen contents on combustion as compiled in Table 5.°%°
For dry gas the oxygen content would be slightly lower.
Other authors put the limit of flaming combustion at 5 - 12%
05,%1 10% 05,72 12 ~ 14% 0,,'% > 12.5% 0,.%°°

7
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Table 5: Effect of Reduced Oxygen Concentrations on

Combustion!®?

G, Concentration (%) Nature of Combustion
21 Normal burning or smouldering
¥ 17 Rate or burning and flame spread
reduced by about 50%
* 16 Wick lamps and candles extinguished
¥ 14 Flames of several ft diameter

eXxtingulshed but lower O, concen-
trations needed for extinction, if
the ambient temperature 1s high

17 Smouldering reduced by about 25%

13 Smouldering stops in a 1l-in layer
of cork dust

5 Smouldering stops in a 6-in layer
of cork dust

*obtained with gas containing up to 20% water vapor; O,
content would be lower for dry gas

Table 6: Volume Factors'?!?

Volume of Space Volume Factor Calc. Quantity
£t f£?/1b €Oy 1b CO,/ft? Not Ligs Than

Up to 140 14 .072 -

141 - 500 15 .067 10

501 - 1600 16 .063 35

1601 - 1500 18 .056 100

4501 - 500000 20 .050 250

Qver 500000 22 .0l6 2500
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A rule of thumb in the chemical industry is that all
dangers of explosions from gases, vapors and sollds are
avoided, when the oxygen concentratinsn is kept below 3%.%"

Experiments showed that ignitlion of carbonaceous
dusts in a furnace was prevented in all instances when the
O, content was reduced to 3%.!'®? Except for dusts,!'® where
one obtalns the same results as for gas mixtures, there are
no data on the dilferent effectiveness of the various ilnert
gases in the extinguishing of sclid fires. Since the
diffusion constants for oxygen in inert gases decrease
from Helium over Argon and nitrogen to carbon dioxide, which
makes the oxygen supply to the burning surface decrease in
the same order, one should observe the same results in
Ssolid fires as in gas mixtures. In turbulent flow the
influence of the diffusion constants should have a minor
role anyway.

IV. INERT GAS FIRE EXTINGUISHING SYSTEMS FOR BUILDINGS
AND MACHINES

Inert gases are preferred for extinguishing

a) flammable liquid fires, because they can rapidly
separate the surface of the liquid from the oxygen
of the air;

b) fires of electrical equipment, bhecause they are
electrically nonconductive;

c) fires 1in rooms of high value contents or whose
downtime after a fire shall be kept to a minimum,
because they have no residue.

Their modes of application are local application,
where inert gas 1is discharged directly onto the surface
of the burning material; and, total flooding, where all
of the air in the room at fire is diluted with inert gas.

The first method requlres that the fire can be approached
closely enough for the inert gas discharge or that the location
of possible fires is known for the permanent installation of
discharge nozzles. All portable fire extinguishers are,
for instance, locally applied. Due to their limited content
it is very important that they are used as early as possible
so that the fire.is completely extinguished before the fire
zone 1z heated to temperatures whlch allow rekindling.
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Total floecding requires that enough inert gas is
avallable to be built up and maintain the inert gas or
reduce the oxygen concentration to a level, where burnlng
cannot continue. Recommendatlons exist for carbon dloxlde.
The Standards of the National Fire Protection Association!??®
distinguish, for ftotal flooding extinguishing systems,
between requirements for surface flres and deep seated
Tfires. They 1list for surface fires theoretical minimum
carbon dloxlde concentrations, which are the values of
USBM Bulletin 503, 3¢ and suggested minimum design concen-
trations, which are approximately 1.2 times the theoretical
figures. Recommended volume factors of the Standards,
indicating the ratio welght of carbon dioxide to be dis-
charged:volume of space to be flooded, are for a design
concentration of 34% CO, given in Table 6.1!'%1 These
flgures take the fact into account that in buildings small
spaces have proportionately more wall area per enclcsed
volume than larger spaces and have therefore proportionately
greater leakapges. Since under the assumption of a free
efflux the volume of carbon dioxide required to develop
a certain concentration can be calculated from: (Chapter
VII. A, 2.)

exp (x) = 100 x = volume of CO, added per
100 - % CO, volume of space

the volume factors from Table 6 have for other design con-
centrations y to be multiplied by a factor F

F = log(—=200___ )/log(—100 )
100 - ¥ 100 - 34

The Flooding Factors of these Standards for deep seated
fires are given in Table 7.'2! They have been determined
by practical tests and contain no allowance for possible
leakage. The pertinent oxygen concentratiocns for 50, 65,
and 75 % CO, are 10.5. 7.4, and 5.3% 0,. The length of
time over wgich the inert atwosphere has to be maintained
is variable. According to the Fire Protection Handbook,!®®
time periods of 30 to 60 minutes may in many cases be
adegquate. In extreme cases, days or weeks with CO
concentrations of practically 100% wmay be required. This
is especially the case when charcoal or char are formed,
which are subject to spontaneous ignition as long as the
temperatures are higher than 200 - 300°F.

The U.S. Coast Guard!®® requires for boiler room
protect torg with earbon dloxlde bllge flooding systems a

volume factor of 22 rt?/1b, corresponding to 33.5% CO, or
13.0% 05, These systems are designed for fighting fires
of fuel oils and have been shown to be adeguate when the

air intakes are closed prior to release of the COj5.



26

Table 7: Flooding Factors for Specific Hazards!?!

Design Concentration

%

Flooding Factor )
f£3/1b £O; 1b CO,/ft°

Specific Hazard

50

75

12 0.083

10 0.100

Dry electrical,
wiring insula-
tion hazards in
general.

Small elec.
machines, wire
enclosures, under
2000 cu. ft.

Record (bulk
paper) storage,
ducts, and mech-
anlcally ventil-
ated covered
trenches.

Fur storage
vaults, dust
collectors.
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A different use of inert gases for fighting buildin%
fires has been tested in Great Britain and in the USSR.%%,%17,
187,156,185 1arge flowrates of jet engine exhausts mixed
with water vapor are used to ventilate bulldings at fire

and clear them from smoke. The oxygen concentration of

the mixture 1s low enough to extinguish flaming combustion.

A description of the appllances used will be given in

chapter X. C. 1.

V. INERT GAS USE IN MINE FIRES APPLICATIONS AND
PREVAILING OPINIONS ABOUT "...c USEFULNESS OF THIS
METHOD IN MAJOR MINING COUNTRIES

A. Unlted States

Rothwell!*"* mentions already in 1875 that steam,
carbon dioxide, and mixtures of carbon dioxide with nitrcgen
have been injected into sealed off areas %o hasten the cool-
ing and the expulsion of the air frcm the enclosed space.
Carbon dloxide was usually generated from mixing limestone
or marble dust wlth sulphuric or muriatic acid or from
passing air through a bed of incandescent coal, mixed with
limestone. He states that the use of carbon dioxlde has
not been too satisfactory, but blames the defective
manner of applilcation and particularly the shortness of
time allowed for the cooling of the heated fire zone for
1t. He feels that the district on fire should be hermeti-
cally sealed.

Spencer!®* describes in 1898 a fire in a heading,
which after sealing, kept burning slowly. He claims that
the discharge of 150 1bs 002 into the sealed area supported
the extinction of the fire greatly.

Walsh!®!»182 gyggested in 1919 an inert gas generator
based on an ordinary coal boller furnace for fire fighting
purposes. He sees the maln advantage of inert gases, when
applied with a posiltive gage pressure in sealed areas,
in keeping the air out. This 1is especially beneficial for
fighting fires in difficult to seal outcrop or other in-
accessible regions,

Jones’% describes the extinction of a fire in the
Bitner Mine, a drift mine under very light and leaky cover.
The fire was caused by a grounded trolley on Nov. 16, 1922
and had reached an extension of 1400 ft. by Dec. 16, when
the application of CO, was commenced. Injected into the
sealed fire zone were a total of 36 tons of liquefied COZ’
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equivalent to €50,000 ft°, the major part of it between

Dec. 16 and Dec. 25 with a maximum rate of 17,750 1lb/day
(160,000 ft3/day) on Dec. 24. From Dec. 26 till March 26
the the CO, supply was continued at a reduced rate of seversal
hundred 1bs/day to make up partly for the leakage losses.
After Jan. 5, when gas analyses indicated that the fire had
been extinguished, the mine was partly flooded with water to
accelerate the cooling process. The CO, concentration
inslde the sealed area reached a peak o% 24% on Dec. 25

and was allowed to taper off to 11%, when the fire zone

was opened on March 26. The cost of injected CO, was
estimated to be less than 10% of the total fire fighting
cost. The main advantage of the COp application was seen

in the prevention of 1Inward leakage of ailr due to pressure
fluctuation and the cooling of the sealed atmosphere.
Strange!®! reports that on Feb. 28, 1924 a fire was
discovered at the Pine Hill Coal Comp near Minersville, Pa.
in old workings. Sealing was completed after 4 days, but
due to faulty geological conditions was not effective
enough. Injection of CO, began March 26. Within 4 1/2
hours 194 cylianders with 50 1lbs of COp each were discharged,
within the next 11 hours another 242, and finally within
the next 10 hours an additional 122 cylinders. 1In May it
was felt that the fire was extlnguished,

Rice, Paul, and von Bennewltz report!?? that carbon
dioxide has been used at the end of the last century at
the Engleville Mine in Colorado to extinguish a mine fire,
but without success since the fire zone couldn't be sealed
well encugh. The gas was generated by mixing limestone
with sulphuric acid in closed vats. In arnother mine, the
fire was extingulshed by blackdamp evolving from the strata.
After sealing off the whole mine with an excavated volume
of 96%10% ft?, the 0, content dropped to 5% after 21 days
and to 0.66% after 39 days. The authors state that they
learned of other 1lnert gas applications in mine flres also.
They see the only advantage of inert gases in keeping
external gases from entering. Otherwise, the rapld absorption
of Oy in a reasonably well sealed area makes the use of
inert gases, according to their opinion, unnecessary.

Forbes and Crove"? mention in 1948 that CO, 1s used
by forcing it wilith perforated pipes through burning or
smouldering material.

Westfield, Brumbaugh, and Whittaker!®® describe the
successful use of COp for fighting a coal fire of electrical
origin 1n an intazke airway. When discovered, rockfalls
impeded direct fighting, so sealing was decided upon and
completed 14 hours later. Only 4 seals were necessary,
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of whiech two were destroyed twice and rebulilt within the
next 5 days. The sea ed off area was approximately

30,000 ft® large. To prevent further explosions it was
decided to inject carbon dloxide, which was shipped 1n
fanktrucks to the mine, gasified at the surface and intro-
duced through the existing waterline. A total of 5 tons
or 85,700 ft? were introduced at an original rate of

8000 ft /hr. After 1 hour the oxygen and carbon dloxide
concentrations were 6.8 and 39.5%, respectively, after

10 hours, 1.2 and 73.3%, respectively. Fifteen days later
the sealed area was inspected and no fire being detected,
ventilated. Remarkable was an lncrease in the CO concen-
tration from 0.03 to 2.0% after the CO, injectlon, which
had decreased to 0.23% only at the time of ventilation.

Haller and Michels®! report that in 1957 a fire in a
timbered ralse of the Penokee Iron Ore Mine near Ironwood,
Michigan was extinguished with CO,. Immediately after the
fire was detected, the airflow through the raise was
interrupted with temporary seals of timber and brattice
cloth. Since water from the top of the raise could not
extinguish the fire, the injection of bottled CO, into
the raise from its top was begun 18 hours after the fire
detection. After the introduction of some 4000 ft?3
during the next 3 hours, one ton of dry ice was dumped
into the raise while the release of bottled CO, was
continued at a reduced rate. Samples taken from behind
the seals 33 hours after the detection of the fire showed
that the fire had been extinguished. The CO, introduction
was stopped after an additional 24 hours, the seals were
opened 3 days later. The total COp consumption was 10,000
lbs from bottles and 1 ton of dry ice. The sealed volume
was approximately 18,000 - 20,000 ft?, the length of the
fire zone 40 ft.

Heers and Dennison®" describe the application of CO
to fight a fire in the Koehler Ccal Mine near Raton, N.M.
The fire was discovered on the morning of June 8, 1958. By
11:00 p.m., the seals in the intake and return airways to
the flre zone were completed, the total sealed off volume
was approximately 28,000,000 ft° To cocl the szzled area,
a closed ventilation circuit was constructed of 2 ft diam.
corrugated culvert, with which gas was withdrawn from the
sealed area, passed over dry ice and Intrecduced back into
the sealed area again. Liquld CO, was injected intc the
sealed area also. Over a period of 7 mor.ths, a total of
1302.5 tons of liquid and solid COp were consumed. Due to
cracks to the surface, the 0, content in the sealed area
never fell below 3%. The fire could not be extinguished
but it was possible to explore the sealed off area, drive
bypass entries and to advance the seals to the edge of the
fire zone. These seals were then strengthened in preparation
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for flooding with water, which was started on June 29, 1959.
On August 11, 1959, the mine was released from the Withdrawal
Order of June 1958.

Dougherty reports"?! that durlnig recovery operations of
a caved entry section, three blocks long, indicatlon of
rekindling occurred. The entry was resealed and "a dozen
or more bottles of COp were discharged into the enclosure",
and the flre was extingulshecd. He mentions another case
where 49 tons of 002 were pumped into a sealed area, in
which rekindling during recovery operations occurred. It
was, however, difficult to keep the CO, contalned and after
10 days the seals were reopened. From his experiences
with mine flres he takes the stand that the first case
offered ldeal conditlons for the injection of CO, into
a sealed area. "If the area 1nvolved 1s of any appreciable
size, the quantity and cost 1s prochibitive. It has been
tried as an adjunct in seals on occasions, but was unsuc-
cessful"."!

McElroy!°® concludes in 1938: "Although a number of
attempts have been made to extingulsh large fires in
anthracite mines by the use of steam and, in at least three
instances, CO,, the results appear to have been practically
nil, or at least indeterminate". The Miner's Circular 36 from
1948*°% summarizes: "Inert gas such as COp occaslonally may
bz used to advantage in cooling or extinguilshing a mine
fire, however, the use of lnert gases 1s a laborious,
expensive, and often unsuccessful method. If effective
seals are erected and the fire areca is airtight, enough
inert gases will be produced ty the fire and by the consumption
of oxygen to extingulsh the fire within a short time. If
the fire area 1s not sealed tightly or seals are erected,
1t 1s questlonable whether the use of inert gas will be
effective. Where claims of the effective use of carbon
dioxide have been made, 1t 1s likely that conditions have
been especially favorable, as its use is known to have
been unsuccessful in several attempts".

B. Great Britain

The usefulness of 1lnert gases for extinguishing mine
fires was already being seriously discussed in the last
century, and several a%plications are reported - the first
one as early as 1849.%°% Walker!®® reports that in 1851 a
fire in a coal mine at Clackmannan, Scotland, which had
burned in a 9 ft seam for 30 years, was extinguished within
3 weeks with 2z mixture of carbon dioxide and steam. The
carbon dloxide was generated 1n a coke furnace, cooled by
water jets and then forced into the sealed fire zone with



31

steam jets. In 1874 the Wynnstay Colllery, North Wales,
was sealed after a filire broke out. Carbon dloxide was
generated by mixing limestone with sulphuric acld and a
total volume of 164,000 ft® was within 4 months forced
into the downcast shaft. The atmosphere behind the seals
was found to contain 5% CO,, 25% air and 70% CHy.'“*
Walker!®® mentions that in 1885 one engineer claims to
have used carbon dioxide on several occasions to extinguish
mine fires. The carbon dioxlde was generated by mixing
chalk with acid in barrels and plped through the seals
into the fire area. Several months of application were
usually necessary.

In 1913 carbon dioxlide was used to fight a fire at
the Senghenydd Colllery since due to the heavy leakage,
it seemed impossible to extinguish the fire by sealing it."*®
The carbon dioxlide introduction was started eight weeks
after closing the seals at a rate of 400 ft3/hr and was
continued for 15 weeks. The fire could not be extinguished
but sufficiently slowed down to fight it directly with water.
The carbon dioxide was produced from bicarbonate of soda
and sulphuric acid in a commercial generator otherwise
used 1In the mineral water industry.

A detailed description of the use of nitrogen for
fighting a coal fire in a heading, lgnited by a methane
explcsion on July 24, 1962, has been glven by Vaughan-
Thomas.!’® Due to the fact that the heading passed over
a total distance of 360 ft through old workings and was
exerted to large ventllation pressure fluctuations, sealing
was unsuccessful. The leakage rate outbye through the
seal was at first 1,700 c¢fm - and even after concrete
spraying and building of a pressure balancing chamber, did
not drop below 900 cfm. The oxygen concentration in the
sealed off space of 400,000 f£t° could not be reduced below
15.3%. O©On August 10 the injection of nitrogen through the
seal commenczd and within 60 hours a total of 1.87 Million
ft?® had been introduced. The nitrogen was transported in
road tankers to the mine, evaporated in steam-heated
evaporators at the surface, and piped through the compressed
alr lines into the fire zone. Between August 15 and Gctober
10 efforts concentrated on reducing the leakage wlth additional
concrete spraying and better pressure balancing while nitrogen
was supplied 1in variable quantities. Between October 10
and November 7 the oxygen concentratlion could be kept at an
average of 1.8% with a nitrogen input of 25,000 ft3/hr. After
a stop in the nitrogen injection between November 7 and 10,
which let the 0, and CO concentration at once rise again,
nitrogen pumping was continued at 25,000 ft®/hr ti1ll November
14, and at 40,000 ft3/hr thereafter. Between November 16
and 18 inspsoctlon teams entered the sealed area and installed
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water nozzles in the fire zone. On Novembher 25 the nitrogen

low was stopped and the heading again ventllated. When
resurgence of the heatlng took place, a new seal, 95 yd
back from the face of the heading was constructed, which
was completed on November 27. Nitrogen was introduced
behind this seal untll December 11 at an initial rate of
40,5000 ft3/hr and at a total volume of 8 Million ft*. A
reinforced concrete dam was bullt 5 yd outbye the second
seal to flood the flre zcone. Bulld up of an extinctive
atmosphere made flooding superfluous, however. In the
twenty weeks of fighting this fire, a total of 85 Million
ft¥ of gaseous nitrogen had been consumed. It was possible
to keep the atmosphere behind the seals ncnexplosive,
however not possible to extingulsh the fire.

Notman!??® mentions that two and a half tons of dry ice
were in another case transported intoc a sealed fire area
to support the formation of an extinctive atmosphere.

Tideswell’®’ sees in the use of inert gases as a buffer
between the alr and the gas whille clearing areas of potential
dangers, not an unpromising approach to greater safety.

The opinion of the National Coal Board is that the use
of inert gases for combatting underground fires has potenti-
ally a wlde application, which 1is in practice, however, limited
by the problem assoclated wilth supplying the gas at a
sufficiently high flow rate. This cpinilon is currentliy belng
reexamined, and the results of the present Investigations
should be available shortly.!?? The Safety in Mines Research
Establishment takes the same stand. 1In theilr opinion
there appears no doubt that inert gases can be used to con-
trol large underground fires and to enable the rapid reopen-
ing of sealed districts. In view of the heavy leakage which
usually exlsts, large sources of lnert gases must be
available 1f the method 1s to be used successfully.

Recently, SMRE have started small scale experiments to
investigate the effects of reduced oxygen concentrations
on a fire in a duct, with nitrogen being the diluent.!®*

C. Germany

Inert gas use was more popular in the thirties than
now. Bredenbruch!® reports in 1939 that sealed fire areas,
when an interest 1n thelr fast reopening exists, are flooded
with carbon dioxide. This method had been used for several
years. Pregulsite is a good sealing of the area and a limited
extension. The carbon diloxide 1s always introduced at the
highest point. He quotes the example of a backfilled,
abandoned longwall face where spontaneous ignition caused



a concealed filre. Pipes were driven into the backfill and
20,000 ft® of carbon dioxide sufficed to extinguish the
fire. Smaller concealed heatings were frequently fought
wlth perforated injection lances. In one case an initial
quantity of 7,000 ft® and continuing injections of 2,300 -
3,700 ft3/week of carbon dloxide over a period of 8 weeks
extingulshed the fire.

Both!® reports that in the only case of inert gas
application during the last decades - a rate of 35,000
ft*/hr over several weeks - was not capable of extingulshing
the filre, but allowed to advance the seals and tc reduce
the sealed area. The lnert gas was generated in a mobile
plant from heating oll, and had a composition of
& 15% COQ, 80% N2, 0.5% 02, and 9% Hzo.

The Mine Rescue Center of the Ruhr Coal Mines!? is
of the opinion that fighting fires with inert gases is
suited only for small, well sealed fires. In other cases
the required inert gas flow rates are larger than presently
avallable. Besides using larger portable inert gas genera-
tors, thought is given to use in future llguid carbon dloxlde
or nitrogen in tank cars; which due to the proximity of the
Ruhr mines to the producers of these gases, could be deliv-
ered In larger quantitles than were avallable in the past.

The East German Institute for Mine Safety takes the
stand!2?2 that dnert gas use 1s Justified when a large mine
fire shall be extinguished in the shortest time posslble,
without consideration of cost. During the last years inert
gases have, however, not been used - high expansion foam
is preferred.??®

D. Mainland China

Wang Tie-3in!83 describes two coal mine fires, which
could be extingulshed with Inert gases. The first fire
{Colliery No. 1 Tchegan Division) started in June 1659 and
required the sealing of a whole mine level with a volume
of 3.5 Million ft?. 1Injectlon of a mixture of carbon
diloxide and nitrogen started in March 1960, and by July
3.5 Million ft? had been forced into the sealed area. Gas
samples taken in June behind two seals showed carbon dioxlde
concentrations of 10.25% and 9.50%, oxygen concentrations
of 5.1% and 6.7%, methane concentrations of 1.0%. The
carbon inonoxide concentration in the fire area was in July,
0.03%. After inspecting the sealed area in September 1960,
the seals were orened.

The second fire (Dalu Colliery No. 1 Tchegan Division)
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started In August 1960 and was immediately sealed.
Injection of a mixture of carbon dioxide and nifrogen
started in September 1960. After 3.5 Miilion ft® had been
introduced within the next 3 months into the sealed area
with a volume of 1.6 Million ft®, the carbon monoxide
content In the sealed atmosphere dlsappeared. Gas gamples
taken at three different seals showed carbon dioxide con-
centrations of 6.9, 9.1, and 10.0% oxygen concentrations
of 2.7, 1.0, and 0.9%.

Wang Tle-Sin introduces two scales for the inert gas
application:

the "intensity of forcing" = dp/V

the “fire extingulshing index'" = Q¥§;/V

where V = yolume of sealed area (ft?)
Q = total injection of lnert gas (ft?)
dn = rate of inert gas injection (ft*/month)
4, = rate of inert gas injection (ft?/hr)

The intensity of forcing obviously 1s some measure for
the fraction of the sealed volume which is filled within
one month with_ inert gases. The fire extinguishing index
Q*qp/V = Q/(V/qy) relates the total quantity of inert gases
Q to the time V?qh required to f111 the volume V. For the
two fires under discussion, Wang Tie-Sin gives the data
compiled in Table 8. He concludes that for the successful

ighting of mine fires the intensity of forcing should be
higher than 0.3 and the index of extinguishing the fire
should exceed 1U4%10°%.

The lnert gas was in both flres genesrated with an
intermittently operating coal furnace, charged with 1,760 1bs
of c¢oal which were consumed in 12 - 14 hours. The combustion
gases contalned: CO, > 16%5 CO = 0%, Op < 3%. It is claimed
by Ratuskov and colleagues!®?® that this inert gas generator
1s based on work done by the Russian Research Institute for
Workprotection in the Mines of the Eastern District (VostNII).

E. Poland

The Polish Coal Mines use lnert gases for two different
purposes: to support the build up of a non-explosive
atmosphere in sealed areas, and to prevent alr leakage
through the seals.



36

The inert gas requlrements for extingulshing fires
by lowering the oxygen concentration to approximately 3%
are considered to be too large for practical applications.9°

Air leakage through seals 1s prevenfied by so-called
insulation locks - consisting of a group of 2 - 4 stoppings,
erected adjoining to the seals, and forming an inert gas
filled chamber of 1500 - 3000 ft? volume. The inert gas
1s kept at an overpressure of 0.4 - 0.8 in. wg. The stop-
pings have well fittirg doors to allow fire fightlng teams
to penetrate into the fire zone.

The inert gas source is a truck mounted West German
built generator of the tyge Mahler-Exo-I 200/s, with a
capacity of 120 ft¥/min.®%2%" The inert gas composition
is 85% N, 13% COp, 2% 0, maximal.

F. Czechoslovakia

A thorough review of inert gas methods is given in
a paper by Hajek.®*? It contains a 1list of all inert gas
application in Czechoslovakia up until 1969 (Table 9).

The first large scale use took place in 1949 at the
Doubrava Cclliery, where a series of methane explosions had
caused widespread flres. When sealing was not able to
extinguish these fires, an improvised nitrozen plant of
the Claude system with a capacity of 25,000 ft3/hr was
set up at the mine. A total volume of 178.6 Million ft?
Liad to be released into the mine before it could be
reopened.

Three more fires were fought in 1951, 1955, and 1956 with
bottled CO,, mine-site produced and trucked N,. In 1957
three trucﬁ trailers carrying bottled nitrogen at 5,100 psi
and with a capacity of 21,000 ft3/trailer were put into
service for routine use in mine fires by the Central
Rescue Station in Orlava-Lazy. In 1965 two trallers with
a capacity of 25,000 ft each were added sc that now
delivery rates of several 100,000 ft®/day can be maintained
in the Ostrava-Karvina Coal Baslin. Where no discharge
of the gas through plpelines is possible, bottles of 10 gal
volume are used for the transport between trailers and
fire zone. They have a capacity of 210 ft? each at 2,200 psi.

Experiences with CJ, have not been favorable. When
blown into the fire, the CO content rose to 5 - 6%.!7% Nitrogen
can furthermore be obtalned in larger quantities.!??
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Table 9: Incrt Gas Applications in Czechoslovakia (60)
Year Plant Cause Use Transport ,12%1?22)
1949 Doubrava expl, & fire vxtincet. & inert, pr;gﬁzegif: 178,570
1951 aépotocky fire extinction bottled CO?
1955 CS A fire extinction piped N2
1956 Hlubina fire axtinct. & inert. rroduced at
mine site
1958 Zépotocky fire extinction piped N2
1959 Mezana PLR fire inertization bottled N2 10.6
1959 Gotttnld fire inertization piped N?
1960 El. ¢S A fire inertization piped N, 24.7
1960 Kovokuté fire prevent. inertizution piped N; 21.2
1961 Dukla fire extinction piped N2 10,219.9
1961 C3 A , lire extinction piped N2
1961 Koks. VY. Unor fire inertization piped N2
1961 Plyndrna Suchu fire inertization piped Np
1961 Sidliste fire inertization piped Né
v
1962 Zafie fire extinction hnitled N2 392.0
1962 Sidlibte surf. fire inertization piped N,
1963 Doubrava fire extinet. & inort, piped N2 7,532.5
1963 Voclav fire extinction piped N2 425.8
1963 bukla fire extination piped N2
1963 Sucha surfl. fire inertization piped H,
1964 Futik 1T Fire extinction bottled and 988,8
piped N2
1964 n S A cxpl. & fire extinetion bottled N 81.2
1964 Gidlinte surf, fire inertization piped N;
1965 CoM fire extinct. & inert. piped N, 1,013.5
1966 “irnbek expl. & five extinetion piped N, 476. 7
1967 Z.apotocky {ire extinetion piped N2 2,464.9
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Year Plant Cause Use Transport Vglumg
(167 £t2)
1967 Koka. Karolina fire extinction piped N, 21.2
1967 Koks. Sverma fire inertization piped N; 24.1
1969 Jeremenko fire extinction piped N2 1,617.4
1969 7KL Brmno fire in bunker inertization piped N2 21.2
1969 Rekultivace firr in bunker inertization piped N2 1.2
1969 Studenka fire in bunker inertisation piped N2 21,2
1969 Plynérna %uché fire prevention inertization piped N2 T4. 2
1969 Koks. V. U, fire prevention inertization piped N2 194.2
1969 Koks. Karolina pressure test inertization piped NQ 51.8
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To 1limit the gas consumption only smaller sealed
spaces are flooded with nitrogen to extinguish the fire. In
the majority of fires, low-volume nitrogen pressure
chambers are employed.®%»13'517% Thegse are two, nitrogen
filled chambers, 10 - 17 ft. long and fitted with well
sealing doors, which are bullt after the walting period has
passed outslde each seal of the fire zone. The nitrogen
is kept at a pressure approximately 0.4 in. wg. higher
than that of the sealed atmosphere or mine atmosphere -
whichever 1ls higher. This regquires a nitrogen supply of
35 - 70 ft3/min per seal.

Pressure chambers have two purposes: they shall
prevent a leakage of other gases than nitrogen through the
seals, and they shall permit an opening of the seals to
allow flre fighting teams to advance towards the seat of
the fire under the cover of a nitrogen curtain. If the
whole sealed area cannot be 1nerted, new seals are built
at the farthest point of advance.

Waldl?? brings an example for the rapid extinection
of a mine fire with the aid of pressure chambers (Fig. 6).
It is estimated that the reduced air leakage through the
seals allows to shorten the sealing periocds from 4 - 6
months to 1 - 2 months.!3!

In 1967 an inert gas generator, based on the thermal
dissocilation of ammoenia and subsequent combustion of hydrogen
with a capacity of 650 ft3/min, was developed by the Mine
Rescue Center., It is, however, contemplated to wuse in
the future the generator GIG-4, developed in the Soviet
Union.

G. U. 5. 3. R.

Osipov and colleagues!?® mention that inert gases
for flghting mine flires have been used since the beglnning
of the century. They report that in the years 1963 - 1965
nine large mine fires 1n the gassy mines of the Donetsk
district alone were sealed with simultaneous injections
o7 carbon dioxlde to prevenl explosions, and that the total
amount of COp consumed was higher than 3.5 Million ft3.

e riral detalled deserlptlon of the extinction of
a mine fire which could be fcound in the literature is from
1960163 and deals witnh the injection of bottled carbon
dioxide into a sealed area of 210,000 ft?. Within 2 days
4 total of 195,000 ft! were released, but due to considerable
leakage, the gas composition in the sealed area changed only
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to 13.6% COp, 3.1% CHy, 12.0% 05, and 0.03% CO. Much
more carbon dioxide had to be used before the fire could
be extingulshed.

Ratuskov and colleagues'®® report that inert gas
methods found - till 1964 - no wide application due to
the limlited gas supply. The Research Institute for Work-
protection in Mines of the Eastern Districts (VostNII)
therefore developed a moblle inert gas generator with a
capacity of 17,700 ft3/hr, which consumes approximately
90 1lbs/hr of heating oll and produces a gas with 1.5 -
2.5% 0o, 12.5 - 14.0% COp, and only traces of CO. This
generator was successfully used to extinguish a fire in
the gob of the Mine No. 3/4 "Ziminka" (Kombinat Kuzbassugol).
After sealing a mine area of 106,000 ft?® a total of 1.1
Million ft?® inert gas was injected over a period of 3 months
in rates of 17,700 - 21,200 ft3¥/hr intermittently. One
month after stopping the lnert gas introduction, the seals
were opened. The gas inside contained 5% O, and 4% COjp,
CO was milssing. The authors see the special advantage of
the 1nert gas application in the fact that a nonexplosive
atmosphere behind the seals 1s established quickly so that
interference of the fire with the rest of the mine 1is
minimal.

SevostJanov!®? describes a mine fire where inert
gas application did not have the desired result. 1In the
Mine No. 12 "Osnovnaja'" (Kombinat Donbassantracit) a
methane blower was ignited by shotfiring in a longwall
face and produced a flame of 100 ft. length and 28 - 33 ft.
width. Soon the timber lagging cf the return alrway
burned over a length of 100 ft. With ample use of water
the fire could be reduced to the gas flame alone. The
latter was fought wlth water, carbon dioxlde, and chemicals
from hand extinguishers - but wilthout success. To avoid
the formation of explosive mixtures, 1t was decided to
refrain from sealing or reducing the airflow, but rather
to employ the inert gas generator GIG-2. This generator
produces a mixture of steam and inert gas at a rate of
635,000 ft3/hr. Although the 0o content could be reduced
to 15% and the C0s content increased to 5% (after 1 hour),
the operation of the generator had the effect of inecreasing
the airflow through the fire zone and the temperature of
the combustion products, so that the fire started to spread
again. After several hours the use of the irnert gas gen-
erator was therefore suspended and the fire fought again
wlth water. The fire was finally extingulshed by draining
the CHy into gas boreholes and cooling the rock with water
brought in through other baoreholes.

Osipov and Orlov!®? report that a fire which had been
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started by a methane lgnition could 1n the accessible

parts of a longwall coal face be extinguished by conventional
means but continued to burn in the waste area. After
sealing, nitrogen from liquid gas containers at the surface
and four AGU-2m evaporators with a combined capacity of

1,400 ft*/min was piped into the gob through two 4 inch
pipelines at a rate of 1130 £t */min over the first 64 hours
and at a rate of 370 ft*/min over the next 99 hours. The
total volume of nitrogen injected was 6.3 Million f¢?

or 1.9 times the volume of the sealed off space. After

40 - 50 hours, the oxygen concentration had dropped to 1%.
Four months after the nitrogen injection, the carbon monoxide
had disappeared. After allowing an additional 2 months for
cooling, the sealed area was inspected and reopened. The
cooling times were calculated from heat transfer considera-
tions, which gave an answer of 6 - 8 months.

Belilk and colleagues'® describe the successful use of
carbon dloxide to extingulish a spontaneous coal fire in the
gob area of a steep longwall face. After sealing, the
carbon dioxide was released from the fTop entry in a quantity
of 165,000 ft? over 12 hours and at a rate of 10 ft3/sec.
The composition of the atmosphere along the face and the
entries was recorded cver a period of 100 hours. Although
the seam had a dip of 60°, the carbon dioxide filled all
mine workings and diluted the oxygen to less than 3%.

Sobolev brings in his book Mine RescuelS5® an example
for the use of nitrogen. At the Mine No. 23 of the Kara-
ganda Coal District, a fire in a longwall face, which
gradually spread intc the return airways, was discovered
April 19, 1969. After Y4 hours of attempts to extinguish
the fire with water and foam it had to be decided to seal
the fire zone. Exploslon proof seals were completed in
April 23 in two intake and three return ailrways. Gas
samples showed

7.5% COo, 8.4% CHy, 6.9% Op, 1. 4% CO, 1.6% Ho behind return
seals and 1.0% COo, 4.2% CHy, 1€.8% 02, . 7% Co, 0.3% Hy
behind intake seals.

After 25 hours the composltion had changed to

6.5% COp, 21% 2.6% 05, 1.2% CO, 1.1% H, behind return
seals and 1.5% 082, 18% Cﬁq, 5.5% 05, 1.0% éo 1.2% Hp
behind intake seals, and miners were allowed to reenter
the mine.

To stop active burning and to create a stable non-
explosive atmosphere, the injection of inert gas was
decided upon. Used was liquid nitrogen from railroad tank-
cars, which was evaporated in gasification plants of the
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type AGU-2m at the surface and piped through gas drainage
and water lines of 6 and 5 inches diameter, and a total
length of apprcximately 1.5 miles. Four plants AGU-2m

could under these conditions feed an average of 1240 ft3/min
into the fire zone. Between May 3 and May 7, 1969, a total
of 6,000,000 £t N5 were released, or 1.24 times the sealed
volume of 4,850,000 ft®. An additional 940 f£t? of liquid
niltrogen, corresponding to another 650,000 ft? of gas,

were poured through a borehole into the fire zone. This
changed the composition of the sealed atmocsphere from 3 - 4%
COp, 36 - U49% CHy, 6.5% 0y, 0.07 - 0.2% CO before the Np
release to 0.5% COp, 41% CHy, 0.9 - 1.9% 0o, and 0.0% CO.
after the release of the nitrogen.

An unpublished report!’% describes 7 applications of
the inert gas generator GIG-2 through the years 1969 - 1972
in coal mines. It 1s summarized 1n Table 10. In all cases,
the ventilation of the fire zones was malntained to such an
extent that no explosive mixtures could form and was cuf
off only after the fire zone had been fllled with an
inexplosive atmosphere.

The transport of the inert gases into the fire zone
has been studled by several researchers. Kessariiskii®?
investigates the usefulness of existing pipeline systems
in mines for piping nitrogen from the surface to the
prospectlve flre sites and comes tothe conclusion that the
dimensions of the existing systems (water, compressed air,
gas drainage) suffice. Osipov and colleagues!?® describe
an experiment tec study the carbon dioxide flow within a
sealed longwall face of 360 ft. length, 3 ft. height, and
23° dip. The pertinent haulage and ventilation roadways
had cross sectional areas of 54 ft?, the ventilation was
ascenslional. Both rcadways were sealed in a distance of
1150 ft. from the face, the airflow was regulated at 105
ft°/sec or 2 ft/sec. Over a period of 90 minutes, carbon
dioxide was released through the lower seal at a rate of
35 ft3/sec. This caused the airflow to drop to 18 ft3/sec
after 20 minutes and to 3 - 5 ft3®/sec when the ventilation
pressure, actlng at the face, was further reduced. Airflow
rates, methane, carbon dloxide, and oxygen ccncentrations
were nonltored along the roadways and the face. The
results showed the following peak values of gas concentrations:

200 ft from lower seal: 62% COz, 8% 0o
1100 ft from lower seal: 45% Co,, 11% O,
100 ft inside longwall face: 30% CO,, 1U4% 05, 5% CHy

top of longwall face: 12% COp, 16% 0y, 14% CHy
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Thils indicates that the ventilating pressure acting
at the longwall face was too small to move the carbon
dioxide up the face. To guarantee mixing of the COp with
alr, the authors recommend that Reynold's numbers, larger
than 50,000, should be malintailned.

A similar experiment was conducted with nitrogen by
Gorb and Stalerov.3? A longwall face of 640 ft. length,
3 ft. height, 10 - 11° dip, which had advanced approximately
1000 ft. from a raise and been worked with full caving, was
sealed in its pertinent haulage and ventilation roadway
close to the ralse. The total sealed space was estimated
to be approximately 920,000 ft3. Niitrogen was released
through the lower seal over a time pericd of 260 minutes and
a rate of 2000 ft¥/min, which amounts t¢ a total nitrogen
quantity of 0.57 times the sealed volume. The airflow had
been reduced by the sealing from 19,500 ft?®/min to 5,600 f£3/
min and fell to 2,300 ft®/min after the nitrogen release.
Monltored were nitrogen, oxygen and methane concentrations
in 90, 880, 1400, 2150, and 2460 ft from the point of
nitrogen release. Tha results showed that the nitrogen
moved with the ventilating alr and fiiled the sealed space,
which required approximately 3 hours. Due to the low
alr velocity, consldersble methane layering was, however,
observed along the upper entry.

The losses, which are caused by lieakage through the
gob area when inert gas 1s released into the roadways of
a longwall face, have been estimated by Abramov and
colleagues.! The results of the calculations show that
the main factors are the backfill method, .the helght of
the seam, and the length of the entries. The length of the
longwall face is less significant. As 1s to be expected,
the lossszs can be considerable.

Osipov and colleagues'?? measured the changes of carbon
dloxide concentrstions in sealed lcngwall faces and pertinent
roadways after the gas Introduction had been stopped. They
found that up to 75% of the CO, disappeared within 3.5 to
14 hecurs and explain this fact mainly by absorption by the
coal.

Grekov and GorbS® bring, without an explanation of
their origln, two graphs for the concentration change of
CO» and N2 along airways for different flow velocities.
Slr.ce these changes are much larger for CO, than for Ns
they might be based on absorpftion losses. Under the assumption
that a COp flow rate of 1060 ft3/min (120 cylinders per hour)
1s the practical maximum, that the oxygen concentration should
ba lowered to at least 13.5% to estahlish a nonexplosive
atmosphere and that due to alr leakage only a 60 - T70% 002
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concentration can be expected at the intake seals, they
conclude that COg should be used only 1n sealed spaces
below 140,000 ft° volume or 1300 ft distance between intake
and return seals, For N,, with lower concentration changes
and much larger possible flow rates, there is no limitatlion
except for dead end worklngs.

The limitatilons in the application of carbon dloxide in
non-horlzontal mine workings have been lnvestigated by
Belik.!2 To reduce the large gas quantilities needed for
inerting the atmosphere in sealed off fire areas, the
admixture of Freon 12 and Freon 114 V2 to nitrogen and
carbon dioxide has been tried in laboratory tests.!??

Additlonal experiliences with the use of inert gases
are contailned in the Handbook for M ine Rescue, Vol. 3 and
4,120 gyidelines for the application of inert gases in
the Lock Mine Rescue by Sobolev!®? and the Manual on the
Isolation of Fires in Mines with Gas Hazards.!!!

Sobolev,!75 head of the Department Mine Rescue in the
USSR Minilistry of Coal Production sees as the main advantage
of the inert gas method that 1t allows tc prevent the form-
ation of explosive mixtures while the fire 1s sealed. I
a direct attack is posslble, water with 1ts large heat
binding property 1s a better means of fire extinction.
The fast filling of a sealed area with an Ilnert atmosphere
allows to reduce the sealing time by approximately 50%.
Three lnert gas sources are used: CG, from cylinders -
maximum delivery rate 1250 - 1400 ftaamin; liguid Ny from
tankcars - transported and evaporated at the mine site in
evaporator trucks - like the type AGU-2m with a transport
capacity of 50 £t? liquid nitrogen and a delivery rate of
2800 - 3500 ft®/min gaseous nitrogen, which is piped from
the surface into the fire zone; (another evapcrator
frequently used is the type FeEAS-~100); and, inert gas from
portable generators. The latest development is the type
GIG-4 of which presently U4 are used mainlg iri the Donjetsk
District. It has a capacity of 12,000 ft°/min, welghs
2000 1bs. and can be dissembled and assemblcd for under-
prownt tranaport. and used In a very short time. The
composition of the generated inert gas is

1% 0o, 8% COp, 500 ppm CO, 51% Np, rest HpO,

the discharge temperature is 175 - 195°F, the gauge pressure
40 in. wg. Series production of this generator is under
discussion. A smaller generator with 175Q £t ¥/min capacity
for replacing inert gas losses in sealed areas 1is under
construction.
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Right now liquid nitrogen is still the inert gas
source mainly used In the USSR. If the Ilnert gas is applied
early enough, the sesals of open flres can be opened after
2 - 3 weeks. For concealed fires, up tc 6 months may be
necessary. No forced recirculatiosn of ilnert gases in used.

A foreign expert'?®' estimates the number of inert gas
generator uses in the USSR to be approximately equal to 650.

An unpublished report!’ of a visit to the Donetsk
District in 1971 states trhat every mine rescue center is
equipped with 4 trucks loaded with liguld nitrogen and 1
evaporator. The nitrogen is malnly used to inert erxplosgive
gases. The capacity of each truck 1s 7.5 tons, the rate
of discharge 350 ft®/min. Additional nitrogen 1is usually
Transported by rail to the mine. It is planned to acquire
15 ton trucks for mines without rallrocad connections. The
report furthermore gives some technical data on the inert
gas generator GIG-4, descrilbed in chapter X. C. 2.

VI. PROBABLE COMBUSTION PRODUCTS OF MINE FIRES

A. General Discussion

When coal or timber are burned at temperatures above
1200°F, the products of combustion are primarily CO,, H»0, and
COo. They may be accompanied by small quantities o% SO6o
and N» from the sulpaur and free nitrogen in the fuel.

Since mine fires usually comprise zones of widely changing
temperatures and alr supply, the combustion is in practice
seldom complete and the fire gases may contain unburnt distilla-
tion products also. Additionally, secondary processes, like
producer and water gas reactionsé mag take place. CO; may

be adsorbed on the coal®®s%2%51%8,152 41 Gisgolved in water.
Hydrogen and carbon monoxlde may be oxidized by bacteria,

if oxygen 1s present.’72%"%8

1. Ventilation of Fires With An Excess Supply of Air

A thorough review of the literature on the oxidation
of coal has been gilven by Scott.!"® Coal oxidizes at every
temperature, the rate of oxidatlon increasing with temperature.
Up to approxlmately 400 - 500°C for anthracite and 300 - 400°C
for bituminous coal, the oxldation prcducts are mainly CO,,
£0, H>7 and a solid coal-oxygen complex. The latter consumes
up to half of the oxygen and has a retarding effect on the
oxidatton process. When the amount of complex present de-
creases the oxidation rate more than the temperature increase
from the oxidatlcon is able to inerease it, the coal cannot
ignite spontaneously.?’ If the temperature continues to rise,
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further oxidatlon starts to destroy the complex, and at
about the ignitlon temperature, 1t has practically dis-
appeared. Fig. T7a'"®shows the distribution of consumed
oxygen for anthracite after 72 hours at various tempera-
tures.

Both COp and CO production increase wlth temp-
erature. Without excess alr, CO» reaches a peak before
the reduction by carbon becomes appreciable. This is the
case at approximately 500 - 600°C for anthracite, and at
lower temperatures for bituminous coal. With excess air,
the COp will contlinue to lncrease once the ignition temp-
erature of CO and the hydrocarbons has been reached at
600 ~ 700°C.

Below its 1ignition temperature, CO appears in the
oxldation products in greater quantities than the equili-
brium state between C-C02-CO calls for. As soon as the
two gases have been formed, they begln to change their
ratios toward the equilibrium values. Above its ignition
temperature, CO is burned to CO, and the CC-COp ratlo 1s
therefore smaller than the equilibrium value. Fig. Tbi*®
shows the ratio C0/(CQO + CO,) for an anthracite sample as
a function of temperature and contact time between gases
and coal.

Hydrogen does not appear in the combustion
products of coal untll the temperature is approximately
250°C for subbituminous or bituminous coal fires and
approximately 350°C for anthracite fires.? It appears
usually in low concentratlons, except as the product of a
vwater gas secondary reactlon or distillation. 1In the
presence of excess alr 1t 1s burned at temperatures between
600 and 700°C.

When wood 1s heated, it emits mainly carbon dio-
xide and water vapor at temperatures below 280°C. Between
280 and 320°C decomposition of lignin and pyreolysis of
cellulose produce flammable gases and vapcrs, the latter
in exothermic secondary reactions being transformed to
char, carbon dioxide, and water. The ignition temperature
of fresnly formed charcoal 1s in the range of 200 - 250°C,
the ignition temperature of the gases due to the presence
of volatile tars at a little over 300°C. Underground timber
fires with an excess of air produce up to 5% COs, 0.5 - 1% CO,
and little Hy, timber fires with complete oxxgen vitiation
up to 21% COp, 18% CO, and 4% Hy.'®7 Fig. 8* shows on an
alr free basis a suggestlon for the fire gas compositlon of
a typical timber fire.
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2. Ventilation With a Reduced Air Supply

If a mine fire, which has bezn burning and heating
the fire zone for somz time, 1s cut off from its oxygen
supply, 1t wlll produce gases of a similar composition as
those generated by destructive distillation. Ventllation
standstills, either by sealing or by ventllation forces
developed by the fire itself, can cause such oxygen cut
offs. The composition of distillatlon products depends
mainly on the substance to be distilled and the temperature,
As examples, Fig. 9a'"’ shows the distillation gases from
anthracite and Fig. 9b*7 from gas coal as a function of
the distillation temperature. One sees that of the flam-
mable gases the production of CO 1s wilth 5 - 10% more or
less constant throughout the temperature range. The hydro-
carbons, mainly CHy plus ethane and illuminants, forming at
low temperatures the highest proportlion cf flammable gases.
decrease with temperature. Hydrogen increases wlth temper-
ature, especlally for the hi§her ranking coals where it
does not appear below 300°C.T"*7

Distiliation products of wood contain mainly CO
(up to 60%), CO (up to 35%), hydrocarbons (up to 10%) and )
much smaller quantities of CHy and H, than produced by coal.??

The composition of f{ire gases produced by com-
bustion or distlllation can be changed by secondary
reactlions. The producer gas reaction € + CO05 » 2 CO
has already been mentioned (Fig. 7b). The wafer gas
reactlon, taklng place when water or steam i1s brought
into contact with incandescent carbon, comprises several
reactions

C + Hy0 + CO + H?; C+ 2 Hp0 » CO, + 2 Hyy; C + COp »~ 2 COj
COp + Hp » CO + H)O0
and produces Hy, CO, and COj.

B. Practlcal Observations of Gas Compositions Behind Fire
Zones

1. Timber Flres

Not too much knowledge exlsts about the properties
of mine fivres. Systematlc studles have been conducted,
mailnly with timber as the combustible material.’® According
to Roberts and colleagues!®! mine fires can display two
different modes of propagation: through locallzed heat
feedback from the flames, and through all over heat feedback
from the fire gases.
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In fires of the first type (oxygen rich fires)
the ventilating current is not heated to temperatures high
enough to generate gaseous fuel from combustible material
or to light it. Combustion takes place only where the
combustible mzterial is heated by the flames. The larger
part of the oxygen from the ventilating air current passes
through the fire zone wilthout being consumed.

In fires of the second type (fuel rich fires)
the ventilating alr current has become hot enough to
generate gaseous fuel from the combustible material along
which 1t passes. The fire extends until all avallable
oxygen 1s being consumed. The generation of gaseous fuel
continues for some distance downstream.

Whether a fire of the first or second type develops,
depends on the type of combustivle material, its quantity,
the mine rcadway silze, the ventilation and the intensity
of the ignition scurce. Except for fires of some easily
ignitable materials, like mineral oil, most azccidental
mine fires, belng started by relative small ignition
sources, develop into oxygen rich fires and stay oxygen
rich. When encugh tlimber 1s availlable, airway c¢ross
sectional areas and alr velocities are small and the
ignition source 1is powerful, timber fires can, however,
burn fuel rich and oxygen rich timber fires can develop
into fuel rich fires by reducticn of the air velocity.

The fumes of fully developed oxygen rich vimber
fires have an oxygen deficiency of up to approximately
6 - 8%. The combustion product is mainrly COs, mixed with
up to 0.5% CO. The fumes of fully developzd fuel rich
timber fires are virtually depleted of oxygen. They
contain up to 20% COp, mixed with up to 12% CO and 4% Hp.®?®
Roberts and colleagues state as average values for oxygen
rich timber fires!®3

3 - 5% COs, 0.1 - 0.5% CO, 16 - 18% 05
and for fuel rich timber fireslt*?

18 - 204 CO,, 5 - 8% CO, 2 - 5% Hy, 0 - 1% O,.

2. Coal Fires

No data could be found in the literature on
stable fuel riech coal fires. If a coal fire by recduction
of the ventilation becomes fuel rich, tnis 1is only a
temporary phenomenon and the fire returns after a short time
to the oxygen rich state. The reason may be that ccal has
a lower volatile content than timber and that substantial
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generation of volatile fuel starts only at higher tempera-
tures, When, as in producer gas generators, coal fires
burn in a fuel rich mode, the ratio alrway perimeter to
ceross sectional area has to be much higher than 1t is in
coal mine alrways.

The fumes of ventllated coal fires contain as
combustion products mainly COp, CO, and H,0, accompanied by
unburned H, and hydrocarbons, mainly CHy. Since few syste-
matic studies on the composition of combustion products of
coal mine fires exist, data from descriptions of several
hundred fires, contalned in the literature, were extracted.
Additionally, several mine inspector reports were evaluated.

The results show that in ventilated coal mine
fires more than half of the oxygen consumed is used to
produce CO,. The CO2 concentratlons are usually below 5%,
but can rise to higher values. The highest concentration
(15.3%) was observed in a timbered roadway in a lignite
coal seam.!®®

The carbon monoxide productlon was in all cases
much lower than the carbon dioxide production, the lowest
ratio C0,/CO reported being 2.44.°7 Both'® states that
more than 10,000 gas samples taken 1n the West German coal
mines showed an average ratio of COp/C0 = 10 and that
this value was confirmed by most fire experiments. An ~
estimate of the proportion of CO in the fire gases can be
made from the carbon monoxlde/oxygen deflciency ratio also.
If the oxygen deficlency were caused by the combusticon of
carbon only, the relatlon between the CO,/CO ratioc and the
CO/Ozde? ratlo is C0o/C0 = 100/(C0/05 44 ) - 2. With
carbon accounting approximately for 95% og the oxygen
consumption in the combustion of anthracite and for 85% in
the combustion of high volatile bitumlincus coal, this rela-
tion should iIndlcate the approximate order of magnitude.
Values of the CO/0. er ratlo calculated from reported gas
samples were betwebA <1 and 23.5%, the average being
around 10%. It is accepted®®® that C0/Opgep ratios of 0.5 -
1% indicate with almost certainty the presence of a heating
and that with increasing fire intensity ratios as high as
10 or more should be expected. Very high ratios usually
indicate producer or water gas reactions. Neumann and
colleagues?? report that ratios of up to 60% have been
observed.

Hydrogen was found in small concentrations below
0.5% only. When higher concentrations occurred, they could
be explained as the result of coal distillation shortly
after the sealing was completed (0.53%%*7, 1.3%'7%); or in
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unventilated cavings (6.36% H, airfree!*7); or of a water
gas reaction caused by foam application (1.56%,'*% several
minor explosions“!); flooding (0.57%,%% 0.6%,"%explosion®);
burning material falling into water (1.4%%%); or a timber
fire in a very wet lignlte coal seam (7.9%1°ﬂ). The ratilo
Hp/C02 was in almost all cases lower than 0.1. It exceeded
this value only in some cases of sealed areas or of larger
water gas reactions, llke In the instances Just mentioned;
but even here, the Hp/COo ratio stayed below 0.3 or exceeded
it only slightly. Only in the case of the timber fire in a
wet lignite coal seam,'’* a value of 0.6 was observed.

Hydrcocarbons found in fumes comprise mainly methane
Other hydrocarbons are produced in larger guantities by
distillation processes, but even there, they account for less
than 20%, the rest being methane. In mine fires their
concentratlions are so low that they are usually not deter-
mined separately but are comblned with CHy and expressed
as such.

Methane plays a different role than the gases
discussed so far. Only part of the CHy found in fumes is
produced by the fire. All coalbeds contain CHjy, of which
some 1s stored as free gas molecules in the fracture poro-
sity, but the main portion of which 1s adsorbed to the coal
In its micropore structure. The amount of gas stored in
the coal depends on the gas pressure in the fractures. If
the pressure 1ls reduced, adsorbed gas wlll be released.
Since the gas moves through the micropore structure by
diffusion, this 1s a slow process, qualitatively described
as "slow bleeding". The speed of the gas rel-«ase depends
mainly on the concentration gradlent of the methane in the
coal or on the size of the coal particles formed by the
fracture system of the coalbed and the gas pressures in
this system. Whereas powdered coal can release its gas in
a few hours, the desorption process of particles of the
size of 1/2 inches diameter lasts months or years.

The gas pressure 1n an undisturbed coalbed can
be of the order of several hundred psi. Since the pressure
in mine workings 1s approximately equal to the atmospheric
pregsure, methane will flow from the coalbeds 1into mine
workings. As the coal surrounding mine workings is gradually
drained of gas, gas pressure and resulting gas flow decrease
with time. Although this decrease may be accelerated by the
fracturin% which the coal experiences due to increased
stresses,®S 1t 1s still a very slow process and it is
justified to consider the rate of methane release from coal
faces, ribs, and plllars as roughly constant over short
time periods.
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When coal 1s mined, an lncreased methane emission
results. This 1s due to the advance c¢f the coal face
into regions of hlgh gas pressures and degradatlion of coal
while being mined and transported away. How hligh the increase
is depends on the mining method and the rate of face advance.
In the face area the methane emlsslion can be expected approxi-
mately to double.?®38% When the mining operations stop,
the increased methane emlsslon will, within the next hours,
only gradually taper off,

Additional methane can enter the mine workings
from wastes or sealed off mine sections when atmospheric
pressure changes or ventllating pressures provide a propel-
ling pressure difference. The magnitude of the methane
emission in U.S. bituminous coal mines has latelg been
statistically evaluated by Irani and colleagues.®®

How much of the methane found in the fumes of a fire
that originates from the fire 1ltself is difficult to answer.
Since methane, llke hydrogen, 1s a distillation product and
has a slightly higher ignition temperature than hydrogen
and 1s produced below thils temperature in larger quantities
than hydrogen, the quantity of methane produced by the fire
in the fumes would be higher than that of hydrogen - if
the latter does not come from a water gas reactlon.

Since hydrcgen is usually found in much smaller concentrations
than methane, 1t can be assumed that the ordinary methane

made in a coal mine 1s responsible for most of the CHy in
fumes. This finds its expression in the British memorandum
on sealing off fires underground!®® which states: “The
permissible extent by which the ventilation can be reduced

can only be determined by a sound knowledge of the make of

gas within the distriet”.

When a coal mine fire 1s sealed, the atmosphere
in the sealed off area will experlence a decrease in oxygen
due to combustion and adscrption, and an increase in
methane content due to continued emilssion from the coz2l. Both
carbeon dicxlde and carbon monoxlide, as products of combustion,
wlll initlally increase in concentration. After the fire
has been reduced in 1ts intenslty or has been extinguished,
the carbon dioxide concentration wlll be increased by oxida~
tion and decreased by adsorption to the coal, solution in
water, and by dilution with other gases. The overall result
1s a constant or slightly dropping carbon diocxide concentra-
tion. When the fire zone has cooled down, carbon monoxide
1s no longer formed and 1t disappears gradually by oxidation
to COp, although not always.'®’ Sti1ll, the carbon monoxide/
oxygen deficlency ratlo is generally accepted as a scale
for the presence of a fire or heating. Hydrogen disappears
by bacterial oxldation also.



The literature l1s replete with data on changes
of the %as composition in sealed flre areas. As an example,
Fig. 10'? shows the compositicn of the atmosphere behind
the seals of a coal mine fire. 1In timber firec in noncoal
mines, COp and Np become eventually the dominant constituents
of the sealed atmosphere,

Except for methane, all the gases discussed so
far are products ¢f the fire. When a fire 1s fully developed
and has reached an equllibrium state, the production of
these gases 1s proportional to the flow rate of the ventlla-
ting air current and their concentration in the fumes is
approximately constant, lrrespective of the magnitude of
the flow rate. Every change in the ventilation will mean
a disturbance of the equilibrium state and the composition
of the fumes will change, until a new egqullibrium state
has been reached. A reduction of air flow will make a
larger amount of distillation products enter the fumes,
untii the reduced oxygen supply has reduced the heat supply
for distillation processes also. This 1s one reason why,
as all experts agree, unduly sharp reductions of ventilation
should be avolded when sealing a fire until the seals can
be closed. An increase in ventilation will dilute the
combustion products to lower concentrations, untill the
increased oxygen supply has fanned the fire to a greater
intensity.

C. Oxygen Adsorption of Coal

It has been mentioned that coal can oxidize at every
temperature. Since at low tem?eratures a strong resemblance
to physical adsorption exists,'*® the resulting oxygen
consumption 1s frequently called adsorption, or less
correctly, absorption. Due to its importance for predicting
spontanecus heatings and for successful sealin%s, this
process has found early and careful attention.?8:%5,135
Burrell and Seibert?? write in 1912 that the absorption of
oxygen by coal "may be so rapld that the fire plays only a
minor part in depleting the oxygen of the air in the burning
section. This 1s particularly the case when the area on
fire is very small 1in proportion to the area inclosed. That
such absorptlion takes place 1s fortunate, because the removal
of the oxygen in an inclosed section is hastened and the
atmosphere more rapldly becomes lncapable of supporting
combustlon". Rlce, Paul and von Bennewitz in theilr study of
59 coal mine fires!®? state in 1927 that most of the oxygen
in sealed off areas 1s consumed by absorption. WillettlB®
comes, however, to the conclusion that wide variations in the
extent and rate of oxygen content reductions exist and that
high concentrations are not necessarily an indication that
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leakage takes place. It has already been discussed that
the solld coal-oxygen complex, produced by oxlidation at
low temperatures, has a retarding effect on the oxidation
process.

Fig. 11'°%7 shows as an example the rapid oxygen
decrease to 5% within one week in a sealed off coal mine
section without a fire. Fig. 12'88% shows the slow decrease
in the waste of a longwall face.

D. Explosibility of Flre Gases

1. General Discussilon

It can be shown 1n different ways that the carbon
monoxide content alone 1n the fumes of ventllated fires is
in most cases too low to make the fumes explosive. If in
the air entering the fire, 20.9% of oxygen 1s associated
with 79% of nitrogen, every part of oxygen consumed by
the fire sets 79/20.9 = 3.78 parts of nitrogen free. Accord-
ing to Table 4, one part of carbon monoxide can be inerted
with 4.12 parts of nltrogen. All carbon monoxide will there-
fore be inerted by the nitrogen in the firegases, as long
as the co/o2def ratio is equal or or smaller than 3.78/4.12 ¥
100 = 91.7%. This 1s a ratio which is rarely found, at
least it has not been reported in the literature.

Carbon moncxide in the fire gases 1s always
assocliated with carbon dioxide, which 1tself is inert and
sets additional niltrogen free. Under the zame assumpticns
as above for the air entering the fire zone and with 2.16
parts of carbvon dloxlde used to lnert 1 part of carbon
monoxide (Table 4), one obtailns that all CO in the fire
gases can be inerted with the available nitrogen and carbon
dioxlde when the C0,/C0 ratio i1s equal to 0.37. If the
C0o/CO ratio is higher, additional nitrogen and carbon
dioxide is availablc. Fig. 13, which 1s btased on Table 4,
shows how much hydrogen or methane in the fire gases
(expressed as Hp/COp and CHy/CO, or as Hy/CO and CH,/CO
ratios) can in this way, at different C02/CO ratios, be
inerted. The lowest C0-/CO ratic found in the evaluation
of gas analyses for ven%ilated fires was 2.44, although
most values were generally much higher. Fig. 13 shows that
at COp/CO = 2.44 not only all the carbon monoxide but also
a hydrogen content of up to Hp/COp = 0.275 can be inerted
with the carbon dloxide and the residual nitrogen resulting
from the combustion prccess. For higher C02/CO ratios, the
inerted hydrogen quantity is even larger. Since most of
the Hy/CO0, ratios found were lower than 0.1 and only some,
for the described reasons, approached 0.3 or exceeded it,
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ong can conclude that in almost all ventilated fires,

the carbon monoxide and hydrogen produced by the fire

can be inerted by the carbon dloxlide and the residual
nitrogen resulting also from the fire. When no other
combustible gases are present, the fire gases of venti-
lated fires should generally be nonflammable. Exceptien
from this statement are firegases with high carbon monoxide
or hydrogen contents due to distillatlon, producer, and
water gas processes. The fumes from fuel rich timber

fires are on the borderline of being flammable or not.

One should bear in mind that in mixtures with
other flammable gases, like methane, the carbon monoxide
and hydrogen from a fire contribute to the flammability
of the mixture. The carbon dioxide and residual nitrogen,
which are capable to cope with the carbon monoxide and
hydrogen in inerting them, are no longer available to
inert any other flammable gases.

2. Opinions on the Explosibility of Combustion
Products

The danger of explosions caused by fire gases
has been discussed for a long time. Burrell and Selbert??
state in 1912 that "the data thus far accumulated by the
Bureau of Mines 1ndicate that the danger from the forma-
tion of explosive mixtures of CO or of H, i1s subordinate
to the danger from CHy". Burrell and Obérfell?? conclude,
however, in 1915, from a study of cone particular explosion,
that 1t was caused by the CO and CHy generated by the
fire, which after an airflow reversal had been forced
back into the fire zone. Ryan!"® states in 1926 that
"all mine fires are liable to generate some combustible
gases, but the probability of an underground fire itself
generating sufficient combustible gases to cause other
than slight explosions 1s extremely slight. The great
hazard, therefore, is the CHy liberated in the mine".
Scott, in his comprehensive study on anthracite mine
fires!*® gseems to have a similar opinlon, since he writsas
that "in a sealed fire area the safety depends on the hot
ccal removing the oxygen before normal CHy production can
form an explosive mixture". Mason and Tideswell!®?® comment
that 1t was shown in thelr experiments "that a blazing
fire in a restricted space is unlikely to create an
explosive mixture by the distillation of inflammable gases
from the coal, but that most of the gases evolved are
burnt at the open fire". The British memorandum on sealing
off fires underground!®? warns that, when a fire is well
developed and there 1s much hot material, dangerous
accunulatlions of flammable gases may be formed on the down-
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wind side of the fire. Usually they are protected from
ignition by nonflammable combustion products, but when
blown back over the flre they can pose a serious hazard.
The explosion hazard arising from mine fires is, however,
mainly due to the accumulation of firedamp, after the
ventilation has been stopped or serlously reduced. Baltajtis
and Egorov® report that of 580 investigated fires, 50 were
accompanied by explosions, one of these in a nongassy mine
attributed to distillation products. Otasek and Bajer!??
comment that distillatlor. products in well sealed fires

do not pose an immedlate threat. Dangerous condltions

are rather caused 1n gassy mines by the CHy, which together
with the distillation products lets the sealed atmosphere
become explosive after a certain time.

E. Changes 1n the Compositlon of Flire Gases After Inert
Gas Injections

When mixtures of lnert gases wlith air or lnert gases
alone are passed over a fire, the effect on the gas composi-
tion should be the same as a reductlon or a stopping of the
airflow. Scott!'*® observed that in steady state conditions
the oxygen cencentration of the alr passling over a fire
arpears to have little effect on the composition of the
primary oxidatlion products, only on the rate at which they
are formed. Since the inert gas flow cools the fire zone,
distlllation processes will be less pronounced than after
an alrflow reduction or stoppage.

Those practical observatlons about the composition
of fire gases after a nitrogen injection into the fire
zone, which have been reported in the literature, give
no indication of significant changes in the ratio of
COs, €O, Hp, and CHy. Usually they are all diluted by
the nitrogen in the same proportion. If changes occur
after an injJection into a sealed district, they can be
explained by the gas movement from the interior of the
district towards the sampling points.?3?

Carbon dioxide, although in mining practice called
an Inert gas since 1t 1s 1lncombustible and deprives fire
of oxygen, Is not truly inert but reacts chemically with
carbon 1n the producer gas reactlon: C + COp =+ 2CO.
The ratlios of CC and COp which are at different temperatures
in equilibrium have been shown in Fig. 7Tb. The high CO
concentrations, which even at low temperatures are found
in the equilivrium state, have led to warnings against the
use of carbon dloxide. It 1is, however, frequently over-
looked that the reactlon velocity of fhe producer gas
reaction 1s remarkably low. Its reactlion rate constant is
only 1/100 to 1/1000 of that for the combustlon reaction
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C + 0, + C0,.%% Although no generally accepted mechanism
for tge redaction of a stream of CO» by heated solid

carbon exlsts, this fact can be exp%ained with the hypo-
thesis that the volume of CG flowing from the interface is
donble the volume of COp, approaching 1t and that the adverse
CO flow causes an increased diffusional resistance.®? With
the regction rate constant of the producer gas reaction

so much lower, it can be expected that the concentration

of CO behind a mine fire ventilated with 100% COp will

still be lower than the CO, concentration in a mine fire
ventllated with air. Since the producer gas reaction is
endothermic and cools the coal surface, the production of

C0 will, anyway, only be a short phenomenon.

Due to the technical importance of producer gas
reactions, detalled measurements of reaction rate constants
for this process in fuel beds as a function of temperature,
size, volatile content, ash compositlon, mocisture, catalysts,
preneating, etc., exist.?%®»%% No data could, however, be
found for channels of sizes comparable to mine workings.

Observations and opinions about the practical importance
of the producer gas reactlion when using COz for extinguishing
fires vary accordingly. Waldl'’® reports that COy blown
into a filre for a short time formed such an amount of CO
that the fire gases contailned concentrations of 5 - 6%.

No particular mentioning of high CO concentrations is,
however, made by most other users. Belik and colleagues!?
measured CO concentrations which were approximately
proporticnal to the CO, values, but did not exceed 0.4%

at CO, concentrations Of 27%, Westfleld and colleagues'®®
found that after 135 minutes of CO, injectlon into a sealed
coal fire the H, content reached péaks of 1.2% (CO~ = U4Q.4%)
and after 200 minutes, the CO and CHy contents peaked with
2.0 and 1.4% (CO, = 69.1%). The main disadvantage of COp
as a fire extingulshant 1s seen by Osipov and colleagues
in its high absorption rate by coal and its poor mixing
with the fire gases due to a much higher density.

128-9

VII. INERT GAS REQUIREMENTS FOR FIGHTING MINE F1RES
Inert gases can be utilized for fighting mine flres in
the following ways:

the prevention of gas explosions when [ires are fought
directly or seals are constructed or closed;

the extincticn of fires by lowering the oxygen concen-
tration of thelr atmosphere; and
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the effective seallng of fire zones with pressure
chambers.

In mines without explosive dangers from flammable
gases, they can be used with advantage to move the fumes
of fires towards the return airways and to keep the intake

airways free of smoke, without fanning the fire unneces-
sarily.

There is, naturally, considerable overlap among these
different ways of ilnert gas appiication and every method
of using it will partially accomplish the aims of the
other metnods.

Injectlon lances and portable fire extingulshers shall
not be considered at this place since they are sulted for
minor fires, eilther concealed or in their inciplent stages
only. The discussion shall furthermore be limited to
nitrogen, carbon dicxide and mixtures of these two as the
inert gases used.

A, Prevention of Gas Explosions Durlng Direct Attack on
Fire and Construction of Seals

The maln concern while [ighting fires directly or
constructing seals is to prevent gas explosions. As has
been described in chapter II B., it 1is for this reason
general practice to reduce the ventilation of a fire site
to such a minimum only, which is still large enough to
prevent explosive mixtures from forming and to move the
fumes of the fire in the desired direction. The continued,
although diminished provision of the fire with oxygen, has
to be tolerated.

It has likewlise been described in chapter II B. that
explosions after closlng the seals are prevented, when the
oxygen in the sealed area 1s faster consumed and inert
gases are faster produced than flammable gases can accumulate.
The methods to accomplish this alm, large sealed spaces and
tires of a certaln minimum intensity, have been discussed
together with their shortcomings and the practical compre-
mises. Due to the explosion danger, it is common practice
in coal mines to close seals only after all men, except for
those immediately involved, have left the mine and not to
approach the seals again before waiting periods between 8
hours!?5% and 72 hours"‘! have passed. Much destruction of
seals by explosions are reported in the literature. Willet
and colleagues!®?® state that owing to lack of data it is
unknown how frequently ignitions of gas occur but that it



would be reasonable fo assume that more have occurred

than have been observed. A Russian figure® of 50 explosions
in 580 investlgated mine fires has already been mentioned

in chapter VI D. 2.

Inert gas injectlons can be helpful in preventing or
reducing gas explosion dangers without the shorteomings
of the conventional methods. Osipov!?? mentions that the
use of carbon dloxide has become mandatory in the Donbass
and the use of nitrogen in Czechoslovakia during sealing
operations for rendering methane-air mixtures nonexplosive.
Gorb and Stalerov®?® conclude from their experiments that
it 18 advantageous to ¢reate behind light temporary seals
{plastlc fell) zn inexploslve atmosphere befure erecting
permanent seals or continuing the direct attack on the
fire,

Due {o the results obtained on the composition of
Mire gases and thelr sxploesibllity in chapter VI, it seems
permissible to base calculations of Inert gas requirements
iIn ceoal mines in a thecretical investiligation on the normal
methane evolution., As shown in chapter VI D., the carbon
monoxide and hydrogen produced by ventllated fires is in
almost all cases ilnerfed by the carbon dioxide and residual
nitrogen resulting from the fire. The methane emlssion
can be consldered to remailn approximately constant, at
least over a period of several days, when direct fire
fighting measures and construction of seals can be carried
out. An exception are face areas with coal production,
where after a stop of the produstion, the methane emission
during the next hours hapers off to approximately hall its
peal value,?%.8%

In the case of a practical application of inert gas
in a real, existing mine fire one would, of course, bhase
the inert gas requirements on the measured presence of
Plammable gases, determined with the help of volume [low
measurements and gas analyses,

1. Phlegmatizing of Methane With Inert Gas

The volumes of carbon dioxlde and nitrogen required
to extingulsh methane flames In air have been glven in
Table 4, and are 3.2 parts of carbon dloxide or 6 parts of
nitrogen for 1 part of mebthane. For mixtures of nitrogen
and carbon dioxide, as are produced by inert gas generators,
the regulred volume parts of mixture per part of methane can
be calculated from

I = 100
%COp . %1\52
3.2 b
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For the optimal product of inert gas genrerators
with 21% CO, and 79% Np, one obtains 5.07 volume parts.
Values for other composltions of CO, and nitrogen mixtures
are glven in Fig. 14.

By adding these inert gas quantities, all methane
will be fully phlegmatized. In explosibility diagrams of
the type shewn in Fig. 5, the composition of the resulting
inert gas - methane - air mixture will be indicated by the
inerting boundary, which separates the explosive and
potentially explosive gas mixtures [rom the nonexplosive
ones. When a gas mlxture has reached this boundary, cnly
an additional admixture of flammable gases_ can make the
mixture exploslive again, otherwise 1t remains always nonex-
plosive.

How much methane has to be inerted can be estimated
from the normal methane evolution in the f{ire zone and
pertinent intake ailrways. Most of the intake airways, in
which the alrflow after the outbreak of the fire is not
substantially reduced, can for thls purpose be neglected -~
since the major part of their methane evclution does not
travel through the fire zone bt 1s diverted to other
alrways.

The inert gas quantities obtained by multiplying
the CHy emission by the factors 6 for nitrogen, 3.2 for
carbon dioxlde and the values from Fig., 14 for mixtures of
both, should furthermore be multipiied by a safety factor.
Thls moves the composition point of the gas mixture in
Tig. 5 to the right, deeper into the nonexplosive region.
For the safety factor, a value of 2 is suggeshed because
experience shows that under continuous mcnitoring of
ventilation conditionsg such a factor is large enough. For
active coalfaces, where the CHy evolution drops after the
coal productlon stops, this factor can gradually be reduced
and after a few hours be omitted.

Another way to estimate the inert gas requirements
can be based on the fact that, when made nonexplosive by
diluting with alr, every part of CHy has to be "inerted" by
19 parts of air. If the same degree of safety is accepted
as under ordinary ventillation condltions, 1 part of air can
be replaced by 6/19 parts of nitrogen, 3.2/19 parts of
carbon dioxide or 5.07/19 parts of a 21% CO5 - 79% No
mixture of both. If a safely factor of 2 instead of the
conventlonal factor of approximately 5, contained in the
usual 1% Cdy limit, is accepted, 1 part of air used under
ordinary ventilation conditlons can be replaced by 6/(19%2.5)
= 0.126 parts of nitrogen, 3.2/(19%2.5) = 0.067 parts of
carbon dioxide, or 5.07/(19%2.5) = 0.107 parts of a 21% COp -
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79% No mixture. For active coal faces these values can
gradually be reduced by about one half after the coal
production has been stopped.

Methane evolution and airflow rates vary in wide
limits with coal beds, thelr depth below the surface and
coal production.®? No statistical data for the different
types nf airways could be found, but methane emission
variations between 40 and 400 ft®/min have been reported
for coal faces 1in West Virginia.?? The inert gas quantities
needed to fully phlegmatize the largest encountered methane
evolutions can consequently be gquite large.

If the flammable gases can be fully phlegmatized
with inert gases, the ventilating alr current through the
fire zone can be completely interrupted without any danger
of gas explosions. One has, however, to be careful not
to reduce the ventilating air current before the inert
gases have passed through the fire zone and filled the total
length of those alrways, where an airflow reduction might
result In explosilve gas concentrations,

In many cases, the avallable lnert gas quantities
alone will not be large enough tc allow a controlled move-
ment of the fumes, and the ventilation with air will have
to be partially maintained. Naturally, the airflow rates
should be kept as small as possible to prevent an unnececssary
oxygen supply of the fire. If carbon dioxide or nitrogen=
carbon dioxide mixtures and alr are simultaneously used,
one has to safeguard that perfect mixing takes place to
prevent the formation of air layers floating on top of the
heavieir inert gas. In the presence of a methane emission
from the roof, these layers could allow the formation of
explosive gas mixtures. The problem ¢f air layers will
occur wherever alr leakage takes place also. Chapter IX
in this report discusses the minimum velocities regquired
for the prevention of gas layers and the measures to break
them up.

2. Dilution of Methane With Mixtures of Air and
Inert Gas

If the avallable inert gas quantities are too
small to fully inert the flammable gases, a continued
dilutlion with air has to tkae place to keep the composition
within the triangle D of the explesiblllity diagram shown
in Flg. 5. If, with the use of the data published by Jones,’®
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the lower explosive 1limit in this dlagram is approximated
by a stralght line, the methane .concentration at the lower

1limlt can be expressed for methane - nitrogen - air mixtures
by

]

5.2 + 0-3  (an
33

(%CHy)

2)

for methane - carbon dioxlde - air mixtures by

i}

(scHy) = 5.2 + 9:86  (z00,)

19.4
and for methane - 21% CO, - 79% N, lnert gas - alr mixtures

oy 0.5
(gciy) = 5.2 + 05 (% mixt.)
28.8

This means that along the lower explosive 1imit of methane,
1 part of air can be substituted by

1/1.175 parts of niltrogen
1/1.855 parts of carbon dioxide
1/1.325 parts cf a 21% COy - 79% N2 inert gas mixture

Figure 15 shows by how much an air current can be
reduced with the injection of lnert gas, if methane shall
be dlluted to the lower explosive 1limit. As has been dis-
cussed in chapter III A., there already exists an excess
of oxygen at the lower limit which acts 1like an inert gas.
Replacing -his oxygen with another 1nert gas has, therefore,
only a minor influence. The possible reductions in airflow
are, therefore, not too large; the total flow of alr plus
inert gas remains approximately constant.

Not overlooked, however, should be that the
oxygen concentration of the atmosphere, with which the fire
is ventilated, can be significantly reduced. As willl be
discussed in the following chapters, the timespan, during
which a senled atmosphere remalns in the explosive range,
van be conslderably shortened alsco. Equally, the time
which passes before a below the explosive limlt diluted
atmosphere becomes after sealing explosive, can be lengthened.

The flow rate curves in Fig. 15 do not change
when a safety factor is used since the factor applles as
well to the original alrflow without inert gas injection
as to the mixture of alr and lnert gas. The oxygen concen-
tration curve will change, although only slightly, since
methane comprises only a small portion of the atmosphere,
and ailr and inert gas maintain, with and without the use of
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a safety factor, the same ratio. To demonstrate this,
Fig. 16 shows the lower permissible methane concentration
of methane - air - nitrogen mixtures for a safety factor
of 2 1n an explosibllity dlagram with the oxygen concen-
tration entered into this diagram also.

B. Prevention of Gas Explosions After Sealing of Fire Zone

Under the assumption that perfect mixing of the gases
comprising the atmosphere in a sealed space takes place,
and no gases disappear due to chemical reactions or sorption,
the concentration change for every constituent of the
atmosphere can be described by

de = 4% (4, -4, )

V

where ¢ = concentration of constilituent in sealed
space
T = time
.V = volume of sealed space
qy = flow rate of constituent into sealed
. space
Qe = flow rate of gas mixture leaving sealed
gpace
With the boundary conditions: c¢ = cQ for 1 = O one obtains
c = (?i _(___?_i_-co) r-_exp(—g?__"f)
de de v
. —d c
T = —¥-— In( ?i .e ° )
9e 9y = Q¢ €
For 1 = » the concentration becomes
C =4
o0 »
Qe

In an explosibility diagram of the type shown in Fig. 5,
the change of ¢ 1s indicated by a straight line connecting
the composltion point c, wlth the final concentration cg
This can be shown by considering two constituents 1 and 2.

From
4, 4, de
(] = - — —
(— cyq) expl

4, de v

T )
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- (22 - ¢ 2) exp( - de

: )
de de o

= _= = constant

The justificatlion of the perfect mixing assumption and

the conditions, wnich for this assumption have to be met,
will be discussed in chapter IX. The assumption that no
chemical reactions and no sorption cccur means for the
calculation of explosibillities an addifional safety, since
the consumption by these processes, 1s for oxygen and methane,
larger than for the inert gases.

1. Seallng After Methane Has Been Fully Phlegmatized

When the seals of a flre zone containing fully
phlegmatized flammable gases are closed, passing of the
sealed atmosphere through the explosive range can be pre-
vented In several ways. One possibility is to continue the
injection of 1lnert gas at such a rate that all flammable
gases produced in the sealed space, or entering it after
the seals have been closed, become fully phlegmatized also.
Again 1t seems permissable, for the time period after the
seals have been closed and the fire has decreased in inten-
sity, to consider among the flammable gases, methane only.
The result of thils continued phlegmatizing will be that
the composition of the sealed atmosphere 1s always ncn-
explosive and indicated Iin an explosibility diagram (Fig. 5)

by the trilangle velouwn {he inerting boundary. The final
coricentration can for every constituent be determined from
e, = —gl_
Qe

This method 1s very safe. The atmosphere 1in the sealed space-
as well as leakage from it, undiluted and diluted with air-

1s always nonexplcslve, but 1t is a costly method. Since

the methane evolution of coal continues, even when noc coal

is mined, the inert gas injection has to continue also.
However, once the ccncentration of the sealed atmosphere is
above the upper explosive limit, the naturally evolving
methane keeps 1t nonexplosive anyway. As far as the preven-
tion of gas explosions is concerned, the injection of iner*®
gas can, therefore, be stopped or reduced.

If a fully phlegmatized atmosphere skall, after
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sealling, not pass through the exploslve range, it has to

have a certaln minimum concentration of methane and inert
gas. Figure 17 brings an example. Assumed are two different
initial conpositions,

point 1 with 6% CHy, 54% air, 40% N,,
point 2 with 3% CHy, 7% air, 30% Ny,

and several different flow rate ratlios of CH,, air, N, with
which these gases enter the sealed space. Ag one see from
the stralght lines marklng the composition changes, all of
the flow rate ratlos make the atmosphere of point 2 pass
through the explosive range and of podnt 1 avoid it. Gener-
ally ore can say that passing through the a2xplosive range
can be avoided for fully phlegmatized methane - air -

lnert gas mixtures after a cut off or reduction of inert

gas flow when the lnerted methane concentration is higher
than that of the '"nose point'", the point where upper and
lower exploslbillity limit curves meet, and when the methane/
alrflow rate ratio ls larger than 14/86 = 1/6.14. The nose
point concentration 1s for methane - air - mixtures with

nitrogen: 6.1 % CHy
carbon dioxide: 7.3 % CHy,
21% CO5 - 79% N, mixtures: £€.3 % CH)

2. Sealing After Methane Has Been Diluted With Ailr
and Inert Gas

If not enough 1lnert gas can be delivered to fully
phlegmatlze the evolved methane, elther alr alocne or alr -
inert gas mixtures have to be used to dllute the methane to
nonexploslive concentrations. If a flre zone ventilated in
this way 1s sealed, 1t can not be prevented that its
atmosphere passes through the explosive range. It has,
however, already been mentioned that the injection of
inert gases lengthens the time untll the atmosphere reaches
the lower explosive 1limlt and shortens the time the atmos-
phere stays in the explosive range. This shall be confirmed
wlth several examples. All of them have been derived for
methane - air - nitrogen mixtures only, since one obtains
corresponding results for other inert gases also.

Assumed 1s an orlginal ventilation 1in the fire zone
with a CHy concentration of 1% and an inverse proportionality
between CHy concentration and alr flow rate. While the
seals are constructed a methane concentration, which 1is one
half as large as that of the lower explosive limit, shall
not be exceeded (safety factor of 2). Figure 18a shows the
state of tne ventilation for different ratios of inert gas/
airflow rates of the original ventllation.
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Figure 18b shows at which CHy concentrations the
lower and upper explosive limits are reached by the atmos-
phere when after closing of the scals the alrflow 1s
completely interrupted, but CHy emlstion and inert gas
injection continue at the previous rate. As can be
expected, one sees that an increase in inert gas use
narrows the exploslve range until at full phlegmatlzation
it disappears altogether.

Flgure 18c ccntains the time pericds after which
under these conditlions the explosive limits are reached.
They are given relative to the tlme after which the sealed
atmosphere of a fire zone, which has been ventilated with
alr only, reaches the lower explosive limit.

To indicate the order of magnlitude for the time
withln which a sealed atmosphere increases its methane
concentration from 2.6 to 5.2% when no air leakage takes
place and no inert gas i1s injected, Flg. 18d shows this
time as a functlon of sealed volume, alrflow rate and
methane emission.

It is of interest to know which alr lezkage can
maintalin the sealed atmosphere in an explosive state.
Figure 18e shows the alr leakages which under the above
assumptlons make the final composition of the sealed
atmosphere coincide with the upper and lower explosive
limits. Leakages between these two curves would consequently
provide for an explosive sealed atmcsphere.

C. Extinction of Flres by Lowering Oxygen Concentration
of thelr Atmosphere

It has been discussed in chapter III that combustion
processes 1in mine flres can be divided into two categories:
the burning of gaseous combustibles or flaming combustion,
and the burning of solid combustibles.

The minimum coxygen concentrations which are neszsded to
support flaming combustion depend on nature and composition
of flammable gases and their admixtures. For the mainly
occurring flammable gases - methane, hydrogen, and carbcn
monoxlde in mixture with alr, nitrogen, and carbon dioxide -
these minimum concentratlions can be determined from Fig. 4.
They are compiled in Table 11. Since, as has heen dis-~
cussed in chapter VI A. 2., the composition of the volatiles
emitted by a heated fuel depends very much on the type of
fuel and 1ts temperature, the minimum oxygen corncentrations
to maintaln flaming combustion can be expected to change in
wlde limits. For the composition of anthracite distillation
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Fig. 18: Sealing after methane has been diluted with air
and nitrogen
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Fig. 18c : Relative time periods after which the explosive

limlits are reached
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Fig. 18e : Air leakage rates which provide after
sealing explosive atmospheres
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Table 1l: Minimum Oxygen Concentration to Maintailn
Combustion

Flammable Gas in Mlixture with

Flammable Gas Alr and Nitrogen Air and Carbon Dioxide
CHu 12.1% 14.6%
Hy 4.9% 5.9%

co 5.6% 5.9%
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products shown in Fig. 9a, 1t changes from 15% for
temperatures below 700°C to 9.2% for temperatures of

800 to 900°C. For volatlles evolving from wood with

55% CO,, 30% CO, 10% CH,, and 5% H, it is 11.1% 0,. It
is, thérefore, of 1ittlé surprise fhat practical Sbser-
vations (chapter III B.) place the minimum oxygen concen-
tration to support flaming combustion between 5 - 15%
with 12% mentioned most frequently. As one sees from
Table 11, 12% coilncldes approximately with the limits

for the flammability of methane close to the nose point,
so that one can assume that little probgbillity of flamling
combustion exists when methane-alr mixtures have been
fully inerted or pass close to the nose point through the
explosive range.

Since 1t 1s necessary to lower the oxygen concentra-
tions considerably below this level to extinguish the
combustion of =2o0lids, not too much lmportance 1s attached
fo any particular concentration in thils report. It will
on several occasions, however, be indicated when the 12%
0o concentration has been reached, since 12% seems to be
considered as an average limlt for the support of flamlng
combustilon.

The minimum oxygen concentration needed for the
combustion of sollds 1s a function of oxidation rate and
heat transfer from the burning surface. As dilscussed in
chapter III B, theoretical derlvations and systematilc
experiments have been performed for particles only, where
the lowest obtained oxygen concentratlons were 3%.
Concentrations reported of mine fires vary between 1.3 and
3%. Concentrations observed in fire experiments were
2% for coal!®? and 2% for wood.!®® For the calculations
performed in this chapter, 1t 1s therefore assumed that
so0lid fire will no longer continue to burn when the oxygen
concentration drops below 2%.

1. Dilution of Oxygen

The oxygen concentration in a fire zone can be
changed by oxygen consumptlion through oxidation and sorption
and by dilution. Which influence prevails depends on the
type of mine, size of fire, extension of fire zone wlth
reduced air supply, and on the flow rates of gases dlluting
the atmosphere 1n the fire zZone. For small flres in non-
coal mines, dilution will have a greater eflect than
consumption. For small fires in ccal mines with-small fire
zones and large gas quantitles passing through them, the
same principle applies. As a comparison of the data which
will be obtained 1n this chapter for dilution only, with
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those whilch will be obtalned in the next chapter for
dilution and consumption, shows there 1s a rather wide
range of small flre zones with large gas flow raftes,
where the oxygen consumption can be neglected.

If only the effect of dilution on the oxygen
concentratlion ¢ shall be considered, the concentration
change de can, as already mentioned in chapter VII B.,
be determined from

d - 3 N
I (Gue, = Qge)

PR
dv—

v
where 1 = time
V = volume of flre zone
éa = flow rate cof alr entering fire zone
¢, = oxygen concentration of da
de = flow rate of gas leaving fire zone

¢ = oXxygen concentration of de

With ¢ = Cao for 1 = 0O one obtains
d.c d,c 4
c = a_a - ( a-a _ ¢ ) exp(— T e )
L] L ao
Qg 9e
v d.e, _ q_c
T = — n( &2 =39 3
Qe gCa ~ Qg€

*If no alr enters the fire zone (da = 0), the oxygen concen-
tration 1s described by

- e
c=c,,exp( -1 )

This function 1s shown in Fig. 19 for an iniltial oxygen
concentration ¢ = 21% and parameters V/4. = 50 - 50%10°
minutes. If no“6xygen consumption takes place and the
consumption of other gases 1s neglected, the flow rate of
gases leaving the flre zone d. 1s equal to the sum of the
flow rates of gases entering the fire zone or, when inert
gas 1s injected and CHH is emitted,

4 = dcnu T Qynert
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The time after which a certaln oxygen concentraticn ¢
1s reached 1s for

g = O
T = : 1n Cao
] c

This function is shown 1n Fig. 20 for ¢ = 12% and ¢ = 2%.
If air flows into the fire zone, the minimum flow rate
ratios (qCHu + qinert)/qa to reach a ccncentration c

can be obtained with

= . = . + - + .
T= o agdcqe a, : qCHu qinert from
c = _a.3ad @ 5 Q4
[v+] . - L] -
qe 1+ (qCHa + qinert)/qa
For ¢, = 2% and c, = 21% one obtains

(qCHu * Qypert)/dq = 945
for ¢, = 12% and c_, = 21% one obtains
(e +
CHM

qinert)/qa = 0.75

The time until the concentration ¢ 1s reached when air
flows 1nto the flre zone can be caliculated as a function of
(qCHu * qinert)/qa from

Q,Cq = QsC
T = .V ln( .a a ’, ao
de 3¢5 — =e©
= .V ¥ . l » -
g 1+ (qCHq ¥ qinert)/qa
c -c_ (1 +(qcE, T q )/dm)
1n(—2 ao ' 4 _ inert Ay
ca - C(l + (qCHu + qinert)/Qa)
This functlion has been plotted with ¢ = ¢ = 21% for

¢ = 2% in Fig. 2la and for c = 12% in® a0 Fig. 21b.
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Hajek®® suggests to calculate the inert gas flow rate 4y,
which 1s necessary to lower the oxygen concentration
to ¢, from

§,(c, - c
dj = a_ a8 =) where ¢y = oxygen concentration
- e, =~ C4 of entering lnert gas

This formula can be derived from

— dT [ %

de = —T— (qaca + dici - QEC)
which becomes for 2 = S50 for T =0

g c d,c g.c a.c 4
c = _taa 21 _(Zata 4 41 Lo ) exp( -1—2)

< L) . ao

Qe Qe Qe Qe

and for the equilibrium state at T = « with de = da + di
. c .
o = Ea,a ?ici
oo -
qa * 9

2. Combined Dilution of Oxygen and Consumption by
Combustion and Sorptilon

The amount of oxygen consumed by a fire depends
on the extension and temperature of the fire and on
ventilation conditions, and 1s, therefore, hard to predict.
Although, as has been discussed in chapter VI, studies on
the oxygen adsorptlon of coal exist, the prediction of
the oxygen consumptlion by sorption is equally diffilcult,
because type of coal, temperature, past3*>3°% influence it
in wide 1limits. Since it appeared impoussible to find
measured reaction rate constants of general validity for
oxldation and adsorption, a different approach was chosen.
From the literature and several mine inspector reports were
33 complete gas analyses from 33 well sealed fires, which
could be extinguicshed by sealing, extracted. The reported
nxygen concentrations [0,] have been plotted over the time
after closing the seals iIn Flg. 22. The concentration
change [02cons due to oxygen consumption was then calcu-
lated from the measured nitrogen concentration [N2] by
using the formula

21

(0,1 = 0-21 = [N,] =
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which 1s based on the assumption that the majJor part of

the oxygen consumptlion precedes the dilution. 'This assump-
tion seems to be Justiflied since the undiluted oxygen
concentrations [Og]und, determined from [02 und = (071 f—_%
N2
and plotted in Fig. 23 show no great deviation from the
values of [0p] shown in Fig. 22. This indicates that the
dilution took place only after the oxygen concentrations
were already low. Errors are cgused by alr leakage and
thls is the reason why only well sealed flres were consid-
ered.

Adsorption 1s a filrst order reaction with respect
to [02]. Oxidation of so0lid coal and volatiles approach
first order reactions when an excess of fuel is present.
It seems, therefore, possible to define (o.,) an average
reaction rate per unit volume, time and concentration by
dividing [0plgons by the time of sealing and the average
oxygen concentratlon in the sealed atmosphere, i.e.,

0o = [0pJeons/ (T [OZJaverage)

Reaction rates for adsorption and the burning of solids
should be based on unilts of surface area; but not enough
accurate data could be found on sealed volumes and their
interior surfaces. However Iin cecal mines, the ratio of
cross sectional areas and perimeters of mline workings

does not vary too much. The assumption of a constant pro-
portionality between volumes and surfaces seems, therefore,
possible.

Since oxygen concentrations in sealed fire zones
change rapldly, 1t is necessary to calculate the average
cxygen concentration from

1 _ 1 4
[OZJaver‘age = (—_-[—) J [02](11

A firs%t apprcach to describe the change of oxygen concen-
tration with time [02] for every measured concentration

(023
[OEJr = 0,21 exp( - Xx1),

and then to use the average concentrations obtained from these
functions to calculate reactlon rates o, resulted in widely
varying values of or. A better result was obtained by averag-
ing the concentrations [02] by a common function, which takes
for the first 40 days of sSealing all measured concentrations
and for the following time only those below 2% into account.
It can be suspected that the higher oxygen concentrations
after 40 days of sealing have resulted from alr leakage.

The function obtalned 1is
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[OQJT = (0.21 - 0.41 [02]T) exp(- 0.0021)

It has been entered into Fig. 22. The values o, obtained
With this function

oc = [02)50ns/ (/00,1 a1/7) = [0,] /1105 41
have been plotted over the time in PFlg. 24. One sees
that they are all 1n the same order of magnitude, the
values for long sealing periods having a tendency to
decrease due to the underestimated oxygen consumption
because of alr leakage, the values for short sealing

periods varying due to different intensities of the sealed
fires. The arithmetic mean of all values 1s

o, = 0.132 (days)™!

and this value will be used in the following caleulations
of this chapter.

If the comblned effect of dilution and sorption
on the oxygen concentration ¢ shall be considered, the
concentration change can be calculated from

dt

de = (8,0, (0 V + dg) ¢)
v
from which one obtains with ¢ = a0 for T =0
g c g c .

e = a a - - ( a a. - Cao) exp( ~{o Vv + qe)/V)

ocV + Qe OCV + qe

j.c. - (0. V+4) ¢

. = V'. 1n( .a a c .e a0 )

0,V + dg a.c, - (OCV + qe) ¢

The quantity of gases leaving the fire zone is approximately
equal to the quantity of gases entering minus the oxygen
consumed plus the combustion products generated. Gases
entering comprise mainly of alr, methane and injected inert
gas. Among the combustlon products leaving the carbon
dioxide malnly needs conslderation. As discussed in chapter
VI B., the €O, concentration of fire gases i3 usually around
or below 5%. For the 33 extracted analyses the CO, concen-
tration has been plotted over the time in Fig. 25 and 1is
approximately 5%. Consequently one can substitute for the
flowrate of gases leaving the filre zone
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Q.e = qa + qCHu + éinert - OC Ve + 0.05 qe

If a fire zone 1is sealed, no alr enters and no gases
leagve (qa =0, Qg = 0) the oxygen concentration changes
according to

e = cgyo €xp( - TOC)

This function 1s shown for Coo = 21% and oc = 0.132(days)”!
in Flg. 26.

The equilibrium concentration cgoqy (T = = ),
when the oxygen adsorption balances the oxygen supply
brought into the fire zone with an inward leaiking air
flow rate da’ and when the inflow of methane makes up
for the volume change caused by the oxygen adsorption
(5 = ée) can be calculated from

%, a
0oV + e o0V/ay + 1

equ -

This function has been plotted for c, = 21%, 0, = 0.132/1440 =
91.5%107%(min)~'and values of V/qy = 10% - 10° minutes in
Fig. 27.

The minimum ratios (lnert gas injection plus
methane evolution)/air leakage which are necessary to
lower the oxygen concentration to 2% or 12% (T = « ) can
be calculated from

g ¢
c = a8
ocV + q,
With ¢ = 0.02, g, = q, + écnq + dinert - 0.02 o, V + 0.05 de

(£t3/min), and with V in ft?® one obtailns
v

q

(o, * diners)/ds = 8:975 - 85 .1%10~°

a

and with ¢ 0.12

(dCHu t 4y ey )/Gg = 0.662 - 75.95%107° —
qa
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Both functions are shown in Fig. 28. Absolute
minimum values of (8pg, + dinert) (£t°/min), which are
necessary to lower tge'oxygen concentration to 2% when
the 1nflow of air is 4y (ft?/min) and the sealed volume
is V (ft3), can be obtained from

1] = - - _6
QCHH * 4 ert 8.975 4, 85.1%10-% Vv

and are shown in Flg. 29. One sees from Fig. 28 and Fig. 29
that the oxygen consumption helps to lower the cxygen
concentration to 2% only when air leakages are small and
sealed spaces large. As long as the ratioc V/qQ. is smaller
than 10,000 (minutes), the lowering of the oxygen concen-
tration must be mainly accomplished by dilution with oxygen
free gases.

This is demonstrated in Fig. 30 where the change
of oxygen concentration in .a sealed space has been plotted
over the time for (qCH A3 nep )/q = 10 with and without
conslideratlion of the oﬂygen consump%ion

Flgure 30 a. applies to values V/da = 102,
and one sees that the concentration 1s only slightly
influenced by the oxygen consumptiom. PFig. 30 b. applies
to values V/q = 10° and one sees that the oxygen consumption
lowers the time until a certailn concentration is reached
to about one half of what dilution alone would reguire.

The time v which 1s needed until the oxygen
concentration ¢ 1n a sealed fire zone has by an injection
of inert gas and evolution of methane been lowered to 2%
when air with 21% O, leaks in and the original oxygen
concentration was 2%% has heen p%otted in Fig. 31 as a
function of V/q, with parameters (q§ +q Y/Q
10, 15, 20, 25, a30. CHu inert a
One 3ees that the time curves are Tor small values of V/qg
stralght lines and all have the same slope, which again
indicates the dominating influence of dilution.

For the case that no air enters the sealed fire
zone but that inert gas 1s injected and methane is evolved,
the time after which the oxygen concentration has dropped
to a level ¢ can be calculated from

c
1T = v In (—89 )
ocV + 9 c
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with gg = qCHu + Qinert ~ %c Ve+ 0.08 de

It has been plotted in Flg. 32 a. for ¢ = 12% and in Fig. 32b
for ¢ = 2% and cao = 21% as a function of V wlth parameters
(QC + § = 10, 50, 100, 200, 400, 700, and 1000 ft3/
min. fy Ir %Re oxygen consumptlion 1s neglected one obtains
again

e
_V in (—29 )
Qe c

T

which was already shown in Flg. 20.

3. Comparison of Calculated Dgta With Reported
Inert Cas Consumptions

The cases of 1nert gas application described in
chapter V, which contaln sufficlent data for this purpose,
were compared with the formulas developed in the previous
paragraphs.

If alr leakage, oxygen consumption and methane
evolution are neglected, the total volume of inert gas Q
to reduce the oxygen concentration from 21% to 2% by
dilution 1s obtained from

Q= 8ypeps T =V 1n(——-2-%~———-) =2.37

In the cases of successful inert gas use, where these

condiltlons apglied the ratic Q/V was 2.19 reported by
Wang-Tie Sin,*%®® 2.86 reported by Westfield, Brumbaugh
and Whittaker,las 5.1 reported by Haller and Michels.® '

In the last case, an interest in the fast and
reliechle extinction of the fire in a small sealed space

(18,000 ~ 20,000 ft?) ied to the planned oversupply of
inert gas.

A general observation by Osipov!?7 is that a
ratio of 2 - 2 should be expected.

Wang-Tie Sin'®® reports that a well sealed fire
could be exbtinguished by lowering the oxygen concentration
to 5.1 - 6.7% with a ratlio Q/V = 1. The formula Q/V =
In(21l/¢c) would deliver ¢ = 7.7%.
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The ratlo Q/V = 1.24 reported by Sobolev?%? can
be explained by the fact that the inert gas injection only
started after the O, concentration had already dropped
to 6.5%. The approximately constant CH) concentration
indicates additionally a large CHy evolution.

In Table 10, only the first and the last listed
mine fires give values of Q/V < 2.3. In both cases, the
inert gas had to replace the atmosphere of a gob area,
where the 1nitial oxygen concentration must already have
been low. For all the other mine fires of Table L0, the
ratio Q/V 1s considerably higher than 2.3 since the venti-
lation of the fire zone with alr continued during part of
the inert gas release.

If the sealed volume is large and the alr leakage
negligible, the oxygen consumptlon becomes an influential
factor and the oxygen concentration can be calculated from

¢ = ey exp( = T (o, V + §g)/V)

Osipov and Orlov report!®® that in a sealed space
of V = 3.32%10% ft® with a total inert gas injection of
Q = 6.3%10% ft® over 163 hours, the oxygen concentration
could be lowered to 1% (Q/V = 1.9). The above formula

delivers with ¢ = 21% and o, = 91.5*10~° (min)-' a

value of ¢ = 1.3%.

In two repcrted cases the lnert gas was mainly
used to keep alr leakage out of the sealed area. In the
first fire (Jones’®), no volume of the sealed area 1s
reported but it is stated that the rate of inert gas
injection Qinert was with 45 ft3®/min in the same order of
magnitude as the ordinarg alr leakage Jg0. In the second
fire (Heers and Dennison®%), the sealing period of 7
months (Fig. 26) alone should have been long enough to
reduce the oxygen concentration to the finally reached 3%.
A total volume of 23.5%¥10° ft°® inert gas injected into a
sealed volume of 28%10°% £t¥ (Q/V = 0.84) helped, hcwever,
to reduce gir leakage through surface cracks.

Tn one veported case (Vaughan-Thomas'’®) the alr
leakage was too large to lower the oxygen concegtration s
suffielently. Wlth an ordinary alr leskage of q%191 = 900 £t/
min and with the air entering through cracks in e rock
and leaving through a very tight sea}, one can expect during
the lnert gas injection at the rate qineﬁt an alr leak?ge
of §, = dao - d4pept- The sealed space ad a XOlumedarin
ROO,BOO ft?, in%ecged were 590,000 ft® of inert gas o
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the first 24 hours (Q/V

= 1.475) and 1.87%10° £t® during
the first 60 hours (Q/V = 4,67).

From
a e g.c q
c=_8a2a - (‘a8 -c )exp( -1 —8 )
Qg Qe ’ v
one obtains with ¢, = c,, = 21% and q_, = Qipepy * 9,

¢ = 11.6% after 24 hours and ¢ = 8.9% after 60 hours.
Observed were 10% and 7.37%.

D. Use of Pressure Chambers

It has been dlscussed that lnert gas regquirements
are, to a great extent, determined by ailr leakage rates,
and 1t is obvious that one should try to kesp the latter as
small as possible. Thelr magnitude depends, among other
factors, on the differences in pressure inside and outside
the sealed area, which are caused by: pressure losses in
the adjoining ventilated mine workings (mine ventilating
pressure differences); buoyancy pressures or natural
drafts developed by denslity differences between sealed
and unsealed mine atmosphere; and, absolute air pressure
changes caused by barometric pressure variations at the
surface of the mine.

Pressure differences from the first two sources have
a tendency to pass alr through the sealed area. They can
be reduced by equallizing the pressures in the adJ]oining
mine worklngs, adjusted for possible buoyancy pressures.
This 1s a common practice, and has been described in the
literature.’*>1%?% Barometric pressure variations cause
approxlimately equal pressure changes in all adjocining
ventllated mine working and create a pressure difference
between the atmosphere wicthin and outside the sealed area.
They have a tendency to let the sealed area “breathe"
These pressure differences can not be reduced by equalizing
ventllating pressures in adjolning mine workings but by
equalizing pressures across the seals. This requires the
use of pressure balancing chambers which are formed by
bullding a second stopping in a short dlstance from the
seal, and which contain means for adjusting the pressure
in the chamber to the pressure on the inside of the seal.
Pressure balancing chambers are not only used in connection
with sealed fire zones,? >18% put to prevent air leakage ]
into sealed old workings utilized for methane dralnage. 19,39, ;9
Equipment for an automatic pressure control is available.?®,1%8°?
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1. Leakage Rates Caused by Pressure Variations of
Surface Atmosphere

Although the literature 1s replete with obser-
vations on the breathing of sealed off mine workings, no
data of general validity for the flow rates of gases leav-
ing and enterlng could be found. It is, however, not too
difficult to calculate these flow rates. If laminar flow
vhrough the seals 1s assumed and a flow direction 1nto
the sealed area, one obtains

§ = — (p, - pg) where p, = air pressure outside
R the sealed space
Pg = pressure of sealed
atmosphere

R = total flow resistance
of seals and leakage
paths

The pressure of the sealed atmosphere changes from its
original value pg, by

3 d b
dpg = =% poy = (py - Pg) 30— ar

For a constant p, one obtains with pg = Pso for r = 0O

p
Pg = P, ~ (P - Pgo) eXp(-—Vﬁg—T)

.2 P
q = === (pa - pgp) exp( - —22_ 1)
R RV

The maximal flow rate émay is obtained at T = O.

Usually the air pressure does not suddenly Jump
to a value p_ but changes with time. If a linear change
according to

Py = puU + kv

1s assumed, one obtains

qp
a4 = L (x - —89) ar
R v

and, with ¢ = 0 for © = O
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. P
= XV (1 -exp(-—82 1)) =22 Y1 - exp
Pso RV Pgg AT
P
(- =82~ 1))
RV
where Ap, 1s the total increase of the pressure outside

the sealed space within the time AT.
is obtalned at the end of the pressure change (T

4
The*total flow is

Q = VAp,/pg,

The maxlmal flow rate

AT).

If the pressure outside the sealed space varies according to

P, = Dao — Ap, cos (2m )
AT
where b,, = average pressure
Apa = amplitude of varlation
At = cycle time
one obtailns
. 4 p,
4 = X (8pg, 2T sin (27——) - 2 )dr
R AT AT v
. . p "
and with § = g, for T = 0 and 2 = —22., b b Pp g 21 R
RV R At
27
C:
AT
q = exp( - at)(qq + b*c Y+ —— b  sin(ct - tan~
a? + c? (a? + c?)1/2

(c/a))

When the transition period i1s over (1 + « ), this becomes

q = b

The factor b

-1

(c/a))

sin(ct - tan

(a? + ¢?2)1/2

is the amplitude of § and the

1
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quantity tan~? (c/a), the phase difference between § and pj,.
The maximal flow rate 1is consequently

Apa 21T
J = ¢ y = R At
max 2 24v1/2
(a® + ¢*) D . 1
o ((Tso yz 4 (2n_y2yt/2
RV At

The total flow, entering or leaving, is

Q = dmaxAT/ﬂ

The ratlo qmax/Apa, or the maximal flow rate per
unit external pressure change has been plotted in Fig. 33
for linear and sinocldal pressure variations as a function
of the ratio V/Atr. As parameters were resistance factors
of R = 0.1, 0.05, 0.025, 0.0143, and 0.01 in. WG./cfm used.
These resistance factors would correspond approximately
to 1, 2, 4, 7 and 10 parallel seals of 100 ft? area each,
built from foam or latex coated hollow core clnder-,
slag-, or concrete-block dry-walls, or to latex coated
brattice cloth stoppings.®? The pressure Pso has been
assumed to be 400 in. WG.

If leakage takes place through permeable rock
and coal, the resistance of the leakage paths is difficult
to estimate. In such cases, 1t may be possible to determine
R from observations on pressure changes inside and outside
the sealed area. For sinoldal barometric pressure vari-
atlons, the phase difference 1, between the variations of
airway pressures py and the pressure differences of alrways
and sealed area (p; - pg) may, for example, be used. With
the above derived expressions for the phase difference one
obtalns

2m T, = tan—1 (2L RV ) or
At At Pso
P
R = -AT Tso tan(-2T7_ )
2m v AT

Up to values _IP_. = 0.07 one can without larger error substi-

T .
tute _ 2T _ t_ for tan (—<T Tp) and obtain R from
At P AT
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There have been suggestlons to make whole mines
independent of barometric pressure variations by providing
regulating devices in all shafts and adits.?* For example,
a sealed fire zone of 690,000 ft® volume has been con-
nected with an expansion contalner made from flexible
ventilation duct of 6 f£t. diameter and 800 ft. length.®?
The fire could be extingulshed within 30 days.

2. Inert Gas Requlrements in Combilned Use of Inert
Gas and Pressure Chambers

Inert gas fllled pressure chambers of the gas
lock type, as used in Poland and Czechoslovakia (chapter V),
have to be kept at a pressure sllightly higher than that
of the mine atmosphere. They do not, therefore, reduce
the gas leakage through the seals but provide that this
leakage comprised inert gas only, not air. The order of
magnitude of the gas leakage or the necessary rate of
inert gas supply to refilill the pressure chambers will be
the same as the air leakage, which would occur without
these chambers (Flg. 33).

Pressure balancing chambers can effectively
prevent leakage through seals, when theilr pressure 1is
always properly adjusted. As an additional safety, inert
gas filled buffer zones (Fig. 34) can guarantee that
possible leakage into the sealed area comprises inert gas
only. How large this leakage 1s, depends on the pressure
difference between chamber and sealed area. Automatic
equipment can control the pressure differences to wlthin
0.01 in. WG.'® 1If the inert gas buffer zones are kept at
a pressure which is 0.01 in. WG. above the pressure of
pressure chambers and filre zones, approximately 0.1 to
0.2 ft¥/min or 150 to 300 ft’¥/day are needed, wnen seais
and stopplngs are mortar-~, foam-, or latex-coated and
have an area of approximately 100 ft2?.8°

Pressure balancing chambers cannot, however,
control leakage through permeable rock and coal to adjoin-
ing vertilated mine workings. If thils leakage 1is caused
by mine ventilating pressure differences or buoyancy pressures,
il can be roughl by pressure equalizing along the boundary
of the sealed area and by inert gas injections, to prevent
alr from entering. Figure U3 shows the needed inert gas
flow rates as a function of resistances of intake and
return leakage paths. For a resistance ratio of 1 the inert
gas flow rate has, under the assumption of laminar flow,
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to be twice as high as the flow rate of the air, which
would without the inert gas pass through the sealed area.
Under the assumption of turbulent flow, it has to be V2
times as high.

Alr leakage through permeable rock and coal
caused by "breathing" can only be prevented by maintaining
in the sealed area with inert gas injectlons a pressure
equal to that of the adjolning mine workings. For a
linear pressure change according to p, = pyo *+ kT, the
necessary inert gas flow rate 1s

& = kK V
inert }'
SO

for a sinoldal pressure change according to py = Pao — AP

a
cos (27 ——), it is
At
. p,V
4, . - _AFa 2m sin( 27 )
ner Pso At At

The maximal lnert gas flow rate is

. Aop_V 27
3 a

max
Pgo i%s

and the injection during the half-cycle with rising pressures

1s

. Ap v

Q = Qpa0T/1 =2 é
. pso

The required lnert gas quantities are not small. If for

Ap, and At average values of 10 In. WG. and 6000 minutes

are assumed, one obtains

. lo¥2m

8,0, = —2T vy = 0.0262%V#107% £t3/min and
400%6000 -
#*
Q= 210y < soxye107s rg

400

or an average 1lnjectilon rate of

Apert = = = 8.33%V¥10~¢ f£t¥/min = 500%V¥10~¢ £t ?/hour
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VIII. COQLING OF FIRE ZONES BY VENTILATING THEM WITH
INERT GAS

A. Cooling Periods for Sealed Fire Zone Atmospheres

If fires are fought by reducling the oxygen content of
their atmosphere, 1t 1s necessary to maintain the oxygen
deficient state until the combustible material has been
cooled sufficilently to prevent 1ts relgnition when the
ventilation of the fire zone wilth alr is resumed. Cooling
takes place by heat transfer to the atmosphere and by
heat flow into the strata. Wnhich one has the greater
effect depends very much on local conditions,*®?® but i-:
can be expected that the heat transfer to the atmosphere is
generally more effective, at least when some movement of
the atmosphere - like natural draft currents in sealed
spaces ~!96 exists. Coaling of fire zones is a slow

process and at least 100 days are usually allowed before a
sealed fire zone is reopened."!

No systematic observations on the temperature changes
in a fire zone during 1ts cooling exist. The temperature
distribution in the rock surrounding an airway at fire has,
however, been derived as a function of time, wall distance,
gas temperatures, original rock temperature, convectlion
coefficient and thermal rock properties by Kleshunov and
Grin.®7 Based on their work, Baltajtis, Kleshunov, and
Grin® calculate the temperature changes in the rock under
the assumption of heat flow into the strata only and no
heat transfer to the atmosphere. Under this assumption,
the highest rock temperature can be expected at the alrway
wall and can be obtained from

TC  —tan?(_T te = by
154 2 tf - tVR
where T, coolling off period

f active fire period
b eppevatupe oF alyay walls lueing active fire
t,, = temperature of airway walls at tlme T,.
tyr = original rock temperature of strata

Figure 35 shows the dimensionless wall temperature

tr - tyg tr = tyr
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as a function of the ratio 1,/Ts. It shows, furthermore,
absolute values of ty for ty = £500°F and tyg = TO°F.
1500°F were chosen because this value had been obtalned
as an average temperature in coal fire experiments.l.E -
One sees that for a coolin§ tc 300°F, the lowest lgnition
temperature of coal dust,'®* a ratio te/tf = 17 is neces-
sary.

B. Cooling Periods of Fire Zones With Inert Gas
Ventilation

It can be expected that the cooling of fire zones can
be conslderably accelerated i1f the fire zone is ventilated
wlth inert gases, whlch carry heat away without fanning
the fire. Rothwell'*" pointed out in 1875 that a mass
of coal in full combustion requires a long time to cool
and that, to hasten the cooling, the injection of inert
gas has been practiced. McElroy!®® discussed in 1938 the
recirculation of the fire gases in a sealed area in order
to promote the cooling of burning masses together with a
limited injection of 1nert gas f£o eliminate leakage of air
into the fire zone. Kukuczka®!® suggested in 1964 the
recirculation of inerted and cooled fire gases. A case
of reclrculatlon with intermedliate cooling by dry 1ceb®
has been described 1n chapter V.A.

1. Calculation of Rock Temperatures as Function of
Ventilating Time

Since no »nbservations on the cooling effect of
recirculated lnert gases exist, this eff=ct was calculated.
No attempt was made to set up a complete model of the
heat flow processes during the initial inert gas application
to extingulsh the fire plus the later recirculation,
because the mathematical difficulties are disproportionately
large, especially 1in view of the many ldealizing assumptions
which have to be made. Instead, it was assumed that during
the fire period 1ty the alrway walls were kept at the constant
temperature ty, and that during the subsequent ventilation
of the fire zone with inert gases, the airway walls were
kept at a temperature equal to the original rock temperature
tVR‘ This last assumption will be dlscussed later.

If the heat flow inside the rock 1s caused by
conduction only, the temperature distribution inside the
rock can be described by Fourler's equatlon

__.af£=av2tg+__1__ W
0T cy
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where ¢ rock temperature

Tg = time

a = k/cy = thermal diffusivity of rock

k = heat conductivity of rock

¢ = specific heat of rock

y = specific weight of rock

W = rate of heat generation per unilt volume

inside rock

Under the assumptlion of: homogeneous and lsotropilcal rock,
unifori: temperature in the rock at the beglnning cf the
heat flow process, negligible heat flow parallel to the
alrway, no heat sources or sinks in the rock, and circular
cross sectlon of the alrway, Fourler's egquation can be
written 1In cylinder coordinates as

CLT S 3%tg 4, 1 3tg )
3T or? r ar

The error caused by the assumption of a clrcular
cross section with the hydraullc radius ry = 20/P (A =
cross sectional area, P = perimeter of airway) nas been
theoretlically and experimentally investigated. For the
calculation of the heat exchange between rock and atmosphere,
this error 1s for rectangular cross sections between 8 and
11% - for side ratios of the rectangles, between 1 (square)
and 0.3.°%°®

A larger number of general and numerlcal solutilons
of the above version of Fourier's equation for an infinite
rock body, which is internally bounded by a cylindricsal
alrway, exist, but most of them have been derived for the
determination of the heat exchange between rock and atmos-
phere.®® Several general solutions for the temperature
distribution inside the rock have been published, but
numerlcal solutlions were onlv recently provided by Nottrot
and Sadée.'?" These solutions are based on the boundary
conditions

tg = tyg for t = 0 and tg = tygr for r = = at all times
and are of the uype
tg =ty + (byg - ta) F(r/r,, Fo, Bi)

where F(r/ry,, Fo, Bi) function of r/ro, Fo, Bi

r = distance from alrway center
re = hydraulic radius of airway
Fo = a 1/r) = Fourler number
Bl = agrg/k = Blot number

G convection coefficient
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For Bi = <, which corresponds to an infinite convectlon
coefficlent a, and a wall temperature equal to the alr
temperature, F(r/ry, Fo, Bl = ®) = (tg ~ t5)/(tyRr - ta)
is shown in Table 12,

If the alrway walls are kept by a fire over the
time t1f at the temperature ty and the rock had the original
temperature tygr, the temoevature distribution inside the
rock 1s given by

tg = tr - (tr - tyg) P(r/rgy, Fo(te), Bl = =)

If the temperature of the walls 1s for an
additional time t, kept by cooling through inert gas
ventilation at the temperature t,, it is

tg- = tC - (tf - tVR) F(I‘/I"O, FO( T + Tc), Bl = 00)

+ (bt -~ to) F(r/ry, Fo(re), Bl = )

since the addition of two solutions of a linear differential
equatlion 1is again a solution. Under the condition that the
inert gas on its way to the fire zone assumes the origina
rock temperature (t, = tygr), this can be reduced to

tg = tyr + (tp - tyg) [F(r/ry, Folte), Bl = ») -
F(r/rO’ FO(TI\ + TC)’ Bl = w)]

Based on this equation dimensionless rock tempera-
tures (tg - tyg)/(tp - tyg) hzve been plotted in Fig. 36,
a - e for fire periods of 50, 30, 20, 10, and 5 days and
for cooling perlods of different lengths as a function of
the dimensionless wall distance (r/r, - 1). The temperatures
are based on coal with a thermal diffusivity of a = 0.01 ft2/nr
and a hydraulic airway radius of ro = 4 £t (12 x 6 ft? entry.
If Fig. 36 shall be applied to other materials or hydraulie
radli, the time changes inversely proportional to the d&if-
fusivity ratios and proportional to the square of the ratio
of the hydraulic radii. If Flg. 36 is, for instance, used
for sandstone rock with a thermal diffusivity four tlmes
as large as that of coal, all times would have to be reduced
Lo 1/l of the indlcated values. The application to an air-
way with rq = 5 ft. would effect an expansion of all times
by a factor (5/4)2.

Where the values of F(r/r_, Fo, Bi = ),
provided by Nottrot and Sadéel!?* did not suffice, interpo-
lations wlth polynomlal approximations were performed.
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tg ~ tyr
e = tyr
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relative distance from wall (r/ry = 1)
e : fire period of 5 days
Fig. 36: Rock Temperatures for Different Fire and Cooling

Periods When Alrway Walls During Cooling Period
are Kept at Virgin Rock Temperature



126

it

Fo 1,00 1,33 ] 167 | 2,00 | 3,33 | 5,00 | 6,67 | 8,33 | 10,00 13,33

0,008 {0,000 0,994 1,000 {1,000 [ 1,000 1,000 1,000 [ 1,000 | 1,00 | 1,000
6,014 [0,000]0,961 { 1,000} 1,000 { 1,000 | 1,000 1,000 { 1,000 | 1,000 | 1,000
0,02 [0,000]0919]1,000} 1,000} 1,000 1,000]1,000]|1,000]1,000] 1,000
0,06 |0,00010,650( 0,928 [ 0,992 (1,000 | 1,000 1,000 1,000} 1,000 | 1,000
0,14 |0,000) 0,540 0,840} 0,960 | 1,000 5,500 ) 1.000 | 1,000 [ 1,000 | 1,000
0,20 {0,000 0,470 0,77310,921 | 1,000 ] 1,000 1,000 | 1,000 ] 1,000 | 1,000
0,80 [0,000]0,3030,526)0,689 {01,965 }1,000 1,001,000 1,000 1,600
1,40 [0,0000,255] 0,448 0,597 | 0,008 0,993 | 1,000 [ 1,000 | 1,000 | 7,000
2,00 |0,000]10,230]0,406 | 0,544 | 1,860 10,979 10,998 [ 1,000 | 1,000 | 1,000
8,00 [0,000]0,162| 0,257 | 0,388 | 0,660 | 0,842 | 0,933 { 0,975 | 0,992 | 1,000
14,00 |0,000(0,1430,25¢ 0,344 [ 0,591 | 0,769 | 0,874 | 0,935 | 0,969 | 0,705
20,00 [0,000}0,§33(0,23610,32010,551 0,724 | 0,832 (0,900 | 0,944 | 0,285
80,00 [0,000]/0,102]0,183|0,249] 0,431 0,575 0,673 | 0,747 | 0,803 | 0,883

Tabls 12 : Dimensivnless rock temperatures (‘cg - ta)/(tVR - ta) for

an infinite Biot number Bi = ® 2"

Fo o0 oa|os| 0] as ] sofw0o]mo] o

0,0004| 0,100 | 0,298 | 0,495 | 0,980 | 2,368 | 4.4%0 | 8,314 /15,482
0,008 | 0,09 | 0,292 | 0,477 1 0,912 | 1,997 | 3,277 | 4,713 | 6,104
0,014 | 0,009 ] 0,289 | 0,471 | 0,887 | 1,874 | 2,941 | 4,003 | 4,865
0,01 | 0,008 0,247 | 0,463 | 0,868 [ 1,788 | 2,717 | 3,569 | 4,147 } 4,472
0,08 | 0007 0,576 1 0,437 | 0,772 | 1,400 | 1,873 [ 2,148 | 2,375 2,41
0,04 |0,007 ] 0,370 | 0,422 ] 0,724 | 1,239 ] 157K [ 1,786 | 1,007 1,47
0,20 | 0,06 ] 8,265 | 0,411 | 0,691 | 1138 | 1,412 | 1,173 | 1,667 | 1713
0,80 | 0,003 | 0,244 1 0,361 | 0,357 | 0,803 | 0,024 | 605 | 1,033 1,056
1,00 | 0,003} 0,235 | 0,340 | 0,506 | 0,698 1 D,7HE | 0,10 g,ATD | 888
2,00 | 00091 | 0,218°{ 0,326 | 0,475 [ 0,680 | 0,716°| 0,759 | G7RS | O,80-
800 | 0087 | 0,030,376 | 0,375 [ 6,472 | 0,515 | 0,540 | g 553 | 0,562
14,00 | 0,085 | 0,193 | 0,258 | 0,343 | 0,424 | 0,455 | 0,477 | 0,480 | 0,456
20,00 | 0,084 0,87 | 0,248 | 0,325 | 0,397 | 6,427 | 0,444 | 0,455 { 0,461
80,00 | 0,079 | 0,167 | 0,213 | 0,269 | 0,317 | 0,336 | 0,348 | 0,355 | 0,338
120,00 0,205 | 0,25 0,316 | 0,326 0,336
1600,00 0,251

Reproduced from
best available copy.

Table 13 Coefficients of age K(ot ) as a function of Fourier and
124

Biot numbers
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If, simllar to Fig. 35, the highest temperatures
inside the rock are plotted over ratios T,/T¢ one obtains
Fig. 37. A comparison between Fig. 35 ang 37 shows clearly
the large reduction in cooling time which an lnert gas
ventilatlion can accomplish. If the walls during the fire
and cooling periods have assumed temperatures of 1500 and
300°F resp., cooling of the rock to 300°F requires a
cooling period slightly shorter than the fire period has
been.

2. Discussion of Assumptions For This Calculation

The assumptlon that the wall temperature of the
fire zone during the ventilation with inert gas 1s kept
at a constant level, has been made to avoid an excessive
amount of mathematical work. 1In reality, the inert gas
will have, on its way through the flre zone, been heated
with the extent of heating decreasing with time. To Judge
the usefulness of the constant wall temperature assumption,
the temperature change of the lnert gas on its way through
the flre zone 1s calculated next.

This requires the knowledge of the fire zone
length, which 1s to be cooled by the ilnert gas ventilation.
Although sufficlent information for timbered roadways
exists,®® no systematic observations on fire zone lengths
could be found for cocal flres. To estimate the order of
magnitude, the relations derived in chapter III. B. for
channel burning were used. As described there, the oxygen
concentration change along a channel can be expressed by

c = ¢ exp( - P_ 1 L)
AV 1 + 1
a G4q1r
which for high temperatures ( Lo« 1 , diffusion range)
can be reduced to a dif

c = CO exp( - adif L)

For turbulent flow, the approximation
agir % V 1B%10-2 Np~o, 1s
has been suggested.®®

In oxygen rich fires (chapter VI. B.), where
fire propagation takes place by local heat transfer from
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the flames, the end of the fire zone can be expected to be
where flaming combustion is no longer possible. That is
approximately the case..at oxygen concentrations of 12%
(chapter VI. C.). Under this assumption one obtains for
the length of the flre zone

3
I = 10 A NRO‘I6 in(-21.)
18 P 12

The results are shown in Fig. 38 for different air velo-
citles and alrway dimenslons.

If the rock in a fire zone has assumed the tempera-
ture ty, inert gas entering the fire zone at the mass flow
rate & with the temperature ty, 1s after a length of travel
L heated to®°®

ty = tp - (bp- t3,) exp( - LK K@) 1)
G cp rg,

K(a) 1s usually called the "coefficient of age"
and 1s a sclutlon of the Fourier equatlon. Values for K(a)
have been provided by several authors. Table 13 shows the
values determined by Nottrot and Sadée!?* as a function of
the dimensionless Fo and Bi numbers.

Flgure 39 shows the relative temperature ilncrease
of the inert gas

1 = io ) . oyp( Pk K(a)

tf_tio GCpI"

L)

for two airways 1n coal with hydraulic radii of U4 and 6 f%.
It has been assumed that the velocity of the ventilating

alr before the seals were closed or inert gas was introduced
was 1 ft/sec and that fire zones of approximately 350 and
550 ft. length were developed (Fig. 38). The convection
coefficient was determined from

oe = 0.4 V°-® (Btu/ft? °F nr),°?®

for the thermal conductivity of coal, a value of k = 0.23 Btu/
ft °F hr was used.

One sees from Fig. 39 that even under the assumption
that all of the rock surrounding the fire zone has been
heated to the temperature t., the cooling of the rock
in the immediate vieinity of the fire zone 1s a fast
process. After a few days of inert gas ventilation with
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Fig. 39: Temperature increase of recirculated inert gas
while passing through a fire zone at the end of
different cooling periods and for different flow
velocities
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flow velocities larger than 1 ft/sec, the temperature
increase of the inert gas in the fire zone 1s moderate.
Since in reality not all of the rock but only the part
immediately enveloping the alrway has been heated to tg
(Pig. 36), the real temperature increase of the inert gas
will be conslderably lower than shown in Fig. 39.

Not all of the heat collected in a fire zZone by
the 1nert gas has, in recirculation set-ups, to be extracted
in heat exchangers. A consliderable portlon can be trans-
ferred to the rock in other parts of the mine. Figure 40
shows the relative temperature (ti - tyg)/(tio - tyg) for
a gas, which leaves the fire zone with a temperature t4,
and passes tlirough alrways with the rock temperature tyg
after 5 days (Fig. 40 a.), and 1/2 days (Fig. 40 b.) of
recirculation. Figure U0 has been calculated for airways
in coal with a hydraulic radius of 6 ft, otherwise the
same assumptions, as 1n the determination of the 1nert gas
heating, have been made.

IX. INTERACTION OF MINE VENTILATION SYSTEMS AND INERT GASES

Several ways 1n whilch inert gases can interact with
mine ventilation systems have not yet been fully discussed.

Every inert gas release into a ventilation system will
change the alr flow distribution in this system. It will,
in particular, reduce the alr leakage through sealed areas
when released into these areas.

The calculations on inert gas requirements in chapter
VII were based on the assumption that perfect mixing of
the released lnert gas with the surrounding atmosphere
takes place. Released 1lnert gas wlll, however, have a
tendency to push the original atmosphere away and let it
move in front of the inert gas body. It has to be lnvesti-
gated how much mixing in flow direction can be expected
to take place. It is, furthermore, known that gases with
different densitles can resist instanteous mixing and form
extensive layers. If such layering can occur with inert
gases or ailr leakage, it should he investigated also.

The propelling force for the movement of inert gases
wlll generally be provided by the mine ventilating pressure,
which acts at the alrway to be filled with gas. Mine
ventllating pressures depend on the ventilation system and
have a llmlted maximal magnitude. It should, therefore,
be determined which inert gas quantities they are able to
move.
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(ty - tyg)/(t10 = PyR) flow velocity (L& )
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Fig. 40: Temperature drop of recircuiated inert gas after
leaving fire zone
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If inert gas 1s forced into a sealed area, it will
exert an increased pressure on seals and will have a tendency
to leak oub until an equillibrium with the mine ventilating
pressure is reached again. The order of magnitude of pressure
increases and leakage rates should be known.

It should, finally, be investigated 1f the presence of
inert gases in a mine can create any additional rlsks for
the mine ventilating system.

A. Reduction of Alr Leakage Through a Sealed Area by
Inert Gas Injection

The change of alr flow rate through a sealed area is .
mainly determined by the ratio of flow resistances of inbye
and outbye seals, by the flow rate of air normally entering
the sealed fire zone, by the flow rate of injected inert gas,
and by the mode of gas flow through the seals, laminar or
turbulent. Which mode prevails, depends on the dimensions
of the airpasses through the seals. Large holes, as 1n
dry walls of rock, hollow core concrete-, slag-, cinder-
blocks, or board stoppings will allow turbulent flow, small
holes, like 1n mortar or foam ccated dry or weft walls
laminzar flow. If large and small holes are simultaneously
present, part of the flow will be laminar and part of it
turbulent. This finds its expression in the varying exponents
n of the resistance equation

p = R ¢"

relating the pressure p across a seal wlth the rate of gas
flow g through 1t. Measured values of n vary between 1
(laminar flow) for the tighter walls and 2 (turbulent flow)
for the less tight walls wlth a wide array of intermediate
values.8?,153 The following calculations will be based

on the two extremes, pure laminar and pure turbulent flow.

If the air flow rates before and after the ingectlon
of inert gas are dgo and 45, the inert gas flow rate is qipert
the resistance factors of 1nbye and outbye seals are Ry and
Ry, the justiflable assumption 1s made that the ventilating
pressure acting at the sealed area 1s not changed by the
inert gas injectlon, the following equation holds for
laminar flow:

dao(Ry + Bg) = dg Ry + (4 + dypeyy) R
and the following eguation for turbulent flow:
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3 2
qinertj Ro

The flow rate ratio of inert gas to alr 1s changed from

élinert/éao for laminar flow to

(s a0
9inert

Yinert .
Qg

for turbulent flow to

Sinert = (- Ry // R

a

For the case thalt both seals are of the same qualilty (R1 = Rg),

these functions are reduced to

qigert = (a0 _ 1 >-1 and
“a inert

a0

. 1

Q0 )_1

Ynert _ (- L ///_ 14
d, H

N

4

lnert

o) qinert

These functions g /4, are shown in Fig. 41 and Fig. L2.
inert’a

The alr flow is stopped (éa =

q R
inert ._ Ri + 1 for laminar

8a0 0
E}nert = Ry + 1
a0 fo

shown in Fig. 43.

0) at

flow and at

for turbulent flow

If not only one inbye and outbye seal, but several
seals on each side of the flre zone are used, similar
relations can be derived which give qualitatively the same

answers.

One sees from Fig. U1 and pertinent formulas that the

alr flow §

o 1s negligible

1s not changed by an inert gas injectlon Qdy,..¢
when the reslstance of the outbye seal R

)

)
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Y nept’ da A &y nert’da0

Ry /Ry

Fig. 41: Increase of flow rate ratio dypept/G, caused by airflow
reductions due to inert gas infections.

a i- laminar flow through seais
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Fig. 43: Conditions for preventing ailr leakage with inert
gas Injections
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compared wlth the resistance of the Intake seal R3j, and

that the changes are small as long as the ratio Ro/Ri

is small. As R, increases, qa decreases, and the ratio
Qiner /&a grows rapldly. The beneficial effects of this
reguc ion in air leakage for producing an extinctive
atmosphere can clearly be seen from Figs. 21, 27, 28, 29,
and 31. As mentioned in chapter V, this effect is considered
by some experts?s 139 181 a5 the main advantage of inert
gas use. Figure 43 shows that for R /Ry = 1 1lnert gas
injections Qypnept» Which are 30 - 1089 larger than the
ordinary air ?iow .05 stop the alr leskuge §, altogether;
and that the ratio ert/da0 fOr @, = 2 increas~s with
decreasing ratios RO}Ri. Tﬁgs emphasizes the necessity

of matching the inert gas 1injJections witl: the resistance ol
the seals to avoid =plll over of the sealcd atmosphere
through the intake seals, which might contaminate lntake
alr currents. -If large inert gas injectlons are wanted to
shorten the time for the bulild up of the extinctive atmos-
phere, it mlght be necessary to reduce the resistance of
the outbye seals and to plan for spill over points in them.

Since the case of no alr leakage 1s a desirable one,
Pigs. 19, 20, 26, and 32 were drafted for this state.

B. Mixing 1n Flow Direction of Released Inert Gas with
Surrcunding Atmosphere

The extent to which released inert gas mixes in flow
dlrection with the surrocunding atmosphere, depends mainly
or. the type of flow - laminar or turbulent. In laminar
flow, milxing takes place only by moiecular diffusion, which
1s a very slow process. One can, therefore, expect something
like a "piston action" of the inert gas. In turbulent flow,
transversal mixing (perpendicular to the flow direction) is
accomplished within a very short distance, if not impeded
by density differences (see chapter IX C.). Longitudinal
mixing {in flow direction) talkes place also, but due to the
large longitudinal extension of mlne airways, something like
a blend of "plston action" and perfect mixing takes place.

Laminar flow can be expected for Reynolds' Numbers NR
smaller than 2700, fturbulent flow for Ny larger than 2700.
If inert gas flows at the rate Jipert(ft®/min) in an airway
with the cross sectional area A %ftz and the perimeter P (ft),
one obtains from the definition of Ny

Ne = _Vvad . Qinert * 4 &4 _ dinert
R v L% 60 ¥ P ¥y 15% P ¥ v
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where V = flow veloclity (ft/sec)
d = hydraulic diameter of airway (ft) = b4 A/P
A = cross sectional area of airway (ft?)
P = perimeter of ailrway (ft)
v = kinematic viscosity (ft?/sec)

with v = 1.6%10-*ft?/sec for nitrogen or air
v = 0.86%10-"ft?/sec for carbon dicxide
\):

1.38%10-"ft?/sec for mixtures of 21% CO, and 79% Ny
one obtains as conditlon for turbulent flow

Qinert > 6.5 for nitrogen or air
P > 3.5 for carbon dioxlde
> 5.6 for mixtures of 21% CO, and 79% N,

In mnst reported cases of successful inert gas use, the
injected guantities were large enough to assure turbulent
flow.

If due to lamlnar flow very 1little mixing betwsen
the sealed atmosphere wilth the concentration cg and the
injected Inert gas takes place during the injection and no
other gases enter the sealed space (Qinert = Gg)>s
the final concentration of the sealed atmosphere will
change according to

V dec = -3, cg dt

With ¢ = cg for t = 0 one obtains
1t
c = cg (1 - de®
v
This compares with
e = cg exp( - det

v
for perfect mixing. Both functions have bzen glotted for
cg = 21% in Fig. 44, Since exp(x) =1 + x + x*/2 + ... no
great difference exlsts for small values §g1/V, but at
goncontratlons below 10% the two functions diverge. 1In
using ¢ = cq (1 - dgt/V) one has, however, to bear 1n mind
that the inert gas willusually enter th. flre zone as a
turbulent jet and that even 1n laminar flow, therefore, a
zone of mixed compositiou is formed. This zone can be of
conslderable length and when 1t reaches the return seal,
the above equation 1s no longer appllcable.

The change of concentratlon by longitud:‘malsatur-bu]_en%“—_5
diffusion has been calculated by Hull and Kent, Taylor,
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Flg. 44: Change of oxygen concentration in sealed areas with
different assumptions for degree of mixing
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Krasnostejn and Medvedev®® and measured underground by
Maas and Slootboom.?® Krasnostejn and Medvedev come to
the conclusion, and verify 1t with model tests, that

the complicated functions describing the concentratlon c¢
of the gas leaving the sealed space can for small Ny be
approximated by a formula, which can be converted to

ey, = cg exp(~0.62 deT/V)

Using this equation, one can calculate the concentration
¢ of the sealed atmosphere from

c = cg - de Joep dt = g (1 - de f exp(- 0.62 BeT ) 4aTt)
v v
1 qu
=c_ (1 + (exp(- 0.62 Y = 1)) with ¢ = cg for
“ 0.62 \
T =0

This function has been plotted in Fig. 44 also. One sees
that the agreement with c = c¢cg exp( - q T/V) is quite good
down to concentrations of ¢ = 8%. At lower concentrations
the two functlons give increasingly dlfferent results.

At these lower concentrations, mixing of the inert gas
diluted atmosphere with remaining pockets of the original
sealed atmosphere, which has remalned undiluted in dead
ends, will have a tendency to narrow the difference. The
mixing caused by the Jjet of the entering inert gas will
act in the same direction.

It seems, therefore, justified to use the simple

formulas based on perfect mixing, when calculating the
dilution of sealed atmospheres with lnert gases.

C. Formation of Gas Layers

In laminar flow, mixing of gases 1is governed by
molecular diffusion, in turhulent flow by the eddying
motion of the turbulent particles. Due to the fact that
the path along which the latter move (Prandtl's mixing
length) 1s considerably longer than the mean free path of
molecules, turbulent mixing occurs much faster than mole-
cular diffusion. If a gas 1s introduced into the turbulent
flow of another gas, mixing will be completed after 10 - 20
duct diameters, when no density difference between the two
gases exists.
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Although the airflow in ventilated mlne workings is
generally turbulent, layers of methane floafting over long
distances on top of the alr are, nevertheless, frequently
observed. The explanation for this phenomenon was given
in 1920 by Richardson'®“® who pointed out that turbulence
may be weakened or damped out completely if a density
difference between mixing gases glves rise to buoyancy
effects. With light methane on top of heavier alr, the
turbulence willl tend to cause the methane to disperse
intc the air. The buoyancy of the firedamp willl oppose
the mixing by tending to cause the¢ methane to stay on top
of the air. If the kinetic energy of the turbulence is
insufficient to provide the necessary work against gravity,
the mixing will decay and the turbulence may be damped out.
Mixing takes place then by molecular diffusion only. As a
scale for the probability that turbulence may be damped out,
Richardson suggested the ratio of work to be done against
gravity to kinetic energy

- & %0, Buy

p dy oy
g = gravitational scceleration
p = density
u = velocity
y:

vertical distance

which subsequently became known as the Richardson number.
The results of the extensive research on gas layers, most
of it performed between 1959 and 1964 in Great Britain,
are usually presented as functlons of Richardsor numbers
or modifications of 1t.

1. Length of Laminar Gas Layers

To demonstrate how slowly laminar gas layvers are
dispersed by molecular diffusion, the results of calcula-
tlons by Bakke® can be used. He obtained for the maximum
gas concentration o, in a layer, formed by the emission
of gas from a point source into the ventilation flow

2f \vh T -
Crax = (0.92 K W f/2 VL  +1) /s
\31/2 613/2
where K coefficient of molecular diffusion

alrway width
ventilating velocity
coefficlent of friction

b <=
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L = length of layer
v = kinematlc viscoslty of gas
4 = volumetric rate of gas flow into layer

for the layer thilckness
§ = 8/(c )V

and for the initial layer thickness

3 dl/z \)VZ

§o = 7

° wy: r¥e ¥
Flgures U5a and b show how long laminar air layers, floating
on top of carben dioxlde currents, become before their
maximum oxygen concentration has dropred to 2% or 12%, rsp.
The difference of the diffusion ceefficients of Op and Ny
has been neglected 1in the calculations, a coefflcient of
K = 1.,72%¥10-"% ft?/sec for the diffusion of air into CO, was
used. An airway width of W = 10 ft, a coefficient of
friction of £ = 0.1 and a kinematlc viscosity of v = 1.08%10~"
ft?/sec was assumed. The layer lengths, which one would
obtain for air underneath nitrogen, are in the samc¢ order
of magnitude as those shown in Fig. 45.

Figure 45a shows that laminar air layers with
oxygen concentrations larger than 2% can reach considerable
lengths and can enable fires to continue to burn even
when the average oxygen concentration in the sealed area
would seem to exclude this. Flgure 45b shows, however,
that a dilution to 12% oxygen takes place comparatively
fast. Laminar air layers should, therefore, pose no
explosion danger.

Such layers can form in sealed fire gzones whose
atmosphere, under the influence of ventilating pressures
or atmospheric pressure variat.uns, is in a slow motion.
The best possibllity to disperse them is to erect hurdles
to deflect carbon dioxide against the roocf or nitrogen
against the floor. The effectiveness of such hurdles,
callled "mixing baffles", has been proven by Leach and
Barbero.®"

2. Gas Layers in Turbulent Flow

As recognized by Richardson, the formation of
slow dispersing laminar layers on top or underneath a
turbulent flow of heavier or lighter gas can be prevented,
when the kinetlic energy of the turbulent particles is large
enough to provide the necessary work agalnst buoyancy forces.
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Since the klnetic energy of turbulent particles is pro-
portional to the sguare of the flow velocity, the usual
remedy agalnst gas layers in mine ventilation systems are
sufficiently high ventilating velocities. Mining regula-
tions 1n several countries specify, therefore, minimum
ventilating velocitles to safeguard against the occurrence
of methane layers.

The details of the formation of layers in turbulent
flow are very complex and extenslve studles have been per-
formed on this sutject, which were summarized by Leach and
Barbero.®® It has become customary to present the results
as functions of the airway slope, wall roughness, and the
dimensionless, so called "layering number", N;. The latter
is derived from the Richardson number, and is obtained by
substituting average ventllation properties for velocity and
density gradients. With

Ap _ _ _3p where § = thickness of layer
é ay
vV _ _ _8u
6 dy
§ = _4d
Vw

the Richardson number can be modifled to

N =g_.é.9._._ _&._/\73
R1 0 W

whicn can, without changing the nature of the number be
converted to

N = T/(g a0 )Y
p W

If the influence of the slope on buoyance forces is not
separately taken into account, the Richardson number can
be multiplied by the co-sine of the slope angle.

Ellison and Turner*® found empirically that
turbulent mlxing rapidly decreases as

=g..é£__ _g_oosa/va
o W

Ngy
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increases and is negligible when N is larger than
approximately 0.83. Bakke and Leach’ in an account of all
previocus work on gas layers for the practical ventilation
engineer make recommencations on the minimum layering

numbers which, for the prevention of gas layers, should be
observed. They state that in horlzontal airways no mixing

by turbulence takes place when N; 1s less than 2. If Ny,

is 5 or more, the length of the methane layer will not

decrease much further with an Increase in ventilation velocity.

Ascensionally moving layers on top of a heavier
gas or descensionally moving layers underneath a lighter
gas, exhibit special features. With small ventilation
velocities the layer will move faster than the ventila-
tion. Increasing the ventililation speed will reduce the
velocity difference between ventllation and layer and
decrease the mixing rate, which reaches a minimum when
bo* .. have the same velocity. A further speed increase
wilil increase the mixing rate agaln until, as in horizontal
alrways, a speed 1s reached beyond which the the length of
the methane layer shows very little addigional decrease.
Suggested layering numbers in literature’ are based only
on this speed and are shown in Fig. 46, upper curve.

Since they are based on optimal layer lengths, or air
velocities, whose further increase for the dispersion of
gas layers is not worthwhlle, they are quite high.

The order of magnitude of critical ventilation
speeds, where the mixing rate 1s at a minimum, and above
or below which ventilation speeds should be kept, can be
estimated 1n the following way. PFrom Ellison's and Turner's
work""® 1t can be derived that the velocity of free streaming
layers in a ventilation at rest with negligible mixing is

T=g Lo g _sing where c = skin friction
o W Cuw coefficient

The layering numbers, corresponding to these velocitlies are

Ni, {sin a/cw)yé

With ¢, = 0.01 as an average value for mine roadways, one
obtains for N; as a function of the slope angle a the values
shown in the &ower curve of Fig. U6, Ventilation speeds
cheuld be lower than these layering numbers indlcate.

Since the ventilation propels the layer, the
layering numbers at which ventilation and layer have the
same velocity and where mixing is therefore poorest, are
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higher than these figures. From experimental observations®
it can be estimated that to assure substantlial mixing the
ventllation speeds should at least be as high as those
required for the prevention of layer backing (Fig. 47).

Descensionally moving layers on top of a
heavier gas and ascensionally moving layers underneath a
lighter gas have a tendency to back against the ventilation
flow. Figure 47 shows suggested layering numbers to
prevent such backing.’

Application of Theory tc Inert Gas Release

Turbulent flow in fire zones will mainly be
experlenced before the seals are closed. Whille the inert
gas is released, an adequate ventilation has initially to
be maintained to prevent the formation of explosive
mixtures until the area prepared fcor sealing has been
filled with a sufflciently high concentration of inert gas.
This will usually require a simultaneous ventilation with
alr and inert gas. To prevent a continuing supply of oxygen
to the fire from air flowing in layers on top of a heavier
or underneath a lighter inert gas, and to prevent only a
partial filling of the sealed fire zone with the gas, a
fast mixing of air and inert gas should be achieved.

Mixing of air and inert gas at the place where
the inert gas is released can be supported when the heavy
inert gas 1s released at the roof and the light inerft gas
at the floor. In such a case, layering will be minimal.’
If thls is not possible, the Richardson number of the
inert gas current should be smaller than 0.83. If the
inert gas is released over the total width of the airway,
this means that the release velocity ¥V should be larger
than

(Lo g _é_ cos a/0.83)¥s °
" W
which for nitrogen in ailr means

T > 16.6 (*g_.cos a)?é
W

and for carton dioxide 1n air

Vo> u1.7 (_Q_ cos a)Ys
W



153

where V is measured in ft/min, 4 in ft3/min and W in ft.
These conditions are met when the initlal thlickness of
the inert gas current is smaller than 0.72 ( q )9@

W

inches for nitrogen in air and 0.29 ¢ g )%é inches
for carbon dloxide in air. W

The apbove figures indicate that, if inert gases
are released in gaseous form through pipes, their velocities
will generally be high enough to provide furbulent mixing
with the ambient air. If thils 1s not the case, the speed
of the ambient air, expressed by the layering number Ny,
will decide the extent to whlch mixing takes place.

Whether or not layers of alr entering the fire zone
through uncompleted or poor sSeals form on top or underneath
a turbulent inert gas flow also, depends on their layering
numbers. How large the latter have to be to provide a fast
dispersal of layers has been discussed. To help in deter-
mining layering numbers for air on top of a turbulent
carbon dioxlde flow and underneath of a furbulent nitrogen
flow, Fig. 48a and b have been plotted., Figure 48a can
also be used for explosive air-methane layers on top of
carbon dioxide, since an alr-methane-mixture of 15% has
a density which 1s only 7% lower than that of pure air.

A Since there is 1little difference in the term

( )¥3 with a value of 0.7 for alr-carbon dioxide and
with 0.7% fcr methane-air, the extensive literature on
methane layers 1n cocal mlnes can be used to estimate the
probablility of air layers on top of carbon dioxide. With
the small density difference between air and nitrogen,
which quite frequently may even dlsappear due to teumpera-
ture differences or the admixture of other gases, the
probability of alr layers underneath nitrogen does not seem
to be teo high.

3. Turbulent Layers in a Stagnant Ventilation

When a gas, which 1s lighter or heavier than its
surrounding, 1s released at the top or the floor of a
sloping airway with a stagnant ventilation, it will flow as
a relatively thin turbulent layer upwards along the roof or
downwards along the floor. The flow 1is induced by buoyancy
forces and opposed by wall friction and the turbulent
momentum transfer into the surrounding stagnant atmosphere.
The rate of mixing caused by the momentum transfer has been
investigated by Ellison and Turner.'* They find that in



154

%;

6789!02

s

aq

10
—
1

4/W (ft?/min)

V (ft/min)

"com~ © 0

678910I

5

4

10

Layerlug Numbers for Alr on Top of Carbon Dioxlde

IB8a

™M



155

V (ft/min)

2

6 7 89 10

5

4

6 7 8910

5

4

Poo@ @ 0

[}

/W (£t?/min)

Layering Numbers for Air Underneath Nitrogen

"1g. 48b

"
I



156

most practical cases the layer will rapidly attain an
equilibrium state 1n which the increase of layer thickness
h wilth layer length L becomes constant and can be expressed
by an emplrical entrainment function E(Npi) of the overall
Richardson number of the layer: )

dh -
—ar- = B0gy)
NRi = (_A.Q__.. B .__q_._ cos a)/v 3

o] W

This impliles that the Richardson number and, due to Ap é =
censtant, the mean veloclty V of the layer do not vary
with distance downstream. Since it can be derived form
Ellison's and Turner's calculatlions that this velocity is

V=( Ap g q Sina)%
o} W c

W

1t follows that thne entrainment functlion E c¢an be considered
as function c¢f the slops o and skin frictlon coefficient c
only.

The values ol E as function of Npy and o found
experimentally by Ellison and Turner are sﬁown in Fig. 49a
and b. In experiments with free streaming methane layers
in tunnels of 2° and 5 1/2° slope, Leach and Barbero??
confirmed the validity of the above formula for the layer
velocity and of the entrainment function shown in Fig. 49.

Turbulent layers in a stagnant atmesphere can,
with respect to 1nert gas filled sealed fire zones, be of
importance in several respects. Alr leakage can travel
on top of a heavier or underneath a lighter inert gas
with very little mixing. As Fig. 50a for air-carbon dioxide
and Fig. 50b for alr-nitrogern show, the layer velocities
can even &t small siopes be considerable. The remedy
zgainst such layers would again be baffle plates, which
enforce a dispersal of the iayer into the ambient atmosphere.

If a sealed fire zone 1s so slowly filled with
inert gas that its atmosphere can be considered as stagnant,
inert gas can flow in layers without fi1lling the whole cross
sectiocnal area of an alrway. This can even happen after
the inert gas has already fillled an airway, when the follow-
ing alrway has a slope and the layer velocity is higher
than the ventilation veloclty. Flgure 50c shows the velocity
of a carbon dioxide layer underneath of alr. If the airway
is sealed or again followed by a horlzontal airway, the
original atmosphere can be forced back by the inert gas,
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which accumulates at the end of the hill. Leach and
Barbero®? describe such backflows of air caused by ascend-
ing methane layers.

D. Ventilating Pressures Required for Inert Gas Transport

When an airway 1s filled with ilnert gas, the pressure
loss of the gas flow Apy, 1s, accordlng to Darcy's equation,
proportional to the gas density:

v

pp, = rbE L 7= LP 0 g
A 8 8

If the pressure difference between the beginning and fhe
end of the airway is p, - pp, the ratio of the inert gas
flowrate g4 to the air}low rate dg 1is

;!;j_: = ( pa )}/2
oY pi

since in horizontal alrways APy, = P2 - Pp-

In nonhorizontal ailrways:
Py = Py = ApLa + Py gAZ = ApLi + Py ghZ

where A Z = elevation change in
alrway

One sees that ApL > Ap 1 applles in ascensional ventilation
(a2 > 0) for py 3 pg an% in descensional ventilation (AZ < 0)
for py < pg and that, conseguently, for an inert gas heavier
than air flowing uphill and for an inert gas lighter than
air flowing downhill: gy < d,- A standstill of the inert
gas flow results in Appy = 0, which is the case for

AZ = App,/glpy - py).

This 1s the height up to which the mine ventllating
pressure pyy acting on thls airway and ordinarily balancing
the alr pressure loss App, can 1ift a heavier inert gas or
down to which 1t can depress a llight 1nert gas against the
bucyancy forces. With gp, = 0.075 1b/ft3 and Apr, = Pyv
{expressed in inches water gage) this becomes

AZ

133 pyy (ft) for pure carbon dioxide and

AZ -2,061 pyy (£t) for pure nitrogen.
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Since nitrogen is only 3% lighter than air, its
buoyancy forces are so small that they shall not be
dlscussed in %thls chapter.

Figure 51 shows values of maximal heights AZ for
mixtures of COp and alr of different concentrations and
temperatures. Since methane admixtures make the inert gas
lighter also, Fig. 52 shows for COp - CHy - air mixtures
the equivalsnt CO, concentrations of COp; ~ alr mixtures,
which have the same density. Filgure 52 can be used in
conjunction with Fig. 51.

E. Inert Gas Forced Into a Sealed Area

If more carbon dioxide 1s injected into an ordinarily
ascensionally ventilated airway than can be kept in sus-
pension by the mine ventllating pressure, the CO, will
exert a pressure on the lower seal. If the upper seal
is open to allow for the splll over of alir, the atmosphere
in the fire zone 1s stagnant {Ap 1= 0), and the pressure
across the lower seal, or the pressure with which the CQOp
would have to be injJected through the seal 1s pg, it follows
from

pl - p2 = ApLa + pa SAZ + ApLi = {)i gAZ - pS

Figure 53 shows values for the sum P * Dyy for CO, -
alr mixtures of different concentraticns and temperatures
per 100 ft elevation difference. Negative pressures
indicate a thermal draff caused by densities lower than
that of air. One sees that these pressures exerted on
the seals are not very large and will, in most practical
cases, be smallesr than those which stoppings between main
intakes and return have to withstand.

Belik'? suggests to use the pressure across the lower
seal p, as a scale for the mean CO, concentration in the
sealed area and gives a formula, which follows from the
above relationship between pg and py. Figure 53 could be
used for the same purpose also.

The leakage rate through the lower seal ée depends
on the magnitude of pg. If laminar flow is assumed,®® it
is determined by

de = Pg/R where R = resistance factor of seal
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The height of the CO, column Z changes in the time Tt
proportional to the dilfference of input rate §i and
leakage rate de ané inversely proportional to the cross
sectional area of the alrway A

dZ = (g4 - Qo) dt/A
The resultant change 1n pressure is

dpg = Ap —f— (Q1 ~ Q¢) dv = ap B (a3 - p/R) dr
A

where Ap = density difference between inert gas column
and atmosphere replaced by it

[

The general solution of thls equation is

Py = 43 R+ C exp( - Ap—£— 1)
AR

Leakage of alr through the seal stops and of CO, starts when
P = 0. If the time Tt 1s counted from this moment, one
obtains from pg =0 fort=0 €= -3y Rand

Ps = di R (1 - exp( - Ap-E&_ 1))
AR

The final equllibrium pressure is reached (1 = =) when

Pg = 44 R or when leakage Je and input ;i are equal. The
height of the COp column is

pz = MV, Ps

ghp glp

where the second term on the right side of the equation
indlicates how much the gas can addifionally be lifted by
the pressure injection. Figure 54 shows this height
pg/ghp as a function of injection rate §i and time t.

A cross sectional area of A = 100 ft? and a resistance
factor ¢f R = 0.1 in. wg./cfm, which would correspond to
an foam or latex coated dry wall®? was assumed for this
figure.

F. Practical Experlences

Osipov and colleagues'?® mention that despite the fact
of a long time and comparatively wilde use of inert gases,
no investigations of the movement of these gases wlthin
the fire zones exist. To start closing this gap they re-
leased CO, at a rate of 2,100 ft3/min into the intake air-
way of an ascensionally ventllated longwall face of 365 ft
length and 23° dip. Sealing of the intake alrway reduced
the airflow from 32,000 to 6,300 ft3/min, the COp release
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and a further decrease in ventilating pressure by closing
a ventilation door reduced it to 170 ft®/min. Concentration
measurements showed that the COp filled only the intake
airway and was unable to rise more than 100 ft (39 ft
vertically) along the face. No COp could be detected in
the uprer return airway and, due to the diminished venti-
lation, CHy concentrations reached 14%. Only after the
ventilation was resumed with an airflow rate of 3,800
ft3/min by opening the seals, an alr - CO, mixture with

a maximum CO, concentration of 12% reaches the return air-
way. At the same time the CO, concentration in the intake
airway was equal to 35 - U45%.  This indicates that part of
the air must have flown 1in a layer on top of the CO,.

The authors recommend that Reynolds' numbers of more than
50,000 should be provided to zssure sufficient mixing of
alr and carbon dioxide.

No difficulties were experienced by Relik and
colleagues!?® in filling a steep longwall face of 60° dip
and 400 ft length with CO? irom the top. The rate of gas
discharge was 600 ft3/min.

Equally, no difficulties in fillirg all sealed spaces
with nitrcgen from the bottom are reported by Oslpov and
Orlov'?®® and Gorb and Stalerov.®?® The first two authors
observed that the nitrogen acted like a piston with the
dilution front clearly noticeable. The discharge rate was
1,120 ft3®/min. Corb and Stalerov noticed considerable CHy
layering at a combined flow velocity of nitrogen and air
leakage of 55 ft/min.

Belik'? quotes a recommerndation by the National
Institute for Scientific Research in Mines (VNIIGD)
that COp applications should be limited to lengths of
1300 - 1600 ft and elevation changes of 65 ft.

G. Risks c¢f Inert Gas Use Underground

Inert gases in themselves are generally not toxic but
asphyxlating. An exception is CO, which at 30,000 ppm is
weakly narcotic, decreasing acuity of hearing and increasing
blood pressure and pulse. A thirfty minute exposure may at
50,000 ppm be intoxicating and at 70,000 - 100,000 ppm
produce unconsclousness 1r a few minutes.!'®® Industrial
inert gases produced in combustion processes can contain
CO 1In concentrations, whilch are deadly after several hours
of exposure (at 500 ppm), or deadly after only a few
inhalations (at 1%).
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The changes whilch 1n the composition of fumes after
an injection of inert gases into the fire zone can be
expected, nave been discussed in chapter VI E. Most inert
gases should have the same effect as a reduction of air-
flow, that means a temporary increase in distillation pro-
ducts, whlch for ccal contalns approximately 5% CO and for
timber up to 35% CO.

CO, can in a producer gas reaction generate additional
CC, but opinions on the amount of CO produced are divided.
Only in one case has a CO concentration of 5 - 6% been
reported, ctherwise it always stayed below 2%.

The asphyxiating properties of inert gases and the
possible increase in the toxlity of the fumes make 1t
advisable not to use any 1lnert gas as long as miners
without self-contained breathing apparatus are underground.
One has in particular to bear in mind that density differ-
ences between ilnert gases and mine atmosphere can cause
ventilation disturbances, which can let the mixture of inert
gases and fumes enter other alrways than the return of
airways of the fire zone.

Several ways can be imagined in which such ventilation
disturbances can occur. The discussion shall be limited to
£0, since 1t has the greatest density difference to air.

If & fire zone is ventilated with COp before the seals
are closed, some gas might flow from the return airways in
layers along the floor into adjolning inclined airways.
Flgure 50c shows the considerable velocities this flow
can acquire in a stagnant atmosphere, Fig. 47 the layering
numbers which ore required for the ventilation of these
mine workings tv prevent €0, from entering. Safeguards
against such layers can be provided wilth increased air
veloclitles caused by mixing baffles at the floor or by the
collection of CO, in sumps and theilr subsequent dispersal
by air blowers.’

The mine ventllatling pressures which are necessary to
1ift a gas with a denslty p4{ over z height AZ can be
calculated from pyy = AZg(py - p5). Values for AZ g (pj - pgy)
are shown for CO,; ~ air mixtures of different concentrations
and temperatures in Fig. 53. If larger elevation dlfferences,
than can be overcome by the mine ventilating pressure exist
in the return airways, ventilation standstills will occur.
This can lead to the formatlon of explosive mlxtures when
the CO, concentration is not high enough to fully inert
egvolving methane and 1t can lead to the backing of €O,
if the COp release is contlnued.
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Such a backing can even occur wlthout a continued CO»
discharge. As Filg. 53 shows, CO2 -~ air mixtures with high
temperatures can by a glven mine ventllating pressure be
lifted to higher elevations than mixtures of low tempera-
tures. If a ventllation standstill occurs and the COp -
air mixture 1n a nonhorizontal alrway cools down, the mine
ventilating pressure will only be able to hold a lower gas
column in suspension. Although the shrinking volume of the
gas balances this partly, a certalin amount of the gas in
the ascenslonal alrway will flow back. The remedy in all
these cases 1s a sufficlent dilution of the COp in the
return airways with air.

Tre same difficultles which might occur during an inert
gas ventilation of a fire zone before the seals are closed
can happen after the seals are opened and the fire zone is
ventilated again. The remedy 1s the same also, a sufficient
dilution.

Leakage from sealed CO» filled areas might be another
source of danger. Even at very small flow rates it can flow
along a dipping floor in layers and form in depressions,
pools of sufficient depths for people to suffocate. Such
accumulations of CO, from other sources are a not infrequent
cause for fatal accgdents in some mining areas. This can
be prevented with good ventilation, local alr velocity
increases by blowers and mlixing baffles, or by dralning the
leakage into collectlion sumps.

X. INERT GAS GENERATORS

A. Limltations in the Use of Stored Inert Gases

In mest of the cases of inert gas use for fighting
mine fires, which have been described in chapter V, the
inert gas source has been liquefied CO, or liquefiled or
highly compressed gaseous N shipped in cylinders or tanks
from a rnitrogen or carbon dgoxide plant to the mine site.
Tne same applies to the few cases where larze quantities of
inert gases have been used to extinguish surface fires.!®7
The Standards on COj Extinguishing Systems of the National
Fire Protection Association!?! are equally based on gaseous
or liguid stored CO, supplles. Where inert gas is routlnely
used for fighting mine fires, the inert gas source is still
mainly liguefied N, (USSR) or compressed gaseous Np (CSR).

The use of stored inert gas has several disadvantages.
If it is transported in a gaseous state, large volume tanks
are needed. The capacity of the Czechoslovaklan N, trailers
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is, for instance, only 21,000 - 25,000 ft® per unit.
Liquefied inert gas has elther to be transported in its
liquid state to the fire site (CO2)f which limits the
release rate to 1250 - 1400 ft3/minl7?% or it has to be
evaporated at the surface and to be piped into the fire
zone. The USSR bullt evaporator AGU~2m has a capacity of
2800 - 3500 ft¥/min,!7?5 but due to the dimensions of the
exlstlng pipelines from the surface to the fire zone the
practical output 1s usually considerably smaller (1240 ft3/
min,'S® 1400 ft3/min '%%), The two evaporators used at
the Fernhill fire'’® had a combined capacity of 1260 ft3/
min. Avallabllity of the liquefied gas and transport from
the Ny or 002 plant to the mine presents in many cases a
problem also.

Another disadvantage are the relatlvely high prices
of liquefled Np and COp. They are lowest for N,, when
it can be purchase¢d from large oxygen plants, like those
supplying steelworks, where the nltrogen is a byprcduct, and
are in the range of 0.15-0.30¢/ft3, 1* At the Fernhill
colliery,’® located 25 miles from the British Oxygzen
Company Ltd., Cardiff, the cost was 0.25 ¢/ft®. Average
prices will be considerably higher than these filgures and
they are higher for CO, than for N,.

In view of these prices 1t has become attractive for
inert gas consumers in other industrles to produce their
own inert gas and a greater number of different inert
gas plants are on the market. They are relatively lnex-
pensive to purchase and to maintain. Fuel costs can Ior
mixtures of nltrogen and carbon dioxlde be estimated from
Table 14, a - ¢, where the ft? inert gas per ft? or gallon
of fuel has been listed. 'They are at present 1n the order
of magnitude of 0.05 ¢/ft?3,

With the large volumes and flow rates needed to fight
mine fircs 1t may be advantageous also to produce the inert
gas at the fire site. Examples, either with commercially
avallable surface plants or especlally designed appliances
have been described in chapter V. 1t seems, therefore,
ugseful to review which lnert gas generators are presently
avallable and which properties they have.

B. Industrial Process Inert Gas Generators

1. Basic Operating Principles

Protective gases are used in many Industrial
processes to prevent oxidation and the formation cof explosive
atmospheres. Examples are the corrosion protection of.tanks
and boilers, the heat treatment of metals, the protectlgn of
flammable materials during process, as in pulverizing,.nrying,
transporting, mixing, cooling operations, and the purging of
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tanks and pipelines. The use of protective gases has in
the last years steadlly increased. Reasons are higher
safety and quality demands as well as the greater avail-
abillity of these gases due to the develcpment of relatively
lnexpensive and simple protective gas generating systems.

If the process does not demand a pure gas,
industrial protectlive gases are usually mixtures of Np,
€0y, CO, Hp, and Hp0. They result from the combustion
of a hydrocarbon fuel and can be roughly divided into
endothermic-, rich-ratio-exothermic-, lean-ratilo-exothermic-,
and inert gases. The composition is a functlion of the air-
fuel ratio and 1s shown for natural gas in Fig. 55.%% For
use in mine fires, only inert gases are of interest. Since
all plants for producing protective gases except for those
producing endothermic gases, which need the supply of
external heat, are very similar and can be modified to
produce 1lnert gas, exothermic gas generators have been
Iincluded in the following survey also.

The fuel used for these generators 1s gaseous or
liguid, like natural or manufactured gas, propane, butane,
gasified oil, liquild kerosene, light fuel oll, etc. Heavy
fuel o0il is less popular because of its high sulfur content
and viscosity.

The gas generators consist primarily of a refractory
lined combustion chamber filtted wlth burners. Gaseous fuels
are usually mixed with air before entering the burner,
ligquid fuels in the burner. Controls maintain the selected
mixing ratio. If the compositlion of the fuel can change or
only small vardations in the inert gas composition are
permitted, th2 mixing ratin controls can be governed by a
gas analysls regul:ninr», nsually based on the Op content.
After leaving the combustlon chamber the high temperature
combustion products are cooled, either directly in spray
coolers or Indirectly 1in heat e%changers. Frequently
compression to a higher delivery pressure follows. If
necessary, several cleaning steps follow in which undesired
constituents are removed. Filgure 56!°" shows an example
for a mixed (Np - COp) inert gas generator with combustion
champer and spray tower. Figure 57!33% shows a generator
working wilth submerged combustion, where these two components
are combined in one unilt.

Composition and quantity of inert gases as well
as heat development are not diffisult to determine, since
the working principles of the above generators is the
stolchometric combustion of the used fuel. Composifion and
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quantities can be calculated from the combustion equation,
but since the produced inert gas is identical with the dry
flue products at zero excess alr, existing charts and tables
may be used for many commerclal fuels.®® The heat develop-
ment 1s approximately equal to the gross heating value,
which 1s usually known or easy to determine also.

Scme examples for inert gas yleld, composition,
and heat development are given in Tables 14 a - c. Table
l4a deals with pure combustible materials and has been
extracted from the Gas Englneers Handbook.'’® Table 1l4b
has been calculated from examples for commercial gases,
given in Marks' Englneering Handbook.!?! Table lldc deals
with liguid fuels based on petroleum oils. Since commerciszl
fuels are complex and varylng mixtures of hydrocarbons,
Table 1llc 1s based on the specific gravity of petroleum oils,
expressed in degrees API. Diesel and fuel oil range approxi-
mately from 10 to 45 degree API, kerosene from 35 to 50, and
gascline from 55 to 75. Densities and heat values have
been extracted from Marks' Englneering Handbook. It has
furthermore, been assumed that the fuel comprises pure
hydrocarbons only and that the weight percentage of hydrogen
h can be obtained from

h =26 -15d where d = 141.5/(131.5 + deg. API) = specific
gravity of o1l compared tc water

All tables are based on 60°F and 30 in. HG. Since
the produced inert gases are mainly mixtures of nitrogen and
carbon diloxide, only the COp content has been listed in the
tables, the rest being nitrogen.

If no other information exists, the yield of inert
gas can be calculated for most gaseous fuels from

% pept/Qfuer =H.76 C+ 1.88 Hy + 2.88 CU + Inert - 3.76 Oy

where C, Ho, CO, Inert, O, are the volume concen-
trations of these constltuents in the fuel.

Fed iguld and solid Puels 14 can Le caleulated from
1.5 ¢ + 0.56 s + 3.55 h + 0.14 inert - .4l o

Q1nert/lbfuel =

where ¢, s, h, inert, o are the welght percentages
of carbon, sulfur, hydrogen, inert matter, and
oxygen in the ultimate analysis.
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Table 14: Inert Gas Yield, Process Heat, and Dry Tnert Gas Composition
a. Pure Combustible Substances
Inert Gas Yield Process Heat CO2 Content
3 5
Substance ftinert ftinert l;t“ Btu %
ftsfuel galfuel f* fuel ft:{’nert
Carvon Monoxide 2,88 321.37 11,6 - 34.72
Hydrogen 1.88 225,02 172.9 0
Methane 8.52 503 1012.3%2 118.8 11.74
Ethane 15,16 626 1775.42 117.0 : 15.79
Propane 21.80 783 | 2523.82  115.8 ! 13,76
! i
n-Butane 28.44 875 ; 3270.69 115.0 i 14.06
Octane 55.00 977 i 6260.00 115.8 : 14455
. b. Examples of Commercial Gases
o £t N Natural Gas Natural Gas Viater Gas Producer Gas
onstituen % by weight % by weight % by weight % by weight
CH4 ? 94.3 72.3 1.2 3.0
| 1 P
C2H6 ; 2. 5.9
’ 0. 2.
05H8 4 1
n .
“4H1O 0.2 0.3
co ; 38.0 27.0
H2 E 0,1 48.0 14.0
0, 0.6° 0.6
Co2 2.8 G.1 5.0 4.5
N2 C.2 18,2 T.2 5C.9
He 0.4
ftinort/mtﬁf‘uel 8.53 7.91 ?.20 1.39
Btu/ft 70y 1010 934 290 162.9
Btu/f49 118.5 118.0 151.9 86. 3%
. |
%co? 11,87 11.8 17.9 15.9
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Since the weight ratio of hydrogen and carbon
does not, for most hydrocarbon fuels, vary too much, it is
not surprising that the heat produced per unit dry flue
products, or, in our case, the Btu/ft3i ent GOS8 not vary
too muenh eilther. The varlatlons yarnge getween 118.8 Btu/
£t pt for CHy and 107.4 Btu/ft*; .. for 10 degrees API

+ £ b
petroieum oll. Estimates of the 1ner€ gas productlon can
therefore be based on the gross heating value of the fuel
consumed 1n the generator.

2. Available Generators

Examples for the capaclties with which stationary
serles built inert gas generators are available in the U.S.
are the following:

17 - 333 ft3/min,"*? 17 - 2,500 fta/miniSI 21 - 417 ft3/min,t?3
33 - 417 rt*/min,%® 33 - 1000 ft®/min,’®® 33 - 1,167 ft3/min,!%2
50 - 500 ft3/min,*®* 100 -~ 3,330 f:%/min.S*%

The order of magnitude of selling prices for these
generators can he obtalned for sizes up to 700 £t?/min from
a formula given for 1974 by Hirt Combustion Engineers:®*®

Selling Price = $ 9,045 + $ 421.4/(1000 ft3/nr)

Prices quoted by other manufacturers are in the same range
for small units, but vary for large custom bullt generators.

Examples for the specific weight in 1ts per f£t3/
min capacity are shown in Fig. 58. Generators worsking on
the submerged combustion principle are the lightest; basic
units of conventlonal combustion chambers are about twice
as heavy, and accessories, llke compressors, dryers and tanks
can double the specific welght once again.

Deslgred as statlonary plants, the dimensions of
these generators are not small. For 50 ft®/min plants they
are in the order of magnitude of 5' x 5' x 10' for the basic
unit, and 5' x 10' x 10' complete with accessories. 500 ft?/
'min plants would measure 10' x 20' x 20', 1000 ft?/min
plants would be mounted on three skids with 10' x 10' x 30!
each. Assembly of the plant at the users site takes 10 ~
20 man-days.

Most makers of industrial process inert gas gen-
erators quote for the fuel consumption figures around
0.115 ft? natural gas per ft? inert gas, wnich is close to
the theoretical value for CHy. The same proximity applies
to other gases or oil, when quoted.
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The composition of the inert gases depends on
the fuel used, Borrmann'® of J. F. Mahler Apparate und
Ofenbau quotes as typlcal compositlicons the values glven
in Table 15. Other manufacturers quote for natural gas

12% CO5, 87% Ny, 0.5% reducing and oxidizing residuals'®®
11.5% 502, 884 N5, 0.3% H», 0.3% CO, 10 ppm 0,55
11.5% COp, 0.25% Hp, 0.25% CO, 0% CHy and Oy, balance N,.3!

The gas exlt temperature 1s usually 5 - 10°F above
the cooling water tewperature. The quoted water consumption
is around 0.4 gal/ft3+pnept gas which corresponds to 'a temper-
ature increase of the 250ling water by approximately 35°F.

Power i1s needed malnly to force air into the
combustion chamber. The average power reguirements are
0.04 HP for 1 ft3¥/min inert gas when the gas 1s delivered
with a pressure of 0.3 - 0.5 psig.

Few mobile gerierators are available. The truck
mounted make, used by the Polish Coal Mines, has alrezady
been mentioned in chapter V.%? 1Its data are: 118 fti/
min inert gas with 85% Nz, 13% CO,, max. 2% 0,, 1.5 psig
discharge pressure, 392°F discharge temperature, 44 1b/hr
fuel oil consumption, 3 - 4 kW energy consumption, 8.5' x
6.5" x 8' external dimensions, selling price (1966) $7,500.
The largest mobile generator, bullt by the same manufacturer?®?®
has a capacity of 600 ft*/min and a selling price (1967) of
$20,000. A ocnetime use in a West German coal mine has been
reported (chapter V, bibl. 16).

Nitrogen plants, like the one deslgned by the
Czechoslovaklan Coal Mines (chapter V) and based on ligquid
ammonla, are commercially available alsco. Since the cost
of produced nitrogen is approximately 3 - 6 times higher
then that of a CO, - N, mixture from hydrocarbon fuels,'*
they shall not be discussed in this report.

3. Experimental Fire Fighting Generatcrs of Similar
Design

The design of experlmental inert gas generators
for fighting purposes, which are similar to the above
described appllances, has been reported from the USSR and
Canada. The VostNII developed generator, mentioned in
chapter V,'®® comprises basically a combustion chamber with
burner, spray coolers, pumps and blowers. Its gas delivery
rate is 295 ft’/min with 1.5 - 2.5% O,, 12.5 - 14% COp,
traces of CO, its fuel consumption is 1.47 1lb/min of fuel oil.
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For easy transport 1t is mounted on a platform.

The National Research Councill of Canada developed
an experimental mobile 1nert gas generator for fighting
building fires, based on the stoichometric combustion of
gaseous propane.”a It comprises essentially a combustion
chamber fitted with a burner, an electrically driven blower
for the air supply, and an array of spray nozzles through
which water is 1injected into the combustion products. With
a vortex type burner the combustion chamber can be held
comparatively small. The generator produces approximately
3,800 ft3/min inert gas at 212°F and 4 in. wg. with a
composition of 68% (by volume) H,50, 28% N,, and 4% COp.

It is light enough to be mounted on a one axle traller and
was successfully tested in experimental fires. One sees

as advantages of this type of generator 1ts simple design
and the complete combustion of a stolchometric fuel - air
mixture, which in a gas turbine can be achieved only with an
afterburner. A disadvantage is the use of gaseous fuel,

a requirement which to modlfy should not be too difficult.

C. ZFas Turbines

1. Design for Bullding Fires

In fighting building fires, smoke 1s a majcr
obstacle. Ventilating the fire with 1nert gas to remove
the smoke and at the same time to reduce the burning
rate could be a remedy. It seems to have been suggested
first in 1954 in Great Britain that the regulred juantities
of inert gases for these purposes, which are in the order of
magnitude of 10,000 - 50,000 ft¥/min, could be obtained by
the use of an alrcraft jJet engine.'®® The National Gas
Turbine Establishment was requested to build a prototype
unit for 50,000 ft®/min, which was delivered in 1960.

The working principle of this unit is shown in
Fig. 59.!%% Combustion of fuel in the main jet burners of
the engine reduces the oxygen content of the alr entering
the engine and provides the power for the compressor. A
further reductlon of the oxygen content takes place in
the aflter burner or reheat section. The combustion products
are subsequently cooled by vaporizlng water in a humldifi-
cation section, where water is Introduced as a fine spray.

The rate of airflow through the engine is pro-
portional to the turbine speed, which in itself i1s control-
led by the fuel feed to the main jet burners. The compositlon
of the final gas 1s, to a large part, determined by the fuel
supply to the after burner. This allows control of the oxygen
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concentration of the final gas, and of the delivery rate
within a comparatively wide range, by varying the amount
of fuel burned in engline and afterburner. Figure 60 shows
the theoretical comnosition of the ilnert gas produced and
Fig. 61 1ts veoluiie and density as a function of the fuel -
air ratio under the assumption, that the fuel is completely
burned, that the cooling water is introduced at 59°F,
compietely vaporized, and that the exit temperature is
248°F,13% The fuel 1s aviation kerosene. An additional
change of delivery rate and gas composition 1s possible by
virylng the amount of water spray and entraining air into
the outlet gas.

Because combustion is not complete and beczuse
of heat losses, the inert gas actually produced with this
generator had a composition slightly different from the
theoretical values shown in Fig. 60. At a peak delivery
rate of 45,000 ft®/min with a fuel - air ratio of 0.033,
a composition corresponding to 0.030 was observed.!3®
The composition was: U46% Np, 3% COp, 44%F HpyD, and 7% Os.
In producling this gas 6.5 gallons of kerosene and 70
gallons of water were used.!?®’ By varying the fuel feed
to the afteiturner, the air entrainment, and the water
injection, the delivery rates and compositions listed in
Table 16 could be achieved.!®®

A prototype unit uses a Bristol-Siddeley "Viper"
engine with a water jacketed afterburner.*® It is mounted
on a 5 ton truck. To reduce its length it has been buillt
in U-shape with one leg containing engine and afterburner
and the other one the vaporization section. It has under-
gone extensive testing alone and in combination with high
expansion foam generators,®®,1!37,:56,185 and suggestions
for improved designs were worked out.

Since the prototype unit had been designed to
clear buildings from smcke and to suppress flaming com-
tustion, the oxygen concentrations of the produced inert
gases are relatively high, tco high to extinguish smould-
ering fires. It 1s, of course, possible to design a gen-
erator operating with a greater fuel - air ratio and pro-
ducing a gas with a lower oxygen concentraticn. The
literature!®® reported in 1965 that Austin Motor Co. was
developing a smaller unit with an output of 12,000 ft3/
min of hot inert gas with 2% 02, and Gibbons Bros. Ltd.

a unit with 2,000 ft®/min of cool inert gas with 2% O,.

A feasibility study for a gas turbine to generate
inert gases of low oxygen concentrations without an after-
burner was conducted by Macaulay.!'®® TIts size shall be
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kept down by carrying out agll the combustion and water
evaporation at compressor delivery pressure. Such a
generator would perform the following functions: alr
compression tc a pressure sufficiently high to permit

use of a reasorably small combustlion chamber; near stoicho-
metric combustinn; water spray to cool the gases to the
lowest possible turbine inlet temperature; and expansion

in a werk turbine to drive the compressor. Cycle calcul-
ations for some 70 sets of conditions were performed.

2. Designs for Underground Use

Gasturbine based lnert gas generators for under-
ground use have been developed in the USSR. The first
design by the Mine Rescue Institute in Donetsk®’ had a
basically cylindrical shape with 2 diameter of approxi-
mately 3 ft and a length of 36 ft. It comprised the gas
turbine, a water jacketed expansion section, a water spray
cooling section, and ancillaries. To facilitate under-
ground transport it could be dissembled into components
of 100 - 200 1lbs welght except for the gas turbine section,
which weighed 6090 1lbs. The total estimated weight, varying
with the length of expanslon and cooling sections was
1500 - 2100 1lbs. The delivery rate reached approximately
9,000 ft’/min at a temperature of 176 - 212°F, the dry
composition of the inert gas was 82 - B6% N,, 10 - 12% CO,,
b - 5% 0,5, 0.0 - 0.7% CO, and O - 0.3% Hp. A consumption
of 9 -~ 29 1b/min kerosene and 75 - 132 gal/min of water
has been quoted.®?

In an improved design, the inert gas generator
GIG-2, an afterburner was added, which reduces the oxygen
concenitration of the combustion products to approximately
1%. The use of this generator 1n mine fires has been
described 1n chapter V. 1In the cases listed 1n Tatle 10
the average delivery rate was 11,6000 ft3/min at a temper-
ature of 175°F. Since 1t can be assumed %that the exhaust
pas-water-vapor mixture leaving the generator at this
temperature 1s fully saturated, the water vapor content
would at an atmospheric pressure of 14.7 1b/in? and a
saturation pressure of 6.715 1b/in? be 6.715/14.7 = U5.7%.
With the reported average fuel consumption of approximately
30 1b/min of kerosene one obtalns a dry lnert gas production
of 210 ft3/1b, corresponding to 172 ft3/lb at 60°F, which
falls intoc the expected range. The reported average water
consumption is 120 gal/min. Thils figure 1is hard to explain.
Cooliné of the combustion products to 175°F by water vapor-
ization requires theoretically only about half this water
flow rate. But then the water vapor content of the gener-
ated inert gas 1s agaln considerably lower than would
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correspond theoretically to this flowrate. Part of the
combustion heat must therefore be transferred by water
vaporizaticen to the air, part of 1t carried away with
heated water.

The latest deslign is the inert gas generator
GIG-4, which has a performance similar to the model GIG-2.
It is esquipped with the turbine AI-8P and has a delivery
rate of 12,000 ft3/min of an inert gas comprising approxi-
mately 51% Np, 8% COp, 1% O, 500 ppm CO and 40% H,0. The
discharge temperature is 176°F, the gage pressure 80 in.
wg. Its total welght 1s approximately 2,000 1lb, its main
unit can be dissembled into tnree parts for underground
transportaticn.!’® An approximate fuel consumption of
3.5 gal/min kerosene, external dimenslons of 2.5 ft
diameter and 20 ft length and a price of 22,000 Rubles
have been reported by a visitor to the Donetsk district.!’
Four of these generators were in use in 1974. Series
production is under discussion also. A smaller §as turbine
based generator with a delivery rate cof 1,750 ft°*/min
is under construction.

D. Use of Flue Gases from Other Plants

Inert gas plants,processing the flue gases of other
fuel consumers like power plants, are quite freguently
used when the produced inert gas 1s permitted to have
oxygen concentrations as high as 2 - 4% and purity require-
ments are low. Thils 1s, for instance, the case on oil-
tankers where the 1nert gas is used to prevent possible
explosions in tanks and plpelines. Capacities of 10,000 -
20,000 ft¥/min are not uncommon.!* Since these plants
comprise only washcoolers and occasionally heat exchangers
for further cooling and drying installation and operating
costs are low. Of disadvantage 1s the dependence on the
performance of the main plant and the lacking mobility.
They seem useful, therefore, only in exceptional circumstances
for mine fire fighting purposes, like for the prevention of
spontaneous i1gnitions in abandoned mine areas.

No applications of flue gases from other plants for
fighting mine fires have been reported in the literature.
As described in chapter V, it has been suggested to use
flue gases from conventional coal furnaces to fight
fires, and delivery rates of 57 ft¥/min [lue gases per ft?
of fire grate have been calculated.!®!,182 Tyo fires were
actually extinguished with flue gases from coal furnaces,
which had been installed for thls purpose as inert gas
generators.!®?
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XI. ADVANTAGES AND DISADVANTAGES OF INERT GAS USE

Advantages and disadvantages of inert gas applications
compared with conventional fire fighting methods have been
stated at several places in this report, especiaglly in
connectlon with the description of actual inert gas uses,
The reasons for the choice of the inert gas method and its
success or failure make some of its advantages and dis-
advantages quite obvious, .

Unfortunately, only very few applications took place
in U. S. coali mines. To allow a comparison but not to base
it completely on speculation, the reports of five coal mine
fires, obtained at random from Consolidation Coal Cfumpany,
shall be utilized.!70™* It shall be investigated if and
how these fires could have been fought with inert gases
and how the ilnert gas method would compere with the actual
course the fire fighting operations teok.

A, Description of Actual Fires and Likely Course of Inert
Gas Application

1. Fire No. 1172

A damaged tralling cable or a splice short-
circuited a cable reel and ignited combustible materials
on a shuttle car at about 12:10 a.m., May 29, 1965. The
shuttle car was loaded with spillage in the right, outside
and return alr entry of a section of 6 active entries,
close to the last cross cut. Due to malfunctioning of the
available fire extinguishers. the fire could not be exting-
uished in 1ts incipient stage. Use of water and rock dust
were equally unsuccessful. Check curtalns were erected to
adjust the ventlilation and temporary stoppings set up to
prepare for the use of a foam generatcr. The generator was
installed 100 ft from the origln of the fire and was
started at 8:15 a.m. but began to operate, due to lack of
water, only at 12:22 p.m. At 1:45 p.m., May 30, it was
discovered that the fire had advanced 500 ft outby the
face. The ventilation of the fire zone was reversed and a
second foam generator installed, which prevented further
spread of the fire.

About 8:00 a.m., June 2, it was decided to seal
the fire because the direct attack dild not cool the fire
sufficiently to permit loading ocut of the hot material. The
whole section with a volume of approximately 350,000 ft? was
sealed off with permanent seals across all six entries.
Sealing was completed at 4:55 p.m. the same day. On June 6
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alr samples showed that the oxygen concentration had
decreased to approximately 6% and work in the mine was
resumed. Recovery operations started September 11, 1965.
No rekindling occurred.

Although the fire could not be extinguished by
direct attack, the foam generators helped to keep it under
control. 6,520 gallons of foam concentrate were used.

Likely Course of Fire 1f Inert Gas Had Been Used

If this filre had been fought with inert gas, its
history till completion of the stoppings at 7:05 a.m.,
May 19, would have been the same since the necessary venti-
latisn adjustments for foam and inert gas applications
are very similar. Additionally, it would have been advis~
able to install a sprinkler system and prepare a stopping
in the return air entryr at a distance of approximately
700 ft outby the fire. Since the highest CHy concentration
measured in the section had been 0.41% with a ventilation
of 30,420 ft3/min, the CHy liberation in the section can
be estimated to be not higher than 125 ft3/min, or 62 ft3/
min in the alr split passing through the fire zone. To
dilute the CHy to 2.5%, an airflow rate of approximately
2,500 ft3/min is needed. If the CHy shall be fully inerted,
62*6 = 372 ft3/min of N, 62%¥3.2 = 198 ft3/min of COp, or
62%5.07 = 314 ft¥/min of a 79/21 N,/CO, mixture is needed.
With a safety factor of 2 the flow rates double to
approximately 700 f£t®/min N,, 400 ft3/min COp, or 600 ft3/
min mixture.

These quantities are small enough to be supplied
by bottled gas and CO,, of which the smallest quantity
is needed, would probably be the best cholce. A discharge
rate of U400 £43/min corresponds to 1 cylinder with 50 1b
content per minute.

While the COp 1s released, the ventilation should
be maintained at approximately the original flowrate of
2,500 £t¥/min until the whole area prepared for sealing
is filled with the alr - CO, mixture. With a cross sectional
area of 80 ft? for the return entry and a length of 720 ft,
this will take approximately 23 minutes. The average
oxygen concentration will drop to approximately 17.4%.
Ectual mixing of the CO, and air should be secured.

To avold the formation of explosive mixtures
after closing the seals by the continued methane evolution,
the initial oxygen concentration of the sealed atmosphere
should be sufficiently low (chapter VII B. 2.), which is for
CHy -~ COp-alr mixtures 14.6% Op at T7.3% CHy (Table 4)
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and 15.8% Oy at 0% CHy. For this purpose the ventilation
of the flre zone with air is stopped and only the CO,
release 1s continued at the previous rate. Since one cannot
with certalnty expect that sufficlent fast mixing of the
sealed atmosphere and the injected £0, occurs, it is
advisable to release at least a COp; quantity equal to the
volume of the mine workings prepared for sealing. This
volume 1s approximately 60,000 ft3*, which means that the
COp release has tc continue for 60,000/400 = 150 minutes.
Under the assumption of no mixing (chapter IX B. 4.)
between released COp and atmosphere in the fire zone, the
oxygen concentration will have dropped to zero, if no air
leakage takes place. If perfect mixing of the released COp
and the atmosphere has occurred, the oxygen concentration
will be

¢ = cg exp( - 9eT ) = 17.4 exp( - _ﬁéﬁi;ig_) = 5.5%
Y 60,000

To reach a concentration of 2% the CO, release
has to be continued for another 130 minutes. A concentration
of 12% is comparatively fast reached within 48 minutes after
the airflow has been stopped.

No mixing and perfect mixing are idealization,
the reality willl be in between. Using an approximation
formula introduced in chapter IX B. one obtains for 150
minutes CO-> discharge an oxygen concentration of 3%. A
concentration of 2% will be reached within 167 minutes and
a concentration of 12% within 45 minutes after the airflow
has been stopped.

Flaming combustion ceases at approximately 12%
O,, smouldering combustion at 2% Op, the explosibility at
13.6 - 15.8% 0o, concentrations which are comparatively
fast reached. If the CO, discharge is continued once the
atmosphere car no longer become explosive or if the seals
are closed and a further oxygen decrease and extinction of
the fire 1s expected in the conventional way, is a question
of economics., It has been described in chapter VIII that
the time pericd needed to cool off a fire rone has been
estimated to be 15 - 20 times the time period over which
the fire burns. If the combustion can be stopped after
4 hours of CO» injection or 11 hours after the flre started,
reopening of the seals might be possible after only 10 days.

During this time the oxygen concentration has to
be maintained at below 2%. TLeakage caused by ventilating
pressures can in this particular case be avolded by pressure
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balancing of the seals; leakage caused by barometric

effects cannot be avolded. In chapter VII D.1., formulas
for the maximal and average leakage rates were derived.

With a total of 11 seals, each with a resistance factor of
0.1 in. wg./cfm, sinoldal barometric pressure variations
with 10 in., wg. amplitude and 6,000 minutes cycle time,

one obtains for the maximal leakage rate from Fig. 33b, a
value of 1.57 ft?/min and for the average flowrate, 0.5 ft3/
min. This means that approximately 7,200 ft?® or 900 1b COp
injection are required over the seallng period of 10 days to
replace the leakage.

Summarized: with an input of between 10,000
and 16,000 1b COZ’ it can be expected that any explosive
danger could have been prevented, the sealed area could
have been reduced from a volume of 350,000 to 60,000 ft?,
and that the reopening of the sealed area would have been
possible after a much shorter time than the actually
allowed for 3 months. Another possibllity to reduce the
sealing time would be the entering of the sealed area and
direct attack of the filre behind a curtain of CO,.

2. Fire No. 2!7?

This fire was started by the ignition of methane
at the face of an entry 95 ft inby the last open cross
cut, and was immediately noticed by the continuous miner
and loading machine operators. Water and the contents of
a 150 1b dry chemical extinguisher were applied without
success. Several other fire extinguishers and a playpipe,
which could be procured from the nelghborhood, did not
operate effectively or had 1little effect on the fire.
Forty-five minutes after the fire had started, attempts to
fight it directly had to be abandoned and a short time
later management declded to seal the whole maliln section
with 8 temporary seals across the main entries in a dis-
tance of approximately 2000 ft from the fire. The seals
were completed 7 hours, 20 minutes after the fire had
started. Gas samples taken three days later showed a
non-explosive atmosphere wilth an average oxygen concentra-
tion of 7.3%.

Likely Course of Fire if Inert Gas Had Been Used

The sectlion where the flre occurred consisted
of 5 entries driven approximately 1000 ft off the main
entries. It was ventllated by two spllts with a total of
62,400 ft3/min. The average CHy concentration was 0.5%,
which indicates a methane liberation of 156 ft¥/min. To
fully inert this gquantity, with an additional safety factor
of 2 being applied, approximately 1900 ft*/min Np, or



1000 ft®/min CO,, or 1600 ft*®/min of a 79/21 N5/COp

mixture would be needed. Although 1t is technically
feasible to provide these flow rates from gas cylinders
(chapter V), bulk liquid nitrogen, evaporated at the

surface and piped to the fire site, wculd probably be the
better cholce. If a portable inert gas generator for under-
ground use would be avallable, its use would even be a
better solution.

Piping 1900 ft3/min without excessive pressure
losses requlres plpe dlameters, which are usually provided
by compressed alr lines but not by all water lines. The
pressure loss in an isothermal flow is given by

— 2p
py - pp =T L p2 V; 2
b 2 p1 * Pp

where pq; P, = pressures at beginning and end of
pipeline

coefficlient of friction

plpe line length

plpe line diameter

2 density of gas at end of pipe line
2 flow velocity at end of pipe line

<O ey

With a pressure of 80 psig, and under the
assumptlon of a coefficient of friction of 0.04, one counld
transport 1,900 ft¥/min over a length of 2,200 ft in a
4 inch diameter pipeline and over 16,800 ft in a 6 inch
pipeline.

If the available pipelines turn out to be too
small, one can use ventilatlion ducting, which can be
installed in a very short time since for the small flow
rates no great care in the installation is required.

If 1t 1is possible to keep the atmosphere in the
fire zone non-explosive at all times, the seals can be
erectet closer to the fire. 1In the case under considera-
tien, i good site could be approximately 600 £t from the
face, which reduces the number of seals to 5 and the sealed
volume to 180,000 ft®. The necessary air quantity to
dliute the liberated methane to 2.5% is 6,100 ft®/min.
Once the nitrogen injection has started at the rate of
1,900 ft®/min, the alr flow can be reduced to 4,200 ft?/
min. With cross-sectional areas of 91 ft? and 2 parallel
alrways, 1t takes the ailr - nitrogen mixture 36 minutes to
travel through the area prepared for sealing, after which
time the average oxygen concentration in the area is
approximately 14.3%.
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This is stlll too high for closing the seals,
so the nitrogen injection alone has to be contilnued.
A quantity equal to the volume prepared for sealing should
be injected, which at a rate of 1,900 ft®/min would take
another 95 minutes. This would lower the oxygen concen-
tration to 0% if no mixing occurred, to 4.8% 1f perfect
mixing took place, but the probable oxygen concentration
will be arcund 3%.

With the comparatively low cost of nitrogen, one
would most probably go on injecting it until 2% 02 is
reached, which would be the case after an additional 77
minutes. Then, 2 1/2 to 3 1/2 hours after the lnert
gas Injection began and 10 - 11 hours after the start of
the fire, the seals can be closed and a cooling perilcd of
7T to 10 cays has to be allowed for.

In this particular case, agaln pressure balancing
of the seals to avold leakage 1s possible. Leakage caused
by barometric pressure changes with amplitudes of 10 in.
wg. and cycle times of 6000 minutes will occur with
maximal flow rates of 4.7 ft3®/min and average flow rates
of 1.5 ft3/min. To replace this leakage an additional
21,600 ft? nitrogen 1is necessary during a sealing time
of 10 days. The total nitrogen consumption in the course
of fighting the fire will therefore be 295,000 - 417,000
ft®, or approximately 21,100 - 29,800 lbs.

3. Tire No. 3!73

The fire occurred in a rectifler room located
between Nos. 3 and 4 entries in a set of B entries.
Entries Nos. 4 -~ 6 serve as intake airways, the other
entries as return alrways. After attempts to extinguish
the flre with dry chemicals and water, a foam generator
was installed, the necessary foam control stoppings
were erected and ventilatlon adjustments were made to
work, which was completed 4 1/2 hours after the detection
of the fire. Operation of the foam generator was however,
impeded during the next 8 hours and 20 minutes by the
efforts to rescue two miners trapped inby the fire. When
full scale operation of the foam generator had been started,
the electrical power of the mine failed 5 hours later and
fire fighting was interrupted for another 17 1/2 hours. A
second foam generator was installed and foaming was contin-
ued; but after several days of foaming and trying to gain
entry to the fire, and in view of the great bulk of burning
material to be loaded, the direct approach was abandoned.
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While foaming was continued, seals were erected and closed
5 days and 19 hours after the fire had been detected.

This first sealed area was approxlmately 550 ft long and
250 ft wide, required 21 seals and had a volume of 290,000
ft¥. Four days later the oxygen content of the sealed
atmosphere had dropped to approximately 4% and coal pro-
duction was resumed.

42 hours later the oxygen content had, however,
agalin increased to dangerous levels ana the mine had to be
evacuated. A much larger area was then selected for
sealing and 34 new seals were completed 2 days later.

Since the gas samples obtained through these seals were

too erratic to judge the state ¢of the sealed atmosphere,

due to the large area sealed, a 3 inch borehole was drilled
from the surface into the fire area. It was completed 32
days after the start of the fire and with the oxygen concen-
tration down to 1.6%, work in the mine was permitted two
days later.

Likely Course of Fire if Inert Gas Had Been Used

If the use of lnert gas had been decided upon,
it 1s highly probable that 1t would not have been applied
before the power fallure occurred because the seals would
not have been ready. Using inert gas while men are trapped
in a fire is out of the question due tc 1ts own CO content
or the increased CO production of the fire. It is hard to
predict how much sconer the seals could have been completed
if all efforts had been concentrated on their erection, but
2 shifts after the power fallure or a total of 50 hours
after the start of the filre should have been a sufficient
time span.

No observatlions on the CHp liberation of the area
prepared for seallng nave been reported. Since thils area
is older, a figure of 100 ft°/min seems to be on the safe
side. To fully inert this guantity, with the additional
use of a safety factor of 2, an inert gas flow rate of
1,200 £t°/min N,, or 640 ftd/min CO,, or 1,014 ft®/min
of a 79/21 N2/COp mixture 1s needed. These flow rates
are still small enocugh for the use of bottled gas but the
size of the volume to be filled with inert gas to extinguish
the fire makes bottled gas a rather expensive solution.

To dilute 100 ft?/min CHu with air to a concen-
tration of 2.5% requires an airflow of apprcximately 4,000
ft3/min. When 640 £t3/min of CCy or 1,200 ft3/min N, are
mixed with the ailr, the total flow rate should remain
approximately the same. Since there are 3 parallel entries
with a cross-sectional area of 100 ft? each and a sealed
length of 550 ft, it will take approximately 14 minutes
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until the area is fllled with the mixture. This should
lower the average oxygen concentration to 17.4% for the CCy
and 14.5% for the Ny injection. After the airflow has

been cut off and an inert gas volume of 290,000 ft?,

equal to the volume of the area prepared for sealing, has
been injected (453 minutes for CO,, 242 minutes for Njp)

the oxygen concentration will have dropped to a probable
value of 3.0%. The seals can then be closed without the
possibility of an explosive atmosphere formling.

The reason for sealing a second larger area was
that the alr leakage through the first sealed area was
too large to maintain a sufficlently low oxygen concen-
tration. Thls leakage was explalned by poor seals caused by
heaving ground but the calculation of alr leakage and Fig.
28 show that even with good seals ( R = 0.1 in. wg./cfm)
1t would have been impossibtle to maintain an oxygen
concentration of 2%, 1f the ventllating pressures between
the intake and return entries, between which the sealed
area 1s located, exceeds 0.5 in. wg. Pressure balancing
of the seals would most probably have reduced the leakage
considerably.

In using inert gas one would have run into the
same difficulties with the air lesakage. To prevent this
leakage would have required to continue the inert gas
injection during the whole sealing time of 30 to 40 days
at a rate equal to the flow rate of the leakage. This
t.ask could perhaps have been made more economlcal by
using a borehole from the surface, which in the case of
the zctual fire was later drilled also to take reliable
samples. A moblle 1lnert gas generator could then have
provided the gas,

Summarized: 1in the case of this fire the probable
advantages of using inert gas are not as conspicuous as
in the preceding two cases, describked above. They may lie
in the fact that sealing of a second larger area could have
been avoided. Poor seals due to heaving floors because of
extended foam application would perhaps not have occurred,
alr leakage could have been kept out of the sealed area by
inert gas injection.

y, Fire No. 41790

This fire started at the bhottom of a power borehole
in an intake entry of a main heading at 6:1% p.m., April 27,
1965. Due to the power failure 1t caused, it was immediately
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detected and fought with water and rock dust. From 8:00
p.m. on, addltional water at the rate of 600 gal/min was
pumped from the surface into the borehole, which helped to
keep the fire confined, whlle ventllation adjustments were
made, foam coritrol stoppings were erected and a foam
generator was installed. By 10:20 p.m. the generator was
started., On April 29 the fire was considered to be
sufficlently cooled and preparations for loading out the
hot material were made, which started April 30. Applica-
tion of foam and water continued. Durlng transport the
hot materlial was covered with rock dust. The recovery
operations were concluded May 5, nine days after the fire
started and the Withdrawal Order for the mine was annulled
on May 6

In the case of this filre, the use of inert gases
=r11ld not have offered any special advantages slnce direct
itghting of the flre was possible, which is always the
fastest way to extinguish a fire.

5. Fire No, 5!7%

A continuous miner, while being trammed along a
trolley track in main heading, short-circuited the trolley
power and started a fire at 10:56 p.m., October 16, 1965.
To prevent smoke from entering the inby sections, where
7 men were working, the main ventilating fan was stopped,
and the fire fought directly with fire extinguishers and
rock dust. No attempt was made to short-circuit the con-
taminated alr to the return. About 1 a.m., October
17, the fan was restarted since backing of smoke lmpeded
the fire fightling. Subsequently an explosion of the
combustion products, travelling back over the fire
occurred which destroyed several stoppings and overcasts.
It took until 6:30 a.m., October 18, to reestablish the
ventiiation of the main heading and find the bodies of the
entrapped miners. The fire was then fought directly with
water and loading out of the hot materlal started about
7:10 p.m., October 21, It was completed on November 13,
27 days after the fire had started.

In this case the use of inert gases would not have
offered any speclal advantages also. As long as men are
entrapped, it increases the dangr of poisoning them and
when direct fire fighting 1s possible, it is to be pre-
ferred.

B. Summary of Advantages and Disadvantages

Inert gas methods willl not be able to match direct
fire fighting methods in effectiveness and economy. Their
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abllity to cael fires is limited and the needed gas
guantlties tc lower the oxygen concentrations of the
atmosphere suificiently over the required cooling periods
are prohibitively Zarge, unless the fire is sealed or the
inert gas is recirculated. Inert gas methods will there-
fore find their main appllication when a direct attack of
the fire 1. no longer possible. They can permit the fast
and close sealing of filre zones wilithout danger of explosions,
the fast builldup and maintenance of fire extinguishing
atmospheres in the sealed area and the possible reduction
of cooling times with a recirculated, cooled inert
atmosphere. Inert gases can support the direct attack on
the [ire alsoc by provliding a nonexplosive atmosphere and
clearing the fire site of smoke without fanning the fire.

Inert gases will, in many cases, be able to fulfill
similar functions as high expansion foams. It has been
discussed in chapter II that of the conventional fire
fighting methods only large quantities of water, large
quantlties of high expansion (air) foam or sealing can
extinguish mine fires once they are beyond their incipient
stages. High expansion foam has become the "all important
back up fire fighter"’? when the fire has spread beyond the
limited range of water hoses or can't be zpproached dque to
bad roof conditions or smoke. Like inert gases, 1t prevents
ailr from reaching the fire and reduces the oxygen content
of the atmosphere with the produced steam. It can be
generated in conslderable distances from the fire and still
be effectlive, and can be used to support the direct attack
on the fire. A description of advantages and disadvant-
ages of the 1lnert gas method will to a large extent, there-
fore, be a comparison with the high expansion foam method.

The basic advantage, which the use of inert gases
can offer, is the prevention of explosive atmospheres at
any stage of the fire flghtlng operations, when the avail-~-
able lnert gas quantlities are large enough. Although
dangers from foam produced water gas or insufficiently
diluted methane or distillation products can be prevented
by proper operation of the foam generator and adequate
ventilation measures,’® the fire fighting skills to avoid
this hazard when using hlgh expansion foam are more
demanding than with the comparatively simple inert gas
method.

The same applles to the driving of inert gases or foam
over the flre. Except for economics, there is no distance
limitation for inert gases. Blocking of thelr flow by
roof fall will be negligible. Except for the initilal
adsorption of carbon dioxide to coal, nothing similar to
the disintegration of foam will occur.
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If sealling cannot be avolded, lnert gases can make 1t
considerably more effective. The reasons have been stated
at the beginning of this chapter. There will, however,
be many cases where high expansion foam, due to 1lts consider-
ably higher coollng effect, allows the extinction of fires
wilithout sealing, whereas the inert gas method depends for
success on it,

Another advantage of 1inert gases can be the cleanli-
ness of thelr appllcation and the avolding of weakened
roof and soft floors due to water or foam application.

The main handicap of the inert gas methods has 1n
the past always been the limited avallability of large
inert gas quantities. Thils handicap can, however, be
overcome by the use of bulk liquefied nitrogen, which may
be delivered by tankers from strategically located depots,
or by the use of large capacity moblle or portable inert
gas generators. Both methods are routinely used in the
USSR, where delivery rates of 2,800 - 3,500 ¢:3%/min with
tankers and 12,000 ft?/min with inert gas gene:ators
are reached.

Bulk supplies of liquefied nitrogen, tankers, and
evaporators are commerclally avallable. Mobile inert gas
generators are elther commerclally avallable or prototypes
have been built by research institutes (se=z chapter X).

The disadvantage of bulk liquefied nitrogen is, apart from
its price, that it has to be evaporated at the surface and
plped from there into the fire zone. Egually the existing
moblle inert gas generators have been developed for sur-
face use and the produced gas would have to »e piped under-
ground alsc. The portable generator GIG 4, which has been
developed 1n the USSR for underground use, weighs 2,000 lbs
and costs approximately $30,000.'7 Due to the nature of
inert gas and foam procducing processes, inert gas generators
will always be considerably bulkier, heavier, and costliler
than foam generators.

There is no justification to expect the inert gas
methods to become the standard methods for fighting mine
fires. There 1is however reason to expect thelr wider
use when sealing operations can cause explosion dangers.
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