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Conceptual mathematical models for the
injection of nitrogen into sealed colliery fires

by C.J. FAUCONNIER* and M.J.R. MEYERt

SYNOPSIS
Mathematical models were developed to show the dynamic effects of nitrogen injection into sealed colliery panels

under various conditions.
Primarily the models show the change in nitrogen concentration within such panels with time, and indicate the

time required for predetermined concentrations of nitrogen to be attained. The models illustrate the fundamental
differences between panels not subject to unidirectional leakage of air and panels with such leakage. It is also
shown how substantial inflows of external gases such as methane from the strata can be brought into consideration.

Although the models are conceptual in nature, their use as part of a computerized system to assist management
decision-making during colliery fires is also discussed.

SAMEV A TTING
Wiskundige modelle is ontwikkel om die dinamiese effekte van stikstofinspuiting in afgeseelde panele in

steenkoolmyne te bepaal vir 'n verskeidenheid van omstandighede.
Die mode lie word hoofsaaklik aangewend om die verandering in stikstofkonsentrasie met tydsverloop binne die

panele te bepaal en om die tyd wat benodig word om voorafbepaalde stikstofkonsentasies te bereik vas te stel.
Die modelle illustreer die grondliggende verskille tussen pane le wet nie aan lekkasie onderworpe is nie en panele
wat wet aan lekkasie onderworpe is. Daar word ook gewys, hoe noemenswaardige invloei van eksterne gasse soos
metaan uit die strata in berekening gebring kan word.

Hoewel die modelle konsepsueel van aard is, word die gebruik daarvan as deel van 'n gerekenariseerde stelsel
om bestuursbesluitneming tydens steenkoolmyn vure te ondersteun, ook bespreek.

Introduction
The use of inert gases, such as nitrogen, to control

major colliery fires is not well known in South Africa,
despite the reported success with the method in several
collieries abroad, notably in Germany.2. To the authors'
knowledge3, it has been tried only once on any signifi-
cant scale in South Africa, when 65 t of liquid nitrogen
were injected into a sealed fire at Spring field Colliery in
June 1978.

Nitrogen, or any other inert gas, is usually injected
into a fire area for one of two reasons:

(i) to extinguish the fire by reducing the oxygen level
of the atmosphere around the seat of the fire, or

(ii) to render explosive mixtures of gas inside the fire
area harmless by introducing sufficient inert gas
into the area to force the gas composition out of
the so-called' explosive zone'.

In tactical terms, inert gas can be injected into a fire
in one of two waysl.2.

(i) The inert gas can be introduced into the ventilating
current leading to the seat of the fire. This is known
as object inertization and is usually applied to
unsealed fires in relatively confined and well-defined
areas.
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(ii) The fire area can first be sealed and the sealed area
then filled with inert gas. This is known as space
inertization.

The latter method of inert gas injection forms the sub-
ject of this paper, which is limited to space inertization
because

(a) the preponderance of bord-and-pillar mining in
South Africa probably limits the potential effec-
tiveness of object inertization, which is most effec-
tive in relatively confined conditions such as
longwall panels; and

(b) there is a singular lack of appreciation of the im-
plications, in terms of cost and effectiveness, of the
injection of inert gas into very large sealed areas.

The paper is limited further to the use of nitrogen as
the inert gas. Theoretically, any inert gas can be used in
the inertization process, but in practice this choice is nor-
mally limited, based on considerations of availability and
cost, to nitrogen, carbon dioxide, and flue gas from the
combustion of fuel oil or kerosene.

Carbon dioxide has disadvantages that render it un-
suitable for practical application, the most important be-
ing the following1.2.4:

(1) it is normally not readily available in large
quantities;

(2) part of it may be absorbed by the strata, and
(3) the reduction of carbon dioxide to carbon monox-

ide, according to the Boudouard principle, when the
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temperature at the seat of the fIre is very high, could
contribute to both the explosibility and the toxici-
ty of the atmosphere.

Combustion gases, on the other hand, although
cheaper to produce, are not yet favoured because of cool-
ing requirements during their production and because of
the composition of the resultant gas mixture (80 to 85
per cent N2, 13 to 18 per cent CO2, 1 to 2 per cent O2'
and residual CO, S02' NOx, and CHJ.

Owing to these considerations, nitrogen has so far been
the only gas to be used on any significant scale in the con-
trol of underground fires.

To illustrate the dynamic effects of space inertization
and to evaluate its potential effectiveness under certain
conditions, one of the present authors developed concep-
tual mathematical models to simulate three sets of
conditions5:

(i) nitrogen injection into a sealed panel that is not sub-
ject to sustained unidirectional leakage of air,

(ii) nitrogen injection into a sealed panel that is sub-
ject to an induced unidirectional pattern of leakage,
and

(iii) nitrogen injection into a sealed panel subject to
unidirectional leakage-as in (ii) above-and sub-
ject to a significant inflow of other external gases
into the panel from the surrounding strata (e.g.
methane).

Panels Without Unidirectional Leakage
Normal worked-out production panels in bord-and-

pillar mines are usually surrounded by barrier pillars of
solid coal, and entrances to such panels penetrate the solid
coal barrier from one side only. These panels, known as
barriered panels", are not subject to sustained, unidirec-
tional, fan-induced leakage. Air leakage does, in fact,
occur owing to the breathing elleel of the panels,
which is the daily bi-directionalleakage of air into and
out of such panels that is induced by diurnal fluctuations
in barometric pressure.

As this latter phenomenon is essentially a layering ef-
fect immediately behind the seals, it does not materially
affect the validity of any mathematical model that does
not explicitly take it into account. From the point of view
of mathematical modelling, this type of panel can be
regarded as the base case for nitrogen injection.

Conceptually, the process, which is illustrated in Fig.
I, entails the injection of gaseous nitrogen (the evapora-
tion of liquid nitrogen on the surface is presupposed)
into the sealed panel at a volumetric flowrate of Qn m3/s
and at an absolute temperature of Tl K. The panel has
a volume V m3, and the average ambient temperature
within the panel is T2 K. The flow of nitrogen into the
panel induces an equivalent volume of the air-gas mix-
ture inside the panel to flow out of the panel in the form
of leakage. (Practical tests have shown that no signifi-
cant build-up of pressure occurs within the panel
itself4.) The outflow of the mixture is designated Qm
m) / s at a temperature of T2K.

It is assumed that QNm)/ s is the rate of nitrogen in-
jection into the panel after the effects of thermal expan-
sion have been taken into account. If it is accepted that
there is no significant build-up of pressure inside the panel

NITROGEN INJECTION
On

(0}T1

,
ON

SEALED PANEL
OUTFLOW:
°m=ON@T2

V,T2,N(t)

Fig. 1-Nltrogen Injection into a sealed panel that Is not subject
to unidirectional leakage of air

relative to the outside atmosphere, the following equa-
tions apply:

QN = (Qn' T2)/T1 (1)

Qm = QN' (2)

It should already be evident at this stage that the con-
centration of nitrogen inside the panel will initially in-
crease with time, but should eventually stabilize at a fix-
ed value when the inflow of nitrogen into the panel equals
the outflow, Le. at 100 per cent.

The change in nitrogen concentration within the panel
with time can be modelled mathematically if the simpli-
fying assumption of perfect mixing of gases within the
panel is made. (This assumption has some practical validi-
ty since the convective turbulence inside a fire area is nor-
mally very high.) If t = elapsed time after the start of
nitrogen injection (s) andN(t) = the decimal fraction (by
volume) of nitrogen in the panel at time t, the volume
of nitrogen within the panel = N(t). V.

The dynamic nature of the process can be represented
as an equation showing the change in the total volume
of nitrogen resident in the panel:

d
- [V'N(t)] = QN - Qm'N(t), or
dt

Nf(t) = Cl - C2'NU), (3)

where Cl = QN/V = constant (at a steady rate of
injection)

C2 = Qm/V = constant.
Equation (3) can be converted to the following stan-

dard mathematical form:

dN(t) + C2'N(t).dt = Cl.dt. (4)

This is a linear differential equation of order ones with
integrating factor
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IF = exp(iC2 dt). (5)

When the integrating factor is applied to equation (4) and
the resultant exact equation is solved, the following result
is obtained:

N(t) = (C/C2) + A.exp(-Ci), (6)

where A is a general constant.
The general constant A can be quantified by the follow-

ing substitution:

N(t) = No when t = 0,

where No is the nitrogen concentration within the panel
at t = O.

It therefore follows that A = (No- 1) and equation
(6) now becomes

N(t) = 1 - (l - NJ exp[-(QN/V)t]. (7)

N(t) now represents the nitrogen concentration within the
panel at any given time t.

The following are evident from equation (7).

(a) The nitrogen concentration within the panel at any
given time is a function of panel volume V, the rate
of nitrogen injection QN' the initial concentration
of nitrogen in the panel before injection No, and
the elapsed time since the start of injection t.

(b) The nitrogen concentration within the panel will ap-
proach the 100 per cent level asymptotically when
t becomes large, Le. when t - 00.

Fig. 2 illustrates the change in nitrogen concentration
in a sealed panel over time. For the purpose of this il-
lustration, a panel volume of 100 000 m3 and a nitrogen
flowrate of 0,5 m3/s at temperature T2 were assumed. It
was furthermore assumed that the nitrogen concentra-
tion in the panel before the commencement of nitrogen
injection, No, was 78,5 per cent.

The time before a certain predetermined nitrogen con-
centration is reached within the panel can easily be deter-
mined from Fig. 2. For example, if a target concentra-
tion of 95 per cent is assumed for the given example, 81
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Fig. 2- The change in nitrogen concentration with time in a bar-
rlered panel during the injection of nitrogen

hours of nitrogen injection (at the given flowrate) will
be required. In the process, a total of 145 800 m3 of
gaseous nitrogen, equivalent to 172 t of liquid nitrogen,
will be required to attain the set objective. (A conversion
factor of 850 m3 of gaseous nitrogen per ton of liquid
nitrogen at 15°C was assumed.)

It is interesting that, although there was no unidirec-
tionalleakage of air through the panel in this case, the
total volume of nitrogen gas required (to attain a 95 per
cent concentration) is approximately 50 per cent greater
than the internal volume of the panel. The reason for this
is obviously the fact that the gas mixture driven out of
the panel at a rate of Qm m3/s contains a high concen-
tration of nitrogen.

The time for a given nitrogen concentration to be at-
tained within the panel can be determined mathematically
by the conversion of equation (7) to a form in which t
is the unknown variable:

t = In [(1 - N.,)/(l - N(t»]!(Q/ V). (8)

A few general points can be made about panels without
unidirectional leakage.
(1) If the nitrogen flowrate, QN' is given at a tem-

perature other than T2, say Tt, the thermal expan-
sion effects can be brought into consideration by
the substitution of equation (1) into equations (7)
and (8). The use of Qn rather than QN as the
flowrate will obviously lead to more conservative
calculations.

(2) In practice, factors such as the siting of the point
of injection (Le. near the seals or barriers, in the
middle of the panel, etc.), imperfect mixing, varied
flowrates, inaccurate temperature estimates, may
complicate matters. The estimates obtained via
equations (7) and (8) should therefore be seen as
minimum estimates, and allowance should be made
for imponderables.

(3) The model assumes that no significant amounts of
external gases, such as methane, flow into the seal-
ed panel during the injection process, Le. the flow
of methane from the strata is taken to be zero.

250

Panels With Sustained Unidirectional Leakage
Nitrogen Injection into the Panel

When a sealed panel is subject to sustained unidirec-
tionalleakage (as in multi-entrance panels6 with high-
pressure differentials across the seals), nitrogen injection
is problematical as a solution. The sustained leakage
causes three problems.

(i) Nitrogen is 'wasted' in the sense that a large frac-
tion of the leaking air consists of nitrogen.

(ii) If nitrogen injection is stopped, the leakage will
result in a lowering of the nitrogen concentration
in the sealed area until the situation that existed
before injection started is once again attained. This
means that nitrogen injection will have to continue
to maintain the nitrogen concentration at the
desired level as long as required.

(iii) For given rates of leakage and nitrogen injection,
the nitrogen concentration within the panel will
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OUTFLOW:

am" aL + ON
@>TJ A number of interesting facts emerge from this

equation.

(1) Nrnaxis a function of only the leakage and the
nitrogen injection rates.

(2) Elapsed time has no influence on the final value of
Nrnax;that is, once the maximum level has been at-
tained, further nitrogen injection serves only to
maintain the level of nitrogen but cannot increase
it (provided QL and QN remain constant).

(3) If nitrogen injection ceases, Le. QN = 0, the level
of nitrogen inside the panel will eventually tend to
return to a level equal to that of the ambient air
outside the panel, say 79 per cent.

(4) The volume of the panel has no influence on Nrnax.
(The panel volume influences only the time it takes
for this maximum level to be attained.)

reach a certain maximum level (less than 100 per
cent) above which it cannot rise regardless of the
length of time during which injection takes place.

These implications may be better understood with the
aid of a further conceptual mathematical model. The
basis for this model is illustrated in Fig. 3. The follow-
ing nomenclature pertains to this model:

QI = leakage into the panel at temperature
Tim3 Is)

QL = leakage into the panel at temperature
T3(m3/s)

Qn = rate of nitrogen injection at temperature
T.(m3/s)

QN = rate of nitrogen injection at temperature
T3(m3Is)

Tt = temperature of gaseous nitrogen before
entering the panel (K)

Tz = ambient temperature outside the panel (K)
T3 = average temperature inside the panel (K)
V = volume of sealed panel (m3)
No = initial concentration of nitrogen in the panel

(fraction)
N. = concentration of nitrogen in the ambient air

outside the panel (fraction)
Qrn = volume of gas mixture leaking out of the

panel at temperature T3(m3/s).

NITROGEN INJECTION
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LEAKAGE:
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V,TJ,NIt)

Fig. 3-Nltrogen Injection Into a sealed panel that is subject to
sustained unidirectional leakage of air

The comments regarding the influence of thermal ex-
pansion effects on the validity of the mathematical model
that were made in regard to the previous model also per-
tain to this model, and in this case

QN = Qn(T/T,) (9)

QL = Q,(TjITz). (10)

For the remainder of this model, QN and QL are used in
the calculations.

A model similar to the first can now be developed,
starting with the following basic equation:

d-[V'N(t)] = N.'QL + QN - (QI + QN)'N(t).(ll)
dt

When first-order differential calculus is applied to equa-
tion (11), it can be shown that
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N(t) =
[Na.QL + QN

} [
1 - exp(-(QL + QN)t)}

QL + QN ,v

[

--(QL + QN).t
]+ N. exp

V """""""""""'"
.(12)

Equation (12) is now the mathematical model that
represents the concentration of nitrogen (expressed as a
fraction) inside the sealed panel at time t. From this equa-
tion it is evident that the concentration of nitrogen at any
given time is a function of

the rate of leakage through the panel, Qv
the rate of nitrogen injection, QN'
the panel volume, V,
the initial concentration of nitrogen within the
panel, No,
the nitrogen level of the ambient air outside the
panel, N., and
the elapsed time since the start of injection, t.

As validation of one of the points made at the start
of this section, it should be clear from equation (12) that,
if t becomes very large, Le. approaches infinity, N(t) will
approach a maximum value, Nrnax'which represents the
maximum level to which the nitrogen concentration in-
side the panel can be increased for a given leakage rate
and a given rate of nitrogen injection:

Nrnax = (N. .QL + QN)/(QL + QN)' ..(13)

The maximum concentration of nitrogen inside a seal-
ed panel for varying combinations of QL and QN is
shown graphically in Fig. 4. From this a quick assessment
can easily be made of the maximum concentration of
nitrogen possible for a given set of conditions.

The build-up of nitrogen inside a sealed panel after in-
jection commences is illustrated graphically in Fig. 5 for
varying leakage rates and a fixed rate of nitrogen injec-
tion. The following are the assumed values in this
example:

Panel volume, V = 100 000 m3
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Fig. 4-Maxlmum concentrations of nitrogen attainable from
nitrogen Injection Into sealed panels that are subject to unldlrec-

tlonalleakage of air

Leakage rates, QL = 0 m3/s : base case
= 1,0 m3/s : case 1
= 2,0 m3/s : case 2
= 3,0 m3/s : case 3

Nitrogen injection rate, QN = 0,5 m3/ s
Nitrogen in panel at t = 0, No = 78,500/0
Nitrogen in ambient air, Na = 79,04%.
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Fig. 5- The effect of air leakage on the results attainable with
space Inertlzatlon of a sealed fire area

The following interesting points emerge from Fig. 5.

(i) The maximum concentration of nitrogen that can
be attained inside the sealed area reduces rapidly
with an increase in the rate of leakage.

(ii) The maximum concentration is attained within a
shorter time as the leakage increases, although, as
stated earlier, the maximum level is a lot lower.

(iii) Even at relatively low levels of leakage (say 1 to 2
m3/s), the advantage to be gained from nitrogen
injection is small if the injection rate is 0,5 m3/s,
which is regarded asa relatively practical rate of
nitrogen injection.

As with the previous model, an equation can be
developed for the time required to attain a predetermin-
ed concentration of nitrogen within the panel. (This
predetermined level should, of course, be less than

Nmax') This can be done if t is taken as the unknown
variable in equation (12). The result is the following:

t = 1n(' Nmax - No
)(

QL + QN ) (14)

Nmax - N(t) V

Equation (14) can therefore be used to show how long
it will take to attain a given concentration of nitrogen,
N(t), within the panel (where N(t) < Nmax>.The deter-
mination of the time it will take to attain the maximum
concentration of nitrogen within the sealed panel is
theoretically not possible because N(t) approaches the
maximum value asymptotically, i.e. Nmax is achieved
when t = 00. However, in practice N(t) will soon ap-
proach Nmax(Fig. 5), and t can be determined as the
time required to reach a value near Nmax, say 0,99999
Nmax' The value of t will then be fmite and will make
practical sense.

Therefore, the time (tm) required to reach the 'maxi-
mum' concentration of nitrogen inside the sealed panel,
can be determined if equation (14) is adjusted as follows:

t 1 ( Nmax - No
)(

QL + QN )
-1

m = n
Nmax - 0,99999 Nmax \ V

.

Therefore,

t = In(Nmax - No
)(

QL + QN )-.: (15)

0,00001 Nmax V

As an illustration of this effect, Fig. 6 represents tm
graphically for various combinations of Q) and QN'.I~
this example, a panel volume of 100 000 m and an InI-
tial nitrogen concentration of 78,5 per cent inside the
panel were used.
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Fig. 6- The time required to attain the maximum concentration
of nitrogen In a given panel during nitrogen Injection

The following conclusions can be drawn from Fig. 6.

(a) The greater the leakage, the sooner the maximum
nitrogen concentration is reached inside the sealed
area-but the lower that maximum (Fig. 5)-for a
given rate of nitrogen injection.
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(b) The greater the rate of nitrogen injection for a given
leakage, the sooner the maximum concentration of
nitrogen is attained and the higher that maximum
value.

(c) At high rates of leakage, the time required to reach
the maximum nitrogen concentration becomes almost
constant, regardless of the rate of nitrogen injection.

Cessation of Injection
It should be kept in mind that, when there is unidirec-

tionalleakage in a sealed panel, the level of nitrogen in-
side the panel will immediately start decreasing once in-
jection ceases. The leakage of air will eventually nullify
the effects of the nitrogen, and conditions will more or
less revert to what they had been before injection com-
menced. Naturally, conditions will not be exactly the same
as before injection commenced since the nitrogen will (it
is hoped) have had some beneficial effect on the fire.

The rate at which the concentration of nitrogen will
decrease after the cessation of injection can be shown by
a mathematical model similar to the injection model. For

Ne = the concentration of nitrogen within the panel
at the time when injection is stopped (fraction),
and

t = time after the cessation of injection (s),

it can be shown by first order differential calculus that

N(t) = Na[l - exp(-QL.t/V)] +
Ne 'exp( - QL.tlV). (16)

Fig. 7 is a graphical representation of equation (16) a~
plied to the following example:

V = 100 000 m3

Ne = 0,895 (i.e. 89,5070)
QL = 1,0; 1,5 and 2,0 m3/s.
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Fig. 7- The reduction In nitrogen concentration within a sealed
panel as the result of air leakage

It is evident from Fig. 7 that the concentration of nitrogen
will decline fairly rapidly, even at low leakage rates. It
should also be evident that the nitrogen concentration in-
side the panel will asymptotically approach the nitrogen
concentration of the ambient air outside the panel as
a limiting value when t becomes very large, i.e. when
t - co.

The time it will take to reduce the nitrogen concentra-
tion to a predetermined level (greater than Na) can be
determined mathematically if t is taken as the unknown
variable in equation (16):

t = In [(Ne - NJ/(N(t) - Na)]/(Q/V), (17)

where

N(t) = the predetermined level of nitrogen.

The time it takes to attain the minimum level of
nitrogen inside the panel, tmin'can also be determined by
the use of an approach similar to that used in equation
(15). The minimum level of nitrogen, Nmin' will of
course be attained when the concentration inside the panel
equals the concentration in the ambient air outside the
panel, Le. Nmin= Na. For the achievement of a practical
result, it is assumed that Nmin= 0,99999 Na. Then

tron = In [(Ne - Na)/O,OOOOl Na](Q/V). (18)

The Effect of Panel Volume
All the examples used so far have been based on a panel

volume of 100 000 m3 The effect of panel volume on
the time required to attain a given level of nitrogen within
the panel during the injection process may be of interest.
Also of interest is the way the nitrogen concentration
decreases in panels of different sizes once nitrogen injec-
tion has ceased.

For this example, a leakage rate of 1,0 m3/ s and a
nitrogen injection rate of 0,5 m3/s were assumed. It was
furthermore assumed that the nitrogen concentration in-
side the panel was taken up to a level of 86 per cent before
injection ceased. For the purpose of illustration, the
nitrogen concentration inside the panel was assumed to
be 79,5 per cent before injection commenced, and it was
reduced to 79,5 per cent after the cessation of injection.
The results are shown graphically in Fig. 8.
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Fig. 8- The effect of panel volume on the time required to in-
crease or decrease the nitrogen concentration between two

fixed values

From Fig. 8 it can be seen that the time taken to vary
the nitrogen concentration between two given concentra-
tions is a linear function of panel volume for both the
injection process and the nullifying process after the
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cessation of injection. This was intuitively to be expected
and is also mathematically evident from equations (14)
and (17). From these equations it can be deduced that,
if QN' QL' N., Nc, and N(t) are constants, then

t = .f{V).

Sustained Inflow of Other Gases
The two models discussed so far are relatively simple

representations of underground conditions, but should
normally be sufficient to convey a conceptual uDder-
standing of what is likely to be at stake when nitrogen
injection is used. However, when there is a sustained
substantial inflow of external gases (e.g. methane) from
the surrounding strata into the sealed fire area, the pic-
ture becomes a bit more complicated. This case is not
discussed in any detail, but is mentioned to complete the
picture from a mathematical-modelling point of view.
The model is represented in Fig. 9.

NITROGEN INJECTION

°n@ T,
GAS INFLOW

09
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01
@

T2 Na °L
N(t)

OUTFLOW:

Om-OL+ON+OG@T3SEALED
PANEL

V,T3,G(t),N(t)

Fig. 9-Nltrogen Injection Into a sealed panel subject to unidirec-
tional leakage and a sustained Inflow of external gas from the

surrounding strata

The nomenclature used in Fig. 9 is the same as that
for Fig. 3 with the following additions:

Qg = inflow of external gas at temperature T4 (m3/ s)
Qo = inflow of external gas at temperature T3 (m3/ s)
T4 = temperature of external gas in the strata before

it enters the excavation (K)

G" = concentration of the external gas within the
panel just before nitrogen injection commences
(fraction).

If G(t) = fractional concentration by volume of ex-
ternal gas (say methane) in the panel at time t, it can be
shown, similarly to the previous two models, that

N(t) = (C/C3) [1 - exp( - CJt)] +
No' exp( - Cl),

""""""""""""""""""""
(19)

where C3 = (QL + QN + QO>/V
C4 = (N.'QL + QN)/V,

It can furthermore be shown that

G(t) = (C/C) [1 - exp( - CJt)] +

G"
.exp( - CJt),

""""""""""""""""""""

(20)

where Cs = Qo/V.

Equations (19) and (20) can now be used to give the
concentrations of nitrogen and methane respectively at
any given time after the start of nitrogen injection pro-
vided reasonable estimates of QL and Qo can be made.
The maximum concentrations of both these gases for a
given set of conditions can be determined from equations
(19) and (20) if t - 00:

Nmax = (Na'QL + QN)/(QL + QN + Qo) ,.., (21)

G max= QJ(QL + QN + Qo)' " ,(22)

The following three points should be noted.

(1) The model assumes steady or constant rates of
leakage and gas inflow. While the assumption is
reasonable for leakage and nitrogen injection, it may
not necessarily be true for the inflow of methane
from the surrounding strata, which may be erratic.
This should always be kept in mind when this model
is applied to a given situation.

(2) This model is merely an extension of the two previous
models. For example, if values of QL = 0 and
Qo = 0 are substituted into equation (19), it is
transformed to the first model, i.e. equation (7).

(3) The validity of the model depends on reasonable
estimates of QL and Qo' In practice this is prob-
lematical, but estimates can be made in an indirect
way. For example, QL can be deduced from an
analysis of gas cCJncentrations inside the panel and
in the return airways on the' downstream' side of the
panel. Qo, on the other hand, can be deduced from
the concentration of methane inside the panel before
nitrogen injection commences. Equation (22) can be
used for this latter purpose if Gmaxis taken as equal
to the measured concentration of methane in the
panel before injection commences, and if Qo is
taken to be the unknown in the equation.

Computer-aided Decision Support System
The mathematical models contained in this paper have

been included as one module of a larger computerized
system developed by the authors to aid management
decision-making during colliery fires. This decision sup-
port system, known as GFDSS (Gencor Fire Decision
Support System) is an integrated computer model cover-
ing many aspects of fire control on collieries.

The module for nitrogen injection, known as
N2CALC, is essentially built around equations (19) to
(22), but also contains facilities for additional informa-
tion such as nitrogen costs, site-establishment fees, and
transport costs, which enable the mine manager to assess
the cost implications of any proposed action almost im-
mediately. This module can be used independently, or its
output can be fed back into the larger model to con-
tinuously assess factors such as the explosibility of the
atmosphere, etc. In this latter respect the model is predic-
tive in nature, and can assist the manager in his decision-
making by providing estimated answers to typical ques-
tions such as

- at what rate must nitrogen be injected to render the
panel atmosphere non-explosive?
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- given a fixed rate of nitrogen injection (as determin-
ed by the available equipment), can the atmosphere
be rendered non-explosive?

- how long will it take to move the mixture inside the
panel out of the explosive zone?

- what will the total consumption of nitrogen be to
achieve certain targets?

- what are the cost implications of keeping the nitrogen
concentration at a certain level for a given period of
time?

The GFDSS was developed for a portable microcom-
puter and can therefore be taken to the fire-control room
at a mine for the duration of the fire to support the
management team in their decision-making.

Conclusions
In conclusion, the following are a few general com-

ments about the space inertization of sealed colliery fires.

(i) Nitrogen injection is not a panacea that will solve
all the problems associated with a colliery fire. This
is particularly true where the presence of air leakage
through the panel inhibits the potential effectiveness
of inertization. However, there are instances in
which nitrogen injection would be the correct
method of attack, but each case must be evaluated
on its own merits on the basis of the factors discuss-
ed in this paper.

(H) The models presented have certain limitations that
must be kept in mind when they are used in prac-
tice. A factor of safety should be built into the
calculations to allow for imponderables such as the
imperfect mixing of gases in the panel, and inac-
curate estimates and fluctuating values of QN' Qa,
and QL'

(Hi) The panel volume, V, used in the calculations need
not necessarily be the total panel volume since cer-
tain areas inside a panel can be effectively separated
from the sphere of influence of the nitrogen injec-
tion by the presence of ventilation walls, falls of
ground, etc. In such cases, an 'effective panel
volume' should be used, which is the volume of the
panel most likely to be reached by the externally in-
troduced nitrogen.

(iv) When nitrogen is injected into a fire area via
boreholes from the surface near the seat of the fire,
the possibility of major collapses of the roof should
always be kept in mind. The temperature differen-
tial between the nitrogen and the fire area has a ther-
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mal 'shock' effect that could lead to such a collapse.
For this reason, direct introduction of liquid
nitrogen into the fire should not be attempted. The
evaporation on the surface should be effective, and
the gas should be piped down the borehole in
stainless-steel pipes since the presence of liquid
nitrogen in the borehole itself could result in the col-
lapse and closure of the borehole.

(v) The models presented, although theoretical, provide
'ball park' estimates that could be useful as a guide
to management decision-making. The use of the
computerized decision-making support system
allows many different alternatives to be evaluated
very quickly, thus leading to 'optimized' choices.
However, the limitations of the models in providing
answers to complex and inexact situations should
be appreciated and fully understood before they are
applied.

(vi) The units used in the models presented in this paper
are SI units and should be modified by the applica-
tion of suitable conversion factors to suit the re-
quired practical units. For example, t is expressed
in seconds in the model while hours would be more
suitable for practical application. Likewise, gas con-
centrations are expressed as decimaljractions in the
models, while percentage,s may be more convenient
for practical application.
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