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ABSTRACT

In a previous paper the outlines of a new approach for the arresting of underground tunnel
explosions were presented. Research work is continuing on the development of the
technique and an explosion door is modelled as a simple orifice in a circular duct. This
paper presents the results of a theoretical study of the likely amplitudes of the transmitted/
reflected pressure waves which would govern the explosion door pressure loading.

OZET

Onceki bir makalede yeralt: ocak patlamalannin ilerlemesinin durdurulmast ile ilgili yeni bir
yaklasim agiklanmisti. Bu yontemin gelistirilmesi ile ilgili calismalar devam etmektedir.
Patlama kapisi dairesel bir boru icindeki basit bir delik olarak modellenmektedir. Bu
makale patlama kapilarindaki basing¢ yiiklerini belirleyen, iletilen/yansitilan basing
dalgalarinin muhtemel genliklerinin teorik olarak belirlenmesi ile ilgili sonuclari
vermektedir.
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1. INTRODUCTION

Mining operations unavoidably and continually generate methane and coa dust in
underground cod mines. Mechanization and concentration of production has exacerbated
the possibility of acoa dust explosion and dthough coa dust has the ability to explode
by itsdf, dmogt all cod dust explosions are initiated by a methane exploson. The
methane exploson creates shock wavesthat raise the cod and other rock dustsinto theair
and these are exploded by the flane or heat generated by the methane explosion.
Therefore, a sdf generating cod dugt explosion isinitiated. This can continue aslong as
enough fud exigts ahead of the exploson and if thereis no barrier sysem to sop it. The
results of such an explosion are devagtating. Even if mine personnd survive the blast
force and hest, the flame uses up available oxygen and desth can be caused by suffocation
or carbon monoxide poisoning. Although the number of explosions have been greetly
reduced by proper planning of ventilation and improved ssfety measures, the percentage
of fataities due to explosions has unfortunately increased. Arresting of an explosion is
currently only possible using barriers. Generdly, barriers disperse alarge amount of
inert materialsinto the path of the flame to deprive the flame of fud and coal it down. As
aresult the exploson flame is extinguished.

Exploson barriers are of two types; passve and active (triggered) Passvebarriers are
activated by the movement of air ahead of the explosion front. The barriers are Smply
tripped or broken by the blast and the inert materid is releasad into the path of the flame.
A common type of stone dust barrier consists of a number of planks of wood suspended
from the tunnel roof and piled with stone dust. As the pressure wave passesit upsetsthe
planks and the dugt is dispersed. Active barriers detect the on-coming explosion and
using a sensor which triggers some mechanism, cause arapid discharge of inert materiad
into the path of the flame n.2,3].

2. ACTIVE FLAME PROOF DOOR SYSTEM

This system proposed in a previous paper 141 is a new gpproach for arresting the
propagating explosion flame by means of a flame proof door made of individual
perforated sted sandwich packages Theidea, dthough new inthis area, has been usad in
LPG sysemsto prevent back firing and in ssfety lamps to cool down the lamp flamein a
gaseous media



of a least two flame proof doors (spaced an appropriate distance apart) to ensure the
arest of the flame. Figures 1 and 2 illustrate front and side devations of the door
assembly.

2.2 Theory of the Door Operation

In thistechnique, the on-coming explosion is detected by a pressure sendtive device with
apre-determined rise in static pressure. The sensor then triggers a mechanism which
causes the doorsto be dosed in agpecidly congructed concrete barrier zone. The doors
are of a specia condruction and condst of perforated sted plates having holes small
enough to stop the exploson flame while dlowing the blast Wave to pass through,
otherwise the doors and their frames would be destroyed. The system has been designed
in such a way that it does not interfere with any tunnelling activity or equipment,
including overhead rail conveyance. The other advantages of such a sysem are that it is
relatively less complicated than triggered barriers, is easy to manufacture and requires
little maintenance after ingtalation.

3. THEORETICAL AND LABORATORY INVESTIGATION

It will be necessary to define the congtruction of the doors according to a number of
parameters. Theseinclude; tunnel cross-sectiond area; how much blast force the doors
will have to withgtand; thickness of the parforated sted packages; hole dimensions of the
perforated sted packages and other congderations. All of the design factors will be used
to compose acomputer design modd which can be used to select an optimum design for
agiven Studion.

In the research outlined inthis paper the explosion door is moddled asasmple orificein
acircular duct. The explosion produces both a pressure front and flame front. As the
blast wave travels dong the tunnd it may undergo trangition to a shock wave. When the
blast (or shock wave) reaches the door, the nature of the door congruction alows some
of the pressure wave to pass through. However, some of the wave will be reflected and
this reflection will cause arisein static pressure. This pressure could be sufficient to
damage or dedtroy the door. The response of the modd to incident explosion pressure
pulses of redistic anplitudes is investigated for arange of ratios of duct areato orifice
area. Thisis therefore a means of investigating the likely pressures the explosion door
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may have to withgtand in rlation to the obgtruction it causes to the passage of the blast
wave. Thelargest hole size possible for the perforated plates will be best so asto cause
less of apressure drop as the blast passes through the door but there is a danger that the
flame wave (which dosdy followsthe blast wave) will not be stopped.

3.1 Theoretical Analysis

The andysis of the flows resulting from the impingement of the initid pressure wave
emanating from a dust or gas generated exploson in a one-dimensiond duct upon a
semi-opague door isatask of congderable complexity.

An approximate analysis may be attempted if a smplified modd is adopted in
conjunction with certain assumptions regarding the nature of the flow. Accordingly, it is
henceforth assumed that:

i) the door and the duct in itsimmediate vicinity is idedised as a convergent-
divergent nozzle of dmogt zero length and this configuration corresponds
closdy to an arifice plate of amdl axid extent,

i) no account is taken of the detalled geometry of the door,

iii) the fluid is tregted as ar throughout,

iv) trandtion of the initid pressure pulse to a shock wave does not occur, and

V) as a consquence of the previous assumption the flow is adequatdy
described by the differentid equations of mass and momentum

conservation which govern the ungteedy isentropic motion of a
compressiblefluid in one spatid dimension, viz

9% w9 .
N +p3x+uax = [i]

o 2
ot x Pax
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Where p, uand a, are the fluid dengity, fluid particle velocity and local acoustic speed,
respectively.

From Equations [1] and [2] and using the result a2 = %l; it may be shown that the
vaiaion of pressure, p with fluid particle velocity isgiven by:-

fﬁdpa | | | 3

Wherethe+ and - 9gnsrefer to rightward and leftward propagating waves, respectively.

Equation [3] may be integrated between the limits corresponding to the undisturbed fluid
conditions'o’ and any point on the wavefront to yidd thefluid particle velocity for awave
of finite amplitude, i.e,

_ 4 28 P Ny1RY
w=t = [(5) 1] [4]

wherey istheisentropicindex.

Figure 3 shows a smple schematic of the physical problem of the underground tunnel
and exploson door. In this case the underground tunnd is moddled by asmple tube
and the explosion door by an orifice. In the andyss the tube/orifice combination is
replaced by an isentropic convergent/divergent trangtion.

E—

Exploson-generated pressure pulse

Figure 3. Schematic Representation of the Modd
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When the pressure pul se impinges upon the transition then processes of transmission (T)
and reflection (R) will occur. For these processes the equations of energy and mass
conservation are assumed to apply hence

u

S I S A O -
Y-1'pr 2 ¥-1'px 2

and PTUJAT = PRURAR . . [6]

It should be noted that the velocities (u) in the above pair of Equations [5] and [6] are
absolute velocities and A denotes the cross-sectiona area.

Denoting the absolute pressure of the incident pulse as p', then after algebraic
manipulation of Equations [4], [5] and [6] there results

Py _ 1 1?1y (A
2, =1y Can 7]

+ N
¢Y’1f27(1_x 112) l'xln

1- QY‘lﬂ

4 d
where ¢ = and ¥
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1 ;
Additionally, it can be shown that % - (l—_x-E )21t .

Equation [7] is highly non-linear in 4> but, where solutions exist may be solved by a
simple incrementing technique.
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In order to determine the amplitude ratioﬁzi of the reflected wave, Equation [7] is solved

with 5; st equal to the amplitude ratio of the exploson-generated pressure pulse. This

m-

Br
aesvdues of =™ ad
generates vaues

Pr

Equation [7] is again solved with & st equd to the vaue of Po obtained from the firgt

part of the solution and thus the magnitude of the tranamitted pulseg' is determined.

During the numerical investigation of Eqution [7] for the second part of the solution it
A L}

was found that for certain combinationsof;i ad ‘& (equd to g from the firg part of

the solution) closure of the equation was not possible.

It was thus concluded that, for these combinations of geometry and pressure amplitude,
isentropic flow could not exigt in the trangtion from the orifice to the duct downgtream of
the orifice. Now, the flow emanating from the orifice will bein the form of an expanding
free jet with the accompanying shearing on the boundary rendering the flow irreversible
and hence the breskdown in the equations in the second part of the solution is by no
means surprising. Further, in the actud flow Stuation on the upstream side of the orifice
the impingement of the incident pulse upon the upstream face will result in a Stuation
somewhat like that encountered at the dosed end of the duct.

For the condition of closed-end impingement it may be shown that the pressure, P in the
plane of the dlosad end is given by:-

R = Do [2(‘:;)7'”2"’- et [9)

Inview of the complexity of the actud Stuation and the absence of 'isentropic solutions
under certain circumstances in the downgtream flow it is propased to model the pressures
on the upstream and downstream faces of the orifice as 'area-weighted' linear
comhbinations of the pressures predicted from the isentropic transition and closed-end
reflection processes respectively.



Thusthe upstream pressure, pu isgiven by .-
Ary . Az
pu = (10 )R+ Pr

whilgt the downgtream pressure, poisgiven by :-

A A
pp = {1- ;E)pw;i-p-r,

Using this procedure the downgream pressure is aways less than that predicted for the
flowswhereisentropic solutions exist and thisis cons stent with the dissipative nature of
the downstream flow.

The non-dimensond pressure difference across the door is given by,

4 _ pyu-pp
Po Po

The magnitudes of'ﬁ—e given by Equation [10] are shown plotted againgt arearatio, A, in
0

Figure 4. The curves clearly show for a given incident pressure amplitude ratio, ‘;L

0

the non-dimensiona pressure riseis independent of arearatio for arearatios greater than
goproximatdy ten - for dl of the incident amplitude ratios investigated which are thought
to be characteristic of the pressure amplitudes generated in actual mine explosions.
Additiondly, the amplitude ratio (area-weighted) of the transmitted wave is shown
plotted in Figure 5 againg arearatio for the same sdlection of incident waves. The graph
clearly showsthat substantia attenuation of the incident pulse is obtained for arearatios
grester thanten.

that

327



AP/Po

30
2.8
2.6
24
22
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
04

0.2 §

0.0

Figure 4.

Figure 5.

328

YoV

Y
I,-'I, ,,,,,,,
_-If.']' gy A bt kit b e pbndiaie i
N/
f,
*tf ¢+ fr rfrrrryrr1rrrryrrJ1r 1T
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Area Ratio, Ar

Variation of Non-dimensional Pressuré Difference with Area Ratio.

Amplitude ratio 2.0
Amplitude ratio 19
Amplitude ratio 18
Amplitude ratio 17
Amplitude ratio 16
Amplitude ratio 15

» X & H o B

LI B |

-
[ =
a
o J
& -

- T T T T T

10 12 14 16 18 20 22 24 26 28 30
AreaRatio, Ar

Variation of Arearweighted Transmitted Pressure Ratio with Area Ratio.



4. DISCUSSION

This paper has presented the results of atheoretical investigation of the pressure wave
transmisson/reflection characteristics for a new sysem of an active door barrier to Sop
underground explosions. Essentidly, it is necessary to gain an understanding of the
typical pressures, both across the door due to attenuation of the blast wave, and
downgtream of the door so that they can be designed to withstand such pressures. The
response of the mode to incident blast pressure pulses has been invedtigated for arange
of duct areato orifice areai.e. as arepresentation of how greetly the door attenuates the
blast wave. The analys's & this stage has taken no account of the frictiona effects that
would occur in the real flow of the blast wave through the door. A more redlistic
smulation may be performed by means of computationa fluid dynamics but such a
smulation would dmog certainly require an input of datawhich could only be obtained

by experiment.

Further, as yet unpublished experimental work undertaken in the Department of
Mechanica Enginesring a Dundee Indtitute of Technology with a shock-tube has shown
that the theory presented in this paper on the pressure wave transmission/reflection
characterigtics of explasion proof doors, predicts, for orifices conssting of sngle and
multiple holes, amplitudes of the tranamitted waves which are in very close agreament
with experimentd data. Whilgt the incident waves in these experiments wererar efactive
there is no reason to believe that the theory will be subgtantialy less successful in its
predictions when the incident pressure pulseis compressive. Thus, Figures4 and 5 may
be usad in the prdiminary design of exploson doorsto

i) predict the pressure loading on the arifice (hence the explosion door), and
i)  udng Equation [9] with p' set equa to pr> predic the presure loading on

any closed door downstream of the orifice Snce the pressure downgream
of thisdosed door will be the undigurbed pressure, po.
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