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ABSTRACT

A typical building consigtof a number of rooms; often with windows of different sirel failure pressurand obstructions in the form of
furniture and décor, separated by partition walls with interconnecting door@apsequently,hie maximum presse developed im gas
explosion would be dependent upon the individireracteristics of the buildingn this research, a largeale experimentgrogramme has
been undertaken at the DNV GL Spadeadast Biteto determine the effects of vent seed congestioon vented gas explosionBhirty-
eightstoichiometricnatural gas/air explosions were carried out i182 n? explosion chambesf L/D = 2and K, = 1, 2, 4 and 9Congestion
was varied by placing a number of 180 mm diameter polyethylene pifiea the explosion chamber, providing a volume congestion
between 0 and 5% and cressctional area btkages ranging between 0 and#d he series of tests produced peak explosiompogssures
of between 70 mbar ar8l7 bar with corresponding maximm flame speeds in the range 3895 m/s at a distance of 7 m from the ignition
point. The experiments demonstrated that it is possible to generate overprgssatessthan 200 mbaith volume blockages of as little as
0.57%, ifthere is not sufficienbutflow through the inadvertent venting proceBise size and failure pressure of potentemt opening, and
the degree otongestionwithin a building are key factors in whether or not a building will sustain structural darfedigeving a gas
explosion. @ven that theaverage volume blockage ir@om in a UK inhabited building in the order of 17%, it is clear that without the
use of large mdows of low failure pressuréuildings will continue to be susceptible to significant structural dardageg an accidental
gas explosion

KEYWORDS: congestiongas explosionobstaclesventedexplosion

Pasman, 1993Pappas, 1983van Wingerden, 1989van
1 INTRODUCTION Wingerden & Zeeuwen, 1983galosh, 198) whilst the rate
at which hot combustion pradts are produced is directly
lated to lhe burning velocity of the fuel. Consequently, the
of pressure rise in an accidental explosion is strongly

; o . Hg%endent upon the fuels compositaord on any turbulence
places, on the expansion of the hot burnt gasissthis rapid that increases théurning velocity (andhence the flame

release of energy with its associated pressure generation %B ed
high temperature flame and gases that define a gas explosion. ™™

The level of damage a building sustains following a gdsitially, after venting, unburnt gas/air mixture within the
explosion is dependent upon the magnitude of the pressbrglding will be expelled from the vent forming a flammable
generated and the relationship between the duration of #leud outside the vent opening. When the burned gas reaches
imposed pressure load and the natural period of vibration thie vent opening, a sequenceirterdependent evesitoccur

the structure. Overpressures in the region of-BD mbar very quickly. Firstly, the volumetric flow of gas exitinget

have been shown to be capable of causing significant damafjamber increases, by a factor of approximately three, due to
to industrial and residential buildindBaker, Cox, Kulesz, the decrease in density of the vented gas. This increase in
Strehbw, & Westine, 1988 Other studies have shownventing causes a temporary reduction in the pressure within
(Astbury & Vaughan, 1972Astbury, West, Hodgkinson, the enclosure as the rate of venting exceeds the volume
Cubbage, & Clare, 197®arris, 1983 West, Hodgkinson, & expansion due to combustion and the inertia of the outflow
Webb, 1971a1971h Wong & Karamanoglu, 199%hatan ‘over-vents’ the burnt gases. Secondly, the pressure
ovempressure generated by a gas explosion, in the regiondifference across the vent opening triggers a Helmholtz
200 mbar,has the potential to cause gsiificant structural oscillation, which causes the intainchamber pressure to
damage tduildings typicallyconstructed in the UK oscillate about the equilibrium pressu(Bauwens et al.,
2010 Bauwens, Chaffee, & Dorofeev, 2Q09Thirdly, the
onset ofburnt gas venting initiates Taylor instabilities, where
the less dense burned gas is accelerated into the denser
unburned gas/air mixture, increasing the mass combustion

When a flammable gas/air mixture is ignitewvithin a
confined enclosure, there is an associated pressure rise.

In accidentalvented confined explosions, thHauilding is
often vented, when a weaglart of the structure fails (e.g.
window), and the pressure is relieved. Up until this poire
e"f”ttr.“?3t’ b; colnslered asa confln(afdbe;(plo;:ond(\évgh the rate, and amplifying thélelmholtz oscillation. Finally the

potential 1o developreovelpressure ot betweenan an, venting flame front and the outflow of burnt gases ignite the

but after venting begins, the rate of pressure rise, and he[ﬁ Samable cloud outside the vent openinguftisg in an
the maxinum pressure developed, is gawel by the balance external explosion. The explosi@ends a propagating wave

be;wtien ﬂ:e r?te ?ftl Wh't(r:]h CO?EES“W ?md are g;;ducied back towads the explosion chamber egalsating the Taylor
and the raté ol outiow through the venling proces rale  ;siapijities and causing the pressure iaside chamber to
of outflow is dependent upon the size and location of t fcrease

vent(s) (Alexiou, Andrews, & Phylaktou, 1997Alexiou,

Andrews, & Phylaktou, 1996 Alexiou, Phylaktou, & This complex sequence of events is further complicated if
Andrews, 1996 Bauwens, Chaffee, & Dorofeev, 2Q10 turbulence is generated by jet mixing in the gas/air mixture
Eckhoff, Fuhre, Guirao, & Lee, 1984Fakandu, 2014 prior to ignition, or by induced flow interaction with
Fakandu, Andrews, & Phylaktou, 2Q14akandu, Yan, obstaclesBoth of these turbulence generatinghecharsms
Phylaktou, & Andrews, 2013Mercx, van Wingerden, & may be important in accidentghsexplosionsin buildings
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the first due toflow through interconnected rooms, and theprovided on more than one wé(reater London Authority,
second, due to the interaction of flow with furniture an@012. To understand the effect®f window size and
décor.The enhancedombustion ratecaused by increases in obstaclesin the development of explosions in buildings, a
the local transport of mass and energy, and increased flataegescale experimental programme was undertadkiethe
surface aregChan, Moen, & Lee, 1983s dependent upon DNV GL Spadeadam Test Site. Some of thsults of this
the inducedlow velocity ahead of the flame, whidtself is programme are presented in this paper

dependent upon the reaction rate. Consequently a ‘coupling’
is created whichmay manifest as a strong positive feedbac

mechanism (Schelkin mechanism) which, would result i THE EXPERIMENTAL PROGRAMME

continuous flame acceleratiamtil the fuel is consumedr
transition to detonation occurs.

Previous studies have shown that reducing the ventaside

In total, thirty-eight largescale ventedconfined explosion
experiments were carried out at the Spadeadam Test Site
using stothiometric natural gas/air mixtures in a 182steel

increasing congestion, in the form of obstacles in the path plosion chamber of L/D = ZFig. 1). The explosion

the propagating flame front, can affect flame speeds afi amber, of dimensions .9'0 m x 45 m x 41p was
result in increased overpressures in vented expissi constructed of10 mm thick steel plates supported by

(Alexiou, Phylaktou, et al., 1996Bauwens et al., 2010 regularly spaced | beams. The rear face of the chamber was

Bimson et al., 1993Chan et al., 198Fakandu et al., 2013 constructed of two hinged pressure relief panels, with a

Hall, Masri, Yaroshchyk, & Ibrahim, 2009viercx et al., far‘:'“reb ovemressure of 4 t?]ar’ o protect ﬁ]e fexF’t"]?SiO”
1993 Na'inna, Phylaktou, & Andrews, 2013@013h Cchamber from damagiuring the experiments. The front face

Pappas, 1983Park, Lee, & Green, 2008Phylaktou & of the chamber accommodated a vent opening of variable size

Andrews, 1994 Phylaktou, 1993 Pritchard, Hedley, & Which was covered Dby a polythene sheet (low failure
Webber, 2002Solberg, Pappas, & Skramstad, 1988aylor prgssure) to prevent the gas/a|r_ mixture escaping during
& Bimson, 1989 van Wingerden, 1984a1984c van filling. The vent openings were either 20.25%, m0.13 nj,

Wingerden, 1989%van Wingerden & Zeeuwen, 1983983¢ 5|'<O6 nt or 2.25 rﬁ Ctolrrelspé)njingg, the vent coefiicients
Zalosh, 19802008 (Kp), were approximately 1, 2, 4 or 9.

Several studies(Harris & Wickens, 1989 Phylaktou,
Alexiou, & Andrews, 1995 Phylaktou, 199B have
demonstrated that very fast flame speeds, in exce§O®f
m/s, may be generated when a flame propagates throug
flammable gas/air mixture in the presence of repeats
obstaclesTo predict the pressure generated during these t
of fast flame events, it is necessary to understand the role ]
the obstacle configuration, blockage ratio, and the paramet
that affect the turbulent flow field, play in effecting the
strength of the feedback mechanism. ‘7‘

___________

Whilst the identified studies have demonstrated tbaticing
the vent sizeand increasing congestion caneatf the flame
speed and increase overpressutes confined and congested -
situation found in buildings, wherein both adiabatigig, 1. The explosion chamber.

expansion and turbulent flame acceleration play a fas, i
received little largescale attention Typical industrial OPStacle supports were attached to the side walls of the

buildings or dwellings will have a pathway, for flame €xPlosion chamber such that eigfipe arrays, each capable
propagation, that consists of a number of interconnect@f SUPPOTtng up to ten horizontal pipes, of 4.5 m in length
rooms, each of which may have significant congestian and 0.18 min diameter, could pe positioned perpendicular to
example, i the average UK home a doorwespresentsan the direction of flame propagation. The arspportswere

opening with a blockage of approximately 82% and theositioned at 1 m intervals along the lengtrtha explosion

average room congestion is approximately 17&dmirals chamber, with the®larray positioned 1 m from the rear wall.
Storage BBC news, 2011 Drury, Watson, Broomfield This meant that a maximum of 80 x 180 mm diameter pipes

Levitt, & Tetlow, 200§. Inadvertent individual vent could be positioned within the chamber providing a
openings, in the form of windows, will provide a minimumMaximum area blockage (AB) of approximately 40% and a
area vent coefficienfK,), defined as the area of the front™a@ximum volume blokage (VB) of approximately 5%. The
face of the chamber divided by the area of the vent openifff@ Plockage was calculated as the percentage of the cross
(Ka = AJA,) (Harris, 1983, of 4 where openings are sectional area of the explosion chamber occupied by the pipes

provided on one wall of the room or 8 if windows ardn a single array. The volume blockage was calculated as the
percentage of the total volume of tbkamber occupied by

the pipes in all arrays. The number of obstacles and the

1Th t Hicient b din other t distance between obstacles was varied during the experiments
€ vent coetlicient may be expressed in other terms (e.g.s the effects of volume blockage and obstacle separation

= AcdA, or K, = V¥/A,) but in the context of this work (i.e. distance on flame speed and overpressure could be

advent|t_|otjs v:nt openlr:ﬁs),ANNas_ Chofein da? b_elng mOsft'nvestigaed.The types of obstacle arrangement used in the
appropriate. However, the experimental data is currently ,oiments are shown Fig. 2.

being analysed with reference to explosion relief design
standards and this will be the subject of a further paper.
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Fig. 2. Obstacle type and configuration.

The required natural gas/air mixtures were obtained kof the rear wall of the explosion chamber. The spark was
‘purge- filling’ the rig. Natural gas was provided from thegenerated through tlischargeof a 68uF capacitor, charged
Spadeadam high pressure gas reservoir and passed through 260 Vdc through the primary windings of a high tension
local pressure reducing station to reduce the predsoume coil. The pressure generdtén the explosionvas measured
200 bar to 1- 3 bar efore being admitted to the filling using eight piezoelectric pressure transducers located at
system. A polythene tube was used to mix the gas with aitrategic positions both inside and outside the explosion
The polythene tubwvas connected at one end to an openinghamber(Table 1). The pressure transducers located within
at the bottom of thexplosion chambeand at the other end the explosion chamber were secured to the floor whilst the
to the gas supply and to an air supply frarmotor driven transducers outside the chamber were mounted on stands
fan. Gas was released into the tube via a valve controlled bypositioned perpendicular to the nteopening to measure
Supervisory Control and Data AcquisitiocBGADA) system sideon overpressureppproximately 1.5 m above ground
and air was blown into the tube via a 5.7 kW axial fan. THevel The time of flame arrival, was measured using ten
volume flow rate of air was controlled by varying the farflame ionisation probesdocated along the centre line of the
speed using the SCADA system and the gas flow rate wahamber(Table 1), with voltageoutputs being registered on
controlled by altering the gas valve position. Once thghe SCADA system.The flame speed was calculated using
required gas/air concentration had been reached in thRe measured flame arrival times. The explosions were also
chambey the gas suppljo the chamber was isolated, the aifiimed using high speed video (4@@mes per second).

fan switched offand the mixtue was allowed to become

quiescent.The gas concentration was measured using an

infrared analyser and flame ionization detector. Thresd f

gas sample line® the analyseraereused to determine the

gas concentration within the chamber; atéigh level,one

at low level and one close tadhe point of ignition.This

filling method was found to produce homogenous mixtures

with no significant difference in measurements across sample

points.

The natural gas/air mixture was ignited by a single, low
energy, electric spark (3 mm spark gap) located in the centre



Table 1. Location of pressure transducers and flame ionisation 3  TEST CONDITIONS

probes A summary of the experimental test conditions and data
Pressure transducer Flame ionisation probe  gathered from théhirty-eight explosion tests is contained in
) Distance from Distancefrom Table 2, in terms of overpressure® and maximum flame
No. Location o5 wall(m) No. rear wall(m) speed. The main variables of interest in this study were vent
T1 0.4 11 0.900 size (i.e. representative of differing window sizes in
T2 nside 35 2 3375 lgﬁg(#]rg%?) and degree of congestion within the explosion
T3 explosion 6.5 13 3.625
T4  Chamber ;g 14 6.375
T5 8.5 15 6.625
T6 Outside 13 16 7.375
T7 explosion 17 17 7.625
T8 chamber 45 18 8.250
19 8.500
110 8.750

Table 2. Summary of test conditions and experimental data.

Test No.  Vent Coeff. Congestion P2 P2 Pey’ Prots? Pmae  Flame Speeti
Ka Type AB (%) VB (%) (mbar) (mbar) (mbar) (mbar) far) (m/s)
1 1 - 0.0 0.00 14 22 69 44 69 35
2 1 m 12.0 0.57 14 81 155 120 155 88
3 1 [ 12.0 0.75 14 112 135 157 157 86
4 1 k 20.0 0.94 14 108 145 119 145 83
5 1 j 20.0 1.26 11 203 246 - 246 89
6 1 | 28.0 1.31 13 365 380 368 380 145
7 1 h 12.0 1.51 13 309 336 285 336 152
8 1 e 28.0 1.76 11 374 393 418 418 149
9 1 [« 20.0 2.51 20 547 713 715 715 192
10 1 d 40.0 2.51 20 - 903 815 903 210
11 1 b 28.0 3.52 21 1350 1425 1296 1425 262
12 1 a 40.0 5.02 18 2793 2992 2272 2992 395
13 1 a 40.0 5.02 - 3367 3474 2941 3474 -
14 2 - 0.0 0.00 12 23 92 - 92 143
15 2 m 12.0 057 14 301 477 671 671 86
16 2 [ 12.0 0.75 20 320 677 405 677 102
17 2 j 20.0 1.26 21 555 1079 790 1079 111
18 2 h 12.0 1.51 18 - 719 1036 1036 109
19 2 f 28.0 1.76 20 686 678 1614 1614 125
20 2 e 28.0 1.76 15 661 780 1281 1281 109
21 2 g 28.0 1.76 - 691 1073 969 1073 66
22 2 c 20.0 251 17 1162 1259 1937 1937 172
23 2 d 40.0 251 - 1641 1934 1979 1979 176
24 2 b 28.0 3.52 1801 1986 2273 2273 185
25 4 - 0.0 0.00 20 96 183 132 183 132
26 4 | 12.0 0.75 - - - 1058 1058 103
27 4 i 20.0 1.26 - - - 1397 1397 114
28 4 c 20.0 2.51 - 1293 - 2152 2152 115
29 4 b 28.0 352 - 2185 2508 2992 2992 203
30 9 - 0.0 0.00 26 - - 353 353 417
31 9 [ 120 0.75 - - - 1598 1598 64
32 9 k 20.0 0.94 - 1406 - 2006 2006 72

2 Measurement taken from a piezoelectric pressure tnaestbcated.4 m fromthe spark igniter
% Flame speed calculated at a distance 7.5 m from the spark igniter
4 Relatively long duration peak, combination f;Bnd Ria



Test No. Vent Coeff. Congestion P2 P2 Poy Pria Prax>  Flame Speet

Ka Type AB (%) VB (%) (mbar) (mbar) (mbar) (mbar) far) (m/s)
33 9 j 20.0 1.26 - - - 2134 2134 88
34 9 j 20.0 1.26 - - - 2262 2262 -
35 9 j 20.0 1.26 - - - 2162 2162 -
36 9 h 12.0 151 - - - 2098 2098 70
37 9 20.0 251 - - - 2996' 2996 -
38 9 28.0 3.52 - - - 3700 3700 -

4 RESULTSAND DISCUSSION The first pressure peak, Reorresponds to the failure of the
4.1 General Remarks polythene sheeit a time of around50ms after ignition. The

Vented losi woicall hibit . f Ipolythene sheet failed at an overpressure of approximately 14
ented explosions typically €xnibit ‘a Senes Ol pressUlga. ang as this does not representgmificant pressure
peaks; of which, not all are present in all explosions, a

: . ) . adient across the vent opening, the rate of unburnt gas/air
which have been interpreted in a number of different wa tflow is relatively low. The second pressure pemk
I(:Bguwergrs] et& alei Zi)é,ogzzlmksor:j etK al., 193'2 C(:jooper,& corresponds to the onset of burnt gas venaih a time of
Pi;giz)uer’zo 11 Likan(?u :t ?I u'20 1?-|ma?rri]slyon n&reEv;rsé approximately 775ns and wasecordedas the time that the
1987 Mercx et al., 1993Pappas, Solberg, & Foyn, 1984 flame front reached the plane of the vent openigh the

: . onset of burnt gas venting, the volumetric outflow rate
van Wingerden, 1984aan Wingerden, 19§Zalosh, 196 increases dramaticallgs the volumetric flow through the

For cI_arity, in this study, the fqllowing definitions are used tQent isinverselyproportional to the square root of the siéy
describe the pressure peaks; i® used to label the Pressur€os the gas being vented. This significant increase in outflow

peak associated with the opeminf the vent, Pis used to manifess itself as a drop in pressure on theesuretime

Iabe_l the peak associated with the onset .Of burnt gas VentiBgofile resulting in thepressure peak,PThe third pressure
Pex IS used 1o label the peaissociatedwith the external eak corresponds tthe externalexplosion, which occurs

explosion and R, is used to label the peak associated wit hen the peviously vented unburned das mixture is

the maximurm flame area or maximum fIamegzpePressure {'%nited by theflame front when it exits the vent opening.
peaks associated with oscillatory combustion or acous

effects have not been considered in this study. In Fig. 4, a pressur¢ime profile recordedon pressure
trapsducers T1 and T6is shown for test number 2.

L ) . HPansducer T1 was located 0.4 m from the rear of the
sep:_:lrated equidistantly - and dn‘fergnt overpressore explosion chamber and transducer T6 was located 4 m
profll_es were recorded. The maximum Pressureé  Wagisige the vent opening resulting in a distance of 12 m
consistently measured at the rear of the explosion Cham%%‘iween the transducers. The speed of sound in the
(transducgr T1) and for cqnmstencttns IS th.e value Fh?t 'S combustion products of aoéthiometric methane/air was
riportefd in the relzsulltstrj Fig. 3, atpl’eSSlI,Il’-élme p.rtc;]ﬁle 'St calculated to be 992 m/s meaning that if the pressure wave
shown or_an.exp osionn an empty enclosure with éen generated by the external explosion was propagating into the
size of Ky = 1; four distinct pressure peaks are evident. explosion chamber, giving rise to a pressure peak, iP
would be recorded at transducer, T2 ms afterit was

K =1 recorded at T6.

=T Pexl ’n

The pressure transducers used during this study were

80

200 —
TestNo. 2, Kp=1
T

—= 1T6!
40 —

Pext "

100 -
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Fig. 3. Pressure-time profile for test number 1.
Fig. 4. Pressure-time profile showing the effects of the external
explosion.



In Fig. 4 it can be seenhat the external explosion wasK, = 1, as the overpressurpsedictedfor tests involving a
recorded on T6 at 715 ms, generating a pressure peak of Y88t opening of K =2, 4 or 9,basedon earlier experiments,
mbar. The corresponding pressure peak on T1, identical in ésceeded the design strength of the explosion chamber.

profile but of greater magnitude, was recorded at 72anmds : . .
generated a pressure peak of 155 miogportantly, in all but Whilst the results of these tests show thightand damagmg .
overpressures can be generated even from relatively benign

two of the experiments (test n®sand 5, where the pressure ; . . . :
confined explosions in empty (no internal congegtion

peak was of the same magnitudd)e magnitude of the : X
pressure inside the enclosure was greater than that recorﬁ@“bers with large vent areahe presence of congestion

outside. Consequentlyhie external combustiorventcannot Eann?(ljgig|f|t%2rr1]tIgrllncc:)rr((ejzs;eotfhemgviir& rﬁgﬁsn?ﬁgaeﬂe%} often
be solely attributable to the pressure peakegatedwithin thyeseresultsis that the confirng']that thé sizge of the vent
the explosion chambgeiand whilst it was evident that the y

pressure peak was triggered by the external explosion gening and the degree of congestion within a building are

magnitudewas caused by a combination tie propagation Ezym?c;ors]:()llrllov\)/\/ri\ﬁthegor ;Zt aet;(u'llg's?gnm”.I_S#:tagsgﬁﬁfgﬁs
of the external pressure wave into the enclgsuhe 9 9 9 P i P

temporary restriction to the outflow of gases caused by thggg\?:rSELiﬁdZéga:ntlfmli'isthp\?oslilrl;lg g?oc?(znirgf?spﬁ‘:’lseu;e:
reduced pressure differential across the vent openi 9

following the external combustiorand byincreases in the 957% if vent openings do not allow sufficient outflow

rate of combustion caused by turbulence andylor It is recognised that the effect of area blockagd obstacle
instabilities In Fig. 3, the fourth pressure peak corresponds tarray separation distanceay play a more important role in
the time at which the flame surface area was at its greatehg development of fast flames than volume blockage.
giving rise tothe pressure peakyf This peak was seen on aHoweer, whilst chemical, process and storage facilities, will
number of tests to be superimposed onto the @Pessure have congested region layouts or designs that are readily
peak. available, populated buildings will have congested and
confined areas that are not predictable, and, as a
when the less dense burned gases are accelerated intog ockilqueeg(;e,thltta Vr;az;ncgﬂtsel(:izrigrr?ﬁgaﬁuéo uéf;n\gu&i“
denser unburnedjas/air mixture therebycreating a large I gbl K th . iabl yd ddq' tk):,
increase in flame surface area. Taylor instabilities are Mo 2;31: ofotil:%%r\:vga;stioing:?)lr:]fi\éirrlgtioencqrnhsé fégultsurcl)?gthise
commonly - observed ~with central ignition and are work have been compared with tests conducted withtéuen

contributor to thelow frequency oscillatory combustion ) ; .
frequently observed with vented explosiq@auwens et al., as part of an extended study and will be published in another

201Q Bauwens et al., 2009During the early stage of burnt Paper.

gas venting, the flame front is accelerated outside of tle2  Effect of Vent Size

enclosure creating a ‘pear’ shapiame front (in the case of

central ignition). When the flame front is accelerated in thi$,2.1  Effect on Overpressure

direction, the Taylor effect stabilises the rear of the flame

front, inside the enclosure, resulting in a reduced mags Fig. 5, the effect of vent size (i.e. confinement) on
combustion rate, causing a fall in pressuféis fall in  overpressurés shownfor explosions with no congestiott.
pressure triggers an acceleration of the flame front in th@n be seen thahe overpressurand the duration of the
opposite, Taylor unstable direction, thereby increasing thgaximum pressure peacreasess the vent size is reduced.
flame surface area and causing a pressure rise in th@thermore, th maximum pressure peak on the K 9
enclosure. This low frequency oscillatory combustion magressuretime profile is significantly longer in duratiphas a
continue util all the fuel is consumed. A similar effect mayshallower gradienthan tests with larger vent openings and
be observed with rear ignition, where, following the externallso exhibits a number of oscillatory peaks.heBe
explosion, Taylor instabilities are introduced as the burnegbservations arettributed tothe influence of turbulence and
gases are accelerated into the unburned gas/air mixtqvgylor instablities caused bythe significant amount of
trapped in the corners tife explosion chamber. unburnt gas that gets ‘trapped’ in the corners of the explosion
chamber

Taylor instabilities are hydrodynamic instabilitiesroduced

Although the type of pressutene profile shown inFig. 3
was exhibited on a significant number of the explosion tests,was also noted that as the vent size was increased, the
there were a number of experiments where the maximumagnitude of Pdecreased because unburnt gas venting was
pressure peak was of longer duration than that seBigi® not significantly restricted by the vent opening and the
(caused by a combination of the, P, and Ry, pressure external explosion, &, was dominant. However, as the size
peak$ andthe R, and B pressure peaks were not obvi@ss of the vent was reduced, the outflow through the vent was
a consequence of the magnitude of the maximum presswugetricted, which increased the magnitude @f &d the
peak external explosion became less significantd én some
gances, typically with K= 9, resulted in its pressure peak,

-xt Merging with the pressure peak, Bo produce a single
broad peak (sometimes also merging with)P It was also
evident that itriggered Taylor instabilities.

The series of tests produced peak explosion overpressure
between 70 mbar (K= 1 and no congestion) to Joar (K =

9 and 3.5% VB) with corresponding maximurfftame speeds
in the range35 - 395 m/s at a distance of 7 m from the
ignition point. Flame speeds in excess of 600 m/s wemhe effect ofvent size on empty enclosures with regard to
consistently recordedlose to the vent opening during testsnaximum overpressures was also very interesting. The
with area blockags of 20% or greater combined with amagnitude of the K= 9 maximum overpressure was found
volume blockage greater than 1.5@ne test configuration to be twice that of the corresponding value for 4, four
(Type g, wasonly utilisedfor testswith a vent opening of times that of K = 2 and five times that of K= 1.
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400 -
0% VB, T1
Ka=1

Py + Pext * Pmfa

was decreasedhe pressure at which flame ventiagcurred
increasedand as a consequentae emerging jet velocity
increased and the unburnt gas/air mixture was distributed

— Ka=2 . ' wﬁu farther from the vent openingn addition, the time taken for
ol - ' flame venting increased as the vent area was decreased,
 Ka-

allowing more time for the vented gases to trdagherfrom

the ventopening In these instances, the external flame
propagation did not appear mushroom shaped;abler, was
elongated, with the centre of the external explosion typically
being several metres from the plane of the vent opening. For
this reason, and because the smaller vent opening limits the
size of the pressure wave that can propafatk into the
enclosure, the influence of the external explosion was
observed to be greater with larger vent openings.

200 +

Overpressure (mbar)
o
|

200 400 600 800 \
Time (ms)

The effect of vent size on the pressgeneratedutside the
explosion chamber is shown Fig. 7. This diagram shows

the maximum overpressure recorded, as a consequence of the
external explosion, by the transducers located outside the
explosion chambeiThe results show that decreasing the size
of the vent gives rise to an increase in exteovakpressures.

This increase in pressure is a result of the small vent area
In Fig. 6, the effect 6 vent size on overpressuieshown for causing flammable unburnt gas/air mixture ahead of the
testswhere congestion was present in the enclosure. It canftame front to be vented at far higher velocities than is the
seen that as the vent size was decreased, the magnitude ot&se for largevent areas. This high efflux velocity causes
maximum pressure peak increased. In a similar manner gtgater turbulence within the external flammable gas cloud,
tests without congestion, the lménce of the external Which causes faster burning velocities (and hence flame
explosion, on the pressure generated within the enclosuggeeds) and higher external overpressutesigh of shorter
reduced with decreasing vent size and increasing congestigrration The plot also highliglst the effect of decreasing
with the pressure pedR., merging with the pressure peaksvent size discussed above, with the K 9 tests with

P, and Ry, to produce a single broad pedurthermore,te  congestion registering a greater overpressure at the T7
average rate of pressure rise, (dR(gtjrom the onset of the location than at T6.

maximum pressure peak, ranged from 2.8 bar/s for K, to
17.4 bar/s for K = 9 indicating that there is a direct
correlation between both the rate of pressure rise a

-200 4

Fig. 5. The effect of vent size on over pressur e (no congestion).

2500 -
@ No congestion, T6
No cangestion, T7

maximum overpressure with reducmg vent size. ®— Type (j). 1.26% VB, T6
B - Type (), 1.26% VB, T7
2000 - . Type (b), 3.52% VB, T6
2500 - Type (b), 3.52% VB, T7
Type (j), T1
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 Kp=2 IN\
2000 Kp=a [ \ 1500 -
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1500 — 1000

.4
Maximum overpressure (mbar)
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/ ’N'\\‘ \ A Vent coefficient (Ka)
2/ L X
9 . ' b : ! . .
400 800 1200 Fig. 7. The effect of vent size on external pressure.
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4.2.2 Effect on Flamé&peed

Fig. 6. The effect of vent size on overpressure (type (j)

congestion). ] ) )
) ) In Fig. 8, the effect of vent size on flame spasdhownfor

It was observed that in tests conducted with a larger vent sigg|osions with no congestiorAs the flame speedsia

(i.e. Ka =1), the flame typically emerged from the vent as g@ombination of the rate of combustion and the induced flow

narrow jet and a few metres from the plane of the vegglocity, a change in either alters its magnitude. However, the

opening, the jetting flame front ignited the unburnt gas/ajfyo properties are not independent, as combustion generates

mixture and flame propagated rapidly in a ‘mushroom’ shapgyessure, and pressure generates flow (Schelkin Mechanism).

giving rise to the peak extnal overpressure. As the vent sizerpe ‘induced’ flow, in terms of turbulent vented explosions,
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is typically of the order of 80- 85% of the flame speed correlation between flame speed and vent dizehould be
(Harris & Wickens, 198 and consequently, arshange in noted that the flame speeds are measured along the centreline
outflow velocity will significantly affect the flame speed. Asand that reducing the vent size increases the internal pressure
seen inFig. 8, reducing the vent size resulted in increaseglving rise to greater flow velocitieThis has the effect of
flame speedss the flame approaches the vesuiggesting producing greater distortion of the flame, particularly along
that for explosions without cgestion, there is an indirect the centreline.

choked flow may be estimated in vented natural gas/air
0% VB explosions as the condition occurken the critical pressure
= ol Emgz:z:: ratio, that is the ratio of the absolute pressummediately
o P 0, B 5 IS upstream of th vent openingto the absolute pressure
—— Ka =9, Pryay = 353 mbar immediately downstream of the vent opening is
approximatef 1.89 for the unburnt gas/air mixture and 1.80
for the burnt gases under stoichiometric conditions
Consequently, choked flow conditions cannot occur at
overpressures, within the enclosure, less than 900 mbar.

1000

1 llllllJ

100

1 Illllil

It may be concluded therefore, that redudimg vent size, for

a given level of congestionesults in increased flame spsed

up until the point where the fluid velocity through the vent

opening reaches the local speed of souxfter this point,

reducing the vent opening results ire thame speedbeing

reduced except in the region of the vent openihgaddition,

the reduction in flowvelocity will result in comparatively

lower levels of turbulence in the wake of obstacles and this

; : . : ; will result'in less enhancement of combustion rates and hence
' ' ' ' comparatively low flame speeds.

0 2 4 6 8
Distance From Rear Wall of Explosion Chamber (m)

Flame Speed (mis)
1

1 lllllll

1

1000 4
] Type (1)

Fig. 8. The effect of vent size on flame speed (no congestion). 1 —# Ka=1,Ppay= 157 mbar

. . . i 8 Kp =2, Py = 677 mbar

The effect of varying thevent size wherecongestionis ] + Kn=4, Py = 1058 mbar

present in the enclosuis shown inFig. 9 and Fig.10. In
Fig. 9, the calculatedflame speedtaken from the flame
arrival times for tests with 0.75 % volume blockageshown 100 <
and Fig.10 plots the calculated flame speeds for tests wit ]
1.26% volume blockagdt can be seen ikig. 9 that in the
early stages of the explosions (flame trav@& m), the flame
speeds are significantly faster than those tests where
congestion was present, and thailike the results showin Y/
Fig. 8, reducing the vent size resulted reducedflame 10
speedsHowever, as the flame approached the vent openir] : P

the flame speeds increased idlyp and increased with ] / '

reduced vent sizélhe flame speedwere found todecrease
as the vent sizevas reducedFig. 10); an effect that was most
significant when the volume blockage was greater than 29
with the fastest flame speeds being generated in the K 1 , ’ . . : . , .
tests.Reducing the vent openirfge. increasing confinement) 0 L RearWaII:fExplosion Chamger{m} 8
tended to reduce the speeds of the flowing mixture inside

chamber, exceptn regions clos_e to the openingvhich Fig. 9. The effect of vent size on flame speed (type (1)
reduces the flame speelih certain instances, choked flow ¢ongegion).

conditions occurred. Choked flow occurs in vented

explosions whenthe unburnt gas/air mixture afod burnt

gases pagsg through the vent openingre nitially subsonic

(upstream of the vent openingand the principles of the

conservation of mass require the fluid to increase in velocity

as it flows through the reduced cresstional area of the

vent opening.This increase in velocity will continue untileh

limiting conditions of choked flow are reached. This limiting

condition occurs when the fluid approaches the local speed of

sound (i.e. Mach number 1and consequently the velocity

cannot be increased by increasing the upstream pressure or

reducing the dwnstream pressure. However, the mass flow

rate may be increased by increasing the upstream pressure,

which will increase the density of the fluid across the vent

opening but will not increase its velocityThe onset of

Flame Speed (m/s)
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Distance from Rear Wall of Explosion Chamber (m) Fig. 11. Pressure-time profile for type (j) explosion, K, = 1.

The first pressure pealiccurs approximately 360 ms after
ignition andcorresponds tthe flame passing through th& 1
obstacle array but also may be associated with the failure of
4.3  Effect of Congestion the polythene sheeThis peakoccurs atan overpressuref
Congestion increasehe flame speedand consequently, the a.ppr.o.xmately 14 mbara}nd as this does not represent a
significant pressure gradient across the vent opening, the rate

overpressureas a result of iree mechanisms. Firstly, the . . .
) . . of unburntgas/air outflow is relatively low and the pressure
flame surface area increases due to the distortion of the flame

. ak is not significant. The second pressure peak occurs at
as it flows around the obstacles that form the congest . ;

. . . ; . approximately 560 ms and corresponds to the flame arrival at
region. This lads to an increase inglverallmass burning

rate, thereby increasing the flame spe&kcondly, the the second pipe array (located at 3 m). At this point the flame

unburnt mixture being pushed ahead of the flame wikitere speed was in the order of 50 m/s Wit the downstream
turbulence in the wake of thabstruction.Thirdly, when the obstacle arraym away, the enhanced combustion in the

flame front reaches this turbulent region there is an incre wgke of the second array did not extend the full gap betvv_een_
. glon | . e arrays and the flame speed started to decrease, resulting in
in the rate of heat and mass transfer within the reaction ZOoHe, pressure falling, giving thsecou pressure peak. The
the burning velocity is therefore enhanced and this al?r?fluence of the 5 m and 7 m obstacle arrays are e\./ident as
increases the flame speesetting up the positive feGdbaCkchanges in the gradient of the presdimee curve, indicating
process This results in the faster production of combustio%1at the flame speed is increasifde third pre,ssure peak
products, which fu_rther enhances the fI0\_/v_ and init_iates |§' corresponds to the onset of burnt gas ventira tame of ’
stages of the explosion process when the flame front t|0 the external explospn, Wh'Ch oceurs when the previously
) . M \nted unburned gas/air mixture is ignited by the flame front
moving relatively slowly and few turbulence generatquh n it exits the vent openin
obstacles have been encountered. By contrast, the second P 9
mechanism will be more significant when the flame speed As pressurdime profile for an explosion involving a tyfda)
already high as the higher flow speeds cause increased lewastacle configuration with a vent size of K 1is shown in
of turbulence to be cated in the wake of obstacles. Fig. 12. This configurationconsisted of eight arrays, each
Therefore turbulence will be more significant later in theontaining ten pipeand was the most congested-gpetthat

explosion process when the flame will have progresseths used in the experimental programme. It was only used on

Fig. 10. The effect of vent size on flame speed (type (j)
congestion).

farther along thenclosure the largest vent size in order to prevent damage to the
explosion chambeiThe first array wasocated1l m from the
4.3.1 Effect of Volume Blockage rear of the enclosure and the pitch between arrays was set at 1

m. The time at which the flame front arrived at the first seven
A pressurdime profile for an explosioinvolving a type(j)  of the eight obstacle arrays jdotted on the graph so the
obstacle configuration with a vent size of K 1is shown in effects of congestion on overpressure can be obsdtueds
Fig. 11 This configuration consisted of four arrays, eachot possible to plot the flame arrival at the final array as the
containing five pipes. The firsirray waslocated1l m from ionisation probériggered early, possibly due to the high flow
the rear of the enclosure and the pitch between arrays wassggteds The flame speed in the region of the vent opening
at 2 m.The times at which the flame front arrived at thdiowever, was in excess of 600 mEhe effect of the %
obstacle arrays have been plotted on the graph so that dfstale array is not immediately obvious on the pressure
effects of obstacles on aygessure may be obsed; three time profile but it is important as it has established flow
distinct pressure peaks are evident. within the chamber.
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Fig. 12. Pressure-time profile for type (a) explosion, K, = 1.

The R, pressure peak has a magnitude of 18 mbar an
occurred at approximately 355 ms, a similar time to that

Fig. 13. Pressure-time profile for type (c) explosion, K, = 4.

J?"ue effect of volume blockage on internal explosion

the type(j) test shown irFig. 11. However the pressure peak ovemressuress shown inFig. 14 andFig. 15. It can be seen

is not obvious on the pressdime graph due to the
magnitude of the maximum pressure pdakan be seein

Fig. 12 that the influence of the onset of burnt gas venting B

that, in general terms, with the vent size remaining constant,
the observed maximum overpressures increased as the

lume blockage was increakand the maximum pressure

significantly less than that of a tyi§ explosion, which has peak occurred earlier in the explosion. This is to be expected

less congestion. This observation was consistent throughggt &P ! _ _
gincreasing level of congestion resulted in ahkig flame

the experirental programmeThe flame arrival at the secon

and then subsequent arrays is seen as an increase in gradidfgdfor & given vent siz¢seeFig. 16). 10 _
seffect of decrasing the vent siz¢nigher vent coefficient) is

on the pressuréme curve indicating that the flame front i

accelerating and interacting with obstacles immediate&

explosion overpressures increase with flame speed and an
In addition, the

increase the overpressure because it reduces the venting

downstream to cause furthemrbulence, thereby setting up a ate.

positive feedback mechanism.

A pressurdime profile for an explosion involving a tyge)
obstacle configuration with eent size of i§ = 4 is shown in
Fig. 13. This configuration consisted of eight arrays, eag
containing five pipes. The first array whscatedl m from
the rear of the enclosure and the pitch between arrays was|
at 1 m. However, the arrays were offset (B&e 2) such that
the horizontal distance between each individual pipe was|
m. The maximum overpressure generated in this explosi
was 2.15bar, considerably more than that generated

explosions with more congestion but with larger ver]
openingsClearly, the generation of pressure is a combinatio
of flame acceleration due to congestion and the degree
confinement and it may be concludethat both congestion
and confinement (i.e. lessadvertentventing) will tend to

increase the observed overpressures in accidental explosi
in buildings Interestingly, with this type of configuration and
vent size, the external explosion is of lesfugnce, for the

1000 =

m™
0% VB, 0% AB
— 0.57% VB, 12% AB
0.94% VB, 20% AB
— 1.26% VB, 20% AB
1.76% VB, 28% AB
— 2.51% VB, 40% AB

800

600 -

400

200

Overpressure (mbar)

-200 -

-400 -

reasons described in sectign2.1 There is a noticeable

pressure differential from the rear of the chamber to the venty. 14. The effect of volume blockage on overpressure, K = 1.

opening in tests involving the larger vent siaghjch is not
apparent with tests of vent size K=9.
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. Fig. 15. The effect of volume blockage on maximum

T4 overpressure.
—a— Kp=1 . . . .
a— K::z For any given congestion level, reducing the vent size always
Ka=4 resulted in an increased pressure. There was therefore no
s | A point in this study where the increased flow and turbulence
T 7 structural damage from the larger vent actually compensated for the effects of

reducing the anfinement. The noticeable reduction in
overpressurebservable inFig. 15 occurswith the type(i)
and type (h) congestion configuratian The type if
configurationhas three arrays and a 3.0 m pitid the type
(h) configuration has a reduced area blockdigis therefore
apparent that the area blockage aitdh play an important
role in the development of fast flames and overpressure.

2000

Maximum Overpressure (mbar)

1000 4
Interestingly, increasing the level of congestion affects the
influence of the vent size on overpressure. In sedtidr, it
was observed that reducing the vent size, for experiments
with no congestion, gave rise to overpressures for K that

0 1 2 3 a 5 6 were twice that of the corresponding value far=4, four
Mol Blaciaer T4 times that of K = 2 and five times that of K= 1.
Table 3 shows the comparison with experiments involving
congestion.

Table 3. Effects of congestion and vent size on over pressure.

Max Pressure (bar) Maximum Pressure Ratio
';'rfste Vent Coefficient (K) K, = 9) (KA 9) (KA _ ) (KA _ 4) (KA 4) (KA _ )
1 ) 4 9 Ki=4/\K,=2) \Ky =1/ \K, =2/ \K; =1/ \K, =1
0% VB 0.07 0.09 0.18 0.35 1.9 3.9 5.0 2.0 2.6 1.3
m 0.16 0.67 - - - - - 4.2
| 0.16 0.68 137 1.6 1.2 2.4 10.0 2.0 8.6 4.3
k 0.15 2.01 - - 13.4 - - -
i 025 108 14 2.26 1.6 2.1 9.0 1.3 5.6 4.3
h 0.34 1.04 2.1 - 2.0 6.2 - - 3.1
e 0.42 1.28 - - - - - 3.0
c 0.72 194 215 3 1.4 15 4.2 11 3.0 2.7
d 09 198 292 - - - 15 3.2 2.2
b 143 2.27 3.7 - 1.6 2.6 - - 1.6

It can be seen that for all tests, excluding¥1, the addion Fig. 16, where the effect of vent size onmaximum

of congestion reduces the influenoé the vent size when overpressure is plottedn Fig. 15 and Fig. 16, a line is
compared to experiments without congestion. Howeveplotted to indicate the pressure threshold for structural
when comparing tests involving,k= 1, the opposite is found damage. It can be seen that tests without congegtiar> 4)

to occur for the lower levels of congestiprwith the and tests involving congestion below the levels typically
magnitude of ovaressure for a typék) test with a vent size found in buildings developed overpressures greater than that
of Ka = 9, over thirteen times greater than twamparative for structural damag®r a typical building This may suggest
test with Ky = 1, indicating thatthe level of congestion is that most buildigs involved in gas explosions would suffer
insufficient to compensate for the reduction in confinemensignificant damage. Howevén practice, this is not the case,
This is not surprising as the pressure developed within as the flammable gas/air mixture is often ignited at-non
enclosure durin@ ventedexplosionis a balance between thestdachiometric conditions (e.g. a peament source of ignition
rate at which expanding combustion products are producéghitedthe mixture as soorsat becamdlammable) such that
and the rate of outflow through the vent openingower flame speeds are developed, allowing more time for
Consequently, any restriction in outflafwough a reduction openings to vent ancbnstrainthe overpressure developed.

in vent size willresult in higher ouwpresures within the

enclosure the effect of which will be enhanced if the

congestion is increasedhis effect is further highlightechi
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Fig. 16. The effect of vent size on maximum over pressure.

The effect of volume blockage on flame spégdhown in
Fig. 17 for explosion tests where the pitch was set at 2. m
can be seen that the flame speed rises as thmedlockage
within theenclosurds increased, irrespective of vent size.
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Fig. 17. Flame speed v blockage ratio.
4.3.2 Effect ofArea Blockage an®itch

The effects of the obstacle array separation distance (pit
has received little systematic study in the litera{i¥a’inna,

Phylaktou, & Andrews2014). In turbulent explosions, the
maximum burning rate, and therefore the highest rate

pressure generation for a given vent size, will occur at thg,

is propagating towards a series of oblgaarrays,the
maximum flame speed, and hence overpressmight be
generatedif the arrays were separatedby the ‘critical
distance; that is, each successive array is located just
downstream of the position of maximum turbulence intensity
so that it eceives theflame front at its pealspeed, and
thereby, it generates the maximum possible turbulence
intensity downstreamso that the peak flame speed is
received by the next obstacland so onlf the pitch of a
series of arrays is too large or too snidgn the downstream
array would not be affected by tpeakturbulence generated
from the upstream arrayesulting in an explosion of lesser
severity

During this experimental programme, a nwmnb of
experiments were undertaken where the pitch and/or the area
blockage was altered. However, no experiments were
undertaken where the volume blockage and area blockage
were constant and the pitch was altered. However, as some of
the results were inteséing, a brief description is detailed in
this section.

A few experiments were undertaken where the area blockage
and vent size wereonstant and the volume blockage was
altered by varying theeparatiordistancebetween arraydn

Fig. 18, the effect of pitch on overpressuseshownfor tests
where the area blockage was 20%, the vent size was K
land the pitch was varied between 1.0, 2.0 and 31ym
altering the volume blockage. It can be seen tiratgreatest
overpressures, and fastest flame speeddeing generated

by the arrays witha pitch of 1.0 m and the lowest
overpressure is being generated where the pitch of the arrays
is 3.0 m.This may simply be because the rig represents that
with the largest volume blockage Hutther largescale study

is recommended

800
20% AB, Kp =1, T1

0.94% VB, Pitch=3.0m »
1.26% VB, Pitch=2.0m

2.51% VB, Pitch=1.0m

700
600 —
500 —

400 - PEX(

| P
300 b

200

100 M
' ;,Zf
- - |

0 T T T T
1 200 400 600
100 Time (ms) l |

WLy
&I ]

Overpressure (mbar)

1000

-200

-300 —

)
Fig. 18. The effect of pitch on overpressure.

A small number of experiments were undertaken where the
Pblume blockage and vent size were constant andattea
ckage and the separationdistance between arrays was

position of maximum turbulence intensity. It has been shoWdered The effect of area blockage apiich on overpressure

(Baines & Peterson, 195Na’'inna et al., 201y that the
turbulence intensity increas downstreanof an obstacle
array untilit reaches a maximum value some distance after
and it then begins to decay at approximatelysteady rate
over a relatively long distanc€onsequentlyif a flame front

12

is shown inFig. 19 for tests where theolumeblockage was
2.51%, the vent size was K= 1 and the pitch was varied
Between 1.0 an®.0 m It can be seen that the greatest
overpressures and fastest flame speeds are generated when



the ara blockagewas greatest. Further largeale studies NOMENCLATURE

into the effect of area blockage is recommended.

251% VB, Kp=1,T1
— Type (c): Ka=1

— Type (d): Ka=1
800 —

400 —

Overpressure (mbar)

Time (ms)

Fig. 19. The effect of area blockage and pitch on over pressure.

5 CONCLUSIONS

The series of tests produced peak explosigerpressures of

between 70 mbar (K= 1 and no congestion) to 3.7 ban (K

9 and 3.52% VB) with corresponding maximum flame spee

in the range 35 395 m/s at a distance of 7 m from the

A
Acs
Ay

AB

Ka
L/D
Py

Pext

Pm ax

mea

P,
type (a)

Boe (b)

ignition point. Flame speeds in excess of 600 m/s were
consistentlyrecorded close to the vent opening during tests

with area blockages of 20% or greater combined with a
volume blockage greater than 1.5%. One test configuratitype (c)
(Type (a)), was only utilised for tests with a vent opening of
Ka = 1, as the overpressures ginted for tests involving a
vent opening of K =2, 4 or 9, based on earlier experiments,

exceeded the design strength of the explosion chamber.

The results of thee largescale experiments show thiaigh

type (d)

and damaging overpressures can be generated ewen f
explosions in empty (no internal congestion) enclosures if the

vent opening is such that it prevents sufficient outflgive

presence of congestiomas found tosignificantly increase
the overpressures generated, often by more than an order of
magnituek. The tests demonstrated that is was possible to
generateoverpressures capable of causing structural damage

in empty chambers if the vent openings do not allowype (f)
sufficient outflow. Furthermorewith volume blockages of as
little as 0.57% overpressures gater than 200 mbar were

generated in all tests wherg, K1. They alsoconfirmedthat

type (e)

reducing the vent size always increased the overpressure
regardless of the degree of congestidhe significance of
theseresultsis that they confirm that theize and failure
pressure of potential vent openingsnd the degree of
congestion within a buildingare key factors in whether or
not a building will sustain structural damage following a gas
explosion. Given that the average volume blockage in a room

in a WK dwelling is in the order of 17%, it is clear thattype (h)
without the use of large windows of low failure pressure,
buildings will continue to be susceptible to significant

structural damage during an accidental gas explosion.
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type (9)

thze area of the frdrface of theexplosionchambey
m

the cross sectional area of the explosion chamber,
2
m

the area of the vent opening® m

percentage of the crosectional area of the
explosion chamber occupied by the pipes in a
singleidealised piparray, %

(Ka =AJA,),
length to diameter ratio,

overpressure peak at which the onset of burnt gas
venting occurs, mbar

overpressure peak at which the external explosion
occurs, mbar

maximum overpressure, mbar

overpressure peak at thiene of maximum flame
area, mbar

overpressure peak at the time the vent opens, mbar

idealised congested region comprising eight arrays
of 10 x 180 mm pipes, positioned with a 1 m pitch,

giving an area blockage of 40% and a volume
blockage of 02%

idealised congested region comprising eight arrays
of 7 x 180 mm pipes, positioned with a 1 m pitch,

giving an area blockage of 28% and a volume
blockage of 3.52%

idealised congested region comprising eight arrays
of 5 x 180 mm pipegpositioned with a 1 m pitch,
giving an area blockage of 20% and a volume
blockage of 2.51%

idealised congested region comprising four arrays
of 10 x 180 mm pipes, positioned with a 2 m pitch,
giving an area blockage of 40% and a volume
blockage 62.51%

idealised congested region comprising four arrays
of 7 x 180 mm pipes, positioned with a 2 m pitch,
giving an area blockage of 28% and a volume
blockage of 1.76%

idealised congested region comprising four arrays
of 7 x 180 mm pips, positioned in the1half of

the explosion chamber, with a 1 m pitch, giving an
area blockage of 28% and a volume blockage of
1.76%

idealised congested region comprising four arrays
of 7 x 180 mm pipes, positioned in th& Balf of

the explo®n chamber, with a 1 m pitch, giving an
area blockage of 28% and a volume blockage of
1.76%

idealised congested region comprising eight arrays
of 3 x 180 mm pipes, positioned with a 1 m pitch,

giving an area blockage of 12% and a volume
blockageof 1.51%
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