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ABSTRACT

Explosion venting technology is widely accepted as the effective constructional
protection measures against gas and dust explosions. The key problem in venting is
the appropriate design of the vent area necessary for an effective release of the
material i.e. the pressure developed during explosion did not cause any damage to the
plant protected. Current gas explosion vent design standards in the USA (NFPAGS,
2002) and European (2007) rely on the vent correlation first published by Bartknecht
in 1993 (Siwek, 1996). NFPA 68 also recommends the correlation of Swift (Swift,
1983) at low overpressures. For a vent to give no increase in overpressure other than
that due to the pressure difference created by the mass flow of unburnt gases through
the vent, the vent mass flow rate is assumed to be equal to the maximum mass
burning rate of the flame and this consideration should be used as the design mass
flow through the vent. Two different methods ( Method 1 and Method 2) have been

proposed based on the S, and S, (E-1) to describe the maximum mass burning rate

glven as,
mb = Arsllpu = Cd&qp(zpuprpd )D'5 (])
mb = A-TSE p“ = AiSu (E - l)pu = Cd mv (2pn Prea' )0.5 (2)

The equation given in (2) is slightly different from (1) as is about 6.5 times the mass

flow of the first method as it takes the effect of (E-1) where E is the expansion ratio.

A critical review were carried out for the applicability, validity and limitation on the
venting correlations adopted in NFPA 68 and European Standard with 470 literature
experimental data, covering a wide range of values for vessel volume and geometries,
bursting vent pressure, P, L/D ratio, maximum reduced pressure, Prd and ignition
location. The fuels involved are methane, propane, hydrogen, town gas, ethylene,
acetone/air mixtures with the most hazardous near-stoichiometric fuel-air
concentration. Besides, Molkov’s equation (Molkov, 2001) which is regarded as
alternative venting design offered in NFPA 68 and Bradley and Mitcheson’s equation

for safe venting design were also analysed on the experimental data for their validity

and limitation as well as the proposed methods.
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From the results, it is clear that Bartknecht’s equation gave a satisfactory result with
experimental data for K <~5 and Swift’s equation (Swift, 1983) can be extended to
wider range for Prq > 200 mbar, providing the parameter P, is added into the equation.
Method 2 gave a good agreement to most of the experimental data as it followed
assumptions applied for correlations given by Bradley and Mitcheson for safe venting
design (Bradley and Mitcheson, 1978a, Bradley and Mitcheson, 1978b).It 1s also
proven that the vent coefficient, K is confident to be used in quantifying the vessel’s
geometry for cubic vessel and the use of As/Av term is more favourable for non-cubic

vessels.

To justify the validity and applicability of the proposed methods, series of simply
vented experiments were carried out, involving two different cylindrical volumes i.e.
0.2 and 0.0065 m’. It is found that self acceleration plays important role in bigger

vessel in determining the final Py inside the vessel. Method 2 gave closer prediction

on Pp in respect with other studied correlations.

The investigation of vented gas explosion is explored further with the relief pipe been
connected to the vessel at different fuel/air equivalence ratios, ignition position and P.
The results demonstrate that the magnitude of Py, was increased corresponding to the
increase of P,. From the experiments, it is found that peak pressure with strong
acoustic behaviour is observed related to increase in Py and in some cases, significant
detonation spike was also observed, particularly in high burning velocity mixtures. It
is found that substantial amount of unburnt gases left inside the vessel after the vent
burst is the leading factor in increase of Pmyx for high buming velocity mixtures at
centrally ignited. The associate gas velocities ahead of the flame create high unburnt
gas flows conditions at entry to the vent and this give rise to high back pressures

which lead to the severity in final P,,.« inside the vessel.

It was observed that end ignition leads to a higher explosion severity than central
ignition in most cases, implying that central ignition is not a worst-case scenario In

gas vented explosions as reported previously



1!

CONTENTS

Abstract }
Contents 1i
List of figures vii
List of tables Jgii
Nomenclature X111
Acknowledgements XV
Publications by author XVi

CHAPTER 1 - VENTED GAS EXPLOSION -THE RESEARCH

LLO INErOQUCLION .eovuuriivicverrreeieieniissesteessessesseeseesssne sosasanstassseerasessassasassessnsssnbesssensnss ]
1.1 Venting gas EXPIOSIONS v.iveieersieessissreessaessessssnsesseessnssanssesssssssssensassssassssanssssnsnnes 2
1.1.1 GENETA] OVEIVIEW ..vvvivrnrneriiecsvnreersssnccssessaseressessrsnssssmsanssssssssnsssnrsssssnsssses 2
1.2 Overview of the project StUAIES e iiverererssrerenserssmsessssssssassserssnsrissssssesssnsssssesnes .8
1.2.1 Simply venting gas eXplOSIONS .....cveevererivecrenrneiessnnmenisinieniiessssee e, 0
1.2.1.1  Self-acceleration of spherical flames ....coovvircmsimmmsimnnsisreninnn., 12
1.2.1.2  Implication of the objectives to the present study.....ceoreeereens Cereeererranesaes 14
1.2.2  Vented gas explosion with relief pipe attached. ....c.vevercerersesmnicrecsnsinennes 14
1.2.2.1 The influence of duct pipe diameter.....ccccccrvrevernrrrrcessrcrsmsenssrsassressesnne 17
1.2.2.2 Implication of the objectives to the present study.....ccvesviveesiessnsseissisans, 17

CHAPTER 2-EXPERIMENTAL SET-UP AND MEASUREMENT TECNIQUES

2.1 TSt faCIlity.iiiririiirniniiierrenennnniesneniesssssessrernsseenmnserseressessessessssessessasssensenns 19
2.2 Apparatus design CONSIAEIations ......ecvevceurrererceresssssrssessesrsssonsasrsnsssarssscesssrsans 19
2.2.1 Bt VESSCIS 1vrurvrerneerersrreeerssanesssssnseeressraressssosaraseessssnnsasesssssossssenensesssessssans 21
2,22 DUMP VESSEL.iuveiirrieirineeisiressessorsissessrsseesssnnsessnessssnsssnnase v rseinaeee e 23
2.3 CONSLIUCHION HELAIIS ....eeivivirieririeesiseessereeresresersessssessressserssseseesessssssassssesansnssnnes 23
2.3.1 Test vessels ... o eeraahe ey aneretn e eeseeenanenentetarattens Caeeerestotnererirenrsessanraesaes 23
2,32 DUIMP VESSCLutiirerivrieirnirriiierernsrsseresssssosesssssossessterstesssessnssessesssrssessssnsesssenns 29

2.4 VNl COVET SCIECIION. o ueriererereeseersesenrersrsnnesseessessestosssssesssnsesesssnemmses e emnssesensesess 33



1V

2.5  Instrumentation and data COllECHION.....ciiiiinmrererininertrie e, 34
2.5.1 Instrumentation teChNIQUES.......coviviiiiinmimie e, 34
2.5.1.1 Explosion pressure hiStOry.....meriimnniinimeniimesmiiimiimsnmns 35
2.5.1.2  Measurement of flame POSIIONS...ceeicververriesrsmssssionsnnniiniensenieetins 335
2.5.1.3 T hermOCOUPIES. cccuurrerecrsiernerirreeirerecsresiessensssssreessstsanssmnasessnsansessreanees e 36
2.5.1.4 Flame speed calculation ......ccccoviniininninniniie e, 37
2.5.2 Data aCQUISITION vvuverrrvuminnnerrireieriieressisninmnissmmmisasarorssesessomsenssssissssinnicssses 39
2.6  Identification hazards and safety measures.......couiesninerinniimmiio, 39
2.6.1 VesSel faillre ...oevieveiiiiiieeiie e e s e s st e s s 40
2.6.2  Transmission of the explosion to auxiliary equipment ........cceeveesiinncirianes 40
2.6.3  Release of combustible gas into the Test room ..ovvviicniicinnininiinnnnnin, 41
2.7  Operating PrOCEAUIES covevvererirerertrermiriremerstsreseessosssrsssstarsessesstressantornsnssressasssseres 41
2.7.1 Fuel entrainment .....oceeeeeeininneennnnsceeens reereesssnsrsesesebnareresteteeaaaatateserassaraaees 41
2.7.2 IENILION PrOCEAUIE .ivevvriviertreriiiniermisecrsisarerseeteisssarenssaessasissssssessonssssesanssssss 42
273 VeESSEl PUIZING veveriiirnnisssninneimmreimmersisiiimeissmniissmiasesmsssessnisies oo 42
2.8 ANCIlary eQUIPIMENLE veeevvvvrereeenersnnveremnesrmmommisinessesmnessisisisnsinirsssrassssssssssneses 42
2.8.1  Isolation valves and pipe WOTKS....covesersrcsnsnssinsmsssnnsssennsinmnsensesiseiiens 43
2.8.2 Mixture pressure MONItOring SYSLEIM v ueeicirsrrerersessssanressssnsarensersanstessnsssns 43
2.8.3  Vacuum gate VAlVE...cccrrerrerrnineieneressniiisssisesnsmmsinmssmeninsioseseosessnseis 47
2.84  Evacuation SYStemMl.....ccciiiinionrmsisisimmennsesmmismismiemsmissssesses 47
2.8.4.1  Vacuum pump A ....cciimmiminsineiimienienmnmisnesiianesssssaisines 47
2.84.2  Vacuum pump B ..ot s s 47
2.8.5 NIt SYSIEIM . iierereeerrererrerrnnmiverssrrsesareaesssssssssssiosssssassorrarnrsassesrasssssnsassses 48
2.8.6  NIIrogen purging SYSLEIMN ueeeeivveersreercresseressosserssrrasnsesessserssssrssnsassssnsnnresssss 43

CHAPTER 3-VENTED GAS EXPLOSIONS: THEORY AND CRITICAL REVIEW

3.0 INtrOQUCTION tieveisiererereessssserseersessssseressreossrsssssreressssantassssssnsssessaasesessnnessssessersanas S0
3.1  Parameterinvolved in empirical €QUAtIONS. «vueirerrierereeisesineenmiinisarseeeen, 351
3.2 VentiNg MECRANISIN. tiverreuereerereessenrsesrsrsessssssssssssssssarsrasassssssssstssssssssasasssessaranens: 53
3.3 VNN LNEOIY vuuiveririreesrsieeereessrssesssnnnessossrssssessessersssssassarsssensasssesssssssessosssssssnnes 58
3.4  Comparison of Bartknecht and Swift correlations as been adopted in NFPA 68
using derived methods On the SAME DASIS. vecvieiriersrverseseorsrisseseeenseessersrassessssesssssssassaranes 71
3.5  Review of the published experimental data. .......cccevverieirerneinnnnnenieseesneeeen 74



3.5.1 Comparison of Bartknecht and Swift’s correlations with published

experimental data. ..o s e 76
3.5.2  The influence of turbulent enhancement factor, P....coivienieninniciiiiiieniine. 80
3.5.3  The influence of the vessel’s EEOMEIry....ccoivvverivimisnicnineniecninii, 835
3.54  Comparison between K and A¢/A, term for vessel's geometries ............... 90
3.9.5 Evidence for an additional influence of vessel volume on Preg covvevrvienninen. 03
3.6  Concluding remarksS...uiueeeicieierereriiinrimmserrsiemasisisianiisissimoanniims i 06

CHAPTER 4-SIMPLY VENTED GAS EXPLOSION: THE PRACTICAL

4.0  INITOQUCHION c.vevevreerrierssrisserissssresssrsssesionsnrnssssssnssssnsnsssssssssssisasssssssssassansassssanans 08
4.1  General features of experimental testS. vuiiiiiiecninimimieim. 99
4,2  General explosion development ......ciiineireiieinriimmenmniimmision., 102
42,1  Results and discussions on Test VeSSel 1 .cvevvvrinnnvnnaniennnniiacnniin, 104
4.2.1.1 Maximum pressure, Py as a function of equivalence ratio ..., 104
4.2.1.2  Flame SPEEAS..ceersererseeserersreseriosnessonorunsassaasessesssassssessasissesssnssssnsnnss 108
4.2.2  Results and discussion on Test vessel 2...ccvveerriininninccinnuniiini, 116
4.2.2.1 Maximum pressure, Prax cccovvveinniiieinnininimii . 116
4.2.2.2  Flame Speeds...ccuuiimiineiimminmin o 119

4.3  Deflagration to detonation in test vessel e eraerasreera st s s sastastasbaReRR LRI ReS 122
4.4  Influence of vent coefficient, K, volume and burst vent pressure, Py on Prax .. 126
4.5 Comparison between theory and experimental data.....cceerinnacicnsssnsessanenne, 134
4.6  Concluding remMarks...ooereersimurumiissminsiiresmresinissiminerenmesismmissmmseisi 138

CHAPTER 5-VENTED DUCT GAS EXPLOSIONS

5.0
5.1

J3.1.1
5.1.2

5.1.3
J.1.4

5.1.5

I O QU CTION 1evurvrreeriernseeeessrenssoronsssessesronssssssnsnsnssssanssessessssssrassessstesssesssnasnassnns 140
Phenomenology of vessel vented through the duct.......cccvvvivievnniniiciinnnninnie, 143
Effect of the relief duct fitted to the test VESSE] cvvvvreirirverrecrervessensasacsniian 145

The influence of static bursting pressure, Py on maximum pressure, Ppax 149
The influence of ignition POSItION ... iiivieeiiimnniseniiiserserssnanne 153

The acceleration of flame towards the vent duct and associated vent velocities



vl

5.2 The influence of equivalence ratio ON Prygx.eeeeeecererivesresseeremressarsssnissssresesisssesnns 179
5.3 Comparison with other experimental data .......cccecoverereenmmnnvmieniininnnieins, 183
0.4 ConClUding IEMATKS cuvvevvvivericiineinsssessesseerssssssessrsnsssnsmsssssssssssssssssansnassesanenns 185

CHAPTER 6- VENTED DUCT GAS EXPLOSIONS WITH BIGGER DIAMETER
PIPE ATTACHED

6.0  INrOAUCHON.....cvcveeicrirerririintenerenis e sseserebessersanebssssssasssssssssssasesenasasansesansnes 187
0.1  Effect of duct diameter ON Prax.eccrneeirecssessesreesesseessssesssessaresssssssansssosressressssss 189
6.2 Flame Speeds analysis........cccveivvueeveesreesisessssenssssssssssosssssosssssssossansssosssssens 203
6.3 Pressure loss and unburnt gas VEIOCILY ......occcremimmseminmeinmsmirsiinnsuieinsenians 207
0.4  ConClUdIng IEMATKS ...ovveirririvencinnisieracrsresssnsserssesssssessssssesmsseterssasssasssnssssarsenss 212

CHAPTER 7- CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORKS

7.0 Summary of Major fINAINZS ....vuvveererrrieresrensenessssssrsmssssmsrsmsrsrsrorisesnssssrsesssnens 214
1.1, General effects of venting €XplOSIONS......coeverersuerersmrnrisrssmsssersisisessssnessansesens 214
7.1.1 Comparison of theory and experimental results ......coermereserssnsrcacsisenanens 215
7.1.2 Duct vented gas eXPIOSION ....ucererverreressnrreermiesssesessmsesmsssssssssssssaseessssessssens 216
7.2 Recommendation for the fUtlre WOrK ........ccueerersernesissrisssssssmssssssrsssassssnseresnsees 218
REFERENCES..... .ottt rne st crenteren st sssinseres e sensans sens 221



LIST OF FIGURES

Figure 1.1 Example of commercial vent covers and its application
Figure 2.1 Schematic picture of test facility and control room
Figure 2.2 Schematic drawing for Test vessel 1 and 2

Figure 2.3 Scaled drawing of Test vessel 3 with pipe attached
Figure 2.3a Scaled drawing of pipe section for Test vessel 3
Figure 2.3b Scaled drawing of pipe section for Test vessel 3
Figure 2.4 Dump vessel schematic designs

Figure 2.5Vent covers used in the tests. From top left: Melinex membrane,

aluminium foil. From bottom left: 100g A4 paper and magazine paper

Figure 2.6 Typical thermocouple traces indicating the change in voltage
output due to flame arrival

Figure 2.7 Exposed junction, mineral insulated type-K thermocouples inside
the rig.

Figure 2.8 Flow diagram illustrating safety and operational procedure

Figure 2.9 Example of operating procedure for carrying explosion tests

Figure 3.1 Pressure behaviour versus time for a closed and vented explosions

Figure 3.2 The pressure-time variation in a vented explosion. Graph
reproduced from Cooper et al (Cooper, Fairweather and Tite, 1986)

Figure 3.3 Bartknecht data for propane-air at different volumes at E = 10J,
Py = 100 mbars (Bartknecht, 1993). * is for methane-air at 30m’
on 1/K. Reproduced from Andrews (Andrews, 2004)

Figure 3.4 Methane/air experimental data as a function of K

Figure 3.5 Propane/air experimental data as a function of K

Figure 3.6 Hydrogen/air experimental data as a function of K .

Figure 3.7 Town’s gas experimental data as a function of K

Figure 3.8 Methane/air at various geometries without p

Figure 3.9 Propane-air in various geometries without B

Figure 3.10 Methane/air with turbulent factor, f

Figure 3.11 Town gas/air with turbulent factor, p

Figure 3.12 Propane/air with turbulent factor, p

Figure 3.13 Influence of vessel's shape on methane/air explosion o Sphere and

12
20
26
27
28

29
32

34

36

37

46
53

57

60
71
78
78
79
81
81

84
84

84

vil



0 cubic
Figure 3.14 The influence of rectangular vessels on P4 for propane/air
0 rectangular
Figure 3.15 The influence of various geometries on P.q for town gas/air
O rectangular, 0 cubic, o sphere
Figure 3.16 The influence of the vessel’s shape on Prg. A cylinder o sphere
Figure 3.17 Methane/air for P,.4 as a function of K
Figure 3.18 P4 of methane/air at various geometries as a function of AJ/A,
Figure 3.19 Kg as a function of vessel size for propane/air (4%) measured
at an initial pressure of 1 atm (Chippett, 1984)
Figure 3.20 Effect of P,.q on vessel volume at constant K
Figure 4.1 Typical pressure-time histories for centre and end ignition
in Test vessel 1
Figure 4.2 Typical pressure-time histories and flame position in Test vessel 2
Figure 4.3 Methane/air at different equivalence ratio, ©
Figure 4.4 Propane/air at different equivalence ratio, @
Figure 4.5 Ethylene/air at different equivalence ratio, ®
Figure 4.6 Maximum rate of pressure rise, dP/dt (max) at various equivalence
ratios for propane/air (above) and ethylene/air (below)
Figure 4.7 Hydrogen/air at different equivalence ratio, ®
Figure 4.8 Flame speeds of methane/air at end and central ignition as
a function of equivalence ratio
Figure 4.9 Flame speed as a function of flame distance from the spark for open
venting
Figure 4.10 Flame speeds of propane/air at end and central ignition as
a function of equivalence ratio
Figure 4.11 Time of flame arrival at maximum pressure, when leaving
the vessel and at the corner region as a function of propane/air
equivalence ratio
Figure 4,12 Diagram on the flame movement at end ignition and the
unburnt gases left inside the vessel
Figure 4.13 Flame speeds of ethylene/air at end and central ignition as

a function of equivalence ratio

Vil

87

89

89

90

91
92

94
05

103
103
105

106
106

107
107

109

110

112

113

113

114



Figure 4.14 Flame speeds of hydrogen/air at end and central ignition as
a function of equivalence ratio
Figure 4.15 Time of flame arrival at maximum pressure, when leaving
the vessel and at the corner region as a function of equivalence ratio
Figure 4.16 Pressure-time history for different fuels at ® = 1.0
Figure 4.17 Pressure time history for maximum pressure inside the vessel (Py)
and pressure inside the dump vessel (Pg) at stoichiometric hydrogen/air
Figure 4.18 Maximum pressure Pma for different fuel/air mixtures as

a function of equivalence ratio

Figure 4.19 Flame speeds for the studied gas/air as a function of equivalence ratio.

Lewis no, Le and Markstein no, Ma taken from this sources
(Clark and Smoot, 1985, Searby and Quinard, 1990, Tseng,
Ismail and Faeth, 1993)
Figure 4.20 Maximum pressures with and without spike traces in hydrogen/air
explosion in Test vessel 2
Figure 4.21 Hydrogen/air explosion at @ = 0.54 (16 % concentration) for

Test vessel 1 at end and centre ignition
Figure 4.22 Ethylene/air explosion at @ = 1.0 (6.5 % concentration) for

Test vessel 1 at end and centre ignition

Figure 4.23 Methane/air at different K for @ = 1.05

Figure 4.24 The influence of K on Pmax and predicted flame area, As for
methane/air mixture

Figure 4.25 Hydrogen/air at stoichiometric concentration for different K

Figure 4.26 Influence of P, on Pyax for Test vessel 2

Figure 5.1 Pressure-time histories for simply vented and duct vented
explosion for methane/air at @ = 1.06 for end ignition (initially open
venting). dP/dt traces were given for both cases

Figure 5.2 Pressure records at selected positions along the test vessel for
methane/air at @ = 1.06 for end ignition. AP;.3is the pressure difference
at the vent entrance, AP;.sis pressure difference inside the pipe and APs.¢
is the duct exit pressure loss. T, and Toy indicate the time flame enters
and leaves the duct respectively

Figure 5.3 Pnmax v Py on stoichiometric propane/air and methane/air for 1 m

length duct

115

116

117

118

121

123

124

124
127

128
129
133

146

149

150

1X



Figure 5.4 Pyax v Py for ethylene/air at @ = 0.8 and hydrogen/air at ® = 0.54 152

Figure 5.4 Methane/air at Py = 178 mbar 155
Figure 5.5 Propane/air at P, = 178 mbar 156
Figure 5.6 Hydrogen/air at P, = 178 mbar 156
Figure 5.7 Ethylene/air at Py = 424 mbar 156

Figure 5.8 Reproduced from Cooper et al(Cooper, M.G, Fairweather, M and

Tite, J.P, 1986). Flame propagation mechanism at the various phases

of a vented explosion 162
Figure 5.9 Flame speed a function of the flame distance from the spark for

P, = 0 for methane/air and propane/air. @ = 1.0 for both gas/mixtures 160
Figure 5.10 Flame speed as a function of distance from the spark for

Py = 0 for ethylene/air ($ = 0.8) and hydrogen/air (P = 0.34).

Noted that only hydrogen line for NFPA 68 was drawn as there 15

no available data for ethylene in the guidance 165
Figure 5.11 Hydrogen/air at ® = 0.54 for end ignition. Py = 209 mbar 167
Figure 5.12 Propane/air at @ = 1.0 for end ignition. Py= 178 mbar 168
Figure 5.13 Propane/air at ® = 1.0 for end ignition. P, = 424 mbar. Spiky pressure

peak is observed in this test 168
Figure 5.14 Methane/air for ®© = 1.0 at central ignition. P, = 424 mbar 169

Figure 5.15 Influence of P, on flame speed upstream of the vent for methane/air

(® = 1.0) and propane/air ($=1.0) with end and central ignition 169
Figure 5.16 Influence of P, on flame speed upstream of the vent for ethylene/air

(® = 0.8) and hydrogen/air (® = 0.54) with end and central ignition 171

Figure 5.17 Methane/air for end and central ignition as a function of equivalence
ratio 172

Figure 5.18 Propane/air for end and central ignition as a function of equivalence
ratio 174

Figure 5.19 Ethylene/air for end and centre ignition as a function of equivalence
ratio 175

Figure 5.20 Hydrogen/air for end and centre ignition as a function of equivalence
ratio 176

Figure 5.21 Flame speed in the duct pipe for propane/air as a function of

equivalence ratio at end ignition 178



Figure 5.22 Flame speed in the duct pipe for hydrogen/air as a function of
equivalence ratio at end ignition

Figure 5.23 Methane/air at end (left) and centre (right) ignition at various P,

Figure 5.24 Propane/air for end (left) and centre (right) ignition at various Py

Figure 5.25 Ethylene/air for end (left) and centre (right) ignition at various Py

Figure 5.26 Hydrogen/air at end (left) and centre (right) ignition at various Py

Figure 5.27 Comparison between other published experimental data and

179
181

181
182

182

current project. The data reported were 10 % methane/air, 4.5% propane/air,

5.2% ethylene/air and 16 % hydrogen/air and 5 % acetone/air.
NFPA 68 correlation (NFPA68, 2002) and Bartknecht’s equation
(Bartknecht, 1993) are used forO<Lg>3 m

Figure 5.28 P4 as a function of /D

Figure 6.1 Pressure time profile for methane/air at ® = 1.08

Figure 6.2 Pressure time profile for hydrogen/air at @ = 0.54

Figure 6.3 Pressure time profile for hydrogen/air at end ignition. @ = 0.54

Figure 6.4 Py, of methane/air as a function of equivalence ratio

Figure 6.5 Py of propane/air as a function of equivalence ratio

Figure 6.6 Py, of ethylene/air as a function of equivalence ratio

Figure 6.7 Ppx of hydrogen/air as a function of equivalence ratio

Figure 6.8 Time of flame arrival as a function of equivalence ratio

Figure 6.9 Flow interactions for methane/air at end ignition. @ = 1.08

Figure 6.10 Flow regimes in vessel before and after explosion-like combustion
in duct, effect of the flame front distortion; a) narrow ducts
b) large duct. Reproduced from (Ponizy, B and Leyer, J.C, 1999b)
Figure 6.11 Pressure time histories and flame arrival for ethylene/air at @ = 0.8
Figure 6.12 Pressure inside the duct for ethylene/air as a function of equivalence
ratio
Figure 6.13 Pressure time histories and flame arrival for propane/air at
® = 0.8 for end ignition
Figure 6.14 Average flame speeds measured (a) in second half of the vessel
(between T| and Ts as in Fig.2.3b) and (b) in the vent duct
(between T4 and To) as a function of equivalence ratio for methane/air
Figure 6.15 Flame speeds measured a) in second half of the vessel
(between T, and Ts as in Fig.2.3b) and b) inside the duct

184
185
150

190
191
192

192
194
195

196
197

199
200

202

203

203

X1



Xil

(between T4 and Ts) as a function of equivalence ratio for hydrogen/air 203
Figure 6.16 Schlieren cine photographs of cellular flame development during

explosion of Ha/air mixture, @ = 0.26. Reproduced from

Bradley and Harper (Bradley, D and Harper, C.M, 1994) 208



LIST OF TABLES

Table 2.1 Test vessel design details

Table 2.2 Dump vessel design details

Table 2.3 List of P, of vent covers used

Table 2.4 Procedure in calculating the flame speeds from raw data
Table 3.1 Studied correlations for venting of gas explosions

Table 3.2 Comparison constant value derived for Method 1 and 2 with respect
to Swift’s C, fuel characteristic constant

Table 3.3 List of predicted B with respect with Bartknecht’s C; constant

Table 3.4 Kg value used for vent area calculation. All data were excerpted
from Bradley and Mitheson (Bradley and Mitcheson, 1978b) except
for acetone-air data (Molkov, Dobashi, Suzuki and Hirano, 2000)

Table 3.5 Summary on average turbulent factor, p for different vessel’s shape
and fuels

Table 4.1 Summary of the experimental tests

Table 4.2 Summary of different gas/air properties at highest flame speeds.
Values of Table 4.3 Time of flame arrival for Test vessel 1

Table 4.3 Time of flame arrival for Test vessel 1

Table 4.4 Summary of experimental Py, for Test vessel 1 and 2 for

K = 16.4, The ignition position is end ignition

Table 4.5 Summary of experimental average flame speed, Savg for Test vessel 1

and 2 for K = 16.4. The ignition position is end ignition

Table 4.6 Experimental data and calculated equations for test vessels at @ = 1.0

Table 4.7 Percent error deviation for experimental and calculation result

24
30

33
38

71

72
13

75

83

101

122
125

130

132
136
136

X111



X1V

Table 4.8 Comparison of methane/air mixture with different P, for Test vessel 2 137

Table 5.1 Explosion data for 4.0% propane/air, 9.5% methane/air, 5.2%
ethylene/air and 16% hydrogen/air mixtures. Flame speed, S¢in the vessel
refers to the speed from the spark towards the vent (Tv4-Tv2) while flame
in the duct is the average value obtained along the duct (Tou-To)-
St is the turbulent burning velocity as S/E where E is the adiabatic
expansion ratio. Kg is (dP/dt) V' and Kama is based on the maximum dP/dt

from pressure transducer P, which occurs after the flame has exited the

duct. Kgven is based on the rate of pressure rise just prior to the flame entering

the duct pipe and is proportional to the mass burning rate upstream of the

vent.* Spiking pressure trace 163
Table 5.2 Predicted flame radius when the vent burst for gas/air 166

Table 6.1 Summary of experimental results (highest Py €ither end or
central ignition) with predicted values from Eq.5.1, 5.2, 5.3 and 5.4

where Preq Without duct obtained from the simply vented experimental

data 199

Table 6.2 Calculated unburnt gas velocity at the duct entrance, inside the duct pipe

and at the duct pipe exit for studied fuel/air mixtures 210



NOMENCLATURE

Total surface area of the vessel, m’
Vent area, m>

blockage ratio

turbulent Bradley number
orifice discharge coefficient
speed of sound, my/s

maximum rate of pressure rise
expansion ratio

Vent coefficient (= V¥/A,)
Karlovitz number

mixture reactivity index, bar-m/s
length to diameter ratio

Lewis number

Markstein number

Mach number

mass rate of burning

reduced maximum pressure, bar
maximum overpressure, bar
Prandt]l number

vent bursting pressure, bar
gas constant (82.0552 x 10® m’bar/Kmol)

Reynolds number
flame speed, m/s

unburnt gas velocity, m/s
laminar burning velocity, m/s
turbulent burning velocity, m/s
temperature, K

volume, m’

XV



JIiea  dimensionless maximum pressure (Preg/Pi)

JI, dimensionless vent bursting pressure (Py/Py)

Greek symbols

B turbulent enhancement factor
¥ ratio of specific heat at constant pressure and volume ( = 1.4)
Du unburnt gas density

Pb burnt gas density
X/ u deflagration-outflow-interaction number
£ expansibility factor

) equivalence ratio

AP  pressure differential

X Vi1



X Vil

ACKNOWLEDGEMENTS

Firstly, I would like to thank and extend my heartfelt gratitude to my supervisor, Prof.
G.E.Andrews for giving me the opportunity to undertake this study. His constant
involvement, advice, brilliant thoughts and encouragements throughout this project is

gratefully appreciated and acknowledged.

Thank is also expressed to R.A.Boreham, for his help and technical expertise for
completing this project. I would like to thank my other supervisor, Dr.Roth Phylaktou, Ms
S.K Willacy for her help and motivation and fellow postgraduates for guidance

throughout this project.

Most especially a special thank to my parents and family for a constant support and

encouragement in completion of this project and thesis. Not forgetful to Nadiah, Liz,
Toby, Emma, Danial, Brian and Bev for welcome distraction from study and making my

life in Leeds more meaningful.

And to God, who made all things possible.



XVviil

PUBLICATION BY THE AUTHOR

Kasmani, R. M, Willacy, S. K, Phylaktou, H. N and Andrews, G. E. (2006), Self
accelerating gas flames in large vented explosions that are not accounted for in current

vent design, 2nd International Conference on Safety &

Environment in Process Industry, Naples, Italy.

Kasmani, R.M, Andrews, G.E, Phylaktou, HN, Willacy, S.K. (2007), Vented gas
explosion in a cylindrical vessel with a vent duct, Third European Combustion Meeting

(ECM 2007), Crete, Chania.

Kasmani, R.M, Andrews, G.E., Phylaktou, H.N. and Willacy, S.K.(2007), Influence of

static burst pressure and ignition position on duct-vented gas explosions, 5"

International Seminar on Fire and Explosion Hazards, Edinburgh, UK.

Willacy, S.K., Phylaktou, H.N., Andrews G.E., Kasmani, R.M. and Ferrara, G. (2006),
Stratified Propane-Air Explosions of Global Concentration Outside Normal
Flammability = Limits, 2nd  International = Conference on  Safety &

Environment in Process Industry, Naples, Italy.



CHAPTER 1

VENTED GAS EXPLOSION — THE RESEARCH



1.0 Introduction

The potential explosion hazard resulting from deflagration of gases in processing
system is a reality which must be recognised and considered when designing plants and
processes. When the potential explosion hazard is not properly addressed, the result
would be catastrophic; both in terms of risk of injury to personnel and property loss as

well as equipment damage.

Several techniques have been developed to prevent the destructive damage to plants in
industries. One of the most recognized and widely used explosion protection strategy 1s

venting. Current gas explosion vent design standards in the USA (NFPAG68, 2002) and
European (2007) rely on the vent correlation first published by Bartknecht in 1993
(Siwek, 1996). NFPA 68 also recommends the correlation of Swift (Swift, 1983) at low
overpressures. The correlations apply to compact vessels, which Bartknecht defines as
those with a length to diameter ratio, L/D < 2. The European Directive on ‘Gas
Explosion Venting Protective Systems’ (2007) became mandatory after August 2007.
The limit of L/D of 2 given in Bartknecht’s equation as the upper limit for a compact

vessel 1n order for the spherical flame propagation is still valid assumption for most of

the flame travel.

Studies on vented gas and dust explosions have shown the evolution of venting area
with pressure depend on the nature and state of the initial explosive mixture i.e.
composition, initial pressure and temperature, pre-ignition turbulence and on the vessel
characteristics i.e. dimension and shape, position of the ignition source, location, size,
strength and shape of vent, presence of obstacles within the vessel. An understanding of
the mechanisms by which pressure is generated in vented explosions is important in the
design of explosion reliefs and to the investigation of incidents. Such knowledge
provides the basic of the development of prediction methods for use in risk and hazard

studies on an actual or proposed industrial plant.

The vented gaseous deflagrations have been studied extensively for many years to

provide understanding of the phenomena. However the information on explosion

venting is mostly empirical and related to experiments conducted with homogeneous,



quiescent gas-air mixtures. Yet, the different basic physical aspects of vented
deflagrations have still not been studied sufficiently. For decades, venting experiments
with various initial conditions and modelling model using lumped parameter as a
venting parameter were done to understand the dynamics and physical process of
venting. From the intensive works done by previous researchers (Bartknecht, 1993,
Bradley and Mitcheson, 1978a, Bradley and Mitcheson, 1978b, Burgoyne and Wilgon,
1960, Cousins and Cottons, 1951, Cubbage and Marshall, 1974, Cubbage and
Simmonds, 1955, Cubbage and Simmonds, 1957, Donat, 1977, Zalosh, 1980),
correlations were offered to be used in order to design the required vent area;
unfortunately they are strictly applied within the limits of the experimental range
investigated. Hence, the key knowledge about the physical and dynamic mechanism of
venting with or without the relief pipe needs to be understood in order to reduce the

potential of explosion severity.

1.1 Venting gas explosions

1.1.1 General overview

Early work on explosion relief was done by Cousins and Cottons (Cousins and Cottons,
1951) which used propane and hydrogen in four vessels having a range of L/D ratios of
1.41 to 22.1. They studied the effect of vent burst pressures and vent ratio on maximum
reduced pressure inside the vessel at different initial conditions. The work concluded
that initial condition and strength of vent burst pressure caused the increase of
maximum pressure inside the vessel during venting and gave recommendation for vent
area design. Another early study was carried out at the Midlands Research Station
(MRS) of the Gas Council by Cubbage and Simmonds(Cubbage and Simmonds, 1955,
Cubbage and Simmonds, 1957). Their thorough work concerned with the explosion
venting of industrial drying ovens using town gas as the fuel. The experiments were
done on oven which were approximately cubical and with variety of vent condition
coupling the influence of vent cover inertia. The significant of their work resulted in
two peaks of pressures from the explosion which later been used to correlate the vent
area requirement with the reduced pressure obtained. The magnitude of each pressure

peak has also been quantified in terms of vent ratio relief panel failure pressure, mass



per unit area of the relief, location of ignition as well as shelf arrangement (obstacles).
Low breaking burst pressures lead to large flame elongation, and hence larger flame
area and result to higher expected vessel pressures whereas at high breaking pressure

the effect of flame distortion 1s reduced.

Other experimental studies which have yielded data sets against the correlations that can
be tested include those of Harris (Harris, 1967), Harris and Briscoe (Harris and Briscoe,
1967), Pritchard et al (Pritchard, Allsopp and Eaton, 1995) and Zalosh (Zalosh, 1980).
From these works, it has led to the development of a number of empirical and semi-
empirical methods and of the scaling laws. The correlation methods have been widely
used since it is obviously desirable, for design purposes, to be able to access the
effectiveness of the explosion relief in a given situation by calculation rather than

experiment,

The introduction of gas nomograms based on Bartknecht (Bartknecth, 1981) has been
recognised to be most commonly used in predicting the required vent area as they are
simple to use and can be extrapolated to the maximum limit, 1.e. volume up to 1000 m’,
However, the nomograms do not compare well with actual experimental data,
introducing serious errors as the graphs being difficult to read accurately and gave over-
predicting values for interpolation and extrapolation operation. Besides, they can only
be used with confidence for four typical fuel-air mixtures, over a narrow range of
bursting pressures as being investigated by Simpson (Simpson, 1986) while only semi-
empirical recommendations are given for their extrapolation to different conditions.
Simpson also noted that the low pressure extrapolation of Bartknecht’s nomograms
would only conservatively yield high relief area estimates. Since the nomograms

introduced more errors, equations are more favoured and nomograms take second place.

The most used and recommended correlation for venting gas deflagration is adopted by
NFPA 68 which based on the works of Swift (Swift, 1983) and Bartknecht (Bartknecht,
1993). Bartknecht ‘s correlation is given as the vent area, A,, as a function the vessel
volume, V** multiplied by a complex term that includes the mixture reactivity Kg,
reduced overpressure in the vented explosion, Pr and static vent burst pressure, P..
The ratio of V¥*/A, has been referred to in the explosion venting literature (Harris,

1983) as the vent coefficient, K. The V** dependence of overpressure on the test vessel



volume 1s a characteristic of spherical or compact vessel explosions, where the flame
remains mostly in spherical shape during venting process and this is the mandatory limit
for L/D = 2 in European Standard (2007) and NFPA 68 (NFPAG68, 2002). If the
spherical flame propagates at a constant rate irrespective of the vessel volume, there
should be no other dependence of Py on volume other than K. However, Bartknecht'’s
equation rely only on his set of experimental data at different volumes and vent area
(Bartknecht, 1993). At a fixed gas or mixture reactivity and fixed volume, Bartknecht

correlated the experimental results as shown in Eq.1.1 where a and b given in Table 1.1.

A =aP.” (1.1)

p red

Table 1.1 Value of a and b for Eq. 1.1

When the a values been plotted as a function of the gas mixture reactivity, Kg, it gave

A, =(0.1265log K, ~0.0567)P,, "y /3 (1.2)

K =(dP/dt)V'3bar-m/s (1.3)

where (dP/dt) is maximum rate of pressure rise and V is volume (m”). It should be noted
that the constants used in Eq.1.2 were determined for V = 10 m® and the value of Kg

given in Table 1.1 were not taking into account on the volume effect nor the value of b.

The correlation developed by Bartknecht (Bartknecht, 1993) can only be applied on its
own limitation as the equation is the empirical derived from his experimental works and
no other published venting data included as noted by Siwek (Siwek, 1996) in his study
on published correlations in vented gas and dust/air- mixtures. In order to validate the

equation developed, other data should be included so that the equation can be used

globally with confidence.



NFPA 68 adopted Swift's equation (Swift, 1983) to apply for design and scale-up of
venting system purposes and it seem that the results obtained were in good agreements
with experimental data obtained by Donat (Donat, 1977) and Harris and Briscoe (Harris
and Briscoe, 1967). Again, there is a limitation in using this approach as 1t can be
“ applied on certain conditions i.e. Prq is not more than 200 mbar and only suits to low-
strength enclosures. Meanwhile, Swift’s correlation is given as Ay as a function of
cross-sectional area of the enclosure, A; multiplied to reactivity terms which include the
burning velocity, S, and turbulent enhancement factor, p. The use of the vented vessel
surface area in vent correlations was first introduced by Runes (Runes, 1972) as the
maximum possible flame area and was used to calculate the maximum flame mass

burning rate.

In Bartknecht‘s correlation (Bartknecht, 1993) the gas/air reactivity is given by the
mixture reactivity index, Kg and burning velocity, Su by Swift’s correlation (Swift,
1983) which also used in most models of turbulent explosions and previous vented gas
explosion correlations (Zalosh, 1980). The Kg is not constant for a given gas but varies
with composition, temperature, pressures and vessel size. It is easily shown that Kg is
directly proportional to the burning velocity, S, in the latter stages of a spherical closed
vessel explosion as correlated by Kumar (Kumar, Bowles and Mintz, 1992) and Nagy
(Nagy and Verakis, 1983) and hence the two parameters to quantify the reactivity are
directly related.

Some confusion has been caused by the fact that correlation formulae resulting from
these two different approaches, S, and Kg in Swift and Bartknecht’s correlations
respectively, imply different results to predict the vent area. More specifically, the
introduction of the venting deflagration index, Kg has been seen by some as
counterintuitive and therefore, judged incorrectly. The dependent of Kg on volume
appeared to be a reflection of the tendency of the flame ball to increase its effective
surface area through instabilities in the flame sheet structure; the flame sheet geometry
departs from an initially smooth spherical form to one of the greater etfective surface
area across which combustion continues at S, which prevails at the local conditions of

temperature and pressure (Pritchard, Allsopp and Eaton, 1995). The same observation



of volume dependence on Kg was also made by Chippet (Chippett, 1984) on his work

on propane/air mixtures.

Meanwhile, the use of S, as the fuel characteristic is preferred as it is independent of
equipment geometry but is more difficult to measure than Kg. Cubbage and Simmonds
(Cubbage and Simmonds, 1955, Cubbage and Simmonds, 1957), Cubbage and Marshall
(Cubbage and Marshall, 1974) and Bradley and Mitcheson (Bradley and Mitcheson,
1978a, Bradley and Mitcheson, 1978b) used S, as the basis of the their venting
correlation in order to establish the relationship between the pressure developed in the
combustion phenomena during venting. Theoretically, the flow pressure of unburnt
gases through the vent is proportional to the square of the product of burning velocity
and vent ratio. Thus, the higher the burning velocity of the gas involved, the higher will
be the maximum pressure generated in the enclosure (i.e. S, for hydrogen is 3.1 m/s and
Sy for propane is 0.45m/s). However, the fundamental burning velocity refers
significantly to the maximum rate of propagation of a flame into a quiescent gas
mixture of the appropriate (near-stoichiometric) concentration, and initially at ambient
conditions of temperature and pressure. In determining the burning velocity, some
works had scattered values for high reactivity gases i.e. ethylene and hydrogen
(Andrews and Bradley, 1972). This theoretical ideal situation did not encounter in gas
explosion; turbulent is generated as the unburnt gas is pushed ahead of the flame front
when the vent is opened which can give rise to the additional back pressure or driven
past the obstacles or over surfaces. The effect of turbulence is well known and been
investigated by various past researchers (Molkov, Dobashi, Suzuki and Hirano, 2000,
Munday, 1963, Yao, 1974). Thus, because of this fundamental problem, the use of Kg is
suggested by NFPA 68 in order to determine the required vent area for protecting the

process vessel/enclosures. And yet, since less data of Kg are published, only data given
by Bartknecht work (Bartknecht, 1993) and NFPA 68 (NFPAG68, 2002) recommended

be used as a reference.

Other correlations have been developed by several researchers in order to improve the
design requirement and agree with experimental work i.e. Runes, Rust and Simpson
Rasbash and Cubbage and Marshall (Lees, 1996) but, it was either fragmentary or
obtained under different conditions. Since all correlations only applied to certain

condition and with a limit of validity, Bradley and Mitcheson (Bradley and Mitcheson,



1978a, Bradley and Mitcheson, 1978b) have compared the results obtained by lumped-
parameter model of vented explosions to the experimental data but yet, only a
quantitative agreement was observed. The work was regarded more complete since it
also offers a sound theoretical basic in predicting vent area; however the criteria they
developed have been shown inadequate for large volumes with obstacle-generated
turbulence (Swift, 1983). Further critical examinations of various existing equations and
especially of their extrapolation within and beyond their recommended validity range
have been presented by Molkov et al (Molkov, Dobashi, Suzuki and Hirano, 2000) who
also developed a new so-called ‘universal correlation’ for vent area calculation. Razus
et al (Razus and Krause, 2001) reviewed the empirical correlations developed for vent
sizing based on the reduced pressure parameter. Following the authors, equation by
Bradley and Mitcheson (Bradley and Mitcheson, 1978a, Bradley and Mitcheson, 1978b)
and Molkov (Molkov, Korolchenko and Alexandrov, 1997) gave relatively close

predictions to experimental data for most common hydrocarbon-air mixture.

Since published correlations are used to predict the overpressure developed in
deflagration vented vessel with a validity restricted to certain limits of parameter
characteristic for the vessel, the vent and the explosive mixture, there are no generally
accepted correlations to guide the determination of vent areas for gaseous as being
established for dust/air system i.e. VDI 3673.

Nevertheless, relevant experimental data are mostly limited to small aspect-ratio vessels
usually cubical in shape (Cooper, Fairweather and Tite, 1986, Cubbage and Simmonds,
1955, Cubbage and Simmonds, 1957, McCann, Thomas and Edwards, 1985, Thorne,
Rogowski and Field, 1983) and very little on other geometries. They both studied the
physical and gas dynamics process in vented explosion in order to discuss the effecting
factors result the number of pressure peaks obtained inside the enclosures; however, the

effect of vessel and volume shape were still not be accounted.

Further, a special deficiency of experimental observations exists for elongated large-
aspect-ratio vessels, which are typical for industrial applications. The large scale
methane-air explosion test performed at Rusfoss, Norway by Moen et al (Moen, Lee,
Hjertager, Fuhre and Eckhoff, 1982). The test found that obstacles even relatively small,

have a dramatic influence on the violence of the explosion and pointed out that initially



quiescent explosive mixture criterion was totally inadequate for large scale explosion in

obstacle environment. Flame propagation in such vessels has been proved to be very

different from those with small-aspect-ratio spherical vessels.

Yet, therefore, some confusion concerning the application of the various equations to
practical situations, both as to which is the most appropriate equation to use in a given
circumstances and also as to the range of values of the various parameters for which the
equation are valid. It is worth noting that the disparity between the experimental vents
area - ranging from small to larger-closed to-room enclosures and correlated values are
due to the uncertainty on the fundamental basis of vented explosion and lack of

published experimental data that would render the development of vent sizing design.

Modelling on venting explosion has been carried and still, disparity between models
proposed is huge. Complex computer codes requires considerable input data and
accurate thermo physical properties as well as access to super-computer facilities are of
little use in the system design (Zalosh, 1995). Their utility in exploring less complex
flame laws however, is not in question. Design techniques should be quick and easy to

use, accurate, conservative yet realistic and provide results that accord with experience.

1.2 Overview of the project studies

Since the published guideline of NFPA 68 (NFPAG68, 2002) and European Standard
(2007) has only included Bartknecht's equation for L/D = 2 which only his own data
was used i developing the correlation, there is no guaranteed that empirical
correlations could provide practical and safe venting design for industrial purposes.

Further, the variation of fuel/air mixtures concentration is not widely studied, where

many experimental done in stoichiometric concentration

The published gas venting data from 1920s to date were complied and collected with
different volumes, gas reactivity, ignition position, shapes and different initial
conditions. From the reported data, the comparison between Bartknecht's and Swift’s

equation were made as those equations were offered in NFPA 2002 and European

Standard (2007). Further, those data were analysed to be compared to Bradley and



Mitcheson’s equation (Bradley and Mitcheson, 19782, Bradley and Mitcheson, 1978b)
as well as Molkov’s equation (Molkov, 2001). Theoretically, for a vent to give no
increase in overpressure other than due to the pressure difference created by the mass
flow of unburnt gas through the vent, the vent mass flow rate 1s considered to have an
equal to the maximum mass burning rate of the flame. In the simplest case, the
incompressible flow equation can be used for low Prq while treating the vent as an
orifice with discharge coefficient, C4 which depends on the design of the vent and K.
Based on this approaches, two different methods were proposed named as Method 1
and Method 2. Method 1 assumes that the maximum overpressure occurs when the vent
unburnt gas flow rate is at a maximum and is equal to the maximum mass burn rate at
the flame front whereas Method 2 based on the assumption of the maximum

overpressure occurs when the vent unburnt gas flow rate is at a maximum and this is

equal to the maximum unburnt gas displaced flow by the flame front.

The difference of these two methods was the use of S, and Sy (E-1) terms in the
equations. The simple approaches were evaluated with additional of compressibility
factor and turbulence factor to simulate the real explosions. These two methods were
compared with the published experimental data to justify the applicability, validity and
limitation with respect to the practical application. The detail discussion on the effect of
volume and shape of the vessels, turbulent enhancement factor, p and K were made in
order to investigate the important factors influencing the Prq in the development of gas
venting explosions. Further, to demonstrate the applicability of the proposed methods to
the practical application, series of vented gas explosions in two cylindrical volumes

were carried out, mainly for medium and small scale volumes i.e. 0.2 and 0.0065 m",

1.2.1 Simply venting gas explosions

By performing the experiments with simply venting, the physics and dynamics of
explosive mechanism were investigated. The project focused on the two different
volumes of cylindrical vessel ; medium and small size volume to highlight the

occurrence of self-acceleration effect in medium vessel compared to small vessel which

1s not taken into account in venting design guide,
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Intensive works in venting gas explosion had been done by Cubbage and Simmonds
(Cubbage and Simmonds, 1955, Cubbage and Simmonds, 1957) on industrial drying
oven for variety of fuel gases and flammable vapours in enclosures up to 14 m° volume.
They reported that there are two distinctive peak pressures obtained from the pressure-
time profile explosion development. Hence, from this results, the correlation which
contains terms expressing the effect of fuel/air mixtures characteristics and the volume
enclosures in which the explosion occurs. This equation can be applied to any fuel/air
mixtures since the effect of the combustion characteristics of different gases on the

pressure generated is allowed for by the value of burning velocity, S,.

Bartknecht's (Bartknecht, 1993) work on venting has been adapted in NFPA 63
guidelines for venting design. His works involved vessel volume up to 60 m® vessel and
used only four different fuels which were methane, propane, hydrogen and town’s gas.
These experiments that been evaluated were carried out with restricted conditions and
the equation can only be applied if the requirements fit. Some of the conditions needed
to be fitted into the equation are Py is between 0.1 to 0.5 barg and L/D of 2 which the
current project closely followed. It is the aim of the current project to fit the condition
required in order to investigate the parameters that not been taken into account in the
equation developed. In a vented explosion without a vent pipe, the peak overpressure is
related to two main pressure peaks, the first is related to the vent static burst pressure
and the second to the pressure loss of unburnt gas through the vent. The second pressure
peak increases as the vent coefficient, K (= V¥°/A,), increases and the first pressure
peak dominates when the static burst pressure is high. In the present work a relatively
high K of 16.4 (1/K = 0.061) was used and the overpressure without the vent pipe was
dominated by the pressure loss of unburnt gas through the vent. The Bartknecht's
correlation (Bartknecht, 1993) for vent area is in terms of 1/K and for a static bust

pressure of 100mb the correlation takes the form of Eq. 1.2.

1/K = [0.1265log Kg = 0.0567]/P;eg>8" (1.4)

Kg 1s the reactivity parameter given by the maximum rate of pressure rise in a 5-litres
spherical closed vessel multiplied by the cube root of the volume. Bartknecht also gives

the venting correlation for propane, methane, hydrogen and town’s gas/air with 100

mbar vent burst pressure respectively as:
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1/K, = 0.197/P,.,*~8° (1.5)
1/K, = 0.164/P,.4">%° (1.6)
1/K, = 0.291/P,, "% (1.7)
1/K, = 0.220/P,, %% (1.8)

It will be shown that these predictions are grossly in error and even with a vent pipe the
overpressures come no where near these values. When the experimental data of
Bartknecht is examined (Kasmani, Willacy, Phylaktou and Andrews, 2006, NFPAG3,
2002), it is clear that the exponent of Py is fitted to the data with 1/K > 0.2 or K <3
and the correlations should never be used for higher K. This is not recognized in NFPA
68 or in the European guidance on venting. The limitation on the correlation is stated as
Prq < 2 bar and the experimental data shows that this is effectively a limit of K of 10. It
is found that in cubic vessels, this condition is not valid as the flame have touched the
wall well before 2 bar overpressure was reached. However, none of the experimental
data for Pq > 0.8 bar fits the correlation and all is lower than the correlation. This
effectively gives the validity of the correlation at K < § and Prg < 0.8 bar and this is the
incompressible vent flow regime. When the nearest Bartknecht’s data point to the
present results is used, which is a 1 m’ vessel with 1/K = 0.058 and the overpressure
with a 100 mbar vent burst pressure was 2.5 bar for propane/air. It 1s clear in the
Bartknecht’s experimental data, there is a volume effect additional to that in K that 1s
not included in the correlation (Kasmani, Willacy, Phylaktou and Andrews, 2006) and 1s
likely associated with flame self-acceleration due to the development of cellular flames.

This effect was also important in the present work.

In this work, the effect of fuel/air mixtures concentration at different ignition position
will be investigated as little attention is given in this aspect. As stated in ATEX
Directive (94/9/EC) , venting equipment should be protected based on worst case

scenario and it is found that stoichiometric concentration at centrally ignited is not

always the worst case.,

Further, the use of vent cover i.e. lightweight relief panel, rupture membrane or
explosion door has proven to have effect on explosion pressure generation inside the

vessels/enclosures i.e. back pressure due to inertia of the vent cover (Molkov,
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Grigorash, Eber, Tamanimi and Dobashi, 2004). This commercial vent cover can be
affected by the inertia of construction elements moving by overpressure during the
explosion. The example of commercial vent cover available for venting 1s shown in

Fig.1.1.

Figure 1.1 Example of commercial vent covers and its application.

The effect of inertia has been studied extensively in order to quantify the effect of
inertia to the P,y during venting (Bartknecht, 1985, Cubbage and Simmonds, 1955,
Molkov, Grigorash, Eber and Makarov, 2004). However, in this present work, the effect
of vent cover inertia can be neglected as the material used 1s easily broken and not

impending the flame propagation during venting explosion.

1.2.1.1 Self-acceleration of spherical flames

Although the laminar burning velocity and hence the flame speed in a spherical flame at
constant pressure 1s normally assumed to be a fundamental constant a particular gas/air
mixtures. However, experiments in vessel of different size has shown that this is not the
case (Chippett, 1984, Pritchard, Allsopp and Eaton, 1995). The spherical flame speed
has been demonstrated to vary with the flame radius, accelerating when the flame is
small then having a period of near constant flame speed and at so-called * critical flame
radius’, the flame starts to rapidly accelerate through a mechanism called ¢ self-
acceleration’ or flame cellularity. The net result is the K is a function of the vessel size.

Harnis and Wickens (Harris and Wickens, 1989) had done series of small and large scale
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balloon tests on natural gas/air mixtures. They have shown conclusively that the high
flame speeds of > 100 m/s are impossible to achieve in unobstructed explosion
compared when the flame propagates through the unconfined explosion. In small
volume balloon test, the flame speed of natural gas is found to be 3.1 m/s, close enough
to the value given by Andrews and Bradley (Andrews and Bradley, 1973) of 2.6 m/s for
a 50 mm diameter spherical flame in a 300 mm diameter closed cylindrical vessel.
However, the increase value of flame speed in 3 m diameter of a large balloon in respect
to its laminar burning velocity was observed in natural gas and ethylene i.e.7 and 15 m/s
respectively. From the results, it can be said that all flames have a minimum distance
that they propagate at the laminar flow rate before starting to self-accelerate due to the

process of flame instability through the formation of cellular flames that have a greater

total flame surface area than a smooth laminar flame. The detail of self-acceleration
mechanism has been discussed by Bradley et al (Bradley, Cresswell and Puttock, 2001).
In cellular flame, the magnitude of the increase in flame speed depends on the type of
gas and the equivalence ratio of the mixtures, It is generally known that methane has a
smaller acceleration than propane which in turn, is smaller compared to hydrogen.

Hydrogen/air flame becomes cellular very easily as been shown by Andrews and
Bradley (Andrews and Bradley, 1973) in 50 mm diameter of closed cylindrical vessel.
They observed that the onset of flame cellularity occurs at the mixtures leaner than 25

% concentration.

Chippet (Chippett, 1984) introduced a method for the inclusion of the development of

cellular flame in design procedures. In his correlation, 77is considered as a factor for the

increase in flame surface area due to cell formation. This is directly proportional to
Prandt! number, Pr and Reynolds number, Re. Pe.Re is the flame stability parameter
given by Istratov and Librovich (Istratov and Librovich, 1969) which predicts the
critical conditions of the onset of flame instability and cell formation. It also postulated

that 77 is essentially equivalent to the turbulent enhancement factor, (= St/Sy). Thus, it

1s important to understand the flame self-acceleration and to include the parameter in

explosion protection design.
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1.2.1.2 Implication of the objectives to the present study

From the discussion above, the study was performed to gain better understanding of the
physical processes which are important in the generation of the overpressures and 10
elucidate how this processes influence the severity of an explosion. Simplification on
vent design is still preferred for venting design but it needs to be theoretical and
practical basis which can be explained through the actual experimental results.

Generally, this project’s objectives are;

* To study the influence of K parameter on Prg 1n terms of vessels’ shape and
volume of the enclosures and the effect of bursting pressure, Py.

e To quantify the influence of turbulent enhancement factor, p and flame self-

acceleration on vented gas explosion for different gas reactivity and
concentrations.

e To propose a simple approach in calculating the Prq and vent area, Ay using two
different methods which crucial parameters involved in venting gas explosion

development is included.

1.2.2 Vented gas explosion with relief pipe attached.

The study of the venting gas explosion of different fuel/air mixtures and concentrations
were further examined in terms of the effect of duct pipe attached to the main vessel on
Prnax. Based on the experimental analysis of venting explosion with and without a pipe,
it is known that the severity of the explosion is likely to be 2 or 12 fold increase with the
presence of a duct with respect to simply vented vessels (Bartknecht, 1981, Ferrara,
Benedetto, Salzano, Russo, 2006, Ponizy and Leyer, 1999a, 1999b, Siwek, 1996). The
results of DeGood et al (DeGood and Chartrathi, 1991) and McCann et al (McCann,
Thomas and Edwards, 1985) for various duct lengths supported these results. The

surprising feature of these results is that the length of the duct is not a major parameter
and only short and long ducts were separated by Bartknecht (Bartknecht, 1993). This 1s

because the increase in the overpressure is dominated by duct entry and exit pressure
losses; a duct would have to be about 100 pipe diameters long before the flow friction

losses were equal to the combined inlet and exit pressure losses. The present work used
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relatively a relatively short duct of 1m long and 0.162 m diameter (L/D = 6.2) but 1t
exhibited all the features of explosion venting with a vent duct attached. In Bartknecht’s
work (Bartknecht, 1993) the 3 m long pipe was 0.5m diameter and hence the L/D was 6,
close to that used in the present work. As pipe friction losses are a function of pipe L/D
a dependence of the vent overpressure on the L/D would be expected rather than simply
on the length of the duct, irrespective of its diameter. Particular emphasis was placed on
the determination of flame speeds upstream of the duct, as well as flame speeds and gas

velocities in the vent duct.

Further, the problem seems to be more complicated if the vent covers were placed at the
vent. The effect of bursting vent on pressure development in vented explosion have

been studied by several workers (Ferrara, Benedetto, Salzano and Russo, 2006, Pasman,
Groothuizen and Gooijer, 1974, Ponizy and Leyer, 1999a, Ponizy and Leyer, 1999b,
Cooper, Fairweather and Tite, 1986, Cubbage and Marshall, 1974), limit at
stoichiometric fuel concentration. It is found that the peak pressure inside the vessel
during duct-vented gas explosions did not result from the external explosion and not
occur when the flame is propagating in the duct as reported by Kasmani et al (Kasmani,
Andrews, Phylaktou and Willacy, 2007a, Kasmani, Andrews, Phylaktou and Willacy,
2007b). Vent rupture also generates a pressure wave which interacts with the flame
front to distort it and hence increase its surface area and mass burning rate. These
combined effects of turbulence and pressure waves created by the vent bursting result in
acceleration of the flame prior to the vent duct and also increase the flow velocity,
turbulence and flame speed in the vent duct. Tests with ducted explosion vents
generally display Helmholtz oscillations, that is the pocket of burned gas within the
vessel undergoes bulk motion towards and away from the vent opening, due to the mass
of the duct contents and the compressibility of the gas in the primary enclosure that acts
as a spring (McCann, Thomas and Edwards, 1985). The occurrence of a sharp pressure
peak in the vent duct is also mentioned by Kordylewski and co-worker (Kordylewski
and Wach, 1988) and maximum pressure effect in the vessel was found to occur with a
particular duct length, equal to about 12 diameters. It is known now that the
intensification of the combustion in the vessel is driven by an impulse generated during
‘the burn-up in the initial part of the duct, shortly after the flame penetrates into it
(Ponizy and Leyer, 1999a, Ponizy and Leyer, 1999b, Ponizy and Veyssiere, 2000)
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When relatively narrow ducts are used with a sharp vessel-duct area change, the flame
front entering the duct can be temporarily extinguished due to stretch (caused by the
inlet vena contraction effect, which locally increases centreline velocities by 64 %) and
cooling through turbulent mixing with unburned gas (Iida, Kawaguchi and Sato, 1985,
Ponizy and Leyer, 1999a, Ponizy and Leyer, 1999b) which brings about stronger burn-
up (1.e. with higher pressure amplitudes) during re-ignition (Ponizy and Veyssiere,
2000).

The ncrease in Pq with the addition of a vent duct is so large that vent ducts cannot be
used without increasing the vent area and duct size to achieve a reduction in the
overpressure. However, there is insufficient design data for gases to enable this to be
done effectively and the physics of the process for gas explosion venting is not well
understood. . This contrasts with the situation for dust explosions, where a substantial
experimental data base exists (Lunn, Crowhurst and Hey, 1988). The aim of the present
work was to explore the physics of the venting process with a vent duct attached with
various duct diameters to investigate the effect of the vent static burst pressure and the
duct diameter size for central and end ignition for an explosion vessel at the limit of
applicability of compact vessel venting correlations with a length to diameter ratio, L/D
of 2. It is shown that generally, reverse flow in ducts of larger diameters will result in
large scale mixing in the vessel which in turns generates higher pressure increase in the
vessel (Ponizy and Leyer, 1999a, Ponizy and Leyer, 1999b). It is considered that it is
the variation of the mass burn rate and flame speed of the flame approaching the vent
that has a strong influence on the vent flow and on the subsequent combustion
behaviour. A major feature of the explosions is that there are substantial proportions of
the original flammable mixture in the test vessel after the flame has exited the vent duct.
This 1s larger for central ignition than for rear ignition. Kasmani et al (Kasmani,
Willacy, Phylaktou and Andrews, 2007) also shown that the faster mass burn rate
approaching the vent as P, increases causes sonic flow in the vent and hence choked
flow. This prevents there being any outflow from the duct until the pressure has risen in
the vessel to drive the burnt gases out. In some cases, this condition leads to a period of
mixed burnt gas and unburnt gas venting with micro explosions and detonations in the
vent duct. This phenomena has been detailed by Ferrara et al (Ferrara, Willacy,

Phylaktou, Andrews, Benedetto and Mkpadi, 2005, Ferrara, Willacy, Phylaktou,
Andrews, Benedetto and Salzano, 2005).
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1.2.2.1 The influence of duct pipe diameter

The influence of vent ducts on gas explosions was investigated with the aim of
determining whether the use of a vent duct of large area than that of the vent, would
reduce the very large increases in overpressure that occur when vent ducts are used. In
the presence of a vent duct, an increase of venting area and duct diameter has been

found to not always result in a decrease in the peak over pressure (Ponizy and Leyer,
1999a).

The main reason for the increase in the overpressure when long vent ducts are attached
to vents is due to the phase in the explosion when the flame is in the vent pipe with
unburnt gas mixture ahead of it. The expansion of the burnt gases in the vent pipe
greatly accelerates the unburnt gas flow and this increases the vent pipe friction, inlet

and exit pressure losses (Lunn, Crowhurst and Hey, 1988). These effects are a function -
of the dynamic pressure in the vent pipe. In principle the dynamic pressures in the vent
pipe can be reduced by simply using a larger vent diameter than that for the vent, rather
than increasing both the vent and vent pipe sizes. For example, if the vent pipe was
twice the diameter of the vent then the vent pipe dynamic pressure would be reduced by
a factor of 16, if the vent mass flow rate remained constant. Some evidence that a larger
vent pipe diameter would reduce the overpressure with no change in the vent size was
provided by Nagy (Nagy and Verakis), which is quoted in NFPA 68 (2002). From the
experiments performed on dust explosions with vent pipes (Lunn, Crowhurst and Hey,
1988), Hey (Hey, 1991) has suggested that the technique of using a larger vent duct
diameter than the vent diameter is effective if the duct area/vent area is about ~ 2-2.5
and when P4 is less than 0.5barg. It is considered that this approach would be a
simpler method of designing for safe vent pipes and the present work investigated for

gas explosions a vent pipe that was close to twice the vent diameter, as recommended
by Hey (Hey, 1991).

1.2.2.2 Implication of the objectives to the present study

From the discussion stated above, it is crucial to investigate and study the important

phenomena occurred during the explosion development in vented gas explosion with the
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relief pipe attached to the primary vessel. It is the aim of the present study to quantify

the relationship of the P, with ignition position, equivalence ratio and vent bursting
pressure Py as well as the duct pipe diameter and length in order to highlight the most
leading factors of the rapid increase in Pnax at the presence of the duct in vented gas

explosion with respect to the simply vented explosion.



CHAPTER 2

EXPERIMENTAL SET-UP AND
MEASUREMENT TECHNIQUES
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2.1  Test facility

The research has been carried out in Room B11 which has been designated as the
‘Explosion Hazards-High Pressure Test Facility’. The site is shown schematically in
Fig. 2.1. Safety considerations have been top priorities to make sure that all tests were
carried out in a safety manner. Two separated rooms have been designed: ‘Control
room’ and ‘Test room’. Access between the two rooms was via an interlocked door that
formed part of the safety system controlling the ignition circuit. The dump-vessel, test

vessels and instrumentation equipments were located in the Test room. Data logging

hardware was situated in this area and was electronically linked to a computer network
in the Control room. Data collection was synchronised with ignition using specialised
software known as FAMOS.

2.2  Apparatus design considerations

2.2.1 Test vessels

In this project research, three test vessels were used. Test vessel 1 was constructed from
cylindrical vessel with internal diameter of 0.5 m and length of 1,0 m with vent area of
0.021 m? and the volume of 0.2 m®, For Test vessel 2, the cylindrical vessel with
internal diameter of 0.126 m and length of 0.315 m was used. Further, for Test vessel 3,
different length and diameter of pipes were connected to the main vessel at constant

vent area of 0.021 m’ for vented gas explosion with relief pipe tests. Table 2.1 gives

details for the test vessels used.



Test Room

Control room

Figure 2.1 Schematic picture of test facility and control room
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The previous works (Bartknecth.W, 1981, Bradley and* Mitcheson, 1978b, Bradley and
Mitcheson, 1978a, Chippett, 1984, Cubbage and Simmonds, 1955, Cubbage and
Simmonds, 1957, Donat, 1977, Zalosh, 1980) have shown that the evolution of
pressure with time in venting gas explosion depends on the nature state of the initial
explosive mixture, i.e. composition, initial pressure and temperature, pre-ignition
turbulence and on the vessel characteristics i.e. dimension and shape, position of the
ignition source, location, size, strength and shape of the vent, presence of the obstacles
within the vessel. Further, the addition of the relief pipe to the vessel can significantly
increase the violence of the explosion and the pressure in the vessel to the factor of 10
or more 1n which the explosion is vented directly to the atmosphere (Bartknecth, 1981,
Kordylewski and Wach, 1988, Molkov, Baratov and Korolchenko, 1993, Ponizy and
Leyer, 19992, Ponizy and Leyer, 1999b). The test configuration was employed for the

following reasons;

* The present project was aimed at investigating the physical and gas dynamics
processes governing the generation of pressure peaks, Preq. Further, the influence
of the vent cover fitting at the vent on Pred will also be studied.

* This configuration is complied with the L/D restriction in NFPA 68 and
therefore, the results of this study will be compared to the published venting
correlations offered by NFPA 68 and Draft of the European Standard.

2.2.2 Dump vessel

In order for safe vented explosions to be carried out in the laboratory, the test vessels
were connected to a large dump-vessel that acted as an expansion chamber. Both burnt
and unburnt gas could then be safely vented and continued before vessel purging. An
important feature was the fact that pre-test conditions both inside and outside the test
vessels could be accurately controlled. The overall dimensions and therefore volume of
the dump vessel were also important variables along with the various vent diameters
and pipe fitting. This design process was governed by the following factors;

* The internal length and diameter of the dump vessel had to be such that its

volume was greater than that of the test vessel by the factor that allowed the
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simulation of open-to-atmosphere explosions. If this was the case then the

presence of the dump vessel would have little or no effect on the explosions
development in the test vessel.

¢ Combustion of a gas mixture prepared in the test vessel would result in a
pressure increase in the total system volume, V1 that was made up of the test

vessel volume, V, and the dump vessel, V4 such that,

Vi =V, +V, . (2.1)

Assuming adiabatic combustion at a constant pressure of 1 atm,

V, =7.5V (2.2)

where Vy is the burnt gas volume assuming an adiabatic expansion factor of 7.5.

Applying the ideal gas law,

Fy=F— (2.3)

where

P, = absolute system pressure after combustion (atm)
P;=1atm

V1 = system volume after combustion (V}, + V) (rn3)

V3 = system volume before combustion (V, + V) (m*)

. 1.5V, +V,

] Vv, (2.4)
Hence, the total system overpressure, Py is given by;
6.5V
P, =— (2.5)

svs
V. +V,
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This calculation was performed for each test vessel volume and values of Py, are listed
in Table 2.1.

2.3 Construction details

2.3.1 Test vessels

The Test vessel 1 was made up from the existing 0.5 m diameter and 1 m length
cylindrical test vessels that have been designed to BS1560 and rated at 28 bars as
illustrated in Fig. 2.2, The vessel was drilled with tapped bosses welded on at positions
along their length, to allow instrumentation in the form of thermocouples and pressure
transducers to be fitted. A removable blank plate was used to close one end of the
vessels. This was centrally drilled and tapped to allow a spark plug, hose connected to
the barometer and hose connected to vacuum pump to be fitted. At the other end of the
vessel, a 0.162 m diameter was drilled to simulate the vent area of 0.012 m®. A certified
hydraulic pressure test had been carried out on the test vessels before commissioning
the tests. A scaled drawing of test vessel is shown in Fig. 2.2 and major dimensions and

pressure rating are listed in Table 2.1.

The Test vessel 2 was made up from 0.162 m diameter and 0.315 m length cylindrical
test vessels that have been designed to BS1560 and rated at 35.5 bars (Fig. 2.3). The
vessel was drilled with tapped bosses welded on at positions along their length, to allow
instrumentation in the form of thermocouples and pressure transducers to be fitted. A
removable blank plate was used to close one end of the vessels. This was centrally
drilled and tapped to allow a spark plug, hose connected to the barometer and vacuum
pump to be fitted. Series of test on Test vessel 2 were carried out to investigate the
effect of vent area on explosion development. The single-hole orifice plate was used to

simulate the objective on varying the vent area which placed at the end of the vessel just

before the gate valve and it gives,

A, =(1- BR)xA (2.1)
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where A, is the vent area, BR is the blockage ratio of the orifice plate and A is the area

of the plate.

For venting with relief pipes, 1 m pipe length has been connected to the other end of the
Test vessel 1 for a constant vent area of 0.012 m* which been called a Test vessel 3
(Fig. 2.3). For 1 m pipe, there were two different internal diameter pipe fitted, 1.e. 0.162
m and 0.315 m. Vessel support was in the form of moving frames fabricated in-house
from L-section mild steel. Further, the test vessel was tied with the cradle of the crane to

case the movement to facilitate quick replacement of vent cover and pipe length without

major rig dismantlement.

The open ended nature of the test vessels necessitates a method of isolation during fuel-
air mixture preparation. This involved the closing of the gate valve (see Equipment
Specification section) that has been bolted between the flange at the open-end of the test
vessel and the flange of the dump vessel or the flange of the pipe if the pipe was
connected to the test vessel. A compressed air supply with a line pressure of 10 bars was
provided for valve operation which via solenoid valve, could be manually controlled by

a switch in the Control room.

Table 2.1 Test vessel design details

Internal diameter (nominal) (m)

Flanges

Class (BS1560,1970) 300 300 300
| Flange thickness (m) 0.068 0.0365 0.068
1 Number of bolts 20 12 20
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Bolt-hole diameter (m) 0.042 0.022

‘ Bolt-hole PCD (m) 0.670 0.2699

' Diameter of bolts(m) 0.038 I 0.019
Pipe section | 1
Internal diameter(m) : - | - I 0.162/0.315
Section length (m) | - ! . 1/1
Wall thickness(m) - - 3.4/3.4
Design pressure(m) - - 35.5/35.5

| Length-to-diameter ratio(L/D) - - 6.17/3.17
Assembled test-vessel

| Length-to-diameter ratio(L/D) 0 . 2.0

f Volume, V, (m3) . 0.22/0.28

Ratio to total system volume to
|

test volume, V1/V, 235/187

System overpressure due to

(adiabatic combustion,  Pgy . 27.5/34.6

: (mbar)




Test vessel 1

Test vessel 2

Figure 2.2 Schematic drawing for Test vessel 1 and 2
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Figure 2.3 Scaled drawing of Test vessel 3 with pipe attached
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Figure 2.3b Scaled drawing of pipe section for Test vessel3.

2.3.2 Dump vessel.

The dump vessel was designed in-house as a cylindrical shell with dished ends. Flanges

openings were included at various positions, with diameter matched that of the test
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vessels. Their locations were determined by considering possible future research as well

s the requirements of the present project.

Space restrictions limited the major linear dimensions of the dump vessel to 8 m 1n
length and 2.5 m in diameter. This gave a volume of approximately 40 m3. Single piece
torispherical dished ends of nominally 10 mm thickness were welded at both ends of the
vessel. The large 1500 mm diameter flanged openings were supplied with flat blanks to
close the vessel. Figure 2.4 shows scaled drawings of the dump-vessel and major

dimensions are listed in Table 2.2.

Instrumentation ports were fitted so that the explosion pressures could be monitored at
various distances from the test vessel exit. Fittings were tapped bosses welded on the
dump-vessel back wall, opposite the test vessel connection points. Ports were also

located 1n the dump vessel front-wall above the test vessel exit points.

Blanking plates were drilled and tapped to allow connection of pipe work to facilitate
evacuation via an external vacuum pump or the introduction of compressed air.
Pressure rated ball valves were used to isolate connection ancillary equipment from the
dump vessel prior to ignition in the test vessel. Before explosion testing was started, a

certified hydraulic pressure test was carried out by pressuring the water filled vessel to
11.235 baro.

Table 2.2 Dump vessel design details

Shell

Internal diameter (m) 0.247

Length (m) . 0.672

Shell thickness (m) 0.015

Torispherical (2:1) Dished ends

Outer diameter (m) 2.500

Nominal plate thickness(m) 0.010
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Total length (m) 0.800

Design pressure (bar) 9

Certified pressure(hydraulic test) (baro) | 11.25

Flanged openings
Type Nominal | Neck thks | Flange Number | Bolt-hole | Rating
|
bore bolts PCD (m)

N1 1.524m | 20plate | Special 52 1.759 Special
=

N2 0.508 m | 10 plate 0.635 BS 4504
= ol it

N3 0.162m | SCH 40 RFSO 0.2699 | BS 1560

class 300

N4 0.0762 m | SCH 40 RFSO 0.1683 BS 1560
| class 300




Figure 2.4 Dump vessel schematic designs
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24  Vent cover selection

The vent covers were selected with a range of vent bursting pressure, Py, 1n between
0.1 to 0.5 barg. Four vent covers were used; magazine paper, aluminium foil, Melinex
membrane or Mylar film and 100g A4 paper. The vent cover was clamped between two
steel plates before it placed at the end of the test vessel. Using compressed air, the vent
bursting pressure, Pstat was determined experimentally. The lists of the vent cover used

and 1ts Py were listed in Table 2.3

Table 2.3 List of P, of vent covers used

Material Pv (expt) Thickness Average

(mm) mass/area

(kg/m’)

Magazine paper 0.097 0.014
Aluminium foil 0.178 0.011
Melinex membrane 0.209 0.004




Figure 2.5 Vent covers used in the tests. From top left: Melinex membrane, aluminium

foil. From bottom left: 100g A4 paper and magazine paper

2.5 Instrumentation and data collection

2.5.1 Instrumentation techniques

Important parameters studied in the general analysis of gas explosions are the flame
speeds  and maximum pressure attained during explosion development. Most
experimental studies have included transducers to measure explosions overpressure.
Various types have been employed including those of diaphragm and piezo-electric
operation. For this present project, the relatively high pressure generated and large scale
experimental rig meant that there were safety considerations to rule out the visualisation

technique to monitor flame travel.
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2.5.1.1 Explosion pressure history

As described earlier, threaded bosses were welded along the test vessels walls at drilled
positions as locations for explosions moniforing equipment. The instrument employed
then became an integral part of the test apparatus and therefore would be subject to the
same Internal pressure. The instrumentation therefore had to be robust enough to
withstand the explosion pressures without losing its sensitivity. Absolute explosion
pressures were measured in the test vessels and the dump vessel using Keller type-
PAA/11 piezoresistive pressure transducers. They had a 5 bar measurement range with a

maximum pressure measurement rating of 10 bar, They had high sensitivity combined

with stability and shock resistance. Test vessel pressure transducers were located in the

ignition-end flange and along its length as shown in Fig. 2.2, 2.3 and 2.3b.

All the pressure transducers were calibrated using a standard hydraulic dead-weight
calibrator. This was performed with the transducers connected to the data acquisition
system. Calibration of this integrated system eliminated any errors that might arise from

the electronic circuit connecting the instrumentation to the data logging system.

2.5.1.2 Measurement of flame positions

A thermocouple junction placed in the path of a flame travel will register its arrival as a
change in voltage potential across the junction. This is recorded as a distinct change in
the analogue output of the thermocouple. Accurate measurement of the time of this
signal change relative to that measured from an adjacent probe allowed the average
flame speeds to be calculated at the midpoint between the two probes. This
thermocouple technique has been used to monitor the flame arrival in previous
explosion studies (Gardner, 1998) and the system was validated by comparison to
photographic records of explosions in a closed spherical vessel. Figure 2.6 shows
examples of thermocouple signals as displayed on a computer screen from which flame
arrival time measurement were taken using a movable cursor. This thermocouple

technique was a primary method of flame monitoring used in this study.



36

The thermocouple tips had an inherent thermal mass; however since all the
thermocouples were at the same specification, it was assumed that they had the same
response time. It should be noted that the thermocouples were not used to measure the
temperature but merely detecting any change in temperature. The time delay or response
time, usually refers to the time lag for full response to the stimulus and therefore, 1s not

relevant at this point.
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Figure 2.6 Typical thermocouple traces indicating the change in voltage output due to

flame arrival.

2.5.1.3 Thermocouples

Exposed junction, mineral insulated type-K thermocouples as illustrated in Fig. 2.7
which been supplied by Fitmec Ltd. Oldham were used. The main body had a diameter
of 3 mm and was located through the vessel wall so that the exposed 0.6 mm-diameter
conduction wires were on the axial centreline of the test vessel. Each test vessel was
fitted with up to twelve thermocouples along its length. Threaded Swagelock
compression fittings were used to seal the units in tapped BSP bosses. The
thermocouples were located through the vessel walls and so would be subject to high
dynamic loads resulting from high velocity gas flow impact, before and after the flame

ammval. In order to limit the bending and maintain accurate positioning of the
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thermocouples, support structures were built into test vessels as well as along the pipes

that were used.

The support consisted of a | mm diameter connecting wire, suspended above the axial
centreline of the vessel from the thin metal strips at the end of the vessel. The
percentage linear blockage of each strip was less than 0.4 %. Circular washers were

used to hold the thermocouples 15 mm above their exposed junction.

Figure 2.7 Exposed junction, mineral insulated type-K thermocouples inside the rig.

2.5.14 Flame speed calculation

By dividing the distance between two thermocouples with the time difference in flame
arrival, the average flame speed between the two thermocouples could be calculated and
assigned to the midway position. This method of flame speed calculation was possible
from saved raw data from the thermocouples upstream of the test vessels. From raw

data, all thermocouples were normalised using computer command 1in FAMOS.

During the initial stage, flame speeds were relatively low but will dramatically increase
towards the downstream of the vessels and to the connecting pipe. Using the flame
speeds method described above, the flame speeds were calculated at some positions. In
order to extract precise results, a technique was employed to eliminate the excessive
flame speed fluctuations. The method involved ‘smoothing’ the distance-time data by

successive calculations of the flame speed at the midpoint of two adjacent points. The

smoothing process is illustrated in Table 2.4.

LEEDDS UNIVERSI Y LIBRARY
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Table 2.4 Procedure in calculating the flame speeds from raw data

Thermocouple distance-time smoothing method

Raw data

Flame arrival time, | T/C position, X Flame speed
{

o Ganiton -
110 X1.0 (X1,0-X0,0)/(t1,0-t0,0) (X1,0-X00)/2 + X0,0

X2.0 (X2.0-X1,0)/(t2,0-t1,0) (X2,0-X1,0)/2 + X1 0

t3,0 X3,0 (X3,0-X2,0)/(t3,0-t2,0)
t40 X4,0 (X4,0-X3,0)/(t4,0-3,0)
Xn,0 (Xn,0-Xn-1,0)/ (tn,0-tn-1,0)
Smoothing data
t1 = (oo +10)/2 | X101 = (Xo0+ X1,0)/2 (X1,1 =X 0,1)/2 + Xo,1
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As mentioned earlier, Fig. 2.6 shows flame position against time of flame arrival data
for 9.5 % CHy/air in a simply vented test for open venting in Test vessel 1 between
thermocouples at the centre and at the exit of the vessel where the high flame speeds

~were generated. The data series represent successive ‘smoothed’ values using the

method described in Table 2.4. These thermocouple to flame speeds procedures needed
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to get precise and accurate flame arrival time as well as the flame speeds for the tests

done.

2.5.2 Data acquisition

The short duration of the highly transient explosions meant that accurate analysis
required high speed data collection from the various instrumentations positioned
throughout the test geometry. Processing the large number of recorded data was aided

by specialised analysis software.

Initiation of data captured and the time of ignition were synchronised using Wind speed

Wavecap software which allowed parameters such as sampling frequency and pre- and

post- trigger sampling times to be varied.

Instrumentation was wired to a 34-channel Microlink 4000 system which designed for
capturing high speed waveform with a sampling frequency of maximum 200 kHz per
channel. The system monitored the 34 analogue inputs comprising pressure transducers
and thermocouples. Analogue/digital conversion used 2 bit ADC, giving a resolution of
1 part in 2" (= 4096). The voltage measurement range for pressure transducer was
between 0 to 100 mV. For a pressure measurement range of 0-5 bar, the resultant
transducer resolution was +1.2 bar. The stored digital data was transferred to the
computer network in the Control room. From this, subsequent signal conditioning and

analysis was carried out using FAMOS software.

2.6  Identification hazards and safety measures

Hazards identification and handling were based on the experiences gained over the
long-term, safe operation of similar cases and on advises and input received from
University Health and Safety Officers. A number of possible hazard generation
mechanisms were identified and associated safety measures were incorporated into the

design and operation.
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2.6.1 Vessel failure

The design features of the vessel in this study were listed in Table 2.1 and 2.2. All test
vessels were pressure tested and certified to withstand pressure above 8 baro. This 1s the
maximum adiabatic overpressure that can be generated by any fuel-air explosion
initially at 1 bar. The possible transition to detonation combustion was also taken into
consideration. The actual design pressure for each test vessel was higher than the

overpressure associated with detonation.

The large volume dump-vessel was hydraulically tested at 11.25 baro. In accordance

with the relevant regulation for the design of large pressure vessels, a pressure relief

valve was fitted. The opening pressure of this valve was set at the design pressure of the

vessel.

2.6.2 Transmission of the explosion to auxiliary equipment

The preparation of fuel-air mixture involved auxiliary equipment such as external
pumps and monitoring systems which all specification will be described in later section.
A safety operation procedure was designed to ensure that all procedures will be
followed and applied for each test. In order to isolate the test vessel just prior to
1gnition, various ball-valves were closed and fuel-lines disconnected. The spark ignition
circuit incorporated safety features that involved the closure of several electrical
contacts. This is described in detail in later section. An important part of the circuit was
a mixture inlet line safety interlock. The filling line had to be disconnected from the test
vessel and then connected to the electrical interlock before ignition took place. The gas

cylinder bottle was therefore isolated from the vessel before ignition.
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2.6.3 Release of combustible gas into the Test room

This hazard was not specified to this facility but was also applicable to any University
area where combustible gases were present and handled. In the event of an accidental
explosion within the Test room, it was expected that the blast would be relieved to the
outside through the large window along the external wall. This large vent area was
expected to reduce the pressure below level that might damage the partitioning walls

that 1solated the Control room. The glass windows were covered with a clear membrane

that was specially designed to limit the glass pigmentation,

2.7 Operating procedures

Due to large number of operations and safety checks involved in a single explosion test,
an Operating Procedure form was devised that had to be completed during each test.
This form contains all experimental steps that needed to be followed as well as the
safety procedures. A flow diagram is shown in Fig. 2.8 that illustrates the safety
procedures and guidelines that account for any deviations from the operational
procedure. As part of the experimental programme, three repeat tests were performed at

each condition and these demonstrated good reproducibility, with peak pressures

varying by less than £5% in magnitude.

2.7.1 Fuel entrainment

In order to create a combustible mixture of known composition, the volume of both fuel
and air introduced into the test vessel had to be known accurately. The theory of partial
pressure was applied to an accuracy of 0.1 mbar (0.01% of composition). The final pre-
ignition mixture pressure was set at ambient pressure (~ 1 atm) for all tests. For
example, to make up a mixture with 10% fuel/air ratio, the test vessel was evacuated to
a vacuum pressure that allowed fuel to be introduced before letting the ambient air to

fill in the test vessel to reach ambient pressure.
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2.7.2 Ignition procedure

All isolating valves were closed and the mixture inlet line was disconnected from the
test vessel and connected to a safety interlock. The data acquisition software was armed
and ignition circuit integrity was indicated by light on the ignition control panel after
the opening of the gate valve. The ‘fire’ button was pressed and this activated the spark
plug and by this, it triggered the data collection system. Once the sampling time was

over, the raw transducers data were displayed using FAMOS software. Output signals
were recorded to check whether a pressure rise had occurred in the system and the

maximum overpressure is not exceeded the critical adiabatic pressure of the fuel/air.

2.7.3 Vessel purging

Purging involved evacuation of both test vessel and the dump vessel using vacuum
pump B (refer to later section). Once a sufficiently low vacuum pressure was attained,

air was allowed to enter the system for more than ten minutes. This procedure was to
ensure that the system atmosphere matched that of the outside ambient air. The test

facility was then ready for the next test preparation.

2.8  Ancillary equipment

The preparation and ignition of fuel/air mixture inside the test vessel and its subsequent
purging involved various equipments with associated pipe works and valves. As
described in the previous section (refer to section 2.7), the procedures involved
including the evacuation of the test vessel, mixture preparation and recirculation and

control of the dump vessel pressure. Isolation of all ancillary equipment was required

before ignition and the test vessel had to be isolated from the connected pipe (if venting

with relief pipe geometry was carried out) and dump vessel during mixture preparation.
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2.8.1 Isolation valves and pipe works

All valves that attached to the test vessel and the dump-vessel are needed to be closed
prior to the ignition in ;)rder to stimulate the confined vessel condition. The fuel
connecting pipe, the pipe attached to the vacuum pump and the pipe attached to the
barometer should be disconnected prior to ignition. Step-by-step test procedure 18

shown in Fig 2.9.

2.8.2 Mixture pressure monitoring system

The theory of partial pressure was used to prepare a mixture of an accurately known
composition. This required accurate knowledge of the test vessel pressure under
vacuum. A Diametric type 600 Barocel pressure sensor was used to monitor the test
vessel pressure during mixture preparation. The unit was fitted into the test vessel filling
line circuit so that the mixture pressure could be monitored at all times. Its principle of
operation was to transducer absolute vacuum pressure into a dc output voltage precisely
proportional to input pressure. Advanced design allowed pressure measurement over a
wide range of input pressure with high accuracy and stability. The unit was connected to
a Diametrics type 1500 digital pressure display. The combined system allowed the
mixture pressure to be monitored to a resolution of £0.05 mbar. For a final pre-ignition

pressure of ~latm, a 10% CHg-air mixture could be prepared to an accuracy of 0.05%.



Evacuate test and dump vessel

Is vacuum pressure stable?

(Less than 0.2 mbar/min leak rate)

Yes
No
Allow ambient air Calculate the fuel required to be filled
into the system and into the test vessel using partial
abandon test pressure method

Does pressure exceed the target fuel

pressure?

Yes

Fill up the ambient air into the test vessel

until it reaches ambient pressure. Allow

No

time for a stable pressure reading

Close fuel valves and Yes

1solate the fuel cylinder.

Disconnect filling line and fit mixture inlet line

Follow nitrogen purging to safety interlock. Close all isolation valves.

Check power to ignition system

Check main fuel cylinder valve is closed.

Yes

All personnel go into the Control Room
Check all lights on control panel are ON
1.e. Door locked
Door latched

Figure 2.8 Flow diagram illustrating safety and operational procedure
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Arm data logging system

Press Multi-Spark fire button
X

NG Did data logging system
/ trigger?

Is this the first ignition loop?
it ighii P l Yes
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Repeat  ignition Was a pressure rise
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Step X
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Go into the test room and

follow the purging procedure

Figure 2.8 contd.
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2.8.3 Vacuum gate valve

For all test vessels, a series 12 VAT vacuum gate valve with a nominal open diameter of
0.162 m was used to isolate the test vessel from the connected pipe and the dump
vessel. It consisted of a light-weight aluminium body and gate with Viton seals. Shaft-
feed-through was employed with pneumatic actuation. Valve operation was controlled

by a solenoid valve in the compressed air supply line pipe.

2.8.4 Evacuation system

As mentioned earlier, mixture preparation in test vessel 1 and 3 involved evacuation of
test vessel to certain vacuum pressure. The large vacuum pump B was used for this
procedure as it involved bigger volume. For a smaller Test vessel 2, a smaller pump A

was used for the same purpose.

2.8.4.1 Vacuum pump A

This was an Edwards EIM18 single direct drive, rotary vacuum pump. It has a nominal
displacement rating of 340 l/min. the pumping mechanism was of the slotted
rotor/sliding vane type. Direct drive was provided via a flexible coupling from a totally
closed fan-cooled motor. It was controlled by an on/off switch located on the mixture

preparation panel in Test room.

2.8.4.2 Yacuum pump B

This was an Edwards E2M175 to-stage rotary vacuum pump. It was an oil-sealed pump
designed for reliable, long-term operation in both laboratory and industrial environment.
It has a nominal displacement rating of 2967 I/min. the pumping mechanism was of the
sliding vane type with high and low vacuum rotor and stator assembly. Direct drive was
provided through a flexible coupling by a four-pole, three-phase motor to IP54
enclosure rating. The pump was water-cooled. Water flow was controlled by an

electrical isolation valve. Power to the pump was via a main isolation valve and soft-
starter.
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2.8.5 Ignition system

A single conventional car spark plug was used to ignite the fuel-air mixture in the test
vessels. Ignition was actuated from a standard combustion engine spark (16 J) via a
high-capacitance discharge circuit. The circuit diagram is included the various safety
interlocks. The system ensured that the following operations had to be carried out

before spark ignition could be effected.

* The gate valve used to isolate the test vessels to pipe and dump vessel during the

mixture preparation had to be opened prior to ignition. This action to ensure a

vented explosion and avoid the high pressure attained inside the test vessel
resulted from a closed-vessel explosion.

* The connecting door between the Control room and the Test room had to be
closed and locked.

* The mixture inlet line had to be disconnected from the test vessel. This

effectively meant isolation of the fuel supply prior to ignition.

Indication lights, fitted to the ignition panel at the Control room were monitored to
check whether this action had been carried out, The data acquisition system was

connected to the ignition circuit for triggering the fire button for data capture.

2.8.6 Nitrogen purging system

If the fuel-air mixture was not ignited might be due to the failure of the ignition spark
plug or electrical faulty in ignition circuit, a relatively large volume of explosive
mixture would remain inside the test vessel. Before any repairs could be made, the test
vessel needed to be purged of the gas mixture. A nitrogen purging system is one of the
special case circumstances that needed to be followed if this case happened. This
procedure carried out by injecting high pressure nitrogen that would mix with the fuel.

A standard pressure gauge on the Barocel could be monitored so that the volume of
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nitrogen introduced was sufficient to inert the fuel-air mixtures. At the same time,
simultaneous operation of vacuum pump B allowed the mixture to be safety purged and

released to the atmosphere outside the Test room.



CHAPTER 33

VENTED GAS EXPLOSIONS: THEORY AND
CRITICAL REVIEW
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3.0 Introduction

The venting technique is a popular and effective prevention method to reduce explosion
hazard in industrial containers of flammable gases, liquids and powders (Eckhotf,
1991). Venting is possible because most hydrocarbon-air mixtures have fundamental
burning velocity, S, normally less than 1 m/s although flame speeds may be
considerably higher while the velocity of sound in air 1s around 340 m/s at normal
temperature and pressure. This means that, pressure transmission may be regarded as
effectively instantaneous but the rate of pressure rise will be relatively slow, subjecting
the structure to be protected uniformly to a stress fixed by the amount of combustible
material. Vent therefore may be located with equal value wherever feasible in a
compartment or duct, providing the run-up distances from the point of ignition to the

vent 1s similar (Anthony, 1978).

The implementation of venting has motivated several theoretical and experimental
studies, the results of which have inspired the development of engineering standards 1.e.
NFPA 68 (NFPA68, 2002) and European Guide on venting (2007). The
recommendation and guidelines provided by these publications are basically regards on
the question of appropriate scaling of the correlation parameters as the analytical
representations are invariably used to predict the vent area requirements for conditions

that are beyond those covered by the experiments which support the design method.

Essentially, four quantities need to be known before a proper estimation of the vent area
can be made (Lunn, 1992). These are:
¢ The reduced explosion pressure, Preq. This is the explosion pressure that should
not be exceeded and which depends on the strength of the vessel. This is
generally designated as Prq and has a unit of bar. P,y should not exceed two
thirds of the bursting pressure, Py. It may be that the strength of the vessel is not
accurately known and such a lack of information must be an important
consideration when deciding which method of vent area calculation to use.
* The vessel volume, V. Most of the basic methods for estimating vent areas are

limited to compact enclosures with length to diameter (L/D) ratio less than 5.
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» The mixture reactivity in terms of gas deflagration index, Kg or dust
deflagration index, Ksr or burning velocity, Su. It can be shown later the
relationship between Kgand S, and how Kg is dependent on vessel volume.

e [.ocation of the ignition source andtthe turbulent factor. It had been depicted that
end ignition gave higher P4 as the flame has longer travel distance compared to
central ignition. Turbulence generated through the interaction of the gas flow
ahead of the flame with obstacle inside the vessel. This is normally been taken
into account by a turbulent factor, § where the turbulent burning velocity, St 1s

in term of

S, =1+ 45, (3.1)

3.1  Parameter involved in empirical equations.

In venting, the pressure developed is dependent upon the vent coefficient, K = VAIA,
which expresses the effect of the vent opening area and the burning velocity, S, of the
gas-air mixture, However this parameters are not be used as straight forward. This
concept has been applied by Cubbage and Simmonds (Cubbage and Simmonds, 1955,
Cubbage and Simmonds, 1957), Cubbage and Marshal (Cubbage and Marshall, 1974)
and Rasbash (Rasbash, Drysdale and Kemp, 1976). Bartknecht (Bartknecht, 1993) used
K terms to express the vent flow pressure loss and vent bursting pressure in his

correlation and Kg value to express the gas/air mixture reactivity. Kg 1s defined as

KG=(%?) VY bar-m/s (3.2)

where dP/dt is the rate of pressure rise (bar/s) and V is the vessel volume (m?). Kg is
given as 50, 100, 140 and 550 bar-m/s for methane, propane, town’s gas and hydrogen
in 5 litre spherical vessel done by Bartknecht (Bartknecht, 1993). These values can only
be used with the Bartknecht’s correlation as Kg value is not to be constant but to
increase with vessel volume as been investigated by Chippet (Chippett, 1984). Thus, Kg
value should not be assumed constant and yet, be regarded to be representing the
mixture reactivity. However, the use of burning velocity, S, gives the same problem. In

venting, it is assumed that S, is constant throughout the explosion development so does
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the flame speeds. This assumption is not valid as the higher compression pressure and
temperature of the unburnt gases changes the burning velocity from that of the initial
gas pressure and temperature. However, the change of S, on these parameters is a small
effect (~20% increase in S, at the end of the explosion). Further, S, is also dependent to

the mixture reactivity, adding to the difficulties in quantifying the parameter. However,
the assumption of constant S, is not a bad approximation especially when S, is taken as

a little higher than the value at normal pressure and temperature.

A more completed theory of closed vessel flame propagation and the derivation of the
relationship between rate of pressure rise and burning velocity, Sy was presented by
Nagy et al (Nagy and Verakis, 1983).

213y - 2/3
aPp _3Su 7Pm_____.(P1/7_..P1/7)”3:1-[1)0}“1 P(3'2/7"'B) (3.3)
", P

d R pQ-Uy=p o U
0

From Eq. 3.3, one can easily derive the dependent of Kg (from Eq.3.2) to S,. Kumar at
al (Kumar, Bowles and Mintz, 1992) also derived an equation for K¢ as a function of
Su. This equation also assumes that S, is the constant and does not vary with radius as

well as pressure and temperature. The equation states as,
K; =484S (P /P)""(P, ~P) (3.4)

Further, using an assumption of only little pressure rise been experienced in the closed
spherical vessel explosion in the first half of the flame travel and achieved its maximum

about 98 % of adiabatic pressure rise in the last half of the travel given K¢ value in term

of,
K, =3.16(P, - P)S.E (3.5)

This formulation derived by Andrew (Andrews, 2004) with regards on the constant
burning velocity through the flame travel. From Eq. 3.3 - 3.5, it is clear that the

dependant of dP/dt on S,. From this relationship, it can be seen that Kg = constant S,. In
dust explosion, the relationship of K, and turbulent burning velocity, St existed and this

can be related with laminar burning velocity for dust i.e. St = BS, as shown in Eq. 3.1.
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These two parameters are mainly used to correlate the vent design by the researchers

even not in direct order in order to meet minimum deficiency from experimental results.

3.2  Venting mechanism.

Experimental results or calculations for vented explosions are usually presented by
expressing a term containing the peak (reduced) pressure, Prq as a function of a
parameter describes the amount of venting. In contrast to the closed vessel, explosions
In a vented vessel are characterised by the maximum reduced explosion overpressure,
Prd Instead of the maximum explosion overpressure, Ppax (shown in Figure 3.1) and by
the maximum reduced rate of pressure rise, (dP/dt).q instead of the maximum rate of
pressure rise,(dP/dt)max (Siwek, 1996).The reduced explosion pressure or Py is usually
designed to be approximately two-thirds of the pressure required to rupture the vessel.
In a given vessel, the ‘reduced explosion pressure’ will depend upon various factors
such as the size/shape of the vessel, number and location of the vent, the opening vent
pressure and inertia of the vent cover, the presence of obstructions inside the vessel, the

explosive characteristics of the gas or dust etc.
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Figure 3.1 Pressure behavior versus time for a closed and vented explosions.
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The basic principal of explosion venting provides for the rapid opening of a vent of

sufficient area to allow unburned gas and explosion products to escape, thus limiting the

pressure rise to an acceptable level, On the general basis, the reduced pressure attained

in the vessel before venting must be less than the mechanical strength pressure of the

containers. The vent opening must be correctly sized to allow the expanding gases to be

vented at a rapid rate so as to limit the internal development of pressure. The acceptable

pressure rise iS determined by the requirement that the vessel should not rupture and in

some cases, 1t should not deform. Essentially, a vented explosion can be considered to

have three phases as shown in Figure 3.2:

An initial confined explosion phase which occurs prior to removal of the vent

cover

At this stage, the rate of pressure rise will be determined by the rate of
production of burnt gases which in turn depends upon the flame speed (Marked
by a). Theoretically, flame will expand spherically before it distorted to semi-
hemispherical shape and stretch towards the vent. The flame area is increasing
and hence, the rate of mass burnt increases. The increasing of mass burnt rate
will increase the flame speed and thus, higher dP/dt as well as the shorter time
taken to reach a given pressure. It means that the first requirement of an
etfective explosion relief is that an open vent should be created at an early stage
In the explosion process. By this means, the vent cover should have as low

breaking pressure as possible.

A vent removal phase. A situation when an open area is created through which
gases can escape. In industrial practical, a vent cover is needed to seal the vessel
in order to prevent the escape of fumes or combustion products but is designed
to fail at a low pressure and allow an outflow of gases to be established at an
early stage. The transition between the confined explosion phase and the vent
removal characterised by P, in Figure 3.2. After this phase, a significant
decrease in explosion overpressure should result but since the flame front is still
expanding, the rate of pressure rise, dP/dt is increasing and the pressure will rise.
In order to minimise the pressure developed during venting, the breaking
pressure, Py should be low as possible. Lower breaking pressure leads to small

flame elongation and hence, smaller flame areas and as a result lower P
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whereas at higher breaking pressure, the effect of flame distortion is reduced as
1t takes longer time to break and hence would result on higher Pred (McCann,

Thomas and Edwards, 1985). It should be noted that in higher P,, the flame

become cellular prior to removal of the relief panel.

* A venting phase. A phase during which gas flow out of the open vent is
established. In this case, the pressure will rise again after the vent cover has been
removed until the flame front reaches it maximum area which denotes as P, 1n
Figure 3.2. Cubbage and Simmonds (Cubbage and Simmonds, 1955, Cubbage
and Simmonds, 1957) thoroughly investigated the development of Prq In
industrial ovens using town gas/air and methane/air mixtures by varying the
location of the vents and different breaking pressure of vent covers. The
significant result from their work was the double peak pressure profile attained.
Double peak pressure-time profile occurs with low breaking vent pressure whilst
single pressure peak profile occurs with vent cover having a high breaking
pressure (Harris, 1983). A higher rise in vessel pressure i1s observed for lower
venting pressures and this is explained by increased flame area and a longer
period of unbumed gas venting, which is less efficacious than burned gas
venting (Bradley and Mitcheson, 1978b, Harris and Briscoe, 1967). Effectively,
the total surface area of the flame front is greatly enhanced by the sudden
opening of a vent, and this in turn increases the overall combustion rate of gases
within the vessel. Thus, very strong second pressure peaks are often detected

following the initial pressure drop when the vent opens.

Turbulence and stretching of the flame surface towards the vent opening can also
result in an increase in the combustion rate (Buckland, 1980). The turbulence may
be caused by increased gas flow velocities and by the opening of vent covers.
Burgoyne and Wilson (Burgoyne and Wilson, 1960) have demonstrated that, all
other things being equal, a vent which opens smoothly can give a lower P,q4 than

does a diaphragm which burst abruptly at the same opening pressure. The very

presence of a vent cover can increase turbulence in an explosion,

A further peak, P3 might occur if the gas cools down sufficiently rapid to reduce the

pressure in the vessel below ambient, causing re-entry of ejected unburnt gases. The
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external explosion that gives rise to the Ps is due to the fast flame propagation in the
turbulent external vented premixed gases. This pressure increases as the vent area
decreases or high K value as this will produce higher and turbulent jet velocity out
from the vessel. Usually P; develops because the size and shape of the enclosures,
the position of ignition source as well as the stretching and movement of the flame
towards the vent as it opens, allowing burnt gas to be vented while combustion is
still taking place inside. Transient pressure may also be affected by oscillation being
set up in the system (Anthony, 1978) as represented by P4. This oscillatory type
combustion or Helmholtz oscillation will further increases the rate of combustion
which that increase the internal pressure inside the vessel and this oscillation
pressure gradually damped out as the flame expands. However, the burning rate
during this phase is enhanced by the turbulence generated in the shear layer between
the outflow burnt gas and unburnt gases within the vessel (Cooper, Fairweather and
Tite, 1986). The strong interaction of the flame front, the shock/pressure wave and
physical back flow into the vessel generally enhance the rate of combustion inside
the vessel and further induced Taylor instability on the section of flame front surface

farthest away from the vent. As the flame is continued to expand, it eventually

encounters the walls of the vessel and this will suddenly decrease the flame area and
hence the rate of pressure rise. Work by Solberg et al (Solberg, Pappas and
Skramstad, 1980) confirmed the existence of third pressure peaks assembling the Py
trace in 35m’ vessel in which the vent were initially covered. They found that a
strong flow field will be generated at the opening of the vent which the flame will

be strongly accelerated towards the vent and Taylor instability may develop at the

worst case of central ignition,
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Figure 3.2 The pressure-time variation in a vented explosion. Graph reproduced from

Cooper et al (Cooper, Fairweather and Tite, 1986)

The relative size of peaks P, and P, are determined by the size of the vent relative to the
vessel, the magnitude of Py, the flame speed and the scale and intensity of turbulence
when the vent breaks. As the vent area of the vessel or enclosure is smaller, the pressure
required for vent cover removal is increased. It is found that the bursting vent pressure,
Py 1s Inversely proportional to the area of the vent cover (Cubbage and Marshall, 1974).
Further, the smaller the A, i.e. high K, the smaller is the vent area available upon its
removal and the less rapid, therefore, the egress of combustion products were impeded.
Due to inertia of the vent cover, a finite time is required immediately after P, is reached
to totally remove the vent cover sufficiently far from the enclosure for the flow of gases
out of the enclosure and thus, the weight per unit area of the vent cover is another
important factor influencing P.4. The heavier vent cover is not as effective as the lighter
material in minimising the pressure developed (Cubbage and Marshall, 1974, Molkov,
Grigorash, Eber, Tamanini and Dobashi, 2004).

|
/

An Increase in Py will cause Py to increase with respect to Py; while high flame speed
and high turbulence will cause P, to increase with respect to P,. P; also increases with
respect of P, as the vent size becomes smaller for a given vessel (Anthony, 1978).
Further, at certain condition, there is only one peak is observed. The merging of P, with
Py corresponds to a situation where dP/dt becomes negative after the operation of the

vent which occurs when the vent is relatively large or flame speed is low. However, the
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merging of P} with P, corresponds to the situation where dP/dt remains positive after

the opening of the vent and this situation generally occurs when the vent is relatively

small and flame speeds are higher.

Thus the explosion pressure developed in vented explosion depends on three quantities;
the pressure required for vent to release, P, the back pressure due to inertia of the vent
cover and the back pressure caused by restriction to the gas flow through the vent and to
these, the turbulent parameter must be added. These effects on P.q will become
complicated function as other variables from those effects mentioned related to other
dependent variables and all parameters need to be accounted in order to perform the

appropriate design for venting.

3.3  Venting theory

For the purpose of correlating the theory and experimental results, P, will be assumed as
the dominant overpressure as P, is usually regarded as the bursting burst pressure. The
problem arises as most investigators of vented explosions do not report the pressure-
time profile but simply report the maximum overpressure they attained in that particular

experiments. Hence, it is normally not possible to know whether this is caused by P, P;

or Ps.

However, understand the physics of vented explosion which regards the flow of the
unburnt gases ahead of the flame vented out through the vent allows overpressure to be
calculated. The procedure would allow the form of correlation which includes P; to be
deduced and further, will then be compared to published experimental data in vented
explosions. Thus it will be assumed that in most cases of vented explosion the
maximum Py is caused by the flow of unburnt gases through the vent and hence, P,

should be taken as maximum overpressure based on the assumption made.

The most used and recommended correlation for venting gas deflagration is adopted by
NFPA 68 (NFPA68, 2002) and European Gas Venting Guidance (2007)rely on the vent
correlation developed by Bartknecht (Bartknecht, 1993) for high-strength enclosure and

Swift’s correlation (Swift, 1983) for low-strength enclosures, respectively. The
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correlations apply for a compact vessel which Bartknecht defined as those with L/D < 2
although the draft European Standard (2007) has applied the correlations for L/D < 3.
Bartknecht’s correlation (Bartknecht, 1993) is given as the vent area, Ay, as a function
the vessel volume, V*° multiplied by a complex term that includes the mixture
reactivity Kg, reduced overpressure in the vented explosion, Prg and static vent burst
pressure, P,. The V*° dependence of overpressure on the test vessel volume is a
characteristic of spherical or compact vessel explosions, where the flame remains
mostly in spherical shape during venting process. If the spherical flame propagates at a
constant rate irrespective of the vessel volume, P,q should be only dependence on A,

and V** or K. Bartknecht expressed his correlation as:

PU.532 Pu.s.n (3 6)

red

A= {0. 12651og,, K; =0.0567 0.175(Psrat—-0.1)]v%

where Kg is deflagration index (bar-m/s), Py is the static burst pressure (barg), V is
volume (m”). Equation 3.6 is a dimensional relationship which yields Ay as a function
of two terms i.e. the vent flow pressure loss for the first and the vent bursting pressure
term for latter which gave a linear influence of Py on A,. There is no fundamental basic
for Eq. 3.6 as it is a pure empirical correlation and relies on appropriate experimental
data to determine the four adjustable parameters where the details of the data analysis
have not been made public (Bartknecht, 1993). Again, the correlation developed by
Bartknecht (Bartknecht, 1993) can be said empirical as the dependency of K¢ with S, as
mentioned earlier. In his work, Bartknecht carried out venting explosion mainly in four
different fuels which are methane, propane, town’s gas and hydrogen at volume range
between 1 to 60 m’, If the equation is applied to a standard vent burst pressure of 100
mbar where the influence of P, and weight of inertia of the vent, w can be assumed

negligible, Eq. 3.6 can be transformed into:

1 _ 0.1265log K ; —0.0567  constant

0.582 0.582
K P, P

red

(3.7)

Given a value of Kg for each gasas 55 for methane, 100 for propane, 140 for town’s gas
and 550 for hydrogen will give the constant as 0.164, 0.20, 0.212 and 0.290
respectively, As been discussed earlier, Kg increases with vessel volume but yet,

Bartknecht has not been determined the Kg value at different vessel volume.
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Figure 3.3 Bartknecht data for propane-air at different volumes at E = 10], Py = 100
mbars (Bartknecht, 1993). * is for methane-air at 30m” on 1/K. + is for propane/air at V
=2 m’, Reproduced from Andrews (Andrews, 2004).

The correlation developed by Bartknecht (Bartknecht, 1993) can only be applied on its

own limitation as the equation is the empirical derived from his experimental works and
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no other published venting data included as noted by Siwek (Siwek, 1996) in his study

on published correlations in vented gas and dust/air- mixtures.

Figure 3.3 shows the original data from Bartknecht for propane/air at different volume.
From the figure, Bartknecht portrayed his correlation based on the experimental data
obtained for V = 10 m’. It suggested that the correlation developed by Bartknecht
(Bartknecht, 1993) was purely empirical with no safety factor offered for venting design
purposes. At the x-axis, it represented the vent area, denoted as F (m®) and Py for y-
axis. However, when the result data is re plotted for V =2 m’, represented by the (+)
sign, it is found that only one data agrees with the line that drawn from the correlation
line. After re-analysed, it is found that F parameter at x-axis is a mistake and it should
be corrected to 1/K. To justify the alterations, the methane experimental data, denoted
as * sign from Bartknecht's work for methane/air at V = 30 m® were re plotted and it
showed a poor agreement with the correlation line drawn. From the figure, it is implied
that the same vent area is required irrespective of the vessel’s volume which is
obviously incorrect. Further, the results implied that lower overpressure attained for the

same K in the largest volume i.e. 60 m’

From Fig. 3.3, the overpressures are increasing with volume for vessel volume of 1 to
10 m® but decreasing for higher volumes. The self-acceleration mechanism can be the
reasonable explanation for the increase overpressure for the first condition but there 1s
no physical explanation for the latter case. As will be discussed later, the volume effect

1s not correctly correlated by the K parameter in Bartknecht’s correlation.

NFPA 68 adopted Swift's equation to apply for design and scale-up of venting system
purposes and it seem that the results obtained were in good agreements with
experimental data obtained by Donat (Donat, 1977) and Harris and Briscoe (Harris and
Briscoe, 1967). Again, there is a limitation in using this approach as it can be applied on

certain conditions i.e. Preq is not more than 200 mbar and only suits to low-strength
enclosures.

The Swift correlation has a form of:
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4 = G4 (3.8)

y 0.5
R-ed

172

where C is the deflagration constant (kPa)'® that determined by experiment or

calculation enveloped the gas reactivity terms, discharge coefficient (typically 0.7) and
turbulence factor (typically 5) and A, is the vessel surface area (m®). Further, the
relationship between A énd V3 can be defined as A = constant V% where constant is
equal to 4.84 for sphere, 6 for cubic, 6.3 for rectangular and 5.81 for cylinder with L/D

= 2. In K term, Eq. 3.8 can be transformed into:

K P 0.5

red

1 _ constant (3.9)

The use of A, instead of V¥° by Swift is followed by Bradley and Mitheson (Bradley
and Mitcheson, 1978a, Bradley and Mitcheson, 1978b) as Swift predicts that a larger
vent area is required for cubic vessel rather than spherical vessel at the same Py and
volume which is not in the case of Bartknecht’s correlation, This means that A 1s the
key parameter to include the influence of the vessel geometry/shapes on the
overpressure. The simplicity and ease of use of Eq. 3.9 is questioned, underestimate the
complexity of large-scale combustion phenomena and did not take into consideration
the effect of vent opening pressure. Swift (Swift, 1983) based his design equation on
theoretical development that indicates the independence of Prq Of the vent opening
pressure, if the turbulence enhancement itself is also independent of the vent opening
pressure. The turbulence induced by the vent opening or the flow of unburnt gases over
and around the obstacles are not yet realistically be demonstrated especially in large
scale conditions as the previous investigators put constant to give effect on turbulence to

fit with their experimental data and these values were differed from others and still, this

root problem is not yet resolved.

The most classic and often referenced studies on vented explosion vent design has been
published by Bradley and Mitheson (Bradley and Mitcheson, 1978a, Bradley and
Mitcheson, 1978b). They made a detailed comparison of their theoretical results with an

extensive compilation of the experimental data. Their presentation of the model results

was in a form of plots for dimensional (in atmospheres) reduced explosion pressure,
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AP.q4 versus a dimensionless vent parameter, Z/ S as follows for initially closed venting

1.e. with the vent cover on place;

P,, =243(A18)°®" for P, >1barg (3.10)

P,, =1246(A/S)™ for P, <1barg (3.11)
- ~1

with 2= ¢, 2:Cur( Pu g (3.12)
S Assu pb

‘where C,; is the speed of sound (m/s), p, is the unburnt gas density (kg/m3) and py, 1s the
burnt gas density (kg/m’). The dimensionless vent parameter has been termed by
Molkov (Molkov, 1995, Molkov, 2001) as turbulent Bradley number, Br, where the
only different from the original equation is the added deflagration-outflow-interaction
number, y/p. The model suits ideally for spherical vessel flame propagation as it is the

basis for the equations developed.

If the Eq. 3.10 and 3.11 changed to K term as followed in Bartknecht and Swift's

equation above, it gives,

1 _0.281S,(E~1) _ contant

¥ CCPp'# p & (3.13)
d~ui* red red
1 _ 3.53§ (E-1) _ contant (3.14)

K Cd Cm* P 0.5 P 0.3

red red

The equation developed by Bradley and Mitheson (Bradley and Mitcheson, 1978a,
Bradley and Mitcheson, 1978b) assumed that the pressure rise will be enhanced by the
vcntiﬁg of the unburnt gases rather than the burnt gases and this is taken as a ‘worst
case’ scenario for a safe vent design. The pressure reduction enhanced by burnt gas

venting is supported by Maisey (Maisey, 1965), Rasbash and Rogowski (Rasbash,
1986) and Yao (Yao, 1974).

Nevertheless, this approach is been questioned if there was a significant P, (Lunn,

ICheme, 1984 and 1990). The expanding flame front which associated with substantial
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gas flow ahead of it and the presence of opening vent alters the flow patterns. These
conditions generate intense turbulence towards the flame propagation in which increase
the burning velocity and hence the maximum overpressure. At this particular condition
where the postulated discrepancy between the theory and experimental results in a

presence of turbulence associated with the increase in burning velocity, Bradley and
Mitheson (Bradley and Mitcheson, 1978a, Bradley and Mitcheson, 1978b)

recommended that a five fold increase in burning velocity. above that of the laminar

value would be necessary to fit the experimental data.

The recent alternative vent design correlation at increased pressure and temperature that

is adopted by NFPA 68 and draft of the European Venting has been introduced by
Molkov et al (Molkov, 1995, Molkov, 1999, Molkov, 2001, Molkov, Baratov and

Korolchenko, 1993, Molkov, Dobashi, Suzuki and Hirano, 1999, Molkov, Grigorash,
Eber and Makarov, 2004, Molkov, Grigorash, Eber, Tamanini and Dobashi, 2004,
Molkov, Korolchenko and Alexandrov, 1997). They had called the correlations as a
‘universal correlation’ for prediction of reduced pressure and vent area. It is based on
the modified correlation from the original correlation developed in 1993 and
1995.(Molkov, 1995, Molkov, Baratov and Korolchenko, 1993)

In the correlation, deflagration-outflow-interaction number or can be called turbulence-

factor, /4 and Bradley-Mitcheson number, Br are introduced where the so-called

deflagration-outflow-interaction number y/u was derived by fitting the calculated

pressure-time curves to the experimental data from various author (Razus and Krause,
2001). The parameter represents the turbulent generated during the explosion

development. The Bradley number and the deflagration-outflow interaction are follows:

T =Br** forr, <1 (3.15)

Z,, =1-6Br"” forzm_  >1 (3.16)

VE, !
Bf} — 0! Vo Br'ﬁ' (3.17)
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Br = A, _ Cu (3.18)
V¥ s (E-1) .

- 0.37

r

X _ o (L+10V7)(1+0.5Br) (3.10)
g 1+, |
Where 11y = M, E is the expansion ratio of p./py, ¥ 1s the specific heat

P

ratio for unburned mixture, cy; is the speed of sound (m/s) and JI, is ‘pi’ number. As the
same with other correlations, the original equations (Eq. 3.15 and 3.16) will be changed
to K term. This gives as,

1 Y36x y S,(E-1) 1  constant (3.20)

W 0 AEeess—— mneliaseskiENab el iikiphlipeply TEERE——
S ——— ——

K E/y.ﬂ Cm' 'P 0417 Predﬁ.ﬂ'?

3 _ _ 4 - 2
= 3607 Z--‘-S'-i‘—%-—-l)-(’/ GP”’" ) =constant(7 ;""") (3.21)
K

ui

The equation is valid for unobstructed enclosures but the author acknowledges its use
for congested enclosures as well. The first attempt to quantify the level of turbulence
generated in venting explosions has been made by Munday (Munday, 1963) with use of
detailed models, experiments and best fit approach and from then, the works to include
turbulence factor are progressing. Nevertheless, the value of turbulence factor is based
on restricted, narrow range of exploited experimental data (Munday, 1963, Yao, 1974).
Others used the dependence of turbulence factor on flame and vent outflow Reynolds
number in order to take into account the changes of B during explosion (Chippett, 1984,
Molkov, Dobashi, Suzuki and Hirano, 2000).

The disadvantage of using this approach is the difficulty to estimate the average values
of B from such results. Furthermore Zalosh (Zalosh, 1995) stated that there is no clear
correlation between § = constant or B = f (Re) approaches obtained by different authors.
The author elaborated that the assumptions made in the formulation of detailed models
concern: assumption about the composition of the vented gas, assumed flame geometry,

the empirical parameters and correlation to account for turbulence enhanced combustion
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and flame acceleration induced by flame instabilities. Further, this method requires
users to determine turbulent Bradley number, By and thermodynamic (y,, Ei, ¢yi) as well

as thermokinetic (S,;) data before applying the formula below:

ﬂ -{) 4
A(l+7,) 1+0.5.[T-_—4:9ﬂ-—m}
Br, 3/36x,.V V73(0.735 ,).(E, - 1)
s e S R - (3.22)
. B 708 2 (14+10V /)% (0.73.5, )(E, = 1)

V7.
As far as the author’s concern, there are basically two different approaches of the
explosion venting flow modelling applied. In order to obtain the mathematical
expressions for flame flow and pressure development during venting explosions, it is
necessary to establish the appropriate thermodynamic and physics fundamentals 1.e.
conservation of mass, gas law, energy balance etc. For a vent to give no increase in
overpressure other than that due to the pressure difference created by the mass flow of
unburnt gases through the vent, the vent mass flow rate is assumed to be equal to the
maximum mass burning rate of the flame and this consideration should be used as the
design mass flow through the vent. This approach in calculating the maximum vent
flow could be said to overestimate the maximum flow as the assumption of the

maximum flame area is very conservative.

Experiments made in the laboratory show equations for the gas flow through an orifice
apply equally well to flow through a vent (Nagy and Verakis, 1983). Since the vent can
be treated as an orifice, the incompressible flow equation through the orifice can be
applied but somehow, the assumption of using this equation is only valid up 10 Pregq <

200 mbar then the full compressible flow orifice should be used.

This approach will be explained in two different methods. By Method 1, it is assumed

that the maximum overpressure occurs when the vented unburnt gas flow rate is at a

maximum and this equal to the maximum mass rate of burning at the flame front, m
which has been applied by Swift (Swift, 1983), Munday (Munday, 1963) and Molkov
(Molkov, 1995) before the modification made later in 2000. The equation is as follows:

m, =3§,Ap, (3.23)
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where S, is bumning velocity (m/s), A, is the internal surface area of the enclosure (m?)
and p, is the unburnt gas velocity (kg/m®). The assumption is valid as the flame
approaches the wall at higher Pyq as the flame area is closer to the wall. The maximum
vent mass flow and pressure loss always occurs before the flame exits the vent at which
during the period when the flame is expanding inside the vessel and pushing unburnt
gases ahead of the flame due to the thermal expansion of the burnt gases. Once the

flame exits the vent, the burnt gases are free to escape and expand outside the vent
whereas the expansion inside the vessel ceases and hence the flame speeds inside the
vessel will fall to S,. Further, the burnt gas flow through the vent is at a low gas density
and thus, will lower the pressure loss at the vent entrance. Thus, the prediction of the
maximum venting overpressure is reduced to that of predicting the maximum unburnt

gas flow through the vent and its associated flow pressure loss.

However, Method 2 assumed that the maximum overpressure occurs when the vented
unburnt gas flow rate, m, is at a maximum and this equal to the maximum unburnt gas
displaced flow by the flame front, S,. This assumption has been applied for correlation
developed by Runes (Runes, 1972) and Bradley and Mitheson (Bradley and Mitcheson,
1978a). The equation given is slightly different from Eq. 3.23 as is about 6.5 times the
mass flow of the first method as it takes the effect of (E-1) where E 1s the expansion
ratio. As S, is close to flame speed, St in value, this approach is only slightly lower in

mass flow rate than if it is based on flame speeds value.

m, = SgA.ipu = Su (E - I)A:pu (3'24)

The approach of assuming the maximum flame area, As to be A; as one of the
characteristic in defining maximum burning rate maybe can lead to the overestimate of
the overpressure. In spherical vessel, the flame would only propagates about half of the
diameter at P, = 100 mbar and hence the surface area is about a quarter of A, Taking A,
to calculate how much bigger the flame would take when venting occurs has been
initiated by Runes (Runes, 1972). For a safe design of a vent, Runes (Runes, 1972)
suggested that the important parameter needed to be considered is the re}:]uired
maximum burning rate and this can be given by the maximum flame surface area, Ay

and by this assumption, Runes suggested that this could not be larger than the internal

surface area of the enclosures, A..
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For spherical flame propagation at central ignition, the mass burning rate of the flame,
m, equal to the incompressible flow equation through the orifice would give using

Method 1 and Method 2 respectively;

m, = AsSu pu = Cdmv (2puPrcd )Diﬁ (325)
mb = As Sg pu = A.sSu (E - l)pu =~ CdgAp(zpu Pred )0.5 (3-26)

where Cq is discharge coefficient and € is compressibility factor. It can be argued on the
coefficient discharge, C4 value as the Cq4 value is always regarded as a constant of 0.61
for a sharp edge orifice but this would not apply for lower K value where Cqy can
increase up to 0.7 or more. In theory, C; is dependent on the design of the vent and K.

However, this does not change the fundamental characteristics of the flow, as in orifice
plate flow metering compressibility is treated by adding an expansibility factor, €, to the
basic incompressible orifice flow equation, as shown in Eq. 3.25 and 3.26. The value of
€ decreases as Preg increases and is 1.0 for incompressible flow and about 0.8 just prior
to sonic flow at the nozzle. The compressibility equation is given by BS 1042 as:

£=1=(0.41+035—y—Tred___ (3.27)

sz y(Rl +Pred)

where ¥ is a specific gas constant and P; is the initial pressure (bar). Another parameter
that always assumed to be constant is the unburnt density where the value is taken as 1.2
kg/m’. This is unjustifiable simplification as the density is the linear function of Preq in

absolute pressure terms from the gas law. Thus it should be written as:

(3.28)

where MW is the molecular weight of air (0.029 kg mol™), R is the gas constant
(82.0552 x 10° m’bar/Kmol) and T is the temperature (K). The result of taking the
density as a function of Prq is to increase the mass burning rate and thus require a larger

vent area for the same overpressure or a large overpressure for the same vent area.
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Again, the problem arises as temperature is also assumed constant. During the initial
portion of the explosion, the vented gases are cool. As the flame expands, the gases
flowing through the vent will soon have the high temperature of the combustion
reaction and based on the gas law, high temperature associated with high pressure
attained. The assumption of constant temperature is not valid but the computation of the
temperature rise due to compression is difficult without constant volume combustion.
However, Lunn (Lunn, Crowhurst and Hey, 1988) has introduced approximate
empirical method to estimate the compressed temperature as a function of Pyeg.

T=298|(P,, +P )/ P[] (3.29)

!

However, the rise in temperature due to the pressure rise is smaller than in pressure and
by using a relatively high T of 300K, the error will be small and conservative as the
density will be overestimated based only on P4. Substituting Eq. 3.29 to Eq. 3.25 and
Eq. 3.26 would give

A, _0.002435, (P, +B\" (3.30)
Al’ E'Cd Pred |

— 3.31
P (3.31)

A, 0002438 (E-1)(P., +P )"
A-F écd red

Noted that Ag and V*° is in relation in terms of A; = C V*>. The constant value is given

in Table 3.2 below. For spherical vessel, As = 4.84 V¥ and this will result to

1 001185, ( P, +F, "
T . ( P } (3.32)
112
1 _OO0UBS(E-Df Py + 5 (3.33)
K éCd Prcd |

Equation 3.32 and 3.33 are suitable only when the flow through the vent is subsonic.

When Prg > 1.89 Py, the flow is chocked and sonic flow is occurred. For spherical
vessel 1t gives,
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%=0_0145_7§ﬁ;(££%ﬁ} 3.34)

red

% = 0.01455552[515—?&) (3.35)
red

However these approaches do not predict the influence of P, and turbulence factor, f3
can be introduced in order to simulate the effect. For high P,, the breaking of the vent
will cause the pressure waves and generated turbulence where the net effect from these
actions is increasing the rate of burning at the flame front. In computer modelling, the

turbulence factor can be used to give an effective turbulence velocity, S, = pS..

It seems that the underlying theory behind venting explosion makes other published
correlations given by the previous investigators can be compared. It is important to
compare the theory approach discussed above with the correlations offered by the vent
design standards i.e. NFPA 68 and European Gas Venting Guidance 2006.

It 1s 1nstructive to conclude that the reactivity term used by the vent design correlation is
the burning velocity, S, instead of the Kg values. In reality, the unburnt gases inside the
vessel are not vented out at the same time when the burnt gases started to eject through
the vent where the unburnt gases left and trapped at the corner region of the vessel in
the case of non-spherical vessel. Once the burnt gases are vented, there is no further
Internal expansion of the flame and the flame speeds should be reduced to laminar
burning velocity, S,. At this state, the pressure will be associated with the subsequent
combustion of the unburnt gases at S, and the assumption for the maximum
overpressure occurred at the maximum vent unburnt gas flow rate is valid. Below are

the studied correlations along with the proposed equations to be compared to the

published experimental data that will be discussed later.
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Table 3.1 Studied correlations for venting of gas explosions

Correlation Reference

g

| _[0.126510g,{, KG--0.0567+0.175(Pstar—-0.1)} ,% Bartknecht  (Bartknecht,

" Pt Prei 1993)
CA Swift (Swift, 1983)
A = $
PrEdU.S
P., =243(A/8)°%" forP, 21barg Bradley and Mitcheson
— — Bradley and Mitcheson,
P, =1246(A/S)” forP,, <1barg ( d
1978a, Bradley and
Mitcheson, 1978b)
Z,., =Br" forr_, <1 Molkov (Molkov, 1995)
r._,=T-6Br" forzx_, >1
1 _0.00243CS, (P + B ) Method 1
K gcd Pred
1 _0.00243CS, (E=1)( P, +P,) Method 2
K £Cd Pred
34 Comparison of Bartknecht and Swift correlations as been adopted In

NFPA 68 using derived methods on the same basis.

To justify the applicability and validity of the proposed equations, it is useful to directly
compare the derived methods with the correlations given in NFPA 68 i.e. Bartknecht’s

equation and Swift’s equation. From Eq.3.7, Bartknecht’s equation can be expressed as,

]
= =C, Pred ™" (3.36)

where C3 = 0.164 for methane, 0.200 for propane, 0.212 for town’s gas and 0.290 for

hydrogen. It should be noted that there is a relatively small dependency of K on mixture
reactivity which is most unusual based on the fact that hydrogen is the high burning

velocity mixture compared to methane and propane. For Method 1 and Method 2, Eq.

3.30 and 3.31 can be transformed in term of the constant value term as,
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-1[-<-=C,C2£“ Pred ™ (3.37)

where C, =(p* /(C,2°%)S, for Method 1 and C, =(p* /C,2*")S,(E-1) for

Method 2. C, = 4.84 for sphere, 6 for cube, 6.3 for rectangular, 5.81 for cylinder with
/D =2 and 5.54 for L/D=1. C; is the same derivation for Swift’s C constant. If S, = 0.4
m/s for methane, 0.45 m/s for propane and 3.1 m/s for hydrogen, C4 = 0.61 and p = 1.2
kg/m’, it would give C; = 0.0016 for methane, 0.0018 for propane and 0.012 for
hydrogen respectively for Method 1. For Method 2, with the same value of S, Cq and P
for appropriate gases, C; = 0.0104 for methane with E = 7.5, 0.0126 for propane with E
= 7.98 and 0.078 for hydrogen with E = 7.29. If these C; values were compared to
Swift’s C constant and C; in Bartknecht’s equation, it will give the value as shown in
Table 3.2.

Table 3.2 Comparison constant value derived for Method 1 and 2 with respect to Swift’s

C, fuel characteristic constant

Fuel C, C C Cs
Method 1 Method 2 Swift’s Bartknecht’s
prediction prediction constant equation

00016 |  0.0104 0.037

Propane 00018 |  0.0126 0.045

Hydrogen 0.011 0.068 Not available

Noted that it should be included C, for geometry’s effect and for cube, it would give the
combined constant C,C, = 0.0097, 0.011 and 0.114 for methane, propane and hydrogen
respectively for Method 1. Method 2 would give C,C, = 0.062 for methane, 0.07! for
propane and 0.41 for hydrogen. To get agreement for the turbulent effect or self
acceleration factor, B, the ratio of Cs/C,C3 is calculated as Bartknecht’s work used in
larger vessel and it was suspected that self-acceleration is already present during the

explosions. The list of predicted B is given in Table 3.3 below.
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Table 3.3 List of predicted B with respect with Bartknecht’s C3 constant

Fuel C1Cz C1C2 C3 ﬂ D
Method 1 Method 2 Bartknecht | Method 1 | Method 2

Cube |

Methane 0.0097 0.062 0.164 2.6 |
Propane 0.011 0.071 0.200 2.8
Hydrogen 0.114 0.290 0.7

Sphere

Methane 0.0078 0.050 0.164 3.3

Propane 0.0087 0.0569 0.200
Hydrogen 0.068 0.416 0.290

Rectangular

Cylinder for L/D =2 *
R Y I L N L

From the listed B value for both Method 1 and 2, it seems that Method 2 gives a good
reasonable agreement for turbulent factor for methane and propane as the values closer
to the turbulent factor given by other works (Munday, 1963, Pasman, Groothuizen and
Gooijer, 1974, Yao, 1974) but not for hydrogen. Hydrogen using Method 1 and Method
2 give over prediction in respect to Bartknecht's results and these are unusual
experimental result. It should be noted that Swift’s equation gives f§ = 7 (Swift, 1983)
for turbulent value during explosion and the predicted § values in Table 3.3 were lower

than Swift’s turbulent value. These B values will be compared with the best-fit B values

from the tabulated experimental data later.
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3.5  Review of the published experimental data.

A significant amount of data concerning vented explosion of methane-, propane-,
hydrogen-, acetone-, ethylene-and town’s gas-air mixtures were found in published
literature. The reported 470 experiments were performed in a wide range of initial
conditions: enclosures with various volumes (0.12 - 200 m’) and shapes (cube,
rectangular, cylinder and spherical) at various bursting vent pressure, Py (0 - S00barg)
with different length-to-diameter ratio (L/D=1-4) and various location of ignition
sources resulting scattered range of maximum reduced pressure, Preq (0.014-33.7 barg).
The data near or at stoichiometric mixtures with air were studied. Experiments with
central point ignition, point ignition near the vent and at the rear wall, as well as with
plane and jet ignition, were processed. However, as stated in ATEX and European
Guidelines for venting, it is said that central ignition produced worst case scenario and
due to this, only experimental data at central ignition will be investigated. Some of the
published results do not have sufficient internal details to calculate the internal surface
area, A; and thus, using V¥° = A, is applied to data if the dimensions are not available.
For those without detailed information on the geometry, an assumption of L/D = 2 1s
used for the calculation purposes. The list of constant used for the correlations’
calculation presented in Table 3.4. Kg for calculation is excerpted from NFPA 68
(1978): Kg values for gases determined with 10J electric spark. The details of all

experimental data are given in Appendix A (Table A.1).

Due to lack of agreements of the published correlations to be applied on the venting
design purposes, the collected published experimental data will be compared to the
main equations: Bartknecht and Swift’s equation as been offered in NFPA 68, Bradley
and Mitcheson as the equation offers for the safe venting approach and Molkov as been
recommended to be one of the alternatives to be used for the venting design in NFPA 68
(2002). For other equations, it will be reviewed based on the necessity of the data
comparison when situation permits. All graphs were plotted by Peq v K with respected
correlations mentioned in Table 3.1. The data will be categorized according to the
fuel/air type, the vessel shape and volume and P, is between 0 to 500 mbar as this is the
validity in using Bartknecht’s equation. The reason to follow closely the Bartknecht's

range of limitation/validity is due to the wide range of vessel volume to be applied
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which V is up to 1000 m> where others are not. In case of P, > 500 mbar, the different
analysis will be formed in order to predict the suitability, availability and validity of
those equations on the experimental data studied. All data sets are distinguished with
shape of the vessel and different volume of the same vessel shape i.e. 0 for cubic, o for
sphere, ¢ for rectangular and A for cylinder. This is done to show whether there are
Independent volume effects which is not been accounted in K and if there is any

ditferences due to the vessel‘s geometry, for the same K and volume

Table 3.4 K¢ value used for vent area calculation. All data were excerpted from Bradley
and Mitheson (Bradley and Mitcheson, 1978b) except for acetone-air data (Molkov,
Dobashi, Suzuki and Hirano, 2000)

Fuel-air mixtures | Kq Su C o, ¥ vo ¥ 1o
(bar-m/s) | (mvs) | (bar)'? | Ps

e B I O G L L
C e e I I N
T L L O L L L

The relationship between A, to V¥3as Ay = C V¥° is shown as follows:

Sphere 4.84
Cubic 6

Rectangular

4n + 2 wheren=1L/D

S.81forL/ID=2
SS4forL/D=1

Cylinder

Cylinder

Further, since the applicability of Swift‘s equation is up to Preg ~ 100 mbar which is
subsonic flow regime, the sonic flow will be applied for Preg > 900 mbar, The sonic flow

applied when the pressure upstream of the vent reached a critical pressure, P, which



76

equal to 900 mbar and the velocity of the gas flowing through the vent becomes sonic. .
The flow equation for sonic flow changes direct proportional between the mass flow
and the upstream pressure, Preg. On the Preg v K graphs, in the case of Swift’s equation,

the Swift line with Pred”> exponent is plotted up to Prq < 900 mbar and then the line

with Pred' exponent is plotted for sonic flow.

To the author’s knowledge, a quite recent comprehensive comparison on the published
correlation on venting design has been made by Razus and Krause (Razus and Krause,
2001) . From their analysis, on the experimental data and by using cylindrical vessel
with central ignition as fictitious examples of vented deflagration, they stated that
NFPA 68 (NFPA68, 2002) and Bradley and Mitcheson correlations (Bradley and
Mitcheson, 1978a, Bradley and Mitcheson, 1978b) gave highest P4 and suitable for a
worst case consideration only. In a case where the static burst pressure, Py is involved,
equations given by Bradley and Mitcheson (Bradley and Mitcheson, 1978b) and
Molkov (Molkov, 2001) seems to agree more on the experimental data for
hydrocarbon/air yet the hydrogen/air needed more comprehensive experimental

examination. Computational modelling on venting would not be considered in this case.

3.5.1 Comparison of Bartknecht and Swift’s correlations with published

experimental data.

To get more in-depth investigation on the discrepancy on both equations offered n
NFPA 68, the published experimental vented explosion data for methane, propane,
hydrogen and town’s gas were shown in Fig. 3.4-3.7 with Bartknecht’s and Swift’s
correlation. All data is been corrected to P, = 100 mbar to allow the minimum P, in

Bartknecht’s correlation to be applied The data points indicate the shape of the

explosion vessel and different volumes of the same vessel shape as mentioned above i.e.
0 for cubic. This is done to show whether there are independent volume effec‘;ts which
not correlated by K and whether there are ény differences due to vessel shape, for the
same V and K. The data sources are too numerous to be listed and not specifically
identified in the graphs, as the object was to concentrate on vessel shape and volume.

Figure 3.4 and 3.5 show that most of the data for spheres and cubic vessels are similar
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and scattered around Bartknecht’s correlation line. As mentioned earlier, Bartknecht
developed his correlation based on the experimental data obtained from 10 m” cubic
vessel volume of propane/air. However, as shown in Fig. 3.5, some of Bartknecht’s data
of propane/air at V = 60 m’ are well below the correlation line which is not a general
trend for cubic vessel. For hydrogen, only cubic vessels from Bartknecht’s data were
processed since other works did not have the same hydrogen concentration as
Bartknecht i.e. 40 % v/v.
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Figure 3.4 Methane/air experimental data as a function of K.

As been illustrated in Fig. 3.7, the rectangular vessels at lower K and subsonic flow
gave poor fitting for both equations, suggesting that there is an influence of vessel’s

geometry in the development of venting gas explosion. The use of V** in vent

coefficient probably not the best approach to represent the influence of vessel’s
geometry in venting gas explosion instead of total surface area of the vessel, A,. Later,
the discussion between the use of V2/3 and A, will be discussed in details in order to

determine the best approach to characterise the influence of vessel’s geometry.
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Figure 3.6 Hydrogen/air experimental data as a function of K
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Figure 3.7 Town’s gas experimental data as a function of K

Lacking of data at the same concentration as Bartknecht’s work is the reason why only
four data presented in Fig. 3.6. There are ~16 data points with higher Pyg4 than
Bartknecht’s correlation which was only fitted to his own data set and included no other
published data. The results show that Swift correlation has ~5 data points with higher
Pred than predicted and hence would be a safer prediction than Bartknecht, thus it is
recommended to be used and the limits on its applicability are also removed, providing

a Py term is added.

It 1