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Abstract

The ovempressure geneted in a 10L cylindrical vented ves$seith an L/D of 2.8 was
investigated with end ignition opposite the vent, as a function of the vent static burst
pressure, &; from 35to 450 mb. Threedifferent K, (VZ3A,) of 3.6, 7.2 and 21.Were
investigatedor 10% methanair and 7.5%ethyleneair. It was shown thathe dynamidourst
pressurePyurss Was higher tharPsiwith a proportionality constant of 1.3For 10% médtane

air Pyyrstwas the controlling peak pressure for K <~8. This was contrary to the assumption tha
Pred> Pourstin the literatureand in EU and US standards. For highethe overpressure due to
flow through the vent, {2 was the dominant overpressure and the static burst pressure was not
additive to the external overpressucgerature onthe influence oPsyat low K, was shown

to support the present finding and it is recommended that the influengg: of as venting
standards is revised.

Keywords:explosion venting, vent static burst pressure.

1. Introduction

The pedidion of the reduced explosigmressure Peg required for the design of explosion
vents Bradley aad Micheson, 1978a and 1978Razus and Krause, 200dpes not have
specific methodology for predicting the effect thie ventstatic pressure, & Explosion
venting theories also have empirical constants, often referred to as turbulence, factors
accounting fowvent staticpressureeffects for theories that apply to free ventitigs usually
assumed that the effect ofifPis included in these empiricalirbulencefactors. The US
NFPA 68 (2013) gas vent design standdoisPq <0.5 barhas no procedure to account for
the influence of By, but does require for, /g <0.1 bar that &> Peq—0.024 bar and for &

>0.1 bar that B <0.75 Reg. The present work and thHigerature shows that these limitation
cannot be complied with, as the vent burst pressuyig; B always greater thanby 30—

50% due to materials being stronger under dynamic load than static load, asediscus
detail in A.6.3.2 of NFPA 68 Z013). In the European standards for gas venting (2007)
Bartknecht’s approach (1993) to the influence gfi B followed as discussed in more detail
later. This is valid for B> 0.1 bar and hasdglinearly increasing assR:increases with this
applying at all K and all mixture reactivities. Fors® <0.1bar the European standard (2007)
has no design recommendations, in spite of this being an important area of vecttqoriot

some applications, such as gas oven venting (Cubbage and Simmonds, 1955; Cubbage and
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Marshall, 1972; Cooper et al., 1986). Clearly thv® vent design standards, EN14797 and
NFPA 68, are incompatible which is undesirable from a safety standpoint.

2. Experimental Equipment

A small cylindrical vessel wassed,10 litres volume (0.00948L=0.460m, D=0.162nand

L/D= 2.8), as shown in Figure. Bartknecht {993 recommended that his vent design
procedurewas valid up to an L/D of 2. The NFPA 2013) gas venting procedurdsr
compact vesselare valid up to an ID of 2.5. The EU vent design guidance for explosion
venting of compact vessels defines tompact vessel limit as L/D<Phe present L/D of 2.8

is thus close to the limiting (worst case) conditions for compact vessels in theaktBA
European gas venting standards. The test vessel was designed to withstand detodation a
was pressure rated at 30 bars. It had thick walls and end flanges and would have none of the
vessel acoustic interactions that occuthim walled vessels and no hiffequency pressure
fluctuations, R, of the type discussed by Cooper et al. (1986) anavBasl et al. (2010) were
detected, who both used relatively thin walled vented vessels.

Gate
Valve

Vent cover

Dump vessel

0.5m diameter vessel

Figure 1: Schematic diagram of 10 litre venting vessel and connecting vessels.

Thetest vessel was connectedatd.5m diameter dindrical vessel which wasonnected to a
50nT dump vessel to safely capture the vented flames. The 0.5m diameter vesset ieéwee
vented vessel and the dump vessel was used to mount three thermocouples on timee centrel
of the discharge jet so that the vented jet flame velocity could be determined ascen fohc
distance from the vent. This vessel was sufficiently larger than the verdsdl o give free
venting conditions in the neaent area.

A vacuumgate valvewas located downstream of the vent and this enablieen closedthe
mixture of gas and air to be accurately made by partial pressure. The gate valvesdparat
test vessel from the 0.5m dia. vessel and only opens prignition to allow the required
mixture to be ignited before the explosion occilitse vent cover was mounted downstream

of the gate valve and different sheet material were used with different busstige A 16 J
ignition energy was used and the spplkg was located othe centréne of the end flange
opposite the vent. End ignition was shown by Kasmani et al. (2010a) and Fakandu et al.



(2014)to give significantly higher overpressures in vented explosions comparedenttialc
ignition.

The staticvent burst pressure {g) was determinedsing the procedures in NFPS 68 (2013).

The pressure of compressedaas slowly increasedpstream of the vent until the pressure
transducer, PGshowed a sudden reduction in pressure, indicating that the vent had burst. This
procedure was carried ofar the different vent sheet materiaighich were repeated 3 times

and demonstratedood repeatability. The dynamic burst pressuigs;Pof the vent was
determined from the pressure records after each explosion. There was a sdddgarr in

the explosion overpressure when the vent burst and the value of the overpressure when this
occurred was st In this work Byrst> Pstay fOr the reasons given in NFPA 68 (2013) A6.3.2,

and their relationship is discusdatkr.

The flame travel time was recorded by mineral insulated, exposed junctiorK type
thermocouplesarranged axially at the cenliree of both the vented vessel and the 0.5m dia.
discharge vessel, as shown in Figure 1. Thermocoupled,Tand T, were located on the
centreline of the main test vessel withal the vent plane to determine when the flame exited
the vent. Thermocoupless,TTs and T, were mounted on the centreline of the 0.5m dia.
connecting vessel. The time of flame arrival was aete from the thermocouples start of
temperature rise and the flame speed between two thermocouples was calculatetteghd plo
as the flame speed for the midpoint between the two thermocouples. There wamthleo a
thermocouple, 7, located on the wallfahe main test vessel to measure the time of flame
arrival at the wall of the vessel, which was taken to be the time of maximum flammside

the vessel. These event times are marked on the pressure time results wighntbedbple
location, so thathe position of the flame when a peak in the pressure time record occurs can
be determined. This enabled precise determination of whether the highest sstemnrgas
generated by an external explosion or by the internal flame displacing udlgase¢hragh

the vent. The time of arrival ats Tould be taken as the maximum flame area time and this
could then identify whether this corresponded with a pressure pgaka® identified as an
important pressure peak in the work of Cooper et al. (1986) and Bauwens et al. (2010).

Two piezo piezeresistive pressurgansducers were used with one at the end flange (PTO)
opposite the vent anmhemid-way alongthe vessel length (PT1as shown in Fig. 1. In low

flame speed explosions these pressure transduceliddmtal pressure time characteristics

and only pressure records for PTO are reported in this work. For hydrogen explasiandu~

et al. (2012) showed thalhere were dynamic flame events that caused these two pressure
transducers to record differentegsure time record#\ third transducer PT2 was located in

the 0.5m dia. connecting vessel which measured the external explosion overpressure and it
time of its occurrence. This was of great assistance in determining when the external
explosion occurred.

3. Thelnfluence of Vessel Volume on P,

A very small vented vessel volume, V, was used in this work as in the European vemt desig
guides there is no additional effect of vessel volume other than thiéughV?3A,. In

NFPA 68 (2003) the vessel surface areajs used instead ofA?. However, as Ais linearly
related to V® (Andrews and Phylaktou, 2010) with the constant dependent on the vessel
shape 4.84 for a sphere, 6 for a cube, 5.81 for a cylinder with L/D=2) the two design
equations can be expressed in the same fokKyas. the porosity of the vessel wall and is the
cross sectional area of a cube of equivalent volume divided by the vent area. Tioeoéhisr
volume term m vent design correlations apdrom that indirectly inthe 2013 edition of



NFPA 68. However, as reviewed later, there is some evidence of higher ovegwassur
larger vessels which is not accounted for in the European guidance on gaseous explosion
venting design procedures. One of tdaeises of overpressures being larger at higher volumes
is the seHacceleration of spherical flames above a critical diameter where there isét@bn
cellular flames. The acceleration continuous as the vessel dimensions and henesgatlum
bigger. Havever, as the volume of a vessel with linear size D scales Withele has to be
very large volume changes to determine this effect. In Bartknecht’s (1993) workltimee
range investigated was-160 nT and a volume change be at least a factor of 19®@eded

to achieve a linear scale change of 10. By using a very small Dv@ksel in the present
work and comparing with experiments in volume >1dgiwes a factor of over 1000 change

in volume. If the volume effect was very significant then there would be very paeragnt

with the overpressures using the 0.01wessel and for vessels >16 and it is shown later
that this is not the case and thifeitences are relatively small but significant.

The experimental vented explosion vessel delberately chosen to be of small volume to
ensure that laminar flame propagation with no flameastleration would occur. In the US
NFPA 68 (2013) standards there is no specific volume effect in additidgAQ which is a
linear function ofK,. It may be shown that NFPA 68 (2013) has Equation 1 as the vent design
equation.

1/K = C/Pel® (1)

where C is a constant that is proportional o tBe laminar burning velocity, to the shape
factor that relates &o V?” andto a correction term A. The parameter A is introduced that is a
multiple of the vent area and does indirectly have an additional volume term. This fearame
A has four components:

1. A flame self acceleration tergy

2. A vent flow term ¢, which accounts for the turbulence in the external explosion

3. An obstacle turbulence generation term

4. Avessel L/D term for L/D 2.5 - 5.
The value of A is a direct multiple of the vent area and is equal to the product of the above
four terms. The last two terms will not be disad$ere as they do not have an additional
volume effect.The first two terms both involve a Re parameter, where the dimension in the
Re is related to the vessel dimension and hence to the volume for the sarh@wever,
NFPA 68 (2013) does not mention that these two terms lead to a volume effect on the design
process.The self acceleratioterm ¢, is 1if the vessel is too small to have a transition to a
cellular flame and this applied in tipeesent work. Folarger vesse ¢, is given by Equation
2.

¢1 = [Re/40007* (2)

where Re= p,S,DndHy @and 4000 is the critical Rfor the onset of cellular flames.
The hydraulic diameter {9 of the vessel in Eq. & related to the vessel volunaad for a
sphereor cubeg; is proportional to 2 For a factor of 2000 change in volume this will give
a factor of 2.45 increase in the vent area for the same overpressure, provided botlaneessels
of a size to give Re4000. The use of the laminar burning velocigyirSthe definition of Re
in EQ. 2means that for more reactive mixtures the flame diameter reduces and so @1 increases
for more reactive mixtures.

The second @, term in A is defined by the Re of the unburnt gas vent flow as given in
Equation 3¢ is 1until Equation 3s >1



2= 1.23 [Re/10°]7047S (3)

where Re = puuy (Dv/2)/p, and y is the mean velocity at the vent = (2 ><5IP|)EO/£U)]°'5 for
subsonic flow (R<0.9 barg). For a constan.fand K, D, is proportional to #**and for
methane with $= 0.4 this gives ¢, proportional to **° For a factor of 1000 change in
volume this would give a 1.32 increase in the \@eta. The combined effect for a factor of
1000 increase in volume is 3.23 iaase in the vent area, which for a factor of 100 increase in
volume reduces to a factor of 2.19 increase in vent area and for a factor of H3anicre
vessel volume is a factor of 1.48 increase in the vent area.

None of these indirect effecbf the clanges in the vessel volume on the required vent area
are mentioned in NFPA 68 (2013). Also, there is no informatiddFPA 68 (2013pn how
thesel correction terms are influenced by.PAs NFPA 68 has no effect ofiRfor Peq <0.5

bar, the unstatecassumption is that these corrections are not infliebgePs,: However,
there is no experimental evidence to verify that this is a valid assumption.

4. Characteristic Pressure Peaksin Vented Gas Explosions

Vent design correlationand design standardsormally predict the maximum explosion
overpressure (R) without giving consicrations to the individuglressurepeaksassociated
with physical phenomena in explosion ventiiitne literature showthat there are different
pressure peaks associatedhvdifferent events in explosion venting (Runes, 1972; Marshall,
1977; Yao 1974; Cooper et al, 1988arris, 1983 Swift, 198; Cates and Samuel, 1991;
Molkov, 200)). These different events and the variosnenclaturethathavebeen used for
them are sumarised in Table 1. These variopgessurgpeaks areshown as an example in
Figure 2for afreevented 4.5% proparar vented explosion with = 4.3 in the present 0.01
m° explosion vessekith an L/D of 2.8 with end ignition opposite the vent. In this case there
was an open vent, so n@uR: pressure occurred. The flame position as a function of time is
shown by flame detectors F T4. T4is at the vent plane and as the peak pressufeerstlais
then it is definitively identified as due to the external explosier, However, the other
pressure peaks can be identifiedsa®wn;these can be the maximum pressure for other
venting condition®r mixture reactivities

Peak pressure events This work  Fakandu et al. Cooper et al. (1986) Harrison and Cates and Samuels Bauwens et al. (2010)

(2011, 2012); Central ignition Eyre (1987) (1991) Central ignition
Kasmani et al End ignition
(2010)

Peak due to vent opening pressure Pisir Py P,y

Peak due unburned gas flow through the vent Pr Pa Pemers AP

Peak due the external explosion Py Ps P, P Dominant P,

Peak due to maximum flame area inside Pmfa Py P P Max. burning rate Py

the vessel
Peak due to the reverse flow into the vented B Ps
vessel after the external explosion and a
subsequent internal vessel turbulent
explosion. Sometimes co-incident with Py
Peak due to high frequency pressure oscillations Py, Ps Py Py
and acoustic resonance.

Table 1: Comparison of terminology for the various pressure peaksin vented gas explosions

Most theoretical models for the prediction of the reduced pressure assume tflatvthe
through the vent dominates the overpressuge(Bradley and Mitcheson, 198 Molkov,



2007). The laminar venting theory assumes ttetmaximum overpressure is the vent orifice
flow pressure loss at the maximumbumned gas vent mass flow rate (Andrews and
Phylaktou, 2010). This theory predicts that the maximum reduced pressure is acthened w
the flame touches the wall of the vesdehkandu et al. (2011) showéthat this was not the
case for the cylindrical vessel used for this work, as the flame touches thaf Wine vessel
well after the flame haleft the ventas shown in Figure,at time T. Also, the pressurgme
prafiles were shown to be differedepgending on the vent coefficier,, so that which event
controlled the peak overpressure varied witl{ffakandu et al., 2011).
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0.05 -
5
0.04
% mea&Pre
- 0.03 - v
=
@ 0.024 P
E ac
o  0.01-
p.
g 0.00
O .
-0.01 +

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time(s)

Figure 2: Pressure-time profile for a 0.01 m*vessel with an L/D of 2.8.

Whenavent cover is used, the magnitude of the vent opening pressure depenelsype of

vent material used arnthe ventarea The presure associated with the burstiofthe vent
materialis referred toasthe dynamidurstpressureRyrs) in this work, while B is the static
burst pressurérom tests where compressed air pressure is slowly increased until the vent
cover bursts (NFPA 68, 2013)Yhe difference is because materials are stronger under
dynamic short pressure pulse loading than they are under slow static presding &
detailed in NFPA 68 A.6.3.2 (2013). In some vent design procedures (Bartknecht, th@93)
ratio of Rurs{PstatiS ignored and the influence of:Ris always to increase In spite of its
importancethere is little data in the literature on the effect gf;Bn Reg and its dependence

on K, and mixture reactivity. Rlis work was aimed at the provision ofiore dataon the
influence of R:0n Reg With better instrumentation of the venting process, so that the physics
of the impacbf P could be determined.

5. Vent Design Proceduresfor the Influence of Py



Only EN 14994 (2007) has a procedure for accounting for the influencg@mPReq and this
uses the equation of Bartknecht (1993) in Equation 4.

1 [0.1265l0g;0Kg~ "7 N 0.175(Pszqe — 0.1)

K_v Pred0'5817 Pred0'5717 (4)

Equation 4may be simplified tdEquation 5as the difference in the twgefPexponents isiot
significant and there is no justification for the use of four significant feguréhe constants.

Ped 1Ky =a+ b (Ra— 0.1) (5)

The constant ‘a’ is the reactivity term on the LHS of Equatiorit 4vas evaluated by
Bartknechtin a 10 ni cubic vented vessel with a;Rof 0.1bar, for methane and propane as
0.164 and 0.200 respectively for a range pfr6m 2.2 to 10. For hydrogen a T wessel was
used with ‘a’ evaluate@s 0.290. This valutor hydrogencannot be correatelative to the
other two values of ‘a’ for methane and propaseit implies hydrogen is only 45% more
reactive than propane, whereas the ratio of burning velocities is at |¢Bakandu et al
2012). The use of a much smaNeiume for the vented vesder hydrogen was the problem
due to the vessel volume effect discussed abblke reactivity term ifEquation 4usesalog
correlation of these values for ‘a’ with Bartknecht’s values for the mixturdivag Kg =

(dP/dt)a® measured in a 5L spheB& bar m/s for methane, 100 for propane and 550 for

hydrogen.
a b
4.0 T T T |3 T T T 0-4 K _' é 3 T i T " ]
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™
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Figure 3: Preg as a function of Py for a 1 m®vessel for 10% methane-air.

Bartknecht (1993) investigated the influence gf;M a 1 nivessel and his results are shown
in Figure & The lowest By investigated was 0.1 bar and there sometimegequiremerg



to use lower values than this and these are explored in the present work. Bidorel 3%
methaneair showsthe influence of By for three K of 2.78 6.25and 25.Comparson of the

raw experimental result®n Figure 3a with Equatiod shows very poor agreemeard the
prediction for K, = 25 is off the graph whereas all the data is on the graph, although all this
data is outside the limits of applicability of Eqg. 4 which is up te.@dP2 barg. Equatiod is
below the experimental results for, K 2.78 and in very poor agreement with the two higher
Kys which are above the experimental results at mgstAPso the experimental results for a

Ky of 2.78in Figure 3a show a linear relationship betweegg &d Ri; not the nofinear
relationship of Equation 4. Figure 3a shows thatrtHationship betweendfand |R:is close

to Req= Psiarand the constant of proportionality to fit the data is 1.1.

Figure 3a shows that fom K, of 6.25the vent flow was sonic with. &g >1barg and the
relationship between g and Ry was nonlinear. It is considered that the venting regimes

with K, of 6.25 and especially 25 are impractical with a high. B would only be practical

to use low By and hence the complex dependencegfdh R for K, of 6.25 and 25 will

not be discussed further, apart from to note that they clearly do not support Eq. 4, as shown in
Fig. 3a.

Figure ® showsthe R effect up to 0.5 bar witta K, of 2.78 for different mixture
reactivities.The results for methane should be those in Fig. 3a. The ‘a’ axis in Fig. 3b is as per
Eq. 5 with b = 0.175, as in Eq. 4. If the experimental data in Fig. 3a is plott@d4s, For

Ky = 2.78 then the values are well above the three data points in Fig. 3b for methane. Equation
5 is plotted in Fig. 3b and its clear that the lines are Equatiohsnd 5for the four gas
reactivities, the points are not experimental data but line identification pasithey do not

agree with the methane datahich is the only experimental data B, that Bartknecht
published.Thus the validation of the¢g; effect in Equation 4 is only for methane at low K

and there is no validation for other gas reactivities or fof.geHect over a range of Klt is
concluded that the present European Guidance on gas explosion venting does not have
adequate experimental verification and the results of Bartknecht, for2k78for methaneare
themainbasis of Equation 4, but it is not a fit to this ddthe origin of the 0.175 constant in
Equations 4 and 5 is difficult to find from the data in Fig. IBanly the data for Ry= 0.2

and 0.5 barg is included for ke 2.78 and 6.25 for R < 2 barg then there are four data points

and using Eq. 5 the average value for b would be 0.30. If all the data fo2.K8 and 6.25 in

Fig. 3a is included then the average for b is 0.21. To get an average for b of 0.175 would
require some but not all the data from¥&25 to be included. Thus the value of b of 0.175 in
Equation4 is not compatible with it being based only on data belgwoP2 barg and &<

0.5 bar.

These problemsvith Bartknecht’'s correlatioffor the influence of Psiyand his limited data
set, has led to the US venting standards abandoning this apjpmd2@h3(NFPA 68, 2013),
which they had used in the 19982007 versionof NFPA 68. Their approach has been
summarized above in Equationss1However, Equation & continued with in the European
gas venting standar@&N 14994 2007)In NFPA 68 (2013) there is no procedure to account
for the influence of By for Peg<0.5 bar. For 0.1 bar<g< 05 bar NFPA 68 (2013) requires
that Ria<0.75 Reg Or RedPstat > 1.33. Uhfortunately,this ratio is exceeztl by the dynamic



burst presure effect idcussed in NFPA 68 (2013) in sectién6.3.2. For 0<R,<0.1 bar
NFPA 68 (2013) requires thatifk (Peq— 0.024bar). It will be shown in the present work that
these design rules are difficult if not impossible to comply with for loynkh relatively

high R This is becausBs;dominates Rqand Byrstis the dynamic burst pressure which is

> Pegand this is not allowed in NFPA 68. This shows that this new NFPA 68 approach to the
Pstat €ffect on vent desigms also not compatiblevith experimental data. There is clearly a
need for further research and more experimental data on the influengg iof i@nt design

and this work was undertaken to try to provide more data with accompanying interpretation of
the physics involved

6. Review of Investigationsinto the Impact of Pgs 0N Pyog

Cubbage and Simmonds (1955) showed in Equatittmbthe By overpressure peak was
linearly dependent on the inertia of the vent cover.

Rurst= cw + d (6)

where “c” and “d” are constants and “w” is the weight of the material divided by da ar
‘cw’ in Equation 6is the R of the vent covenf w is in kg/nf then this can be converted to a
static pressure as WAg Pa, where A is the area of the vent Empueation 6shows that the
Pstat pressure was additive to tierm ‘d’ which was related to Kand U, where U is the
laminar burning velocityRasbash (19§3etermined=quation 7or the pressure generated in
cubic vented explosions using data from his studies of pregiame small vesssl Equation

7 implies that the influence of s additive to that of B, Another way oflooking at this
type of correlation is that fdree vening with Psi:= O the K term is that measured for free
venting and Bxiis simply an additive pressure to that for free venting. The presertsresil
be shown not to support such gfffect.

&= 1.5 Rt 0.5 K. (7)

Cubbage and Marshall (1972) also correlatedpitessure deveped in a vented explosion
andtook the R termas additive to the term taking into account the influence, g U .
They had nanultiplier of Py Similar to that inEquation 7 and essentially assunhthatthe
dynamic burst pressureas the same as the static burst pressure.
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The influence of Ry by variaus investigators is shown indeire 4 for K, of 1.72 and 3 and in
Figure 5for K, of 4 and 60On each graph the line foffP= Pstatis Shown in boldFor most of

the data for K<4 Beqis close to By, with some results belows® probably due to an error

in the measurement ofsR For K, > 4 there is evidencef &4 being higher than &; as
Bartknecht found in Figure 3&he present results will show agreement with these results,
that Riardetermines the overpressure up to a critical value, @ftt€n there is an additive term
that is a function of Kand U. There is considerable uncertainty in this data of the precise
critical value of K, above which Ry is not the controlling factor in determining.® There

also is a need to determine this critical value for different mixture reactivitieseis ith
insufficient data published at present.
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Figure 6: Relationship between Py,¢ and Py for Kv=1-21.7.
7. Resultsand discussion

7.1 Relationship between Pgg and Pyy g

Figure6a compares the measuregd f£as a function of & Theresults shovzlose agreement
with the Ryrs{PstatcOnstant of 1.5 in Equation 7, as shown in FigiveThe line of best fit to
the present results is given in Equation 8.

Burst= 1.37 Rat [8]

Most empirical correlations, as in &afiors 47, above assume that the first pressure peak in
the pressure time record must be less than the maximum reduced pressure dotaiged
explosion venting (Cubbage and Marshall 1972, Rasbash, 1969, Ratbalsh1976).In
NFPA 68 (2013) R4 (either R, or Py has to be always greater thap,& which is
impossibldor practical vent covers at lowK



7.2  Influence of Pg4 On P, at low, medium and high K,

The results in Figure7a for R = 0.035 bar and Kof 3.6 show that for low K, Peg IS
determined byPsi: for 10% methanair. For the free venFEigure 7b shows thaf..q was
controlled by the external explosion at 0.05 bar and it was identified as an extptoaions
because the peak pressure occurred after the flame had passed thermocaufie Vet

plane. With a Ryof 0.035 bar Figur&@a shows that theyRsswas 0.043 bar and the external
overpressure was reduced to 0.04 bar, so thatWwas the controlling factor iReq. Figure7b

shows that for free venting the pressure due to the flow of unburned gas through the vent was
20mb. With the 35mb:the flame tok longer tareach the vent eopared with free venting.

This was because there was no flow towards the vdmn it was covexd and hence the

initial flame speedvas slower than for free venting. When the vent burst due to the closed
vessel pressure rise, there was then an outflow of unburned gas through the wir@t and
pressure initially fell After the ventburst e fall in pressure was so fague to heat losses

from the burnt gases upstream of the védf it created a vacuum and this induced a reverse
flow of unburned gas back into the vessel. The flame propagation inside the vessel wa
continuirg andthis was made turbulent by the reverse flow through the vent. The subsequent
fast burning andhe flame expansion pushaetbreunburned gas out of the vent. This set up a
low frequency oscillatory flow with oscillating pressure with decreasyateamplitue this

is a classic Helmholtz resonator
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Figure 7: Peak pressures for 10% methane-air with large vent area and a Py, Of

0.035bar.
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Figure 8: Peak pressures for 10% methane-air with (a) Pga: =70mb (@) Pgar =57mb.

The R, peak occurred on an oscillation before the flame reached the vent and was lower than
for free venting. This resulted in lower external jet turbulence and a lowernalxter
overpressure. The net result was thatWas lowerfor the vent with the verdoveredthan r

a free vent, as shown in Figure 7.

The PTOpressuretime recordfor 10% methanair for K,=7.2 and B,=70mbar is shown in
Figure 8a and for asB.of 57 mb in Figure 8b. The results in Figure 8b are directly compared
with those for free venting in Figuge These results all shaat for Ps:0f 57 and 70 mb at

Ky of 7.2 PegWwas still controlled by Rys; as it was at K= 3.6 with Ri;:= 35 mb in Figure/.
Figure 8a shows thdlbe Ry was 135mb and occurré&Bms after ignitia, well before the
flame emergedrom the vent at 50ms. The,Rnd R,; pressure peaks wee very similar at
75mb, but occuedjust before and just afterdllame emergefitom the vent.

Similar events are shown Figure 8b with 57mb f:whenthe vent bursat 24ms with Bt

of 80mb. The flame arrivedt the vent at 50 ms with the, Bnd Ry pressure pealsther side
of this time with R, slightly higher than & at 61mb compared with 59nfbr P.:. Fa free
venting the flame arrivedtthe vent at 52ms, only 2ms later than with the wenered The
peak overpressure wds, at 61mbthe same as for the:R= 57mb R,. With a vent cover the
initial flame propagtion inside the closed vesselsaglower than with free venting. Once the
vent burstthe flamewas accelerated and createdre turbulence in thexternal jet. The net
result wa that the time to reach the vent sveery similar for free venting and with a vent
cover.



Figure9 shows that once the vent bursts the subsequertsevare very similar to those for
free venting. Free venting overpressures increase wifrdkandu et al., 2011, 2012, 2013;
Bartknecht, 1993) and gbere will be a value of Kat which the R,stis not the dominant
overpressure. Thiis illustrated irthis work fora K, of 21.7 in FigurelO, which shows that
Peg Wwas 0.35 bar and was due to the flow through the vgntihough the pressure peak
occurred at the same time as the flame reached the vent. Witio& 2086 baiPy,sswas 0.1
bar and occurred after 24 ms, bwy®vas much higher at 0.39 bar which is oflp4 bar
above that for free venting. Both pressure peaks occurred at a similar time of S0oeooi
with the flame passing through the vent.
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Figure 9: Comparison of the pressure time records for 10% methane-air for K, = 7.2
for free venting and for Pga = 57mb.
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Figure 10: Pressurev. timerecord for 10% methane-air with a K, = 21.7 (a) free venting and
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7.3 P, asafunction of Pgy

Figures 11 and 12 showefPas a function of & for K, of 3.6, 7.2 and 21.7, with Figutel
concentrating on the present data fgg:R 300mb and Figuré2 comparing the work with
the results of other workers for similax.Krhe main result from Figurgl is that Ry was
controlled by Rafor a K, of 7.2 or lower, but that at a,f 21.7the flow through the vent
controlled Ry and the R effect was laver, but still significant. Figurel2 shows, as
discussed above, that faK, of 3.6 the initial influence of &;up to 50 mb was to reduce.P
below that of free venting and aPs,;0f about 100mkPey was close to that of free venting.
This effect was due to the reduced flame dpgastream of the vent. At g, Kf 7.2this effect
was still present, but the reduction was small and the net effect was to hgvhtthee
influence of Ra:0n Reg Up toa Psia:0f 150mb, the limit of the values tested at this K
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The present results acempared in Figure 12 with others in the literatase?.q as a function

of Psiacfor a range of K Figure 12shows dinear relationship between:Rand Req for high
Ky=21.7, which is below that foa simple additive effect of & similar to the result of
Bartknecht(1981).The evidence of the present work and of the literature on the influence of
Pstatis that for Kv < ~8PR,,st dominates Ry and there is no effect of KFor K, > ~8 Req IS
dominated by R. Further work isneededto define the critical iKkmore precisely and to
investigate the influence of the mixture reactiviigure 12 shows thdhe data of Cooper et

al. (1986 for a K, of 8.8 agrees with the present results that B determined by & The

large vessel volumeesults of Bromma (1967) also agree with the present work that P
determines Ryat low K,.

8. Flame Speeds

The centre line flame speed was measured aloadlame propagation path within the test
vessel and immediately after the vehigure 13a shows for 10% methaaie that wth free
venting, a maximum flame speed offA% was achieved upstreahthe ventas compared to
that withthe vent covered d@3m/s This is similarly to the flame spedar larger verg with
maximum upstream flame speeds2¥ m/s and 19 m/s for free venting and covered vents
respectively. These high flame speeds upstrefitine vent for free venting are responsible for
higher eternal vent turbulence levels in the expelled unburned gas. This leads to higher
downstream flame speeds when compared with the cowaret$. Figurel3b showsa
maximumdownstream flame spdef 78m/s for free venting compared to 47 m/s for covered
vents This higher flame speed results in the highgr dhservedas shown irthe pessure
time profile in Fgures 7and9 for 10% methaneair mixtures.
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Figure 1: Flame speed as a function of distance from spark position



9. Conclusions

1. Current vent design guidance in Europe is incompatible with the experimertalfdat
Bartknecht and of the present work for low. Bartknetit's data and the present work
show that for K < ~8 PysdeterminesPeq. More experimental data is required on the
Psiareffect and the vent design standard for gases needs revision.

2. The US NFPA 68 (2013) guidance is impossible to comply withea$sRletermined
by P.arand their requirement that.Ris always greater tha,: cannot occur at low
Ky. The data of Cooper et al. (1987) and Bromma (1967) in larger volume vented
vessels support this conclusion.

3. Thecritical K, for Pgs noOt to control Rq was found to be> 9 and <21.7and it is
recommend that at presenj K 9 should be used as the critical, Kut more work is
required to determine this more precisely and to investigate the influence afemixt
reactivity and vessel sizBartknecht'slata for K, = 6.25shows that this is beyond the
critical condition as Ry was significantly higher than &; but with a nonlinear
dependence ong:

4. For K, greater than the critical valu®, controls Ry and the influenced o IS
reducedand can be predicted from frgenting correlations with an additive term for
the Riyceffect that has a constawit0.5 which isgreater than thaif 0.175in Equation
6.

5. The experimental results fogRof Bartknecht do not support the 0.175 value of the
venting constant in thesgterm. The value of this constant should be 0.30 if only data
for methane at 0.2 and 0.5dPand K, 2.78 and 6.25 are included. The 0.175 value can
only occur if data for 8> 0.5 bar and Kof 25 is included in the averagall this
extra data is ostde the limits of Ry and Req for the applicability of the Bartknecht
vent design equation.

6. There is an inadequate understanding of the effect bR Reqin explosion venting
and more work to determine the critica) fidr the transition from & controlling Regq
to the vent flow controlling B The influence of the mixture reactivity on this
transition K, is also not known at present.

7. There is no experimental data to support the assumption in the Bartknecht vent design
equation that theB;effect is the same for all mixture reactivities.

Acknowledgement

Bala Fakandu thanks the Nigerian government for a research scholatshipxperimental
explosion test facility was supported by grants from the EPSRC, HSE and mdrmttracts.

References

Andrews, G.E., Phylaktou, H.N. (201®&xplosion Safety, In: Handbook of Combustion. Eds.
Lackner, M., Winter, F., Agarwal, A. KChapter 15, WileyWCH,

Bartknedt, W. (1981) Explosions course prevention protection, Berlin, NewYork, Springer
Verlag.

Bartknecht, W. (1993). Explosionsschultz, Grundlagen und Anwendung, Springer. Verlag

Bauwens, C.R., Chaffee, J. and Dorofeev, S. (2010). Effect of Ignition Location, Vent Size

and Obstacles on Vented Explosion Overpressure in Prafaamdixtures. Combustion
Science and Technology,182:11-12, 1915-1932.



Bradley, D. and Mitcheson, A. (1978ajhe venting of gaseous explosions in Spherical
Vessels F Theory.Combustion and Flame 32, 221-236.

Bradley, D. and Mitcheson, A. (1978bJhe venting of gaseous explosions in spherical
vessels. 11--Theory and experiment. Combustion and Flame, 3237-255.
Bromma (1957)Kommitten for explosionforsok.Slutrapport, Stockholm April 1958.

Buckland, I. G. (1980). Explosions of gas layers in a room size chartiénter national
Symposiumin Chemical Process Hazards with special reference to plant design. Manchester,
I.Chem.E. Symposium Series No0.58.

Cates, A. and Samuels, B. A (1991). Simple Assessment Methodology for Venteddisplos
J. Loss Prev. ProcessInd. Vol. 4 p. 287-296.

Cooper, M. G., Fairweather, M., and Tite, J. P. (J9&h the mechanisms of pressure
generation in vented explosior@ombustion and Flame, 65, 1-14.

Cubbage, P.A. and Marshall, M.R. (197RJessures generated in combustiondbers by
the ignition of airgas mixturesHazard 1V, |ChemE Symposium Series No. 33.

Cubbage, P.A. and Simmons, W.A.(1953 investigation of explosion reliefs for industrial
drying ovens. I-Top reliefs in box ovens, London: The Gas Council: Research
Communication GC23. 46.

Cubbage, P. A. & Simmonds, W. A. (1954 investigation of explosion reliefs for

industrial drying ovens. I1-back reliefs in box ovens: Reliefs in conveyor ovémsidon, The

Gas Council: Research Communication GC34.

EN 14994 (2007). Gas explosion venting protective systems. European Committee for
standardization, Brussels.

Fakandu, B.M., Kasmani, R.M., Andrews, G.E. and Phylaktou, H.N. (2011). Gas Explosion
Venting and Mixture ReactivityProceedings of 23th International Colloquium on the
Dynamics of Explosions and Reactive Systems (ICDERS 2011), California.

Fakandu, B.M., Kasmani, R.M., Andrews, G.E. and Phylaktou, K20l2).The Venting of
HydrogenAir Explosions in an Enclosure with L/D=2.8roc. Ninth International
Symposium on Hazardous Process Materials and Industrial Explosions ( IX ISHPMIE),
Krakow.

Fakandu, B.M., Yan, Z.X., Phylaktou, H.N. and Andrews, G.E.(201B¢ Effect of Vent
Area Distribution in Gas Explosion Venting and Tudnil Length Scales on the External
Explosion OverpressureProc. of the Seventh International Seminar on Fire and
Explosions Hazards (ISFEH7), pp.717-726. doi:10.3850/978-981-07-5936-0_11-05.

Griffiths, J.F. andBarnard,J.A. (1995). Flame and combustion. Blackie Academic and
professional, London, third Edition.

Harris, R.J. (1983)The Investigation and Control of Gas Explosions in Buildings and
Heating Plant. The British Gas Corp. Lonson:E&FN Spon

Harrison, A. J. and Eyre, J. A.(1987). External explosion as a result of explosion venting
Combustion Science and Technology, 52:1-3, 91-106.

Kasmani, R. M. Fakandu, B.M. Kumar, P. Andrews, G. E. Phylaktou, H. N. (2&Q&d
Gas Explosions in Small Vessels with an L/D oP&ceedings of the Sxth International
Seminar on Fire and Explosions Hazards, Bradley, D., Makhviladze, G., and Molkov, V.,
(Eds.), University of Leeds, Leeds, UK (April 11-16, 2010), 2011. pp. 659-670

Lunn G.A. (1989. Safety of power handling systeReview and detailed discusa of
venting.Hazard X, |ChemE Symposium Series No. 115.


http://www.icheme.org/communities/subject_groups/safety%20and%20loss%20prevention/resources/hazards%20archive/%7E/media/Documents/Subject%20Groups/Safety_Loss_Prevention/Hazards%20Archive/IV/IV-Paper-05.pdf
http://www.icheme.org/communities/subject_groups/safety%20and%20loss%20prevention/resources/hazards%20archive/%7E/media/Documents/Subject%20Groups/Safety_Loss_Prevention/Hazards%20Archive/IV/IV-Paper-05.pdf

NFPA 68 (2013). Explosion Protection by Deflagrations Venting. Natioral Fire Protection
AssociationBatterymarch Park, Quincy, MA.

Marshall, M.R.,(1977). A Calculation of gas explosion relief requirement, the esepfical
equationslChemE Symposium Series No. 49.

Molkov. V. V. (2001). Turbulence Generated During Vented Gaseous Deflagratinds
Scaling Issue In Explosion Protectid@hem E Symposium Series, No. 149, 279-292.

Phylaktou, H.N., Liu, Y., and Andrews, G.E. (1994). A Study of the Influence of thecBbsta
Scale IChemE Symposium No. 134, 19-21 April

Phylaktou, H.N., and Andrews, G.E. (1991). The Acceleration of Flame Propagation in a
Tube by an obstacl€ombustion and Flames, 85:363-379.

Rasbash, D.J. (1989ERO Fire Research Note no. 759.

Rasbal, D.J., Drysdale, D.D. and Kemp, N. (1976). Design of an explosion relief system fo
a building handling liquefied gasdS€hemE Symp. Ser. No. 47, 145.

Razus, D. M. and Krause, (2001).Comparison of empirical and sesmmpirical calculation
methods for venting of gas explosiof#.e Safety Journal, 36, 1-23.

Runes, E. (1972Explosion venting in Loss PreventioBroceedings of the 6th Symposium
on Loss Prevention in the Chemical Industry New York.

The European Parliament and the Council, 1994, The Explosive Atmosphere Directive
(ATEX), 94/9/EC. Equipment and Protective Systems Intended for Use in Pogentiall
Explosive Atmospheres, 23.3.

Thorne, P. F., Rogowski, Z., W &ield, P. (1983) Performance of low inertia explosion
reliefs fitted to a 22m3 cubical chamber. IN ENGINNER, T. I. O. C. (&t.)nt. Sym. on
Loss Prevention and Safety Promotion in the Process Industries (Series no.82).

Swift, 1. (1988) Design of deftgation protection system3dournal of Loss Prevention in the
Process Industries, 1, 5-15.

Yao, C. (1974). Explosion venting of low-strenght and structiuess prevention, 8, 1-9.

Zalosh, R. G. (1980) Gas explosion tests in room-size vented encldsageBrevention, 13,

98-110.



	E-mail: pm07bmf@leeds.ac.uk or profgeandrews@hotmail.com
	Energy Research Institute, School of Chemical and Process Engineering
	University of Leeds, LS2 9JT, UK
	Abstract
	Keywords: explosion venting, vent static burst pressure.
	Figure 1:  Schematic diagram of 10 litre venting vessel and connecting vessels.
	Figure 4:  Pstat verses Pred for methane-air and Propane-air (a) Kv=1.72-2.3 (b) Kv=2.7-3.3.
	Figure 5:  Pstat verses Pred for 10% methane-air (a) Kv=4-4.6  (b )Kv=6.25.
	Figure 6: Relationship between Pburst and Pstat for Kv=1-21.7.
	Figure 7: Peak pressures for 10% methane-air with large vent area and a Pstat of 0.035bar.
	Figure 8: Peak pressures for 10% methane-air with (a) Pstat =70mb (a) Pstat =57mb.
	8. Flame Speeds

	Figure 12: Peak pressures with Pburst for different Kvs. The dashed line is the 0.175 Pstat constant in Eq. 1.
	Acknowledgement
	References

