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Abstract

European and USA design standards for gas explosion venting are quite different in their
predictions, with the European standards always giving a higher predicted explosion P4 for
the same vent coefficient, K,. The format of the two predictions are different with the US
standards following the approach of Swift expressing the vent area as a ratio to the surface
area of the vessel, A/A, and the European standard using the vent coefficient approach. K,=
V**/A,. It is shown that these two approaches are directly related as A is proportional to v,
The reactivity parameter in the US standards is the laminar burning velocity, Uy, and in the
European venting standards it is the deflagration parameter, Kg = dp/dtmaX/Vm. It is shown
that these two reactivity parameters are linearly related. The USA standard is shown to be
compatible with spherical flame venting theory and with experimental data other than that of
Bartknecht. There is also good agreement with the present results for a 10L vented vessel for
which the spherical laminar flame venting theory gives reasonable agreement but predicts the
P:eq to be higher than measured. This is because of the assumption that at the maximum value
of P4 the bulk flame area is equal to A; which is not valid. The US standard also has
corrections for flame self acceleration, which is a vessel size effect, and for the influence of
vessel size on the external explosion, which are not factors addressed in the European
standards. The European standard is the equation for the results of Bartknecht for a 10 m’
vessel and the results of higher and lower volumes in Bartknecht’s results are all lower that
for 10 m’. The experimental results reviewed, for methane and propane maximum reactivity
vented explosions, include data for vessels larger than that on which the European standards
are based and they all give significantly lower values of P4 than those of Bartknecht..
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1. Introduction

The reduced overpressure, P4, of any vented explosion depends on the reactivity of the
mixture, the volume and shape of the vessel, the ignition position, the position of the vent, the
number of the vents, the shape of the vents, the vent static burst pressure, the initial turbulence
levels and the presence of obstacles between the ignition point and the vent (Catlin, 1991;
Hermanns et al., 2010; Nagy and Verikis, 1983, Hjertager, 1984; Phylaktou and Andrews,
1993; Razus and Krause, 2001; Fakandu et al., 2013, 2014a, b, ¢, d). This complexity of
influences on the venting of gaseous explosions led Hattwig and Steen (2004) to conclude
(p-529) that current knowledge does not permit satisfactory predictions of P,.q for vented gas
explosions. European (EN14994:2007) and USA (NFPA 68, 2013) design standards for gas
explosion venting are quite different in their predictions, with the European standards always
giving a higher predicted explosion P4 for the same vent coefficient, K,. The format of the
two predictions are different with the US standards following the approach of Swift (1983,
1984, 1988) expressing the vent area as a ratio to the surface area of the vessel, A/A, and the
European standard using the vent coefficient approach, K,= V¥*/A,. A key problem with both
vent design standards is that several parameters that are known to influence P.q4 are not
accounted for in the standards or are stated to be negligible effects. These include the position
of the ignitor, the shape of the vent, the number of the vents and the position of the vent on
the vessel walls. The authors have shown that all of these factors have a significant influence
on P, (Fakandu et al., 2013, 2014 a, b, c) but at a level lower than the difference in the US
and European vent design standards.

The objective of this work is to review published vented explosion data for methane and
propane for a range of vessel volumes with free venting for a range of Ky or AJ/A, and to
compare with incompressible flow venting theory with spherical flame propagation
assumptions. It will be shown that arbitrary turbulence factors are not necessary to get
reasonable agreement with theory and experiments. The authors (Fakandu et al. 2014d) have
previously reviewed data and provided new experimental results for the influence of the static
burst pressure, Py, and showed that both design standards have problems predicting
experimental results. The authors (Fakandu et al., 2012) have also previously reviewed the
disagreement of design standards with data for 40% hydrogen-air explosions, where sonic
flow at the vent occurs and so is a special case and will not be included in this review.
However, it was shown that the present approach with compressible and sonic flow orifice
equations could predict the experimental results.

2. Physical Phenomena that Can Cause the Peak Overpressure, Pyq.

There are a range of events in vented explosions that can cause a peak in the pressure time
record of a vented explosion. Each event will be illustrated in the results section with an
explosion pressure record where that pressure is the maximum overpressure. There are six
possible causes of the peak overpressure pressure and in many vented explosions all six
pressure peaks may be present and which one is the peak overpressure, Ppnax Or Preg
(Bartknecht, 1993) depends on K,, Kg, Pga,the ignition position and other vent design
features. The six pressure peaks were numbered from 1-6 in the order that they normally
occur in vented explosions in previous work by the authors (Fakandu et al. 2011, 2012 and
Kasmani et al. 2010b) but have been given a more descriptive nomenclature in the present
work as summarised in Table 1 and compared with the terminology used by other
investigators, where different numbered peaks were used.
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Pourst 1s used for the pressure peak associated with the vent static pressure (Pgu), which was
zero in the present work (Fakandu et al., 2014d). The overpressure due to the pressure loss
caused by the flow of unburned gas through the vent (fv) is referred to as Py, in the present
work and this is the overpressure predicted by laminar flame theory. Following the Pg
pressure peak there is usually a pressure peak, Pey, due to an external explosion and this may
be larger or smaller than Py, depending on the mixture reactivity and K,. The pressure peak
P« 1s caused by the turbulent flame propagation of the vented flame in the cloud of turbulent
unburned mixture expelled from the vent. It will be shown in the results section that in most
vented explosions in the present work either Py, or Pey is the peak overpressure, depending on
K., K¢ and the ignition position.

In some explosions there is an overpressure peak that occurs at the point of maximum flame
area (mfa) inside the vented vessel and this will be referred to as Py, in the present work. The
time of maximum flame area is measured in the present work by locating a thermocouple, T3,
flame arrival detector close to the wall in the middle of the cylindrical vessel wall. Py, is
significant as laminar flame venting theory assumes that Ps, and Py, occur at the same time,
as discussed below, but the present experiments show that they often occur at different times
and that in most cases Py, occurs before the time of maximum flame area and has a higher
overpressure than Ppyg,.

Table 1 Comparison of terminology for the various pressure peaks in vented gas explosions

Peak pressure event This Fakandu Cooper | Harrison | Cates and | Bauwens
work et al. et al and Eyre | Samuels | gt 4.
End | (20112012) | (1986) | (1987) | (1991) | (2010)
Ignition | Kasmani et .Cel.lt.ral End ) Central

al. (2010b) | 1&MUON | jgnition ienition

Peak due to vent opening Pourst P, P,

pressure, Py

Peak due unburned gas flow | Py P, Pemerg AP

through the vent

Peak due the external Pext Ps P, Pext Dominant | P;

explosion

Peak due to maximum flame | P, P, Ps Prax Max. Ps

area inside the vessel burn rate

Peak due to the reverse flow | Pey Ps

into the vented vessel after

the external explosion.

Sometimes co-incident with

P,

Peak due to high frequency P.c Ps P, P,

pressure oscillations and

acoustic resonance.
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In some vented explosions there is a pressure peak, P, that occurs after the external
explosion, which is caused by the cooling of the gas mixture in the vessel which causes a
reduction in the vessel pressure and a subsequent reverse flow of the external gases into the
vented vessel, creating turbulence and causing a second explosion in the vessel in the
unburned mixture that remained in the vessel. In some vented explosions Py, and P, occur
at the same time. This occurs because the reverse flow turbulence coupled with a reactive gas
mixture can lead to all the mixture inside the vessel suddenly burning. This normally does not
occur for vented methane and propane explosions, but has been observed in ethylene and
hydrogen explosions.

This reverse flow explosion is followed by an oscillating mass flow out of the vent and then
back into the vessel, which gives a low frequency pressure oscillation. This is quite different
from the high frequency acoustic pressure oscillations referred to by Cooper et al (1986),
which are referred to as P, in the present work. P, is caused by oscillatory combustion inside
the vessel and unburned gas trapped in corner regions of the vessel and burning after the
flame has left the vent. Which of these six pressure peaks is the maximum will be shown in
this work for free venting to depend on K, K¢ and the ignition location.

Most investigations of vented explosions do not give the pressure time diagrams and simply
report Prg with no comment on whether this is P, Pext, Pmfa, Prev Or Py, using the present
terminology. Cooper et al (1986) do not refer to a pressure peak associated with the maximum
flow of unburned gas through the vent, nor do Bauwens et al. (2010). This is surprising as the
classic laminar flame venting theories are all based on predicting Py, for free venting (Bradley
and Mitcheson, 1978; Cates and Samuels, 1991; Molkov, 2000). None of the previous
investigators refer to the present P, reverse flow pressure peak. Fakandu et al. (2014a) show
that this was a significant pressure peak in central ignition vented explosions, but is rarely the
dominant overpressure.

The present experimental 10L cylindrical vented vessel with an L/D of 2.8 and with end
ignition has been described in several previous papers (Fakandu et al. 2003, 2004 a, b, c, d)
and will not be duplicated here. The vented vessel was instrumented with flame position
detectors and internal (PTO) external pressure transducer (PT2) to ensure the unequivocal
identification of the various pressure peaks. A flame arrival detector T4 was located in the
plane of the vent to determine the time the flame exited the vent and hence to distinguish
when P4 was due to the external explosion, which must occur after this time. The external
pressure transducer also confirmed this as there was no pressure rise until the flame left the
vent. The flame arrival thermocouple detector T; was used to determine the time of maximum
flame area, mfa. There were other thermocouples fitted to determine the flame speeds
upstream and downstream of the vent. Fig. 1la shows a typical pressure record for 10%
methane/air with end ignition and all the pressure peaks associated with those in Table 1 are
marked and it is shown that in this case with K, = 5.4 P was the dominant overpressure. In
contrast Fig. 1b shows the pressure record for K, = 10.9 for 10% methane-air vented
explosions, where the Py, is the dominant overpressure, but where the flame arrival at the vent
at T4 and the peak pressure coincide. This means that the external overpressure must occur
after the peak pressure and be one of the peaks on the pressure decay. For both pressure
records the time of maximum flame area upstream of the vent, T3, has been marked and this is
not the event that causes the peak pressure.

The co-incidence of P.q with the time of flame arrival at the vent, T4, can lead to the
erroneous assumption that this is Pey, as many investigators interpret the timings from video
records. There has to be a time delay between the flame arriving at the vent and the
downstream turbulent unburnt gases being ignited by the flame after it has emerged from the
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vent, by which time the peak pressure has decayed and is not controlled by the external
explosion. The external explosion is controlled by the turbulence in the flow of unburned
gases out of the vent, which is controlled by the pressure loss at the vent and this is controlled
by the dynamic head of the velocity at the vena contracta downstream of the vent. The
external explosion overpressure occurs due to fast turbulent flames and an overpressure
generated by Taylor’s equation (1946) as shown below, where M is the flame speed Mach
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Fig.1a:Pressure time record for free venting  Fig. 1b: Pressure time record for free venting

for K, = 5.4 with end ignition for K, = 10.9 with end ignition
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Fig.2a: Influence of K, on }?y and P,y for Fig.2b: Influence of K, O}l(va and P,y for
10% methane-air with end ignition. 4.5% propane-air with end ignition.

number. This does give a mechanism for the volume of the vented vessel to influence the
overpressure as the turbulent flame speed is a function of the length scale of turbulent, L. This
is proportionate to the vent diameter and this increases with vessel volume for the same K,.
Fakandu et al. (2013) showed the importance of this by increasing the number of vents from 1
to 4 for the same K, which reduces the vent diameter and the external flame turbulent burning
velocity. This was shown for 10% methane-air vented explosions to reduce the overpressure
for situations where Py controlled Py (K, < 5.4). However, the reduction in P., with the
smaller length scale was only 12% for half the vent diameter. This was because the
dependence of turbulent burning velocity on L is relatively low at about Lo (Phylaktou et
al., 1994).
P,  2yM?

= )

P, 1+M

25
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Fig. 2 shows Py, and P as a function of K, for 10% methane-air and 4.5% propane-air for
the 10L vessel with end ignition. This shows that there is a critical K, of >5.4 for methane and
propane for Py, to be >Pey. Fig. 2 also shows the non-linear dependence of P on K, as
expected from Eq. 1. In contrast there is a linear dependence of Py, with K, and the two
relationships cross at the critical K,. For the reasons give above this critical K, is likely to be
higher for large vented vessels, due to the influence of L on M and hence on Pey;.

3. Laminar Flame Venting Theory for Free Venting

The overpressure due to the flow of unburned gases through the vent, Py, can be predicted
from the orifice plate flow equation once the maximum unburned mass flow through the vent
has been modelled. This also has to be modelled to order to predict P, and hence the
prediction of both of these overpressures are interlinked. Most theories of explosion venting
assume that flow through the vent dominates the overpressure and that Py, is the dominant
overpressure (Bradley and Mitcheson, 1978 a, b; Swift, 1983; Cates and Samuel, 1991;
Molkov, 1999, 2000). Bradley and Mitcheson (1978a) reviewed the development of laminar
flame venting theories and showed that unburned gas venting had much higher overpressures
than burnt gas venting. They also showed the common features of laminar flame venting
theories were: unburned gas venting; the use of orifice plate flow equations; and the
maximum induced unburned gas flow rate as the mass flow through the vent. Andrews and
Phylaktou [2010] and Kasmani et al. [2010b] have reviewed laminar flame venting theory
based on the pressure loss of the flow of unburned gas through the vent as the dominant
overpressure for free venting. The classic laminar flame venting model [Bradley and
Mitcheson, 1978a] assumes that a spherical flame in a spherical vessel with central ignition
propagates uniformly until all the unburned mixture ahead of the flame is expelled through
the vent. The maximum overpressure is then the vent orifice flow pressure loss at the
maximum unburned gas vent mass flow rate (Andrews and Phylaktou, 2010). The unburned
gas mass flow rate is the flame surface area, A, times the unburned gas velocity ahead of the
flame, UL(E,-1), times the unburned gas density, p,. A further assumption is made that
simplifies the theory and this is that the maximum possible flame area is the surface area of
the vessel walls, A;. This essentially assumes that the maximum flame area controls Pieq
which has been shown above to not be supported by the present evidence or the transparent
vessel high speed photography of Nagy and Verikis (1983). This assumption was first
proposed by Runes (1972) and should ensure that the theory overpredicts experimental
results.

The laminar flame venting model with the above assumptions, leaves the prediction of P4 a
function of A/Ag, as shown in Eq. 2 (Andrews and Phylaktou, 2010). Bradley and Mitcheson
(1978 a, b), Swift (1983, 1984, 1988) and Molkov (1999, 2000) all left the theoretical venting
equation in terms of A,/A;. The Swift formulation of the laminar flame venting theory has
been adopted in NFPA 68 2013. In the original Swift (1983) formulation of Eq. 2 a turbulence
factor of 5 was assumed, but this has been replaced with A and a procedure given in NFPA 68
2013 to evaluate this. Alternative procedures to calculate A have been given by Molkov (1999,
2000).

AJA;=Cy &' MUL (Ep-1) Prg™ with Prq in Pascals (2)
where C; = p,"*/(C42%) = 1.27 for p, = 1.2 kg/m’® and the vent discharge coefficient Cq =
0.61.

With P4 in Eq. 2 converted to bar and the above value for C; inserted and an E, of 8.05 used,
which is the adiabatic value for propane, Eq. 2 becomes Eq. 3 for P4 in bar.
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Ay /A;=0.0283 €' A UL Preg®? 3)

The constant in Eq. 2 becomes 0.0247 if a C4 of 0.7 is used, as in the work of Swift (1983)
which is the Cq4 value adopted in NFPA 68 2013 as Eq. 4. This predicted value of the constant
in Eq. 4, which is Eq. 7.2.1.1 in NFPA 68 (2013) is only 11% higher than Eq. 2 and so the
laminar flame venting theories have very similar results. Clearly NFPA 68 (2013) is based on
laminar flame venting theory with the assumptions detailed above.

AJA, = C Preg ™ = 0.0223 A Uy Preg™™ for Preg<0.5 bar 4)

The value for Cq4 of 0.61 in the constant C;, is a common assumption in venting theory, but it
only applies where the vent is small relative to the upstream vessel cross sectional area, A
which is a high K, assumption. It can be derived from ideal fluid flow theory as the ratio of
the vena contracta area to the sharp edged orifice area. Table 2 shows the predictions of ideal
fluid flow theory for Cg4 as a function of the orifice Area, A,, to upstream flow area, A;, which
is effectively 1/K, for cylindrical vessels. This shows that for low K, a more appropriate value
for Cq4is 0.7 and this is the value used in NFPA 68 (2013), but using the values in Table 2 as a
function of K, would be more accurate.

Table 2 Variation of Cy4 with K, for Sharp Edged Vents

AyyA; | 0.05 0.1 0.2 0.4 0.6
K, 20 10 5 2.5 1.67
Cq 0.61 0.62 0.632 0.65 0.712

A further problem with the constant C; in Egs. 2 and 4 is that the density of the unburnt gas
upstream of the vent, p,, increases with P.q. Once the vent is open compression of the gases is
no longer adiabatic, but most theories of venting assume adiabatic compression to compute p,,
as was done by Swift (1983, 1984, 1988) and adopted by NFPA 68 (2013). Lunn (1984) fitted
the empirical relationship in Eq. 5 to relate the increase in unburnt gas temperature due to the
P.eq and from this the density may be calculate, as illustrated in Table 3.

T =298 [(Preq + Po)/P,] "> (5)

Table 3 Variation of unburnt gas density with P.q (Lunn, 1988)

Pred TK P kg/m3 Relative density to 1.2 kg/m3
0.1 bar 306 1.25 1.04
0.2 bar 314 1.33 1.11
0.5 bar 335 1.56 1.30
1 bar 363 1.92 1.60
2 bar 408 2.56 2.13
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For a P, of 0.5 bar Eq. 5 predicts a 30% increase in p, which increases C; in Eq. 2 to 1.45,
which is an increase by a factor of 1.14. This is not a large effect and vents are normally
designed for P;eq <0.5 bar.

e in Eq. 2 is a compressible flow factor for orifice plate flow, this is the ratio of compressible
to incompressible flow and cannot be calculated based on nozzle flow, as is done is all
previous venting theories, as an orifice plate type vent is not a nozzle and the compressible
flow occurs in free space at the vena contracta and is not bounded by walls. Empirical data
from orifice plate flow metering, based on comparing water flow with air flow, shows that Eq.
6 gives a correlation for € (BS ISO TR15377:1998).

g=1-{[0.41 +0.35(1/K\)*] Prea/[y (P; + Prea)} (6)

For K, >5 the K, term in Eq. 5 is negligible. For a K, of 2 and P,¢q of 0.1 bar and the ratio of
specific heats y=1.4 Eq. 5 gives € = 0.97 and is hence a small correction. For a P4 of 0.5 bar,
K, =5 and the ratio of specific heats y=1.4 Eq. 5 gives € = 0.90 and this is normally a worst
case vent design. In the following discussion € will be taken as 1, but can easily be corrected
for using Eq. 6.

As Prq increases compressible flow becomes more important and eventually critical flow
occurs at the vent with sonic flow at the vena contracta. For air the critical flow pressure ratio
1s 1.893 ~ 1.9, which is a P, of 0.9 bar in a vented explosion. It may be shown for critical
flow in a nozzle (no equivalent equation has been produced for an orifice) that the mass flow
rate, my, through the area A, is given by:

m, = [(y+1)/21" P LR2y/(y+ 1) TR T,)“PoA,

For air y=1.4, R=287.04 J/kgK

my = 0.0404 P/To >’ A, = 0.00233 PoA, for T,=300K (7)
where P,=P, + P.eq

Note that Ty is the temperature of the unburnt gas upstream of the vent, it may be estimated
from Prq as in Eq. 3. Note that the P,s"" relationship with mass flow rate no longer applies
and a constant exponent for the P4 term in the vent design equation cannot be used for all P;eq
up to 2 bar, as is done in the European venting standards based on Bartknecht’s (1993) data.
In this work the laminar flame venting theory will use Eq. 7 as the vent flow equation for
P:a>0.9. There is then no reason to limit the application of laminar flame venting theory to
P;a<0.5 bar as is done in NFPA 68 (2013). The experimental data of Bartknecht (1993),
which goes up to a P..q of 4 bar supports this approach.

It may be shown that the laminar flame theory of Bradley and Mitcheson [1978a] for free
venting can be expressed in the above format as in Eq. 8.

AJA,=0.831[A UL(E, — 1)] / [Cq ay Preg”’] = 0.0284 A Up. Preg*? (8)

where a, is the velocity of sound at the vent, taken as 343 m/s for air. E; has been taken as the
adiabatic value for propane of 8.05. Eq. 8 is identical to Eq. 3. There was a difference in Cq4 of
0.6 instead of 0.61 used in Eq. 8, but this only changes the constant in Eq. 8 to 0.0280.
Bradley and Mitcheson (1978b) went on to use a value for the turbulence factor A of 4.19 to
produce a prediction that would encompass data from vented explosions with a static burst
pressure at the vent. Eq. 8 also shows that the artificial dimensional numbers used by Bradley
and Mitcheson are unnecessary as the 0.0284 Uy, term in Eq. 8 has units of bar®? so that Eq. 8
is dimensionless. Molkov et al. (1999, 2000, 2013) refers to the ratio of A/Cq4 in Eq. 8 as the
DOI number which has very similar components as for A in NFPA 68 (2013).
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The A,/A formulation of the laminar flame venting equation can be converted into a form
using the vent coefficient K, as A;= C, K,, where C; is 4.84 for a sphere, 6 for a cube and
5.54 for a cylinder with L/D=1 and 5.86 for the present cylinder with an L/D of 2.8. This then
converts Eq. 2 into Eq. 9 and this has the same form as in the European vent design guidance
[Andrews and Phylaktou, 2010 and Kasmani et al., 2010b].

1/K,= AV =CiCy €' VUL (Ep-1) Preg™” )

If Eq. 9 is used for a cube and Pq is converted from Pa to bar then with E, = 8.05 Eq. 9
becomes Eq. 10.

1/Ky = 0.170 &% Up Preg®’ (10)
For propane with U =0.46 m/s and taking e =1 and A =1 Eq. 10 becomes Eq. 11.
1/Ky = 0.078 Py *” (11)

For 10% methane —air with Uy, as 0.42 m/s (Satter et al., 2014) and E, as 7.54 the constant in
Eq. 9 becomes 0.066. For 40% hydrogen —air with Uy taken as 3.5 m/s and Ep as 6.47 the
constant in Eq. 9 becomes 0.46.

Eq. 11 is in the same format as used by Bartknecht (1993) for Py, = O.1bar and his constant
for propane was 0.200. Bartknecht’s (1993) Equation for propane for Py,=0.1 bar is given by
Eq. 12 and the constant in Eq. 12 was 0.164 for methane

1/K, = 0.200 Pog 8 (12)

This implies a A value in Eq. 10 of 2.56 for agreement which gives a 6.57 factor difference in
P,.q for the same K,. If the Bartknecht 10 m® vented data is ignored as not agreeing with his
data at four other volumes, then a A of only 2.1 is required for agreement. The Bartknecht
(1993) correlation, used in the European venting standards for gases, is based on his data for a
10m’ vessel and does not fit his data for any other volume that he tested from 1 — 60 m’,

For methane Bartknecht had a constant in Eq. 11 of 0.164 and the above prediction needs a
turbulence factor A of 2.50 for agreement (or 2.0 if the 10 m® data is ignored), which gives a
6.2 factor difference in P,q for the same K,. These turbulence factors for propane and
methane are very similar. The used of 100mb P, in Bartknecht’s work cannot account for
such high values of A (Fakandu et al, 2014d) and there must be some other factor that caused
the higher overpressure in his work. This factor could be ground effects on the external jet
flame, as Bartnecht’s test vessel were all mounted on the ground and a Coanda effect on the
external jet could have increased the overpressure. It will be shown in the next section that no
other experiments have found the high overpressures found in Bartknecht’s (1993) work and
most are closer to agreement with Egs. 2 and 4.

4. Comparison of the Laminar Flame Venting Theory, NFPA 68 (2013) and
Bartknecht’s Venting Correlation with Experimental Data

The above laminar flame theory in Eqgs. 2 and 4 is compared in Fig. 3 for 10% methane-air
and in Fig.4 for 4.5% propane-air with the present experimental results in a 10L vessel with
end ignition and those in larger vented vessels in the literature. Literature values for free
venting or for the lowest P, investigated has been used. The data is plotted both as A,/A and
1/K, with the relationship plotted as a common axis as for cubic explosion vessels, which
applied for a lot of the literature data. This shows excellent agreement of the laminar flame
theory with the experimental results for near free venting of a 35 m® vessel of Papas and Foyn
(1983) and of the 64m’ vented vessel results of Bauwen et al. (2010) and of the 25m’ vented
vessel results of Bromma (1957). A further difference between Eq. 9 and the Bartknecht vent
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design equation is that the Pq exponent is -0.58 compared with -0.5 for incompressible flow
in the vent. If Bartknecht’s data in the sonic flow regime is ignored and the data fitted to
Pa<0.5 bar then Bartknecht’s results support a -0.5 pressure exponent. Consequently, the
difference between the Bartknecht vent design P4 exponent and the theory is not considered
to be important.

Bartiknecht’s data in Figs 3 and 4 is for Py, = 0.1 bar and is not for free venting. This is
particularly significant at low P,q and low K, where the predictions would be <0.1bar for a
free vent. Bartknecht’s correlation has been corrected to that of a free vent in Figs. 3 and 4 in
two ways: firstly simply deduction 0.1 bar from the predicted P,.q and secondly by applying
Bartknecht’s Py, correlation and exptrapolating it to free venting, which is a very small
correction. It would have been preferable for the design correlation to have the first term for
an open vent and then an additional term valid for any value of Py, In the present work Py
is zero, as open vents were used. The reasonable agreement between the literature data and the
laminar flame venting equations, support the assumption that it is the flow of unburned gases
displaced by the expanding flame that controls the peak overpressure. This flow controls Pg,
which in turn controls the magnitude of the vented jet velocity and the jet induced turbulent
flow that creates the external explosion outside of the vent, Pey.

For methane explosions the only data that supports Eq. 12 for methane is that of Bartknecht
(1993) for vented vessels of 1 and 30 m®. The three lines for laminar flame venting theory are
different mainly in the Cq4 value used and span the range of possible Cq4 as K, is varied. These
predictions, that are the basis of the NFPA 68 (2013) design procedures, should lie above
experimental data due to the assumption that the flame area is the surface area of the vessel,
which is conservative. Fig. 3 shows that all the present results fall on the predicted line at low
K, or below it at high K, and 21 data points in the literature also lie on or below the predicted
lines. This includes the 35 m’ data of Solberg (1979) and the very largest volume work of



11th International Symposium on Hazards,Prevention,and Mitigation of Industrial Explosions N
24-29 July 2016 Dalian A 11th ISHPMIE

5 .+
Methane-air X
" =+ Tomlin and Johnson (2013) 182 m@ b
—— NFPA 68 (2013), '+ Equation “3 ~'C,=0.61)

— = Equation 123(P_,=0.1bar), Equatior 17 (-0.1bar)

0 _01 = = Equation . 3. )(C,=0.7),= Equation 7.6(P__=0)

F O 2.7m%Cooper et al,1986), % 0.2m’(Kasmani et al,2010)

’ 3Om3(Bar1knecht,1993), /\  This work X Buckland 27m3
| B 35m°(Solberg 1979), 3K 0.68m’(Cooper et al,1986)
A 19m*Hochst and Leuckel,1998), @ 1nf(Banknecht,1993)

0.01 1/K_ 0.1 T

0.01 Av/Asl 04

Fig. 3. P,.q;as a function of 1/K, and A /A, (for a cube) for 10% methane-air. Comparison
with the laminar flame theory Eq. 3, NFPA 68(2013) Eq. 4 and EN14994:2007. Eq.
12 with Bartiknecht’s and other literature experimental data and with the present
results of a 20L vented vessel with L/D = 2.8 and end ignition.

=
m L
£0I1 -
©
o
o

01 - X .

Propane-air A

L NFPA 68(2013), Equation 725(-0.1bar)

' Equation 7.%0(C=0.61), Equation 7162P__=0) X

' Equation 7.6(P__=0.1bar),= =Equation 7.30(Cd=0.7) L 2
25m°(Bromma,1957), O 35m’(Solberg,1979)
70m*Bromma,1957), 0 81m’(Howard,1980)
200m°*(Bromma,1957), 3K 35m’(Papas and Foyn,1983)
64m°*(Bauwens et al,2010), @ 500m’(Bimson et al,1993)
0.2m’(Kasmani et al,2010), % 0.0041m’(Sato et al,2010)
2m’(Bartknecht,1993), W 10m’(Bartknecht,1993) X Yao 0.77 m°

30m°(Bartknecht,1993), @ 60m’(Bartknecht,1993) ™M
1m°(Bartkneght,1993). Z\ Present work . + Thorne et al. 204, 35, 30, 22m’

0.01 A A 0.1

0.01

I T

0.1 1/ KV 1
Fig. 4 P,.; as a function of 1/K, and A/A; (for a cube) for 4.5% propane-air. Comparison
with the laminar flame theory Eq. 3, NFPA 68(2013) Eq. 4 and EN14994:2007. Eq.
12 with Bartiknecht’s and other literature experimental data and with the present
results of a 20L vented vessel with L/D = 2.8 and end ignition.
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For propane explosions in Fig. 4 there is more data in the literature, but none of it supports the
Bartknecht design equation. All of Bartknecht’s results for volumes 1-60 m’ are well above
those of other investigators, but only the 10 m® data agrees with his design Eq. 12. All the
present results agree with the laminar flame venting Eqgs. 3 and 4 or are below them. There are
25 data points from the literature in Fig. 4 that are close to the laminar flame venting
equations used in NFPA 68 (2013) or are below them. The data of Papas and Foyn (1983) for
a 35 m’ vessel lie directly on the laminar flame venting line for Eq. 3 However, there are 7
data points above the predicted lines and these may indicate an influence of vessel volume.

In NFPA 68 (2013) there are a series of factors that contribute to the term A in Eq. 3. Two of
these have a dependence on the vessel volume in addition to that included in K, or A;. The
first is flame self acceleration and the second is the external explosion. The self acceleration
term follows the procedures of Chippet (1994) and is related to the vessel volume as the flame
diameter is larger the bigger the vessel volume for the same K,. It may be shown that the
correction of this has a V" dependence, which for a factor of 1000 increase in volume is
only a 2.5 increase in the constant in Eq. 3 or a factor of 6 increase in Pr4. This is of the order
of the volume effect in Figs. 3 and 4. The second factor is the external explosion turbulent
length scale which is a function of the vent diameter. NFPA 68 has a D047 dependence for
constant K, or A,/As which is a dependence of V20162 and for a factor of 1000 increase in V
this is a 1.12 increase in the constant in Eq. 3 which gives an increase in P4 of 25%.

The volume effect is not sufficient to account for the differences in Bartknecht’s (1993)
results from the rest of the literature, nor is the effect of spark position, vent shape, vent
number etc sufficient to account for these differences, although they contribute to the data
scatter in Figs. 3 and 4. There is an additional factor generating turbulence in Bartknecht’s
data, as discussed above. This may be the presence of the ground close to the vent giving a
coanda effect and ground interaction turbulence increasing the external explosion
overpressure. Further work is required to demonstrate that this effect is significant.

Conclusions

1. Free vented explosions in a small 0.01 m’ vessel with an L/D of 2.8 were investigated, as
it was considered that this size would produce a laminar flame explosion that would
enable laminar flame venting theory to be validated without empirical turbulence factors.
End ignition was used as this gave a higher overpressure than for central ignition.

2. The results showed that the P.4 due to the flow through the vent, Ps, was the dominant
overpressure for methane and propane explosions for K, > 5.4 and for lower values of K,
the external explosion, Pey, was dominant.

3. The form 1/K, = a Py " of the venting design equations of Bartknecht, for Pg,=0.1bar,
was shown to be the same as in the Swift approach that is recognised by NFPA 68. For
agreement with Bartknecht’s results for methane and propane venting the laminar flame
venting theory needs a burning velocity turbulence factor of 2.60 and 2.5 respectively. A
possible source of this turbulence in Bartknecht’s work is the interaction of the vented jet
with the ground, as all Bartknechts vessel had the bottom of the vessel on the ground and
most other workers elevated the vessels well clear of the ground.

4. For the present 10L vented vessel, the laminar flame venting theory over predicts the
measurements for methane and propane, due to the assumption of the maximum flame
area being A and the actual flame area at the time of maximum overpressure being less
than this.

5. The laminar flame venting theory is the same as that of Bradley and Mitcheson [1978]
and Swift [1983] if the same vent orifice discharge coefficient Cq is used. The adoption of
the Swift [1983, 1984 1988] approach to laminar flame venting design for P up to 0.5
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bar in NFPD 68 2013 is justified as it is in good agreement with the present results and
with many other vented explosion results in the literature. There was no requirement to
invoke a turbulence factor to force agreement between the predictions and measurement
for low Py, vented explosions. For most of the data the basic laminar flame theory with
A=1 agreed with the literature data or was higher than the data. There were only a few
literature P4 higher than the predictions, that may have been related to a volume effect in
addition to that embedded in K.

Acknowledgements

Bala Fakandu would like to thank the Nigerian Government for a Petroleum Fund Scholarship. We
would like thank Gary Tomlin of DNVGL for informative discussions on gas explosion venting.

References

Andrews, G. E. and Phylaktou, P. N. (2010) Handbook on Combustion (Eds. Lackner, M.,
Winter, F. and Agarwal, A.K.) Vol. 1, Chapter 16 Explosion Safety, 377-413: Wiley-VCH

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 Propane-Air Mixtures. Combustion
Science and Technology,182:11-12, 1915-1932.

Bimson, S.J., Bull, D.C., Cresswell, T.M., Marks, P.R., Masters, A.P., Prothero, A., Puttock,
J.S., Rowson, J.J. and Samuels, B. (1993) An Experimental Study of the Physics of
Gaseous Deflagrations in a Very Large Vented Enclosure. 14™ International Colloquium
on the Dynamics of Explosions and Reactive System, Coimbra, Portugal, Aug. 1-6, 1993.

Bradley, D. and Mitcheson, A. (1978a) The venting of gaseous explosions in Spherical
Vessels ! - Theory. Combustion and Flame 32, 221-236.

Bradley, D. and Mitcheson, A. (1978b) The venting of gaseous explosions in spherical
vessels. II--Theory and experiment. Combustion and Flame, 32, 237-255.

Bromma (1957) Kommitten for explosionforsok.Slutrapport, Stockholm April 1958.

BS ISO TR15377:1998. Measurement of Fluid Flow in Closed Conduits.

Buckland, I.G. (1980). Explosions of gas layers in a room size chamber. 7™ Int. Symp. in
Chemical Process Hazards with speial reference to plant design. IChemE Symposium
Series No. 58.

Cashdollar, K. L., A. Zlochower, 1., Green, G. M., Thomas, R. A. and Hertzberg, M. (2000)
Flammability of methane, propane, and hydrogen gases. Journal of Loss Prevention in the
Process Industries, 13, 327-340.

Cates, A. and Samuels, B. A (1991) Simple Assessment Methodology for Vented Explosions.
J. Loss Prev. Process Ind. Vol. 4 p. 287-296.

Chippett, S. (1984) Combustion and Flame, 55, 127-140.

Cooper, M. G., Fairweather, M. and, J. P. Tite. (1986) On the mechanisms of pressure
generation in vented explosions. Combustion and Flame, 65, 1-14.

En14994:2007, E. (2007) Gas Explosion Venting protection system. BSI.

European Parliament and Council, A. T. (1994) “The Explosive Atmosphere Directive
(ATEX)” 94/9/EC. Equipment and Protective Systems Intended for Use in Potentially
Explosive Atmospheres. In: Ec (ed.) 94/9/EC. The Explosive Atmosphere Directive

Fakandu, B., Kasmani, R.M., Andrews, G.E. and Phylaktou, H.N. (2012) The Venting of
Hydrogen-Air Explosions in an Enclosure with L/D=2.8. Proc. IX ISHMIE International
Symposium on Hazardous Materials and Industrial Explosions, Krakov, Poland.

Fakandu, B., Yan, Z.X., Andrews, G.E. and Phylaktou, H.N. (2013). The Effect of Vent Area
Distribution in Gas Explosion Venting and Turbulent Length Scale Influence on the



11th International Symposium on Hazards,Prevention,and Mitigation of Industrial Explosions N
24-29 July 2016 Dalian A 11th ISHPMIE

External Explosion Overpressure. Proceedings of the Seventh International Seminar on
Fire and Explosion Hazards (ISFEH7), pp.699-708. Research Publishing.

Fakandu, B., Andrews, G.E. and Phylaktou, H.N. (2014a). " Gas Explosion Venting:
Comparison of Square and Circular Vents". Chemical Engineering Transactions, 36, 163-
168

Fakandu, B., Andrews, G.E. and Phylaktou, H.N. (2014b). "Comparison of central and end
spark position for gas explosions in vented vessels with L/D of 2.8 and 2.0". Proc. Tenth
International Symposium on Hazards, Prevention, and Mitigation of Industrial Explosions
(XISHPMIE), Bergen, Norway.

Fakandu, B.M., Andrews, G.E. and Phylaktou, H.N. (2014c), Impact of non-central vents on
vented explosion overpressures. Tenth International Symposium on Hazards, Prevention,
and Mitigation of Industrial Explosions (XISHPMIE) Bergen, Norway, 10-14 June 2014.

Fakandu, B., Andrews, G.E. and Phylaktou, H.N. (2014d). Fakandu, B.M., Phylaktou, H.N.
and Andrews, G.E., Vent static burst pressure influences on explosion venting
overpressures. Tenth International Symposium on Hazards, Prevention, and Mitigation of
Industrial Explosions (XISHPMIE) Bergen, Norway, 10-14 June 2014.

Hattwig, M. and Steen, H., "Handbook of Explosion Prevention and Protection". p. 483, 2004,
Wiley-VCH

Hochst, S. and Leuckel, W. (1998), "On the Effect of Venting Large Vessels with Mass Intert
Panels". J. Loss Prevention in the Process Industries, 11, 89-97.

Howard, W.N.(1972) Interpretation of building explosion accident. Loss prevention 6:68.

Kasmani, R. M., Fakandu, B., Kumar, P., Andrews, G. E. and Phylaktou, H. N. (2010b)
Vented Gas Explosions in Small Vessels with an L/D of 2. Proc. 6th Int. Sem. on Fire and
Explosion Hazards, p.659-669. Research Publishing, ISBN-13:978-981-08-7724-8.

Kumar et al. Combustion and Flame, 89, 320-332, 1992.

Molkov, V., Dobashi, R., Suzuki, M. and Hirano, T. (1999) Modeling of vented hydrogen-air
deflagrations and correlations for vent sizing. Journal of Loss Prevention in the Process
Industries, 12, 147-156.

Molkov, V., Dobashi, R., Suzuki, M. and Hirano, T. (2000) Venting of deflagrations:
hydrocarbon-air and hydrogen-air systems. Journal of Loss Prevention in the Process
Industries, 13, 397-409.

Molkov, V. and Bragin, M. (2013). A Novel Correlation for ented Hydrogen-Air
Deflagrations. Proc. 7" Int. Sem. Fire and Explosion Hazards (ISFEH7), pp. 689-698.
Eds.: D. Bradley, G. Makhviladze, V. Molkov, P. Sunderland and F. Tamanini, Research
Publishing.

Nagy, J. and Verakis H.C. (1983). Development and Control of Dust explosions,
Occupational Health and Safety. Marcel Dekker, Inc, New York.

NFPA68 (2007). Guide for Venting of Deflagrations, NFPA 68. 2007: National Fire
Protection Association.

NFPA68 (2013). Guids for Venting of Deflagrations, NFPA 68. 2013: National Fire
Protection Association.

Pappas, J.A. and Foyn, T. (1983). Gas Explosion Research Programme. Final Report 83-1334,
Det Norsk Veritas, 1983. (Data given in Cates, A. and Samuels, B. (1991) A simple
Assessment Methodology for Vented Explosions. J. Loss Prev.Process Ind., Vol.4 p.287-
296, 1991.)

Phylaktou, H., Liu, Y. and Andrews, G.E. (1994). Turbulent explosions: a study of the
influence of the length scale of turbulence. Hazards XII European Advances in Process
Safety, IChemE Symposium Series, No. 134, p.269 - 284.



11th International Symposium on Hazards,Prevention,and Mitigation of Industrial Explosions N
24-29 July 2016 Dalian A 11th ISHPMIE

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

Sato, K, Tano, S. and Maeda, Y. (2010) Observations of Venting Exlosions in a Small Cubic
Vessel with Rich Propane-Air Mixtures. Proc. Sixth Int. Sem on Fire and Explosion
Hazards (ISFEH6). p.671-682. Research Publications,

sattar, H., Andrews, G.E., Phylaktou, H.N. and Gibbs, B.M. (2014). Turbulent flame speeds
and laminar burning velocities of dusts using the ISO 1 m’ dust explosion method.
Chemical Engineering Transactions, 36, 157-162.

Solberg, D. M., Pappas, J. A. & Skramstad, E. (1980) Experimental explosion of part
confined explosion. Analysis of pressure loads, Part 1. Det Norske Veritas Research
Division Technical Report no 79-0483.

Swift, I. (1983). Gaseous Combustion Venting - A Simplified Approach. Proc. 4™ Int. Symp.
on Loss Prevention and Safety Promotion in the Process Industries, Vol.3 - Chemical
Process Hazards. Inst. Chemical Engineers Symp. Series 82.

Swift, I. (1984). Venting Deflagrations - Theory and Practice. Plant/Operations Progress,
Vol.3, No2, 89-93. AIChE.

Swift, I. (1988) Design of deflagration protection systems. Journal of Loss Prevention in the
Process Industries, 1, 5-15.

Taylor, G.1I., 1946. The air wave surrounding an expanding sphere.Proc. Royal Soc.
A180,273.

Thorne, P.F., Rogowski, Z. and Field, P. (1983). Performance of Low Inertia Explosion
Reliefs Fitted to a 22m” Cubical Chamber. Proc. 4™ Int Sump. Loss Prevention and Safety
Promotion in the Process INdustries (series 82), IChemE, UK.

Tomlin, G. and Johnson, D.M. (2013). A Large Scale Study of the Venting of Confined
Explosions into Unobstructed and Congested Flammable Vapour Clouds. Proc. 7™ Int.
Sem. Fire and Explosion Hazards (ISFEH7), pp,679-688. Eds. D. Bradley, G.
Makhviladze, V. Molkov, P. Sunderland and F. Tamanini, Research Publishing.

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



