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EXPLOSICN PROTECTIQT METHCDS BY RELIERS
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Of all metheds for protecting the process plant against the damaging
effects of internal gas vapour or dust explosion, explosion relief is
the simplest and moet robust method of protection. This paper presents
experimentally tested empirical relationships for the design of wvent
openings and appropriate covers for gaseous and dust explosions,

A brief description is given of explosion relief systems.

INTROLUCTI AT
Many chemical process plants handling flammeble gases and dusts present hazards of internal
explosions, which could destroy or damzge planiss. There are mauny methods available which aim
either to prevent or minimise possible explosion damage.

Thege inclufe:

a) Provision of openings with covers which in the event of an explosion will rupture or be dis-—
rlaced and discherge & large proportion of the explosive mixiture end combustion products fto a
safe area

b) Incorporation of devices which bring about the extinction of the fleme front by releasing an
extinguishing agent during the initial stsges of an explosion

e) Isolating the source of an explosion from the vulnersble parts of the plant, by the use of
quick acting valves or barriers of an inert or ccmbustion inhibiting gas, or flame arresters
which are systems of narrow passages or cells which cool and extinguish the flame front. All
such devices will extinguish the explosion flame front in sn early stage of an explosion
before disruptive pressures are attained.

This paper discusses briefly the parameters essential for the design of the explosion relief
systems and presents empirical relationships derived from the major series of tests as a means of
defining various venting requirements.

3izing of the Openings for the Explosion Reliefs for Flamrable Gases

It is essential that any openings provided for the discharge of expanding gases do not allow the
explosion pressure to exceed the design limits of the protected plant; therefore design data for
relief openings is essential, It is perhaps nct appreciated that avallable test data indicate
that different criteria must be applied to containers of different sizes and geometries. There
are several correlations availsble and each of these covers a limited range of volumes, There are
also many other investigations which were carried out to achieve relief protection for = specific
apparatuse. Some of these will be considered in this paper. '

A series of explosion tests were carried out in cubical vessels of volumes 8, 28 and 85 1 using

4 per cent propane/air and 6.5 per cent ethylene/_air flammable mixtures by Palmer and Rogowski (1),
These results provided a simple relationship between the maximum pressure and the area of the vent
which wag expressed as a fraction of the cross—sectional area of the explosion vessel. This
correlation agreed closely with the measured values and could te represented by an equation,.
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P = 0.0385 Kz I&T/ma (p o 0.0056 Kz 1'bf/in2) ...l.ll.l..'......lII.IIID.-..I.‘..I(‘I)
where p = maximum explosion pressure

K - crogss—sectional area of the vessel
area of the wvent

Equation (1) is represented by = dashed line in Figure 1 in which the experimentzl values are
plotted as points, There is a good agreement with the experimental resgults which wers obtained
with three different explosion vessels and a wide range of relief openings. In all these experi-
ments the venits were located in the top cover of the explosion vessel, and remained uncovered
throughout the event of an explosion, The explosion presgures within the investigated range
varied with K and v in accordance with the theoretical ecuation:

_ LEe

.l.....II.llll...l--.IlI0.0‘...lU...l.l.....‘.OIIII'C.O....ICICQ..IIII...C..I..I.(Q)
5 CE :
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where C — discharge coefficient
p — density of gas at atmospheric pressure
Vv - gas velocity in an explosion vessel.

These authors repeated same of the experiments with vents covered by the flame arrester using
propane/air and ethylene/air flommable gases Rogowski (2)e When these results were compared, the
maximum explosion pressvre varied with the square of the fundamental burning velocity, Syy of the
explosive mixture useds Further tesis were made in which the reliefs were covered ty covers of
verious weightse. ‘Figure 2 shows the relationship between the maximum explosion pressure and the
weight of either loose covers or covers held by permanent magnets,

The performance of reliefs fitted to cubical or rectangular chambers with volumes ranging from
0,23 m3 (8 £i°) — 14 m> (500 £t3) have alsc been examined by Cubbage (3)s The areas of relief
vents were varied again being expressed as dimensionless K with values from 4 to 1.

The vents were covered in all explosion tests, which were carrisd out using a towm gas/air
flammable mixture, Some pressure records showed two pressure peaks. The authcers concluded that
the first peak was caused by the inertia of the vent cover and the second peak was caused by the
frictionzl resistance of the vent orifice, The maximum values of the first peak agreed well with
the empirical equation:

Pv % =aKw+ec -c--oo--u---o-co.ooo..--c-o.-uoouooo-.o.o.oo--u..loo.-u-ﬁo..cn-n.oo-.-co.tn..(3)

where a and ¢ are constants 5
W = weight of relief per unit arez — Kg/m
V - oven volune — m

which was also expressed in the following form:
p,V% = SD (0.43 Ba + 2.78} ..ll......ll......i..l.ll..l.lI.....ll.'ll...l‘.‘l.l.l....l....llll..(q-)

when Al — area of relief 5
p1 = first peak pressure kN/m
B¢ = maximum fundamental buwrning velocity in m/s,

The second peak pressure, pp, was independent of the oven volume and with towm gas/air mixture,
its magnitude could be expressed by:

p2 = ?K ll..I'...I.....I.‘.....lI...I..........l..........l.l.‘.....Il.....'OC...C....I......II(ﬁ)

Tests with other flammable gas have shown that the value of = varied in direct proportion to the
fundamental burning velocity So. %

The equations guoted so far exceph equation (2) are entirely empirical and therefore this data
ghould be applied to veessels of volumes similar to those tested, There was however the tendency
to extrapolaste this data to volumes much larger than those which were tested. There was little
justification for doing this, and work carried out in Sweden (4) showed that the explosion in &
room of 200 m3 (7000 ft3) volume with cne side open and covered with light panels, produced a
maximum explosion pressure of 5 ldquz (0475 lbf/ing) with a ? per cent propane/air mixture; which
was a much higher value then that predicted from equation (5).
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Further experimental dzta was obtained using low inertia reliefs with an explosion chamber 1,7 m3
(60 £t3) volume with larger K factors, Herris and Briscoe (5) and Burgoyne and Wilson (6). When
the peak pressures are compared with the extrapolated values found by Cubbage (3) they are also
much higher.

More recently a series of venting experiments were carried cut in 2 rectangular chamber 20 m3
(10c0 f"t.3) volume using layers of varying thickness of methane/air explosive mixture with low
inertia vent covers by Butlin and Tonkin (7). These results were extrapolated to a depth equal
the chamber height (ie with the chamber full of gas)s Table 1 lists these pressures against three
values of K, These values are again higher than those from extrapolation of Figure 1.

TABLF 1 — Maximum Explosion Pressures in 28 m>_Chamber with Methane/Air Mixture

" Maximum explosion pressure
kﬂfma 1bs/ e

2 T 1.0

4 10 145

8 15 2.2

A series of expleosions were carried cut in reinforced concrete explosion chambers with windcus
having dimensions 3,5 m wide; 4.0 m long and approximately 3 m high, Dzsgosaric (8)s The precise
values of K factors were nct given btut the smallest K factor was estimated to be approximately 1.5.

In more recent years a great deal of experimental work was carried cul in West Germany on venting
of gaseous and dust explosions,; ses Anthony (9)s The explosion tests were carried out in vessels
having volumes of 1, 10, 30 and 60 m3 (35, 353, 1059 and 218 f13) using vent openings covered by
bursting discs opening at 9.7, 19.3 and 49.6 m/ma (1.4, 2.8 and T.2 lbf'/inz). Using the results
thus obtained it was proposed that the 'cubic law', previously considered applicable to unvented
vessels only, could zlso be applied to vessels incorporating reliefs thus:

(-g—s) x V‘%’ = constant oo.a-1.....--.-.---..--o.-oc----c-t.-eooo.oouo--o-utt.onnooc.-'{s)
max
where (%{-) = maximum rate cf pressure rise in a vessel during an explosion,

max

Although the data supplied may not entirely support the adcpbtion of the 'oubic law! it does however
prove (Tables 2a and L) that the maximum expleosion pressures in vented gaseous explosions are
dependent on {dp/dtr]ax and indirectly on the volume of the vessel. Tables 2a and 2b show the vent

areas required not to exceed a given design pressure, see Anthong (9) and Donat (10)s The weakest
bursting disc used failed at a pressure of 10 kN/m2 z1.45 lbf/in ); 2 lower bursting pressure than
this could be adcpted in many instances for an industrial plant.

Table 3 lists the maximum explosion pressures determined (1), (3) and (4) for vents having K
factors of 1, 2 and 3, either open or closed by low inertia ccvers using various flammable mixtures
Evidently the maximum explosion pressures with a given value of K increase with the increase cof the
volume of an explosicn vessel.
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TABLE, 2a ~ Vent Areas, m?, Required for Venting of Combustion of Prgpa.ne/.ﬁir Mixture Inside
Vessels of L/D approximately 1 C, Donata (_16)

Max press during

venting W/m 30 20 100 150 200 250

Vessel Vol m3

Vent burst pressure = 10 Wi/m@

1 0431 0.25 0.15 0.09 0.045 -
10 241 145 0,80 0455 0.4 0.3
30 3.0 2,25 1.5 0.9 0.6 0u45
60 4.8 3.0 1.2 - - -

Vent burst pressure = 20 ld\T/ma

1 0.355 043 0«21 0.145 0.095 0.07
10 2.18 1.70 1.07 Ou T4 0e47 0.37
30 2,70 2,03 1635 0,97 O.72 0.53
60 - 3,76 - - = =

Vent burst pressure = 50 ki\i/m2

1 - - 0.195 0.12 0.085 0,065
10 - - 1421 0. 79 0456 0.42
30 o 3-48 1.88 1.35 0.9? 0072
60 - 5422 2,22 - - -

TABLE 2b - Vent Areas, ftz_, Required for Venting of Combustion of ProPEnJe/A.ir Mixture Inside
Vessels of L/D approximately 1 C. Donat. (10) (Note: Numbers are in Imperizsl Uniis.)

Max press during
venting, psig

Vessel Vol ft3

Vent burst pressure = 1,45 psig
3543 3.34 2,569 1.61 0.97 0.48 .
353 22,6 1641 8.6 549 4,30 2.23
1059 3243 2442 1641 SeT 6e5 4.84
2118 51.6 32-3 1209 e - 2
Vent burst pressure — 2.9 psig
3543 3.82 3423 2426 1456 1.02 0e75
353 23.5 18.3 1145 8.0 Sa 3.98
1059 29.1 21.8 1445 1044 T.8 Se7
2118 - 4045 - - - -
Vent burst pressure — 7.3 peig
35.3 - - 2.10 1.29 0,92 CeT70
353 = il 13-0 805 6-0 4.52
1059 = 3715 2002 1&—-5 1004 ?.8
2118 - 56 23.9 - - -
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TABLE 3 — Comparison of Maximum Explosion Pressures, in Palmer (1), Cubbage (3) and (4).

Maximum explosion pressure
2 2
K factor i/ (1be/n")
Propane (1) Propane (3) Butane (4)
1 0.7 (0.1) 2.3 (0.3) 5.2 (0.8)
2 2e1  (0.3) 4e5 (047)
3 7.0 (1.0)

TABLE 4 — Comparison of the Maximum Explosica Pressures Obtained by Various Workers

s T T —— -—. - —

Maximum explosion pressures &/m2  (1bf/in?)
K factor Propane (3) Propane (4) Pentane (5) Pentane (6) Methane (7)

7548 558  (81) 669  (97)
20,2 416 (69) 400 (58)

940 193 (28) 207 (30)

8 ' 15 (2.2)
S M7 (1.7) 14 (2)

4 10 (1.5)
3 7.0 (140)

2 4e5 (0.7)

1 2.3 (0.3) 502 (0.95)

Table 4 lists the maximum explosion pressures indicated (32 to (7) where the experimental data
covers a wide range of vessel volumes. Some data (2) and 4.) overlap; other data — for methane (8)
is of somewhat limited accuracy and was carried out using natural gas/air mixture and is not
included in Table 4, TFurther data (5) and (6)are in reasonable agreement but much greater than
other values, Ixtrapolated values quoted from Butlin and Tonkin (7], in spite of being obtained
with natural as/air flammable mixture, give values similar to those obtained by other workers,
using propane/air or pen‘l:ane/a.ir flammable mixture.

Tt is not known what degree of repeatability may be chtained in these experiments. However, even
mwder rigorously controlled conditions considerable departure must be expected where different
vent covers are used and when the peak pressure controlled by the vent cover determines the maxi-—
mum explosion pressures. The shape of the vessel and geometry of the vent and vessel would also be
expected to influence the resuits, because of these factors the results give satisfaciory agree—
ment,

All results discussed apply to empty enclosures initially at atmospheric pressure, If the
enclosures contain cbstacles these maximum explosion pressures may be greatly exceeded. If more
complex enclosures are involved, again design data is not adequate, There is much -evidence from
accidental explosions in buildings, that if an explosion propagates through a series of inter—
connected chambers, much higher maximum explosion pressures will result, see Mainstone (11).
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TABLE 5 — K Factors Required for Venting of Stolchiometric Pro-pane/Air Flammable Mixture

- Maximum pressure during venting
Vessel
o KN /m?2 (1bf/in2)
30 50 100 150 200 250
(4435) | (7.25) | (1445) |(21.8) | (29.0) [ (36.3)
mo | et K V. al u e s
1 35.3 3.3 4,0 6o 11.2 11.0 155
10 353 2.2 342 5e8 8.5 11.8 2145
30 | 1059 31 443 6e5 11.0 16,0 -
60 | 2118 363 5.0 13,0 - - - |

Teble 5 lists results shown in Tebles 2a and b, recalculated to correlate the maximum explosion
pressure with X factor (10) and (12)s Figure 3 shows the plot of results from Tables 4 and 5.
The meximum explosion pressgures obtained with small K factors exceed greatly the corresponding
values shown in Table 4 whereas the values obtained with large K are scmewhat smaller than
corresponding values shown in Table 4, Perhaps it is significant that values obtained with small
K factor shown in Teble 3 where from tests using only loose vent covers, The resulis presented
in Tables 3, 4 and 5; however, present important practical implications for the vent designer
who has to arrive at the appropriate vent areas for various enclosures. Vents of large area are
likely to be applied to building structures, where window openings may be utilised as vents, In
such instances some of the results guoted from Donat (11) may not applyy since the structure of
the building is wnlikely to withstand such pressures., All are appropriate for industrial appli-
cations where vents having large K factors are mostly used,

Tdeally the vent designer should have one working formula to cover all possible design require-
ments. At present such a formula is not available, The designer has to select results which are
most appropriate to the case in hand and proceed from these, making an zallowance for the flammeble
gas or dust and the chamber in question, and for the pressure enhancing effects caused by factors
such as turbulence or more complex geometry.

If no allowance is given for the complexity of the siructure the reswliant maximum explosion
pressures may greabtly exceed values predicted from the deta presented aboves

The origin and the generasfion of such pressure pulses is not properly understood. Turbulence,
precompression, and pressure snd rarefaction waves are offen put forward as causes of greatly
increased rates of combustion and hence increases in pressure, however. Therefore until further
data becomes available no precise allowance can be made for such factors. BSome rule of tumb
methods are available and should be used in practical situastions. A detailed survey of empirical
and theorstical formulae for the design of explosion venting has been produced by Anthony (10).

Sizing of Openings for the Txplogicon Reliefs for Flammable Tust/Air Mixtures

There is a wealth of information on explosion reliefs for dust explosions. However, much of this
data is of early origin and many contradictions are to be found in literature. Until two decades
ago much of the work was cerried out in the USA, but more recently, most work has been carried out
in the UK and West Germany, Bach of these three countries has produced well defined guide lines
for sizing of reliefs for industrial plants. UK recommendations define specific vent areas for
three ranges of the maximum rates of pressure rise measured in a smell standard apparatus, see
Palmer (13)s Teble 6 lists vent arsas as a ratio to the compartment wvolumes
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TABLE 6 - Vent Areas from Dzagosaric (8)

A similar approach was taken formerly in the USA,

(ap/at), Vent ratio
Tv'll\T/mzf s 1bf/ in2/ s m2/m3 f-!:z/ £t
34.5 5000 1/640 1/20
34,5-69,0 | 5000-10 000 1/445 1/15
69.0 10 000 1/340 1/10

Howevery the 1974 revised edition of the same

guide (12) advocates vent areas in accordance with the West Germany practice (14). Their recom—
mendations are based on experiments carried ocut with vessels of various sizes usinf vents covered
m

by bursti
and 60 m:]’JM%E

Vessels having volumes of 1 m3 (35 £t3), 10 m3 (353 £t3), 20
120 ft3) were tested znd the results were presented in forms of graphs showing vent

(1059 £t3)

areas versus maximum explosion pressurs for thres grades of bursting discs opening at 9.7 kamz
(1e4 16£/in2), 19.3 KW/m2 (2.8 ¥bf/in2) and 70,3 W/m@ (10.1 1b£/in2),

Dusts were divided in three clasgses in accordance with the rate of pressure rise determined in an

experimental apparaius.

TABLE 7 = Classification of Dusts

They are shown in Table 7,

dp/dat
Class Rate of pressure rise
W /u?/s 1bf/in’/s
1 < 5032 < 1300
e 50:3-15T7 7300-22 000
3 1517 > 22 000

The data mey be applied $o turbulent dusts at atmospheric pressure, The results in tabulated form
are also prezented by Donat (10).

Vent Closures

Vents usually require some cover eg for the protection and retention of the contents of the pro-
tected space and must be instzlled so that the flsmmable materizles can be discharged safely from
the werta In vent systems designed for buildings some of the non structural elements such as
windows may be used as relief panels if their strength is kmown or can be ascertained. On
industrial equipment covers will be specifically designed and mounted and guite often they are
required to reseal after an explosion, A variety of closures are availazble. Bursting discs

are widely applied in situations, where a self-sealing relief is not reguired. A great dezl of
development has been carried out on bursting discs and a wide variety of commercial products is
availzble, The traditionzl version is & plain disc made from metal foil with good craesep resis-
tance under working loads of long duration but freedom from metal fatigue may be récuired when
exposed to pulsating pressures. MNost plain bursting discs are designed to fail under tensile
gtresses and in order to secure good repeatability high purity metals may be neededs In recent
years the performance of bursting discs has been improved by various preformance tests and also
by the introduction of materials which fail by brittle fracture or are displaced from the holder
after a certain amount of deformations Most of such innovation concentrated on improvements in
repeatability of performance and on design of discs with low bursting pressure and yet with good
resistance to accidental mechanical demege and to pulsating pressures. For large non-resealzble
vents various blow—off panels are advocated, which can be held down by a variety of devices, The
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simplest self-sealing vent closure for medium and large reliefs is the hinged door. Self-sealing
can be achieved by gravity forces with possible assistance from weighits in order to obtain a good
sealy in addition the door may be held by pretensioned shear pins, springs, catches and metal links
which fail under tensile forces., The other common form of closure is in the spring-lcaded vent
cover. With this type of relief cover helical springs are used, as a rule the advantage offered

is slower opehing and thus a lower rate of combustion occurs.

Performance of all reliefs depends very much on the rate of pressure rise and the results obtained
with static or semistatic tests for bursting dises may underestimate the maximum explosion pres-
sures Most available methods have been described, see Donat (10) and (12).
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