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Of a l l m e t h o d s f o r p r o t e c t i n g t h e p r o c e s s p l a n t a g a i n s t t h e d a m a g i n g 
e f f e c t s of i n t e r n a l g a s v a p o u r o r d u s t e x p l o s i o n , e x p l o s i o n r e l i e f i s 
t h e s i m p l e s t and most r o b u s t method of p r o t e c t i o n . T h i s p a p e r p r e s e n t ! 
e x p e r i m e n t a l l y t e s t e d e m p i r i c a l r e l a t i o n s h i p s f o r t h e d e s i g n of v e n t 
o p e n i n g s and a p p r o p r i a t e c o v e r s f o r g a s e o u s and d u s t e x p l o s i o n s . 

A b r i e f d e s c r i p t i o n i s g i v e n of e x p l o s i o n r e l i e f s y s t e m s . 

INTRODUCTIO 

Many c h e m i c a l p r o c e s s p l a n t s h a n d l i n g f l ammable g a s e s and d u s t s p r e s e n t h a z a r d s of i n t e r n a l 
e x p l o s i o n S | wh ich c o u l d d e s t r o y o r damage p l a n t s . T h e r e a r e many m e t h o d s a v a i l a b l e wh ich aim 
e i t h e r t o p r e v e n t o r m i n i m i s e p o s s i b l e e x p l o s i o n damage. 

These i n c l u d e : 

a) P rov i s ion of openings wi th covers which in t h e event of an explos ion w i l l r u p t u r e or be d i s 
placed and d i scha rge a l a r g e p ropor t ion of t h e explos ive mixture and combustion products t o a 
safe a r ea 

b) Inco rpo ra t i on of dev ices which b r i n g about t h e e x t i n c t i o n of t h e flame front by r e l e a s i n g an 
ex t i ngu i sh ing agent dur ing the i n i t i a l s t ages of an explos ion 

c) I s o l a t i n g t he source of an explos ion from t h e vu lne r ab l e p a r t s of t h e p l a n t , by t he use of 
quick a c t i n g va lves or b a r r i e r s of an i n e r t or combustion i n h i b i t i n g g a s , or flame a r r e s t e r s 
which a r e systems of narrow passages or c e l l s which cool and ex t ingu i sh t he flame f ront . Al l 
such dev ices w i l l ex t ingu i sh t he explosion flame f ront in an e a r l y s t age of an explos ion 
before d i s r u p t i v e p r e s su re s a r e a t t a i n e d . 

This paper d i s c u s s e s b r i e f l y t h e parameters e s s e n t i a l for t h e des ign of t h e explosion r e l i e f 
systems and p r e s e n t s empi r i ca l r e l a t i o n s h i p s der ived from t h e major s e r i e s of t e s t s as a means of 
d e f i n i n g va r ious ven t ing r equ i remen t s , 

Sizing of t h e Openings for t h e Explosion Re l i e f s for Flammable Gases 

I t i s e s s e n t i a l t h a t any openings provided for t h e d i scha rge of expanding gases do not al low t h e 
explosion p re s su re t o exceed t h e des ign l i m i t s of t he p r o t e c t e d p l a n t ; t h e r e f o r e des ign da t a for 
r e l i e f openings i s e s s e n t i a l . I t i s perhaps not apprec ia t ed t h a t a v a i l a b l e t e s t d a t a i n d i c a t e 
t h a t d i f f e r e n t c r i t e r i a must be appl ied t o con ta ine r s of d i f f e r e n t s i z e s and geometr ies . There 
a r e s eve ra l c o r r e l a t i o n s a v a i l a b l e and each of t h e s e covers a l i m i t e d range of volumes. There a r e 
a l s o many o ther i n v e s t i g a t i o n s which were c a r r i e d out t o achieve r e l i e f p r o t e c t i o n for a s p e c i f i c 
appara tus . Some of t h e s e w i l l be considered i n t h i s paper , 

A s e r i e s of explos ion t e s t s were c a r r i e d out in cub ica l v e s s e l s of volumes 8 , 28 and 85 1 u s ing 
4 pe r cent p r o p a n e / a i r and 6,5 per cent e t h y l e n e / a i r flammable mixtures by Palmer and Rogowski ( 1 ) , 
These r e s u l t s provided a simple r e l a t i o n s h i p between t h e maximum p re s su re and the a r e a of t h e vent 
which was expressed as a f r a c t i o n of t h e c r o s s - s e c t i o n a l a rea of t h e explos ion v e s s e l . This 
c o r r e l a t i o n agreed c l o s e l y with t h e measured va lues and could be r ep re sen t ed by an equat ion . 
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where p - maximum explos ion p re s su re 

Equation (1) i s r ep resen ted "by a dashed l i n e in F igure 1 in which the experimental v a l u e s a re 
p l o t t e d as p o i n t s . There i s a good agreement wi th t h e experimental r e s u l t s which were obtained 
wi th t h r e e d i f f e r e n t explos ion v e s s e l s and a wide range of r e l i e f openings . In a l l t h e s e e x p e r i 
ments t he ven t s were l oca t ed in t h e t o p cover of t h e explos ion v e s s e l , and remained uncovered 
throughout t he event of an exp los ion . The explos ion p r e s s u r e s w i th in t he i n v e s t i g a t e d range 
v a r i e d with K and v in accordance with t h e t h e o r e t i c a l equa t ion : 

where C - d i scharge coe f f i c i en t 
ρ - d e n s i t y of gas a t atmospheric p r e s s u r e 
v - gas v e l o c i t y i n an explosion v e s s e l . 

These au thors r epea ted some of t h e experiments wi th ven t s covered "by the flame a r r e s t e r u s ing 
p r o p a n e / a i r and e t h y l e n e / a i r flammable gases Rogowski ( 2 ) . When t h e s e r e s u l t s were compared, t h e 
maximum explos ion p re s su re v a r i e d with t h e square of t h e fundamental burning v e l o c i t y , S o , of t h e 
exp los ive mixture used . F u r t h e r t e s t s were made i n which t h e r e l i e f s were covered by covers of 
va r ious we igh t s . F igure 2 shows t h e r e l a t i o n s h i p between t h e maximum explos ion p re s su re and the 
weight of e i t h e r loose covers or covers he ld by permanent magnets . 

The performance of r e l i e f s f i t t e d t o cub ica l or r e c t a n g u l a r chambers wi th volumes ranging from 
0.23 m3 (8 f t 3 ) – 14 m3 (500 ft3) have a l s o been examined by Cubbage ( 3 ) . The a reas of r e l i e f 
ven t s were va r i ed again being expressed as d imensionless K wi th v a l u e s from 4 t o 1 . 

The ven t s were covered in a l l explos ion t e s t s , which were c a r r i e d out us ing a town g a s / a i r 
flammable m i x t u r e . Some p re s su re records showed two p r e s s u r e peaks . The au thors concluded t h a t 
t h e f i r s t peak was caused by the i n e r t i a of t h e vent cover and the second peak was caused by t h e 
f r i c t i o n a l r e s i s t a n c e of t he vent o r i f i c e . The maximum va lues of t h e f i r s t peak agreed wel l with 
t h e empi r i ca l equa t ion : 

where a and c a r e cons tan t s 
w - weight of r e l i e f per un i t a r ea - Kg/m 
V - oven volume - m3 

which was a l s o expressed i n t h e fo l lowing form: 

when A1 — a rea of r e l i e f 
p1 — f i r s t peak p re s su re kN/m 
So — maximum fundamental burning v e l o c i t y in m / s . 

The second peak p r e s s u r e , P2, was independent of t he oven volume and wi th town g a s / a i r m i x t u r e , 
i t s magnitude could he expressed by: 

Tes t s wi th o ther flammahle gas have shown t h a t t h e va lue of p2 v a r i e d in d i r e c t p r o p o r t i o n t o t h e 
fundamental burning v e l o c i t y So. 

The equa t ions quoted so fa r except equat ion (2) a r e e n t i r e l y empi r ica l and t h e r e f o r e t h i s d a t a 
should be appl ied t o v e s s e l s of volumes s i m i l a r t o t h o s e t e s t e d . There was however t h e tendency 
t o e x t r a p o l a t e t h i s d a t a t o volumes much l a r g e r than those which were t e s t e d . There was l i t t l e 
j u s t i f i c a t i o n for doing t h i s , and work c a r r i e d out in Sweden (4) showed t h a t t he explos ion in a 
room of 200 m3 (7000 f t 3 ) volume wi th one s i de open and covered wi th l i g h t p a n e l s , produced a 
maximum explos ion p r e s s u r e of 5 kn/m2 (0 .75 l b f / i n 2 ) wi th a 5 percent p r o p a n e / a i r m i x t u r e , which 
was a much h igher va lue than t h a t p r ed i c t ed from equat ion (5) . 
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F u r t h e r experimental d a t a was obtained us ing low i n e r t i a r e l i e f s with an explos ion chamber 1.7 n3 

(60 f t 3 ) volume with l a r g e r K f a c t o r s , Ha r r i s and Briscoe (5) and Burgoyne and Wilson ( 6 ) . When 
the peak p r e s s u r e s a r e compared wi th t he ex t r apo l a t ed va lues found by Cubbage (3 ) they are a l s o 
much h i g h e r . 

More r e c e n t l y a s e r i e s of ven t ing experiments were c a r r i e d cut in a r e c t a n g u l a r chamber 29 m3 

(10C0 f t 3 ) volume us ing l a y e r s of va ry ing t h i c k n e s s of methane /a i r explos ive mixture wi th low 
i n e r t i a vent covers by Bu t l i n and Tonkin (7) . These r e s u l t s were e x t r a p o l a t e d t o a depth equal 
t he chamber he igh t ( i e with t h e chamber f u l l of g a s ) . Table 1 l i s t s t h e s e p r e s su re s aga ins t t h r e e 
va lues of K. These va lues a re again h ighe r than those from e x t r a p o l a t i o n of F igure 1. 

TABLE: 1 — Maximum Explosion Pressu res in 28 m Chamber with Methane/Air Mixture 

A s e r i e s of exp los ions were c a r r i e d out in r e in fo rced concre te explos ion chambers with windows 
having dimensions 3 . 5 m wide, 4 .0 m long and approximately 3 m h i g h , Dzagosaric ( 8 ) . The p r e c i s e 
va lues of K f a c t o r s were net given but t he smal les t K f a c t o r was es t imated t o be approximately 1.5. 

In more recent yea r s a g rea t dea l of exper imental work was c a r r i e d cut in West Germany on ven t ing 
of gaseous and dus t e x p l o s i o n s , see Anthony (9) . The explos ion t e s t s were c a r r i e d out in v e s s e l s 
having volumes of 1, 10, 30 and 60 m3 (35) 353. 1059 and 218 f t 3 ) us ing vent openings covered by 
b u r s t i n g d i s c s opening at 9.7, 19.3 and 49.6 kN/m2 ( 1 . 4 , 2 .8 and 7.2 l b f / i n 2 ) . Using t h e r e s u l t s 
t hus obtained i t was proposed t h a t t he ' c u b i c l a w ' , p r ev ious ly considered a p p l i c a b l e t o unvented 
v e s s e l s only, could a l s o be appl ied t o v e s s e l s i n c o r p o r a t i n g r e l i e f s t h u s : 

Although t h e d a t a suppl ied may not e n t i r e l y support t he adoption of t h e ' c u b i c law' i t does however 
prove (Tables 2a and b) t h a t t he maximum explos ion p r e s s u r e s in vented gaseous explos ions a re 
dependent on (dp /d t ) m a x and i n d i r e c t l y on t h e volume of t h e v e s s e l . Tables 2a and 2b show the vent 

a reas r equ i r ed not t o exceed a given des ign p r e s s u r e , see Anthony (9) and Donat ( 1 0 ) . The weakest 
b u r s t i n g d i s c used f a i l e d at a p r e s su re of 10 kW/m2 (1 .45 l b f / i n 2 ) , a lower b u r s t i n g p r e s s u r e than 
t h i s could be adopted in many i n s t a n c e s for an i n d u s t r i a l p l a n t . 

Table 3 l i s t s the maximum explos ion p r e s s u r e s determined ( 1 ) , (3) and (4) fo r ven t s having K 
f a c t o r s of 1, 2 and 3 | e i t h e r open or c losed by low i n e r t i a covers us ing v a r i o u s flammable mixtures . 
Ev iden t ly t he maximum explos ion p r e s su re s with a given va lue of K inc rease with t he i nc r ea se of t he 
volume of an explos ion v e s s e l . 
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TABLE 2a - Vent Areas, m2, Required for Venting of Combustion of Propane/Air Mixture I n s i d e 
Vesse l s of L / D approximately 1 C, Donat. (10) 

TABLE 2B - Vent Areas , f t 2 . Required for Venting of Combustion of Propane/Air Mixture I n s i d e 
Vesse l s of L/D approximately 1 C. Donat . (10) (Note : Numbers a r e i n Imper ia l U n i t s . ) 
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TABLE 3 - Comparison of Maximum Explosion Pressures, in Palmer ( l ) , Cubbage (3) and (4). 

TABLE 4. - Comparison of the Maximum Explosion Pressures Obtained by Various Workers 

Table 4 l i s t s the maximum explosion pressures indicated (3) to (7) where the experimental data 
covers a wide range of vessel volumes. Some data (3) and (4) overlap; other data - for methane (8) 
i s of somewhat limited accuracy and was carried out using natural gas /a i r mixture and i s not 
included in Table 4. Further data (5) and (6)are in reasonable agreement but much greater than 
other values. Extrapolated values quoted from Butlin and Tonkin (7), in spi te of being obtained 
with natural gas/a i r flammable mixture, give values similar t o those obtained by other workers, 
using propane/air or pentane/air flammable mixture. 

I t is not known what degree of repeatabi l i ty may be obtained in these experiments. However, even 
under 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 pressure. The shape of the vessel and geometry of the vent and vessel would also be 
expected t o influence the r e s u l t s , because of these factors the resu l t s give sat isfactory agree
ment. 

All resu l t s discussed apply to empty enclosures i n i t i a l l y at atmospheric pressure. If the 
enclosures contain obstacles these maximum explosion pressures may be greatly exceeded. I f more 
complex enclosures are involved, again design data is not adequate. There i s much evidence from 
accidental explosions in buildings, that i f an explosion propagates through a ser ies of i n t e r 
connected chambers, much higher maximum explosion pressures wil l r e su l t , see Mainstone (11), 
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TABLE 5 - K Factors Required for Venting of Stoichiometric Propane/Air Flammable Mixture 

Table 5 l i s t s resu l t s shown in Tables 2a and b , recalculated to correlate the maximum explosion 
pressure with K factor (10) and (12). Figure 3 shows the plot of resu l t s from Tables 4 and 5. 
The maximum explosion pressures obtained with small K factors exceed greatly the corresponding 
values shown in Table 4 whereas the values obtained with large K are somewhat smaller than 
corresponding values shown in Table 4. Perhaps i t is significant that values obtained with small 
K factor shown in Table 3 where from t e s t s using only loose vent covers. The resu l t s presented 
in Tables 3, 4 and 5, however, present important pract ica l implications for the vent designer 
who has to arrive at the appropriate vent areas for various enclosures. Vents of large area are 
l ike ly t o be applied t o building s t ruc tures , where window openings may be u t i l i s ed as ven ts . In 
such instances some of the resul ts quoted from Donat (11) may not apply, since the s tructure of 
the building i s unlikely t o withstand such pressures. All are appropriate for industr ia l appl i 
cations where vents having large K factors are mostly used. 

Ideal ly the vent designer should have one working formula to cover a l l possible design require
ments. At present such a formula i s not avai lable . The designer has t o select resu l t s which are 
most appropriate to the case in hand and proceed from these , making an allowance for the flammable 
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 i s given for the complexity of the s tructure the resul tant maximum explosion 
pressures may greatly exceed values predicted from the data presented above. 

The origin and the generation of such pressure pulses i s not properly understood. Turbulence, 
precompression, and pressure and rarefaction waves are often put forward as causes of great ly 
increased ra tes of combustion and hence increases in pressure, however. Therefore un t i l further 
data becomes available no precise allowance can be made for such fac tors . Some rule of tumb 
methods are available and should be used in pract ica l s i tua t ions . A detai led survey of empirical 
and theore t ica l formulae for the design of explosion venting has been produced by Anthony (10). 

Sizing of Openings for the Explosion Reliefs for Flammable Dust/Air Mixtures 

There i s a wealth of information on explosion r e l i e f s for dust explosions. However, much of t h i s 
data is of early origin and many contradictions are to be found in l i t e r a t u r e . Until two decades 
ago much of the work was carried out in the USA, but more recently, most work has been carried out 
in the UK and West Germany. Each of these three countries has produced well defined guide l ines 
for s izing of r e l i e f s for indust r ia l p lan t s . UK recommendations define specific vent areas for 
three ranges of the maximum ra tes of pressure r i s e measured in a small standard apparatus, see 
Palmer (13). Table 6 l i s t s vent areas as a r a t i o t o the compartment volume. 
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TABLE 6 - Vent Areas from Dzagosaric (8) 

( d p / d t ) 'max 

MN/m2/s 

34 .5 

34 .5 -69 .0 

69.0 

l b f / i n 2 / s 

5000 

5000-10 000 

10 000 

Vent r a t i o 

m2/m3 

1/6.0 

1/4.5 

1/3.0 

f t 2 / f t 3 

1/20 

1/15 

1/10 

A s i m i l a r approach was taken formerly in t h e USA. However, t h e 1974 r ev i s ed e d i t i o n of t h e same 
guide (12) advocates vent a reas in accordance with t he West Germany p r a c t i c e ( 1 4 ) . Their recom
mendations a re based on experiments c a r r i e d out wi th v e s s e l s of va r ious s i z e s u s ing ven t s covered 
by b u r s t i n g d i s c s . Vesse l s having volumes of 1 m3 (35 f t 3 ) , 10 m3 (353 f t 3 ) , 30 m3 (1059 f t 3 ) 
and 60 m3 (2120 f t 3 ) were t e s t e d and the r e s u l t s were presen ted i n forms of graphs showing vent 
a reas ve r sus maximum explos ion p re s su re for t h r e e grades of b u r s t i n g d i s c s opening at 9.7 kN/m2 

( 1 . 4 l b f / i n 2 ) , 19.3 HT/m2 ( 2 . 8 k b f / i n 2 ) and 70.3 kN/m2 (10.1 l b f / i n 2 ) . 

Dusts were d iv ided i n t h r e e c l a s s e s in accordance with the r a t e of p r e s su re r i s e determined in an 
exper imental a p p a r a t u s . They are shown in Table 7 . 

TABLE 7 - C l a s s i f i c a t i o n of Dusts 

Class 

1 

2 

3 

dp /d t 
Rate of p r e s su re r i s e 

MN/m2/s 

≤50.3 

50 .3-151.7 

151.7 

l b f / i n 2 / s 

≤ 7300 

7300-22 000 

> 22 000 

The d a t a may be appl ied t o t u r b u l e n t d u s t s a t a tmospheric p r e s s u r e . The r e s u l t s in t a b u l a t e d form 
a re a l s o p resen ted by Donat ( 1 0 ) . 

Vent Closures 

Vents u s u a l l y r e q u i r e some cover eg fo r t h e p r o t e c t i o n and r e t e n t i o n of t h e con ten ts of t h e p r o 
t e c t e d space and must be i n s t a l l e d so t h a t the flammable m a t e r i a l s can be d ischarged s a f e l y from 
t h e v e n t . In vent systems designed for b u i l d i n g s some of t h e non s t r u c t u r a l elements such as 
windows may be used as r e l i e f panels i f t h e i r s t r e n g t h i s known or can be a s c e r t a i n e d . On 
i n d u s t r i a l equipment covers w i l l be s p e c i f i c a l l y designed and mounted and q u i t e of ten they are 
r equ i red t o r e s e a l a f t e r an exp los ion . A v a r i e t y of c l o su re s a re a v a i l a b l e , Burs t ing d i s c s 
a re widely app l i ed i n s i t u a t i o n s , where a s e l f - s e a l i n g r e l i e f i s not r e q u i r e d . A g rea t dea l of 
development has been ca r r i ed out on b u r s t i n g d i s c s and a wide v a r i e t y of commercial p roduc ts i s 
a v a i l a b l e . The t r a d i t i o n a l ve r s ion i s a p l a i n d i s c made from metal f o i l wi th good creep r e s i s 
tance under working loads of long d u r a t i o n but freedom from metal f a t i g u e may be r equ i r ed when 
exposed t o p u l s a t i n g p r e s s u r e s . Most p l a i n b u r s t i n g d i s c s a re designed t o f a i l under t e n s i l e 
s t r e s s e s and in order t o secure good r e p e a t a b i l i t y high p u r i t y metals may be needed. In recen t 
years t he performance of b u r s t i n g d i s c s has been improved by va r ious preformance t e s t s and a l s o 
by t h e i n t r o d u c t i o n of m a t e r i a l s which f a i l by b r i t t l e f r a c t u r e or a r e d i sp l aced from t h e ho lde r 
a f t e r a c e r t a i n amount of deformat ion . Most of such innovat ion concent ra ted on improvements in 
r e p e a t a b i l i t y of performance and on des ign of d i s c s wi th low b u r s t i n g p re s su re and ye t wi th good 
r e s i s t a n c e t o a c c i d e n t a l mechanical damage and t o p u l s a t i n g p r e s s u r e s . For l a r g e n o n - r e s e a l ab le 
ven ts va r ious blow-off pane l s a r e advocated, which can be he ld down by a v a r i e t y of d e v i c e s . The 
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s imples t s e l f - s e a l i n g vent c losure for medium and l a r g e r e l i e f s i s t h e hinged door . S e l f - s e a l i n g 
can be achieved by g r a v i t y fo rces with p o s s i b l e a s s i s t a n c e from weights in order t o ob ta in a good 
s e a l , in a d d i t i o n t he door may be he ld by p re tens ioned shear p i n s , s p r i n g s , ca tches and metal l i n k s 
which f a i l under t e n s i l e f o r c e s . The o ther common form of c losure i s in t h e sp r ing - loaded vent 
cover . With t h i s type of r e l i e f cover h e l i c a l sp r ings a re used , as a r u l e t h e advantage offered 
i s slower opening and thus a lower r a t e of combustion occu r s . 

Performance of a l l r e l i e f s depends very much on the r a t e of p r e s s u r e r i s e and the r e s u l t s obtained 
wi th s t a t i c or s e m i s t a t i c t e s t s for b u r s t i n g d i s c s may underes t imate t he maximum explos ion p r e s 
s u r e . Most a v a i l a b l e methods have been d e s c r i b e d , see Donat (10) and ( 1 2 ) . 
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Figure 2 Relation between maximum pressure and the weight of vent cover or the weight of the vent cover 
plus force of the magnets 
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