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SUMMARY

Further evaluation has been made of performance data for the use of

flame arresters for protection of electrical equipment.. A correlation is

presented between the fundamental burning velocity ~f the flammable mixture

and the maximum explosion pressure for both propane-air or ethylene-air

mixtures"

The effect of contents' of various vessels on the maximum. explosion

pressures developed was studied..
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Of't en in

a f'Larne or an- ,
be pres ent ;'

by

K. N. Palmer and Z. W.·Rogowski

INTRODUCT I ON

'industry, equipment .able t.c generate a source of Lgrri t i.on such as

electric spark may be used where f.lanunable gasE's or vapour could

If the flammable material penetrated into the equipment. -it. could

- ".

1
reported

detail

the performance of

The factors report ed

This 'note summa r i ses further information on

the flame arresters in various conditions envisaged in use,

here are:

i&nite and propagate flame. outside the equipment r thus causing an external

explosi on or fire. The internal explosion is usually accompanied by an increase

in the pr-es sure within the enclosure. A method of prot ect.i ng such e qu i pment

. using flame arresters is being investigat.ed; the arresters cover vents in the

casing of the equipment .. thus preventing the emission of the flame, but permit­

ting relief of t he explosion pres aur-e , The method 'has several advantages inc­

luding, cheapnes s , relatively light cons+.ruct"ion of the casing,. and minimising

increased ifeifht.
,

The first' part of an investigat.ion of the method has already been. ,
and some of tpe'findings'described in.th.is note have been described in

2 3·elsewhere'. ~

I,1

l'

"

"

"•

\...
.'

1. The relationship between the fundamental burning velocity of the

flammable mixture and the maxi.mum explosion pressure.

2. . Tpe effect on the maximum explosion pressure of contents within

the enclosures' s~~h. .as .shelf, .batfles .•. lind t.hree .dimensional obstacles,

3. The effect of .ignition by several. simultaneous sources •

The choice of these three particula~ factors was determined by the effect

they may have on the maximum explosi.on pressure'. It is recognized that thc

explosion pressure in a vertical vessel can be greatly'affected by changing

the rate of combustion. 'lliis ral:e is known to be dependent on turbulence and the

fundamental burning velocity of the gaseous mixture •. It also depends to some

extent on the mode of ignition because large or multiple sources of ignition

. provide initially large. combustion rates.

The flammable gases used were propane and. ethylene in. air.
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The results given in this note together with those reported previously

enable the venting .requirements for Groupe n and In gases and vapours

(B.S. 20<9) to be assessed for industrial equipment of volume up to 3 ft3

(85 1).

APPARATUS' AND MATERIALS

Explosion vessels

Three sizes of cubical vessels used, with capacities of t ft 3 (9 1),

ft 3 (28 1) and 3 ft 3 (85 1). Each vessel had two open flanged ends giving

provision for bolting on covers usually provided with four or five circular

vent openings to which flame ar:z:esters could be fitted; unused 'vents were

closed by bolting on blank plates. One cover for the t ft 3 (9 1) vessel

had. only one central circular opening 4.3 in (11 em) in diameter.

Table 1 shows the sizes and the number of vents used with each vessel.

. Table 1

Number and diameters of vents

Dl.ameter of Volume of explosion vesselvents

in cm t ft3 (9 1) 1 ft3 (28 1) 3 ft3 (85 1)

1.15 2.9 :3-5 - -
2.25 5.7 - 4 -
4.30 11.0 1 1,2 2-4

When all vents are situated on one cover it is useful to follow previous

t ' 1 d tprac aee an 0 define the area of the vents by the ratio

K = Cross-sectional area of the explosion vessel
Area of vent or vents

All vessels had. provision for the insertion of pressure gauges and the

ignition source. When obstacles were present, in propane-air flammable

mixtures the pressure was measured on both sides of obstacle. One gauge'

was situated in a v,ertical wall 2 in (5 em) away from the top cover, the

, other gauge being in the opposite wall the same distance away from the bottom

cover. In all other tests one gauge was ueed-and this was situated 2 in (5 em)

from the top cover or in the centre of one wall.. The igniting source was

either situated in the centre of the vessel or on the vertical axis of the

vessel ~ in (5 cm) lI.WBy from either cover.

- 2 -
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Except in the majority .of the tests with obstacles the explosion vessel

rested inside a. 15.6 ft 3 (440 1) cubical enclosure, the open sids of which was

sealed with two layers of 0.0015 in (O.OO~ cm) thiok polyethYlene film.

Flame arresters

The arresters were made from crimped ribbon and were of three types of

construction (Fig. 1): commercial arresters consisting of a length of crimped

and flat ribbon wound round a brass central core, thus forming a circular

arrester, which was cased in a brass tube. Nickel arresters were constructed

as packs of alternate crimped and flat ribbons sandwiched between two brass

plates with appropriate central holes; the plates were soldered to the edges

of the ribbons. A.J.loy A arresters were assembled similarly to the nickel

arresters but had no brass plates on the outside and the ribbon was held

together by welds made outside the venting area. Alloy A is a nickel-chromium­

iron. alloy. Table 2. gives the details of all types of arresters used.

Table 2

Details of arresters

Diameter of Ribbon Ribbon. Crimp Thickness
arrester metal thickness. height of

arrester
ill. cm in em. ill. em il1l em

.- ' - .. Cupro- 0.0025 0.0063 0.045 0.11 1.5 '.8 "

nickel I,
I

0.003 0.008 I
1.15 2.9 Nickel

I .,0.005 0.013 0.020 0.05! 1.0 2~5

0.007 0.018 I
A.J.loy A 0.0076 0.019 0.020 0.05 1.0 2L5

i
'!

0.003 0.008 I r,
2.25 5.7 Nickel 0.005 0.013 0.020 0.05 1.0 i.5

i0.007 0.018 I I,
\ I (,

Cupro- 0.0025 0.0063 0.11\ 0.045 1.5 3.8 ,
nickel I

i

4.30 10.9 Nickel
i

0.003 0.008 0.020 0.05 1.0 ~.5 \
0.007 0.018 I

I !

Alloy A, 0.0076 0.019
i

0.020 0.05 1.0 2.5 II

,-

:
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Pressure measurement and flame movement L .....

Explosion.pressures were determined ..using variable-capacity or qua~z-p~ezo

gauges and the pressure-time curves were .recorded by photographing the screen

of a ~athod~' ray tube' to which the amplified signals were fed. At least two

tests were carried out with each set of experimental conditions.

Obstacles

Several types of obstacles were used as simulated equipment cont ent ae

The arriVal of the flame at the arrester and at the opposite cover was

timed whenever quoted using ionisation gaps.

Flammable gas

A 4.0 per cent by volume propane-air mixture and 6.5 'per cent ethylene-air

mizt~'e were used throughout the tests, the explosion vessels' were 'filled by the

displacement of air.

"

thick mild

I

i
(0.3 cm)

i
!

made from t inshelves ,were

obstacles were secured to the wall of the
, I ,

Figure 2 shows 'orifice and 'shelf

cross-sectional area of the

a) orifice plate

b) shel:fl.

c) perforated metal

d) ,wire gauze

e) solid cube

f) solid bar

The orifice plates and the

steel ·Sheet•. The sides'of tne

explosion vessel' by two 'or three set screws.
I

obstacles each !obstructing 25' per cent of the
. !'. . . I

explosion vessel. ,These obstacles were used for several series of tests. In
, .. I . . ~ . i: .

one ~eries the 'obstacles wereimounted,.paral1el to the arresters and were situated
i

eitheJ:' 0.8 in (2.0 em) above the cent~e of the :vessel or 1t in (3.8 em) away

from/;op core» or 2t;in (6.3 cm). away! from the ':bottom c'over. ! With 'each position

of tiae obstaole the igniting source was in the centre of the v:essel.· Vhen the
~ ,I .

obstl<cle and t he igniting sour'ce were! both nominally at the centre of the vessel

the iiniting s;ar~ was ~roduc d on th~side of the obstacle re,mote from the

anrest)le~s•. TMS a~angement is ShOW; at Fig. 3 'and it 'is des'fgnated as .
. ' I· I I • .

a...-ra~ment A~ i .So~ test~ werealsoi cartied qui 'l'dth :v'ents distributed between

the tw',P' covers;of th~. explOSibn vessei and central obatac.Iaa ~rallel to the
'I ' Iarres1ers as i~ ,arra~ement H (Fig. 3).'. ".' " I ,I·

\ :ii" I'. ..' i· . .:
\: '1:"1.' I·\··;·i .....: "<:';11
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The perforated metal obstacles consieted of brass sheet perforated with

0.22 in (0.56 em) holes and mounted in a light aluminium frame (Figure 4a).

Two obstaoles were ueed, oovsring reepeotively 100 and go per oent of the

cross sectional area. The same frame could hold, when required, 6-mesh 200gauge

steel'wire gauze (Figure 4b). Both of these obstacles were tested with

arrangement A: :onJ.y.

The cube and bar, three-dimensional obstacles were constructed of wood

blocks covered with aluminium foil. The proportions of the bar were 1 : 1 : 2 •

. The obstacles were attached to the walls of the vessel by brackets ofcnegligible

area/l

Tables 3 and 4 give detaiis of the obstacles used for the 1 ft 3 (28 1) and

t ft 3 (9 1) explosion vessels respectively.

Table 3

Details of the obstacles used in 1 ft 3 (28 i) explosion vessel

Type of Per cent of cross-sectional Volume of
obstacle area. of the explosion obstacle

vessel blocked. f:t3 1

25 - -
Shelf 50 - -

75 - -
90 - -

Orifice 75 - -
plate

Perforated 56 - -
metal

Wire gauze 38 - -

\
Cube 25 t 3.5

Bar 50 t 7

- 5 -



Type cf Per cent cross-sectional ..
area of the

i obstacle vessel blocked.
i
I
I

25 II

I I,
Shelf -

~I-
.'

75

Orifice II 25 JI
plate

I
11

75 l,

I Table 4

I Details of the obstacles used in t f'1;3 (9 1) explosion vessel
!
I

1
1
I

i
t

1
J
I

j

i Ignition

In all experiments with a single igniting source the flalIlMble gas was

ignited by an inductive sparko This was delivered from a 12 volt car induction

coil across a 1 mm gap bet~een electrodes~

I
In.experiments with the multiple igniting source three shrouded "Nobel

Safety Fuses" were usedo These were situated on the axis.of the vessel at
I

distances 1.5, 6.5 and 10.5: in (3.8~ 1604 1, and 27 em) from'the bottom of the
I . J

vessel, and were initiated ~imultaneous1y with a 12 volt accumulator.
I

PROCEDURE

I

Except in the majority of tests with the obstacles 1 the explosion vessel

rested inside the larger 1506 ft 3 (440 1) enclosure. The propane-air or

ethylene-air mixture was fed int 0 the explosion vessel and paased into the

outer enclosure through the flame arresters and from there ran to waste. A

volume of gas equal to ten changes of the :J.a:l-ger enclosure was used for each

experiment; throughout the charging period the gas 'in the outer enclosure

was stirred by' a f'an , After charging was completed the flammable mixture in

the explosion vessel was ignited. Absence of explosion in the outer enclosure

indicated that the arresters contained the explosion within the. explosion

vessel~ The tla~ble gas after each test was disposed by igniting it.

Visual examination of the arresters was nade with every rig after the

completion of the tests" With arresters which were expected to suffer

damage, inspection was carried out after each t eab , .

6 -
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For experimental convenience in the majority of the tests with the

obstacles no polyethylene diaphragm was u~ed in the outer enclosure and the

charging was terminated after. ten volumes of the explosion vessel had -passed.

In these tests the gases escaping through the arresters were dispersed by a

fan.

RESULTS

Explosion within unobstructed vessels

The results obtained wi th props-fie-air flammable mixtures have already

been reported1 There were ma~y similarities between the explosions with

propane-~ir and ethylene-air gaseous mixtures: and the main distinguishing

characteristics with the ethy leIJe-air were nne greater maximum exp losion

pressures, rates of pressure rise and flame velocities~

All pressure records were smooth during the period of time While the

flame front moved to the verrt , After this usually various vibrations

developed, many of an acoustic nature. Explosions with the ignition near

the vent gave pressure records of longer duration and these often showed

absen?e of peaks. With multiple vents ignition remote from the vent 3lwnys

resulted in the highest maximum pressure, but with single vents there 'vas

little difference between the maximum pressures With the ignition remote or

at the centre. Peak pressures with igniti.on remote or at centre 'with propane
1

air mixtures occurred when the flame front arrived at the vent or the arrester ,

with ethylene-air peak pressures could. in some tests occur a few milliseconds

after"the flame arrived at the venr ,

Fig. 5 shows the maximum explosion pressured plotted against the vent

area, for ethylene-air f'Lammab Le mixtures the line for propane-air is included

for comparison
1

Figure 6 shows the maximum explosion pressures for the same.
vents covered with the flame arresters, these eUidently are twice as high as

the pressures obtained with open ven~s. Measurements obtained with the

3 ft (85 1) vessel indicat:e that for a giver. K '1a lue the maximum pressure in

this vessel was about twice the value of the pressures obtained in smaller

explosion vessels~ both for open vents and vents covered with flame arresters.

Table 5 shows the maximum and minimum of flame speeds measured with open

vents. Table 6 shows similar results with vents covered with flame arresters.

The results indicated that for a given gaseous mixture the largest variations

in the flame speeds were caused by changing the.position of the igniting source.

The highest flame Speeds occurred when the ignitil'.g source was remote from the

vents, the speeds measured while the igniting source was near the vent or at

the centre of the vessel were always lower~ The flame speeds recorded between

the igniting source and the wall opposite the vents were lowest.
_ '7 _
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The speed with ethylene-air were approximately double the propane-air values.

The presence of the arresters had little effect on the flame speed with both

mixtures.

Table 5

Maximum and minimum flame speeds with open vents for propane
and ethylene mixtures (ethylene in brackets)

I
Volume of explosion Minimum flame Maximum flame. !

I vessel speed, speed,
I

! ft3 I ft s-1 -1 fi:: s -1 I -1m s m s

t 9 3"7 1.3 19 5.8
(8.0) ( 2.4) (38) ( 12)

! 1, 28 1,7 0.5 19 5.8
; I,

I
3 I 85 1.3 19I 4.4 5.8

Table 6

Maximum and minimum flame speeds with vents fitted with arresters for
propane and ethylene mixtures (ethylene in brackets)

Volume of explosion Minimum flame Maximum flame
vessel speed speed

ft3 I ft s -1 i _1
ft s-1 -1m. s m s

t 9 3.7 1.2 18 5.5
d8.0) (2.4) (40) ( 12.1)

1 28 2.8 008 18 5.5
( 9) (2.7) (30) (9.2)

3 85 (6) (1 .8) (60) (18.3)

;,,

-8-
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Table 7

S.umma.ry of results for erplosion ve sseIs containing obs bar-Les

Ty}--e"of
obstaGlle

Area blocked
by obstaale,
per cent

Volume of
K explosion

vessel

. ft 3 1

. Maximum
pressure with
obstacle
. 2 2

lb/in kg/cm
=--.--------,~-----+_----+--+_-+_-+_--+_--_+_--_l_----_+--I

Shelf 90
90

90

A

A

H

4.9
4.8

1, 28

'!-.9

'!- 9

0.6

2.3*

2.3

0.04

0.16

0.16

4.7*
10. I

0.28

0.33

0.70
~-----.---_+------r_----+_-+_-+_-+_--+_--_t_--_+_---_+

0.18

0.15

0.08

0.48

1.2

0.04

0,04

0.16

0.6

0.6

0.628

9

28

1

A

H

A

75

75

75

Orifice plate

Perfo2gted metal

Shelf and orifice
plate

.....
":::'$.;

1-- - - - - - - 1- - - - - -1-- - - - -4- - 1-- 1-- +-- - +-- -- -+- - -4- - - - --4 Cl>'.-I
_ .0 cd

I
,. Cl>
Cl> "i
::>'2,

t-- - - - - - .- - -;-- - - .- - - + - - - - - -t- - + - --t- - + - - - +-- - - I-- - -l- - - - --l- 0 0• H

"'''''
\L) Wire gauze .38 A 28 0,6 0.04 0.8 0.06

Cube 25 4.9 28 0.6 1 .1 0.08

1 .55

1.15

0.24
0,36
1.2'1
0.86
1.7,6

0.6

22,0

16.0

5.1
3.5

18.0
25.0
12.3

0.70

0.70

0.04

0.14
0.14
0.42
0.70
0.70

0.6

10.0

10.0

2.1
2.1
6.0

10.0
10.0

I 2.1 0.14 5.9 0.41 . .
I I ,
• " ••••••••• _.'-.~••_.~_••••••__ .0.-' •• - - '. _. ._• ...._. ~__ _

9

9

28

28
28
28

9
9

28

I. ..

1

1
1
1

t

4.9

4.9
4.9

10.
13
13

A
A
1.
1.
A.

50

50
25
50
75
2~

Bar

Shelf

!

i
1

--_· ,....-.-~--- ...- ..-._-...------'-
Orific" 75 I ;" 13 '!-

! 25 I A. 13 '!-
,. ';e~;r~:';:.;;.~.;.. {_.. -- ~~;;···_···-I···-·.... i." . -···..-r~:.·~·-+-l-I---+---+----+---+-----1

iii I
..... __.,_••• _. .•• ... .. _ ._ ....' ••_..... ~"'" ... '" .... ) ...•..•..L .....



were reported in detail

These indicate that obstacles

Explosion in vessels fitted with obstructions
I :

The results with obstacles and propane-air
2 'elsewhere. Table 7 shows selected results.,

of various forms occupying a substantial fraction of the vessel cross-sectional

The

Thearea, may cause large increases in the maximum explosion pressure.: ; .
results are given for the mo~~ a~ve~s~ condit~ons; the ex:losions ini other
cases were lower. However,' J.t J.S ~vJ.dent that e~hyl~ne-aJ.r mJ.Xtures gave very

\ t I

much higher maxim~ pressures, and also higher' rates of pressure rise were,,,
I !

There were a number of charact~ristics common to all' experiments., '

maximum explosion pressure Lncreeaed greatly :with the, inc~ased area of the

obstacle. Jhe position of ~he obs~acle had :snal:l effect' on the maximum

pressure, but the positioning of tile igniting source was of prime importance
:' ;

and the highest pressures always occurred with igniting source remote from

recorded.

the vents. ,,,
With propane-air and ethylene-air mixtures a perforated metal obstacle

gave lower explosion pressures than an unperforated shelf of the same span.

Three dimensi~nal obstacles,had less effect on the maximum pressure than

the two dimensional obstacles occupyir~ the same area.

The maximum explosion pressures obtained after simultaneous ignition

with three'large sources, may be compared with the values for ignition with a

single inductive spark, in Table 8. The 1 ft 3 (28 1) explosion vessel was

used, with and without internal obstacles. The pressure increase caused by

the multiple ignition source was relatively small in the p~sence of the
obstacles.

TabJ.e 8

Explosion pressures with multiple ignition source and obstacles
(Ignition remote from vent, K = 4.9, cupre-nickel arresters)

1 ft 3 (28 1) explosion vessel

i i IIgnition, Obstacle types" and Maximum explosionI
source percentage obstruction pressure,

, .
\ lb/in2 kg/cm2

None 1 .1 0.08
Multiple,

Shelf and orifice, 75 4,,2 0,30

Single None, 0<5 0.04

Shelf and Orifice, 75 3.8 0.27

-10 -
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DISCUSSION

Vessels without obstacles

In all vented explosions two different processes may be distinguished.

One is the·combustion of the flammable gas, this proQuoes a greatly increased

volume of products. The other process is the ejection of the expanded or

cold gases through a vent provided for the purpose. The maximum explosion

pressure in a vessel results from the action of these two opposing processes.

The combustion rate governs the rate of expansion of the gases and the size

of the vent governs the volume of gases expelled. By equating the rate of

generation of combustion products with the rate of venting, the maximum
1

explosion pressures can be calculated •

Good agreement was obtained between measured and calculated maximum

explosion pressures for propane-air mixtures. This theory predicts that

the maximum explosion pressure for a given K will increase with the square

of the measured flame speed between the igniting source and the vent. The

range of measured relevant flame speeds for ethylene-air flammable mixture

is 30.40 ft/sec. (9.2-12.2 m/sec) for t ft 3 (9 1) and 1 ft3 (28 1) vessels

and this compares with 18-20 ft/sec (5.5-6.2 m/sec) obtained with 'propane-air

mixture for the same vessels Tables 5 and 6. The square of the ratio of the

flame speeds for the two gases varies bet.ween 2.5-4. The ratio 'of the

..
..

-.

maximum explosion pressures with ethylene-air and propane-air is close to the

maximum value of this range Fig. 5. The maximum explosion pressures

recorded in 3 ~t3 (85 1) explosion both for propane-air and ethylene-air

flammable mixtures were about twice the corresponding pressures obtained with

the smaller vessels Fig. 7. The relevant maximum flame speeds measured with

ethylene-air flammable mixture are approximately 1.5 - 2 times those measured

with the other explosion vessels Table 6, and they are consistent with the

recorded increase in the explosion pressure. No corresponding maximum

flame speeds with propane-air mixture while using arresters are available

for comparison.

The higher maximum explosion pressures obtained with the larger vessels

are not entirely surprising, as work elsewhere with larger containers produced

high~r values4, and higher maximum pressures were expected with larger vessels.

It would be desirable to correlate the maximum explosion pressure with the

fundamental burning velocity, as this could enable predictions to be made for

a variety of gas mixtures. Such correlation however could only be valid if the

rates of burning remained constant for a variety of experimental conditions.

Present results indicate however that the rates of burning may be subject 1;)

variation caused by the size of explosion vessels thus making such extrapolation

difficult for larger vessels.

- 111 -



largely unpredictable process,

One oo jec·;; of the present wo·ck

explosion pressure of the gases

I

I
I

- .l

I•
1

Explosion vessels with obstacles

The effect various obstacles had on the maximum explosion pressures in a

propane-air flammable mixture is summarised in this Note and reported in more

detail elsewhere2• A~though a great deal of experimental work was carried

out no simple relationship was found between the shape and the area of obstacle

and the corresponding maximum explosion pressure.

Obstacles interfere with the development of the explosion by generating

additional turbulence, thus increasing the rate of burning, this subsequently

resulting in higher maximum explosion pressures. The principal factors

operating were the area of the obstacle and the position of the igniting source.

Ignition in the position remote from the vent always gave highest maximum·

pressures and this suggested that the free volume was an important factor in

the maximum explosion pressure dev.elopment.

Only small pressure gradients across the obstacle were recorded w.ith the

propane-air mixture and these never exceeded 1 Ib/ir/ (0 .. 07 kdcm2). Certain

geometrics of obstacles, ignition and vent tended to produce lower pressures,

and it seemed that the operative prinCiples in pressure reduction were early

venting facilitating slow movement of gases and aVOidance of disturbance

to the flammable mixture movir.g ahead of the flame front. The turbulent

burning however is a very complex and still

makin(; even small. extrapolation difficult.

was to establi.sh the effect on the maximum

havinr, greater fun1amental burning velocities, and ethylene was used as being

convenient representative of group III. Direct comparison may be made between

the highest maximum pressures with propane-air and ethylene-air flammable

mixtures. Table 9 shows this comparison for· both 1 ft 3 (28 1) and t ft 3

(9 1) explosion vessels with various obstacles.

,
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Table 9

Ratio of the maximwri explos:i.o~ pressures

Et.!)xler.~=ai!:
Propane-air ob'saf.ne d, with various obstacles

.,

T"
l

-1
. I

1

:- - - --
Per cent of cross.-secticnal area

J
b+ockedby obstacle

I,
I"25 per ce:c:t 50 per ceni. 75 per cent
•

1 ft3 (28 1) vessel
shelf obstacle 3,,9 4.6 N.d ..

\
K :: 5

I
t ft 3 (9 1) vessel

shelf obstacle 1 ..4 2.9 3aO
K = 13

I 1 £,3 (28 1) vesselt:

perforated metal N.. da 5 ..0 N..d ...
I K= 10i I

I --.J j -
x.e.. Not determined.

Although the results with obstacles show some definite trends, they are

only valid for very similar.conditions, and they nay be greatly affected by

the dimensional variatior~ of obstacles and vesselso

APPLICATION OF THE RESULTS

I

:1

."
-,

The resu1t~ described widen the scope of the existing design data. They

indicate the maximum explosion pressures that, will be produced by explosions

of some of group III ga sea; They also indi cate tha t the maximum explosi on

pressures in vessels with no obstruction will be predictable with some measure

of accuracy , The effect of conte~ts is not. easily predictable and only some

measure of guidance is available from the data obtained with simple obstacleso

As the industrial casings requiring protection will have great variety of

obstacles, the assessment of the maximum explosion pressures in such casings

may be subject to tests. . .

13 -
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