
I, .

n"'~.'~~ ~Jf ~,::i,: "'~D FOC~
W ... lhsr V , Ft ':.: . -.,,:.I\RCH

. \ I 0:<<;,AJ.J I.':A TiON
F .R. Note No., 298/19571 ~';"~"NCE:"'L!['RAR
Research Progranme : -J".AG1'lF ."':1 9
Objective-' . . ,

"4: Dl!.'PARTi;WT' OF SCIENTIFIC AND nmUSTRlAL .RESTJlARCH AND FIRE OFFICT!S I ~COMMITT'£E
~, ).,' ~ .',' , .'

..'/ JOINT FIRE RISL:ARCH ORGliNIZATION

,------.-.- ------.. ---------- ------r

This report has not been pubLas hed and
should be considered as oonfidential advance
information. No reference should be made to
it in any publication uithout the written
consent of the Director, Fire Research Staticn;
Boreham Wood, Herts. (Telephone: ELStree 1341
and 1797). ' '

\ ,

~'

THE VENTING OF'EXPLOSIONS IN· DUCT SYSTEMS

PART II

THE VENTING OF, rJCPLOSIONS IN A PENTANE-AIR 1IIXTURE IN A DUCT
6 FT. LONG x 6 IN. DllilETER

by
/. \
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1
Swnmary

"•

The effect has been studied of relief, vents on the maximum
pressure reached in. explosions in a·mixture containing 3.37~

pentane in air in a steel tube 6 ft. long x 6 in. diameter.
Ignition was near 'one end of the tube,and the vents ~ould be
placed at either end of the tube. The maximum pressure reached'
when open vents were used decreased inversely as the O.75.to
1.5 power of the vent area. This . pressure was 3 - 5 times
greater when the vent Vias r-emo t e 'from the ignition source than
'when it was near this source. Howover' with large open vents
near the ignition source, vibrations\vith a Laz'g o amplitude
became es tablished; the maximum pressure in thes e vibrations
increased as the vent area iner8ased. Caloulations have been
made Or the venting requirements of the explosions on the
assumption that the rate of combustion when a vent is present in
the tube is the same fiS when no vent is present. When the vent
was covered by a disc of thin material the maxll,rum pressure '
reached depended on the s ta tic bursting' pressure" of the diso if
this pressure was larger than the pressure reached with the open
vent. Cross shaped cutters gave a large reduction of the nlAXhnum
pressure reached with brown paper <mil aluminium di""li hut. "
negligible reduction with polythene discs.'
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THE VENTlliG OF EXPIDSIONS lli DUCT SYSTEMS

PART II

THE VENTJNG OF EXPlOSIONS IN A PENTl\NE-AIR MIXTURE, IN A DUCT
6 FT. LONG x 6 IN. DL10iE7.'ER

by

D. J. Rasbash and Z. W. Rogowski

lliTRODUCTION

,The peed often arises in industry to lessen the damage oaused by gas
and vapour explosions .,hich might take place in ductsys'teffi'l by providing
relief vents in these systems. However there is little infornntion

',il.vailable ,/hich'allows the venting requirements to be reliably estimated.
In th i.s report results are presented of the effect of relief vents on
explosions in a short'straight'length of tube , . This investigation was 0.

necessary first step beforecixplosions in more' complicated duot systems
could be exammed..

EXPERI1IENTAL

:i\~pam tus

',The cxplosiori tube was a ste~l tube 6 ft. long and 6 in. diameter and
i'lange,d' at both ends; ,The vents '/hieh were used Here eaacnbiaLl.y, square
(~uzed, circula~,holes 'in the centre of flanges which could be bolted at

'either endof the tube, either directly or as part of a bursting disc
"assembly. The diameter'of the holes used as vorrts j their area and ,their
area ,'per unit volume of the tube, are giVlln,in ta,ble 1. Bach of the largest
four vents was part 'of a bursting disc assembly ./hich allowed the vent to
-be closed by discs of, various, thin materials pressed tightly agadns t the
flange. ,The 'a'sserJbly for one.' Of' the vents. is shown ,in figure 1.
·1.

, :' Three sheet ItID.terials were used as burs ting discs - aluminium,
, .' polythene and brown [Jewel'. The th rcknoas and vreil]ht of these materials are

,listed in table II. ,Typing paper was used' to co~er the vent during
preparation, for most,ofthe tests with open vents, in these tests the typing
paper was slit irl1lnediat'Cly, prior' to, explosion. Figure 2 shows the static
bursting strength of the aluminium and poly thane discs plotted against the
area of the disc. These .burs Hrig strengths were obtained by clamping the
disc, in its appropriate assembly, onto'the explosion tube and increasir1G '

"the pressure in the tube with air, in a standard manner r-ecormiended by Philip(l) I

,until the diso burst. The pressure, VJaS measured on a Bourdon gauge. The
",; ,'br01<ffi paper- did not give reproducible results 'by this method since ,it ',\'/Us

slightlyporous~'

In some of :thc,tcsts cutters Were placed immediately outside the bursting
(Jisc to expedite the burs ting. Sketches' of the five outters used are shown
in figure 31. A was a cylindrical: brass rod sharpened at the end, B and C wez-o
brass. rods '//16 in. diameter on which were soldered two and three sharp
bl"des respectively in the manner shown, D and E were similar to B and C but
11C,it larger blades. Plate 2 shows photographs of the five cut tura,

J,. standard 'me thod was used in the t es ts, of introd.ucing a uniform
mixture, containing 3.37,; 'pentane in air into the explosion tube and of
igniting this mixture by means of an induction spark at a point on the axis
of the tube 6 in. from one end. The pressures in the explosions were
recorded by means of a piezo-electric gauge. In a majority of tests the
emergenoe of flame at the vent Was also recordeq by means of a lead



sulphide
seconds.
directly

- 2 -

photo-conductive cell 1?hich had a 'response time of 75 micro
In a £ew tests-tho flame: emerging from the vent was also recorded

by a drum camera.

I

!

•

,
, ,

Figure 4 shows the relative positicins of relief vent, pressure gauge"aha
illnitibn source with'which th,:, tests were carried out. In all tests the ~,.
ignition source was 6 in. from the end of the tube. At least tHO tests with
each vent diameter using each of the three -rna terials and also open vents - ..
were carried out with the arrangement shown in figure 41,; in this
arrangement the vent W['$ in the flange r'emot e from the ignition souree and
the pressure gauge was' near the vent. '\1i th the exception of tests using
bursting discs of brown paper, all the tests wer-e also repeated with the
arrangement shown in figure 4B; here the vent VIas in the flange near the
igni tion source and the position of the pressure gauge unchanged. A fevi
tests were carried out with the arrangement shown in figure 40; this was
identical to thearrnngenlCnt in figure 4A, with the exception that the
pressure gauge ',,-as placed in the flange near the if,Tlition source arid-was
therefore remote from the vent.

,. ,.

The tests with the cutters were carried out with the arrangement Sh01'm
in figure 4il 'using aluminium- and brown paper in the G in. and 3 in. vonbs
and .'polythmie in the"'6',in.,'vent.' Tests were alSo carried out using tT/O

sheets of the aluminium and br-own paper \'/ith this ar-rangemen t,

RESULTS

The' f1ame wh.i.ch appeared at-the von ts and the sound'made by the
explosion wried considerably. Ylhen the vent was 5 ft. G in. from the,
ignition source the f'Larne appeared as a flash 'of short duration over a
length of 3 ft. A drum camera record of a 'flnnie -emerging from a vent in
'this position is shown in Plate 3. The sound in these tests was shnz-p and
, its loudness increased as the maxdmrm pres sure reached in the explosicn
increased. Howevez-, when the vent was 6 in. from the ignition source , a
flame often persisted at'the vent.' These tcsts were accompanied by a ImJffled,
notc of 'increasing pitch. A fml tests were carried out in which a polythene
vent nas used 5 ft. 6 in. from the ignition source, and an open vent 6 in.
from ,the'igriition source. This test showed that a flame travelled along
the tube' at the same 'time as a f'Lamo porsiretcd 'at the oren vcrrt ,;

,
It was' noted that after explosions' 1'dth the aluminium and bro.rn paper

bursting discs, nearly all the disc material was removed from the vent; in
'gen,,~.l.' the nn terial was torn by tho oxplosion into small pieces. The .......
'p,olythene discs howovcr-, -rcrmaned in position 'in the vent. The passage of
the explosion gases took place through a slit-shaped rupture rihich was f'ormed
in the disc. ' '

}ursting discs. In .tests with bursting discs the pressure records fol.lowed
, the normal 'course of an explosion in a closed tube until rupture of the
disc took 'place." ThiS rupture was irrentified by the first'bre~c on the
pressurerCcord dissimilar to iliscontinuities occurring in 'explosions 1'lith
a clos cd tube.' ' , '

•
The course' of the pressure r-ecord after the rupture of the disc

varied considerably as the size, tho position and the material of the
disc varied. Broadly sperucing, seven different patterns of bohaviour could
be distinguished.

For completeness, details of all these patt~rns a=be 'giv:en below;
reference to some of thQm will bO'ITk'1do in tho later discu~sion•

. '. \ .
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(a) The pressure dropped rapidly to atmospheric. pressure acccmpanied by
"vibra tions of small. ruupl.Lbudc •

.,
(b) The pressure dropped almost innnediately to atmospheric and was fcllowed

by vibro tions at atmoo phe r-Lc pressure.

(c) There was a rapid drop in pressure. ~ccom~~ied by. sharply peaked
vd.bmticns in ,.,hich· the peaks did not reach a value' equal to the
pres sure at burst.

Cd) As in (c) but with at least one i peak of a vibration giving a pressure
higher than the pressure at burst.

,(e)

. (f).

(g)

Several vibraticns occurred ,.dth a.mean pressure either, somewhat less or
equal to the pressure at burst before the pressure dropped to atmospheric.

A decrease of pressure was followed by an increase of pressure before
the pressure dropped.

The pressure continued to rise and renched a peak before .dropping to
atmospheric •

(A)

The pressure rose to a peale at 1'Thich, pressure 'Vibrations developed ,.thich .
disappeared when atmospheric pressure waa regained."

There ,ms 'n rapid. rise in pre~sure followed by a slOW rise in ,.thich·
vibrations were es~~blished. Tlie·a~plitude.of the.vibrations increased
and at.the same time the pressure rOs8 sharply to a peak. The pressure
droppod to a tmos pheric and the vibra hons stopped.

The"pres~ure developed as ,rith (~)'b~t with vibrations of ,smaller'
amplitude and there was 'no sharp peale.

'The pressure rose gradually to a flat max:iJnum ,.dth the accompaniment of
unnll amplitude vibrations 1vhich disappeared within'O.l·seconds after
the pressure returned at atmospheric. .

. ,
r -

(B)

(0)

(D)

,The pressure rose to a peak,.yibrations
. vibrations appeared at the oonmencemcnt

.' within 0.1 second after pressurc :.rdthin
.atmospheric.

of smail. runpli tude or no .
of the. pressure rise to ..disappear
the tube had re turned tq ,

. ...

. (F) The pressure rose slowly to'a flat maximum., After the maximum pressure
rras reaohed vibrations were established ,.thich continued·with'an increase
in frequency 'for more than ·0.8 seconds" '.

(G) The pressure rose to'a peale, dropped to .rise again to a value less than
the firs t nnximum... The' rise anel fall in [ires sure was r'e.pca ted 2 or :3
times~

(a) There was no definite peak or maxdmum von 'the pressure record; Vibration
developed shortly after ignition and continued .for about 0.8 seoonds.
The arap'ld, tude nnc1the f'rc quenoy of the vibra tioris varied•

. . ,
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Examples of patterns A, B, Care shown in Plate 6 and D, F" G, H in Pla te 7.
Table IV shows the various tests curried out vnth cpen vents classified
according to the above scheme. The record used to illustrate patterns C and
D both appertained to tests in which a 1,06 in. vent was used 5 ft'. 6 in.
from the ignition source, but there was a difference in that in the test
in which record C HUS obtained there was no slit typing paper covering the
vent whereas there was this covering with record D. The records ,indicate that"
when the slit typing paper was used the vibrations were of smEllIer ampf.Ltude;
There in also little doubt that the vibrations which occurred in the 'tests
having the patterns F and H were due to the vibration of the gas column
within the tube, Thus in mos t of these' tests, the frequency increased from
50 to 100 as the combustion proceeded. Assuming that the 6 ft. pipe may be
considered to constitute 1/4 of"the wavelength of the vibrations it may, be
estimated that the frequency should increase fronl,45 to 110 us the combustion
proceeded and the temperature of the gases increased. A microphone recording
of the sound of the explosion also gave the same' frequency sound \vaves. ,
r'inally when tests which gave these. records "{Ore repeated with a polythene
disc covering the end of the pipe remote from the open vent and the
ignition source, the pressure record obtained showed that the vibrations were
almost completely damped.

Relation between the Burs tinJi...!)'ess1!!,~..J;he l~~..!l.lEess1!!'f!...r.£~chc(U~d the
Vent 'Area

Figures 5/1 and 5B show respectively the pressure at burst and the maxdmna
pressure obtained in those tests in which bursting discs were used plotted'
against the vent 'area. The maximum pressure recorded was the highest pressure
Shov~li'in the record;, and ,in a number of cases this occurred at the top of
a vibration. In all cases; the points fell about straight lines of a slope
of about -0.5 which 'indica ted tha t .the pressure Was invcmc:ly propnrtiunn,l to
the square, root of the area ,of the vent or inversely proportional to the vent
diameter; The'results for polythene however arc very ,scattered. Figures 5A'
and 5B also shovl the static bursting strength'for the aluminium and 'polythene
bursting discs. It will be noted that the imximum pressure and the bursting"
pressure in the explosions using alutdnium discs were only slightly higher
than the static'bursting pressure of the disc, but for polythene, there Was a ~

large difference. There v~s no difference in the pressures developed 'men the.
'bursting disc and the pressure gauge were placed in the'different arrangements
Sh01Vll in figure 4 and no distinction beb1een the tests on this basis has been
made in figure 5.'

Figure 6 sh~vs the maxirmlm pressure developed in the explosions using open
vents, also plotted against the vent area. The curve for explosions in Which,
the vent area was near the source cf ignition is in two parts. Up to a vent
area of 7 in.2 ',the nnxirmlm pressure was recorded durin~ a steady increase in
pressure soon after ignition (pressure reoord pattern 'G); • under these
cCJlditions the maximum pressure diminished as the vent area increased arid was,
1/3 to 1/5 of that vmich occurred when the vent was remote from the ignition
source. V!hen the vent area was grea tel' than 7 in. 2 the maxirmlm pres sure was
at a peak of an accoustic vibration about atmospheric pressure vmich occurred
late in the explosion (pressure record pattern H). This maximum pressure' ,
increased with the' vent size and with the largest vent used it was very much ~

higher than the pressure vmich developed when the vent \vas remote from the'
ignition source. The smallest ventswhen remote from the ignition source, gave
slightly higher pressures when completely unrestricted than when they were
covered with a slit typing paper. Finally figure 6 docs not show any
difference in the maxinuun pressure reached be tween arrangements A and C.

In 'figure 7 the mean lines representing maximum pressure us~g the'open
vents,' the bursting pressure with bursting discs and the maximum pressure
with bursting discs have been assembled. Figure ,7 shows that the pressures
obtained vnth the bursting discs were generally much higher 'than those
obtained with open vents. The reason for this is that the pressure was
controlled very largely' by the bursting pressure of the discs which was in
most cases much higher than the maximum pressure obtained vdth open vents.
This Was not so w~ith the smaller polythene vents; with these vents ,the'
pressure continued to rise after the burst to a value slightly higher than
those obtained vnth open vents of the same size.
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/'_ The Effect of Gut ting and FUncturing Tools

The maximum and bursting pressures whi.ch occurred when a cut t~ng' or
puncturing: tool was mounted outside the bu::s'~ing disc, are given in table, 5.
This table shows

-,
•

(1) The ~uttihg'to~ls reduced the bursting l)ressure to *tot,of 'the
value required when no tools "ere used vhen aluminium and br-own paper
vents were used;' \lith polybhene , there ..zas no' difference. The
corresponding reduction in the maximum pressure-ves to, about l, to t
of the original maximwn pressure.

(2) 'l'here "as little difference bet..zecn the various cutting'tools," although
perhaps tool 1IIt>J)J( \'lith the 1 in. cutting blades gave the greatest
reduption in the maximum pressure.

(3) There Has' a smaller reduction in bursting pressure when "the ,pUncturing
tool Has used.

,.,,:.

Undergiven conditions, the mu:dmw:!l,PFcssure reached when,:tvlO
of material were, used to form the ~";Ias appr-oxdmabe ly twice

,great as that reached when one sheet of material was used. '

l!'lame movement'

sheets
as

.,' ::

'. :/
j ,

.'

"
, , Most of the records in Plates 4, 5, 6 and 7 also' show traces which'

r epreeent the appearance of flame and hot gases at 'the vent. From these "
traces the time which elapsed between the bursting of the disc and the
first appearance of the flame at the vent was determined. l!'igure, 8 shows '
tl1is time 'plotted against the pressure' in the tube when the disc'rlas ,','
5 ft. 6 in. away from the ignition source and indicates a reduction in ,
this time as 'the bursting pressure increased and as the vent size decr-eaeed.. '

,When the vent, was 6 in. rrom the source, there was in"almost every tcst en
immediate appearance of flume when the disc burst •

. ','~'

'f,

"

...
Bursting Discs

" " ,

DISCUSSIOH

.,-.;.. .. \

.

".

The results show that the maxdmum preasure and the bursting pressure
obtained in the tests when bursting discs wer-e used were determined mainly
by the static, bursting strength of the disc, 'Thus all the experiments

"showed that for a ,given disc material, tJ~ maximum and bursting pressures,
were 'approximat.ely proportional to the square root of the vent area, a

,relation which is similar to that correlating static bursting strength and
the area. For polythene discs however, the absolute values of the bursting
and the maximum pressures obtained' in the explosions were more than t\'lice
as great as the static bursting pressUre of the same disc, and the scatter
of '"he results was large., The, strength of the polythene depended very, much
~~,the direction in which force WaS applied. ,As a result the bursting of
the disc was likely to be sensitive to the way the disc Has clamped; the
burst also resulted in the formation of slit shaped openings. 'This
phenomenon can account for the scatter of the results and also the lack of
effect which the puncturing and cutting tools had in reducirig the maximum
pressure when this material was used;' By using thinner materials than those
used in the tests, it is likely that the maximum pressure obtained would be
reduc8d, at least under conditions in which the pressure was determined by
the bursting strength of the materials used. The,pqtential use of such
materials in industry is limit~d since they would be' too flimsy to nithstand
general mechanical damage. Another way of reducing the maximum pressure is
by using cutters; the present tests show that ..dth at least t.-IO materials (bro\1n
paper and ulUl.1iniu11) 0. aubatQnt:L~l' roductiotl in the raaxdrnum prcosure nny bo ar:hie;.e:l
by ulJing 6I'l.ltable cutters. \'1:Lth tho analloot d:I.!mo~r wnts 'ldth p;>:tYthcne, the flOI'I
of gaaes throueh tho Vlmts ,rnther thnn tho buroting s~th of the IIIlterial de1Er:mimi

"
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the rmxdmim pressure. However, the maximum pressure reached VIas not very much
higher than the rmximum reached with the open vents and this disparity can be
readily accounted for by the fact that \vith the polythene the gases were
forced through the slit produced by the burst rather than the full bore of
the hole. These observations are somewhat dissllJilar to those 'of Uilson \3)
who carried out measurements on pentane-air Dxplosions' taking plaoe in an
approxinn tely spherticn'l Chamber of 60 cu. ft. capact.ty, Hilson found that
covering the vent with a light bursting disc under these conditions brought
about 'a substantial increase in the rmxirmm pressure reached by the explosion.

•

Open Vents •

'-

Com~':\rison \vith previous '10~ figure 9 and 10 show the results of
investiga tions' by different authors of the maximum pressure obtained in vented
gaseous explosions; for oonvenience the ~':\ximum pressures have been plotted
against the ratio of the vont area to the volume of the vessel. Some of the
experimentnl detnils of these ,investigations have been given in Table ¥I.
All the results in figure 9 refer to ve ss els with elonga ted shapes in thn t
the ratio of the maximum to minimum linear dinlensions ,is greater than 2;
in figure 10 this ratio is less than 2. Figure 9 which contains results o~

the present work, show the results to fall broadly about one curve, with
the exception of those tests carried, out in the present series ,nth ignition
near the vent. However too much emphnsis should not be placed on this ourve
since the method of plotting does'not take into account the different sizes of
the vessels or the different gases used, and the number of investigations vmioh
are represented in figure 9 are so few that the agreement might be fortuitous. '
This comment is borne out by the information presented in figure ,10 which
eunnn r-Lses the results for explosions in vo'lumes Qf comparatively regular eho.pe ,.:
The resu lts of the work of Cubbago and Siomond.9 \ 7) show that the size of the, ' _
vessel and the composition of the Gaseous mixture have a substantial effeet
on'the maximum pressure. It is also interGsting to note :that Wilson's
work suggests that with lm1 vent area ratios much higher pressures are
obtained ,lith a spherical volumc than with tubcs , ,

The fnct that much Lower- pressures obtained in' the ..present series when
vents were close to'the source of ig~ition is somewhat at variance "nth
results obtained by Freestone et al \6) who found that the position of the
ignition source made little difference to the maximum pressure," However, it
agrees qualitatiye~ywith work carried out by Bro,m on the venting of
dus t expl.os ions \ 8). ' ' ,

Calculation of the fJow ra te of gas es through vents. It may be expected that'
the nnximum pressure reached with ,the open vents would be 0. direct functiol'l,' .,'.
of the rate of expansion of the gases in the pipe as a result of the combustion
process, 'and that this rate nay be equaled to the rate at ,'mich, gases are
ejected from the orifice under the particular conditions of the experiments.

The ra te a t which gas is ejected from an orifice placed centrally in 0.
tube is given iJ;l ~ tandard books on a erodynnmi cs • Thus for square' cdged
orifices Perry \9) gives '

••• I •••••• (1)

-'

P2 = absolute pressure of downstream gas.

Where

.(3

. '

= . density ,and absolute pressure of upstream gases.

= ratio of orifioe ,to pipe :diameter.
,

, '.

•

•

ge = gravitational constant.'

C ='coe.fficie'nt' of di~charBe

y = ,1 :- (l?J. - P2)
, P.ly (0.41 + 0.35 f3 4)

= specific heat ratio for the gas.
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.Equation 1 applies 'only up to a certain cr~tical pressures beyond which
the gas is ejected through the orifice' at sonic velocity and the flo~ rate is
independent of. the downstream pressure.

. .
. For rounded orifices Perry

air as 0.53 and the flo~.ratc. as
of this ratio as

"P
gives the critical pressure ratio -2 for

through the otifices at lower values"Pi

tv = 0.533 Cv 52 PI .lb. 1119.ss/sec.
• 7J TI-

Y/here Tl = upstream temperature

Cv = velocity coefficient

...... lit • • • • • (2 )

-'

. ~-'

However Scldller (10) stat8s that this· relationship does not hold for
square edged orifices for uhich the flaw ra teo continues to Lncreas e beyond
the critical ratio. In the present work most of the pressures obtained v:ith
open vents were below 15 Ib/in2 (gauge) which is the limiting pressure for
rounded orifices; a f~v higher pressures were obtained up to 35 lb/in2 for
the s~~llcst vents. For simplicity und in view of Schiller's findings for
square edged orifices only equation 1 has been used'in calculating the flow
rates through the orifices.

Equation 1 shows that the volume fImv rRte of gas through'a vent at a given
pressure will depend on the density and therefore the temperature of tilC gas.
Broadly speaking, the gases expc'Ll.ed through the vents in the present
experiments xtere either unburned gas at appr-oxura be'Iy atmospheric t cmpern ture ,
npart from a small temperature rise due to the adiabatic compression when

. the vent ~as rcrno~G from the ignition source, or burned gas .at a very much
hi[!her tempera. ture when the vent was ncar the ignition source , As a firs t
apprpximation the tenlpcrature of the. burned ~as may be estimated on the
basis of the ~~imum pressure reached in the tube to be 2090° K (Appendix II) •

• For· practical purposes of the calculation the gas ejected through the
vents in all cases nny be considered to be air.

Figures 12 and 13 show curves (a) ~hich give, as a function of the'
pressure, the fl~1 rates of unburned and burned gases respectively through
vents of the diameter used in the present tests. The curves wcre calculated
from equation 3 using a dis9h~rge coefficient of 0.61 for the unburned gas
and 0.84 for the burned gas ,3). .

~men the pressure in a vented vessel reaches the maximum pressure, for a
very brief in terva1 of' time the combustion may be cons ic1ered as taking place
at 'consknt pressure. Under these oonddt i'ons it may be shown that if' the
per~cct gas law is obeyed the !~tc of increase in volume of the gas is
given by equation (1) (See Appendix I). .

..•••..••• (3)

. Vfucre V- volume of gases

t = time·

N = No. of mols present

T = absolute temperature

P = pr-easur-e

R = gas constant

Subscripts u, b for unburned and burned gases respectively .

k = No.of mols of burned gases obtained from 1 mol of
unburned gaaes ,
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Equntion 3 does not npply when the maxinmm pressure occurs as a ~enk in an
nccoust~c vibl~tion nbout atmospheric pressure.

Equation 3 can be "ppliecl mos t s'imply if it is, assumed"

thnt' Tb and Tu rennin unchanged during the exp.Ios ion und' are independent
of the particular venting conditions used,

(2) thc 11:'. te of ccmbustion dNu is aLao independent of, thc presence of vents.
dt

" With these assumptions it rmy be shown tha t •

= rn t e of expansion of the Bases £It the maximum
pressure.
P occurring in the vcnted explosion

iN '10
("d't Jp =P

Where(dV)
" dt P

i1P
dt .......... (4) •

')
I

, .

'10' = Volume 'of the tube

, ;£p ,= rote of pres sure ris e in an unven ted explos ion
'dt

Howeycr, there'is some difficulty ll1 applying equation 4 sincc, the,
pressure record in an unvented. explosion in the tube shows,sharp changes'in.,
the value of 4€ at, certain specifio times after ignition. This is sho,{ll in
figure'll'which gives a mean pressure record for the unvented tUbe calculated
froma'nuiuberof s epara te records. Up to a point A at a tir.le after ignition
of 0.046' seconds the' pressure inoreased approxima tely as the cube of the,' .
time. However be~~een points A and B, Band 0, ° and D the pressure
increased in direct proportion to the time but at rates which decreased
in succeeding portions of the 'record. After point D the pressure rose at an
increasing m te and in non-reproducible manner to the peak value. It is
poaaabLe "thnt thechanl;(es at two of the points 1" Band C arc associated with
two changes occurring ll) when the flame first meets the tub~ and,(2) when
the pockct of gas behveen the ignition source and the near flange has been
complctely burned. Although:approximate calculations suggest that these'
changes tru,e place.at L and B respectively this is by no means certain.
However, these changes inust take place whe the r' the tube is vented or not and
the only working assumption ,(hich one can reasonably make is thut in a
vented tube 'they take place at the same' time after ignition as in an
unvcnted tube. This assumption is probably valid when the vent is remote

'f'rom the source of ignition since as the most pronounced motion of the
gases and the fl~e truces place tm1ards the end remote from the ignition
source, then the pattern of the fh~e behaviour in the initiul stages of'the
explosion is probably approxll~'1.tely independent of the presence of the
vcnt. r.t is less valid wncn the vent is ncar the ignition source as ih
this case, the'motion of the combustion guses tmvards the vent is ih n
different direction to the moticn of the flrune along the tube.

In figures 12 and 13 curves (b) represent the rate of incrense of the
V01Ur.l0 of tho gus \lhich LlIlY be cxpco t od to occur' as a. result of the
combustion process at the mcment of maxinmm pressure in the vented tubes;
these CU1~es are based on equation 4. It VQll be noted that in both figure
12 and 13 there are t\1C limbs to curves b; the reason, is that in both
cases the times at vmioh maximum pressure wns reached corresponded to hvo
different rates of pressure rise in figure 10. It might be expected thnt
the point at vmioh ourves (b) oross curve3 (a) represents the rnaxinmm
~ressure ,mich would occur with the particular vent appropriate for curve
la). W~inmm pressures obtained ~1 this uay have been compared with the
experimental maximum pressures in figure 14. It will be seen that the
calcula ted maximim pressures are' about the same as the expordrnenbaL ones.
In partio'llar the calcula ted values predict a difference between the
cf'f'eot of vents near to and remote from tho igni t'ion s ounce awhach was. very
similar to that .mich actually oocurred. It may be concluded'from this

',' .

'-

,'"..-
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agreement that under the particular conditions of these experiments the
m te of combustion \Ii th the vcntc'd tubes was approximately the same as
bha t whach occur-rod \Iith .. the unvented tubo ; and in particular the presence
of the vents did not inorease the rate of combus tion. Further evidence to
support this conclusion is given in figure 15 in'~hich the nk~ximum rate of
pressure rise tha t ocourred in the expl.os ions with vents' remote from the'
iGnition s ourcc-ur-o plotted ag,dnst the vent size. The maximum rate of
preosure rise was reduced consistently,as:'the vent s i.zc Lncr-eas cd and in no
cas 0 wac this 1'20to greater than the maximum I'll te obtained when no vents were
used. However this oonolusion OWll10t be .expeoted to hold for other explosion
systems. For cxampl,e Wilson found lli!,,~cit) that the rate of pressure rise in
an approxmr, tely D l'OGricaJ sha pod vess el increas cd considernbly when vents
were placed in the vessel.

Equa tion 1 Which' gives the flow ra to through an open vent obviously
breaks down, when the vent dim,leter is the same as the pipe diameter ( /3 = 1)
since it pre~icts that a positive pressure behind, the, orifice should give
an infinite flaw .ra t e •. It is, likely thorefore tha t the positive pressure
registered for the 6 in. vent 5 ft. 6 in. from the ignition .sourco wn.s not
associated through the relationship given in equation i: with' any definite
flaw ra te, but rather thnt this was a measure of the inertiu of the outside
utmosphere te the movement of the given coniliustion' coming from \dthin the ~b~.
A similar effect may be deduced from results Givcn by C~bbage and Simmonc1s .l7)

.Qor:!Jlus ions

With open vents it hQ:J been found tha t a sdrapl'e "qua tion based on
information on the rate of corabustion in 'a closed vessel, 'rre.y be used to
cn.Lou.La t o vent ing requirements. It ren<'1ins to bc iscon to what extent this
formula can be applied to other duct systelm and even if it docs apply it
\~ll still be necessnry to estD~'1te this rnte of 'combustion from first
prinoiples.if tests onavery individual duo t i.ng n:r.rangement'illhich has to be
vcntednrc to be avoided. i:oreover, in the pr'es.enf t.c.sts the fricticn of the
Gases flowing along the pipe was not n rmjor faotcr as sho\rn by the fact
that the snme ,pressure was reco,rdGd whether the pressure Gauge vms near or
remote, from 'the vent. 'However-, as the length of the pipe is Lncr-cas cd, this
facto~ must become of ,ino):'ensing irlportnncc. ' ' ,

The use of bursting discs to cover the vents did' not' have the dtiaadvaubago
of increasing the 'r~t~ of burning that was found'tb occur with a vessel
of even dimensions ~3). Mor-eover- it seems likely froin the present tests that
as Ions as the right materials are us cd it .Ls possible to produce a large '
reduction in the bursting strength or .bhe disc by the provision of cutting
tools. It is necessary to test these conclusions further fo~ pipes 9f Inrger
diameter and length ,than used in the present work.

Fi.o=lly the finding tha.t. vibro tions of high DoplitUde occurred when
large open vents were plaoed in' the end nenr the ignition source is most
Dnportant practically (since it is genernlly reccr~ended at the moment thnt
vents should be placed near a potential ignition source and also in line with
n length of tubing (12». It is therefore important to e~tablish whether
the destruotiveeffect of these vibrations is comparabl,e to ,that of the
explosion. 'In the present tests an attempt to determine this was nnde by
placing a polythcne disc at the opposite end from the open vent. If the
vibrntions had occurred, the maximum pressure reached should have been
sufficient to burst tho diso. However ~le poiythene disc damped the
vibrntions. The effect however can be further investigated by placing a
bursting disc on a side vent wh i.ch CM be formed by adding 11 T-piece
to the 6 ft. tube•. In this position the damping effect of the disc should
be much less.
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Appendix I

.,
1

Time t
prcssurc'P

I-rilIn.d. gas . : Unburned gas .. -l
L Tb Vb Nb r' Tu Vu Nu I
-----..----- --.-!---..-.-----'-----'------'1

! . . I

.Tilne t +L~ t
pJ;'cssure'P

Burned gas \ Unburnc d gaS·l .I f .•

- - I

-.
Pig.I. Combustion in vented pipe nt constnnt I?r~_~

\.

. Consider the combustion of gas in the vented pipe nt Iil'\xinmm pressure•
. For a short time" 6 t,the .combustion may be considered as taking place a t a

constant pressure P (see figurr.l·l). Let Tb, Vb, Nb'und Tu Vu and Nu be
respectively the t.cmpcmtuI'C volume and number of mols of burned 'and,
unburned gas present at time· t in the pipe (sec figure 1) [\.ndATblf~Vb'

f~Nbl L\.. TUILl,Vu 16Nu be the changes which take plnce vrithin time A t. Then
from the perfect gas lay,s, .

• •• • •• (3)

..........P (Vb + Vu) = R(Nb Tb + Nu Tu)

P (Vb t' Vu + L\ Vb :+ L~, Vu) ..

.= R ~ ~(Nb +.6Nb) (Tb +:ill'b) + (~u ~6Nu)' (Tu + LlTu) ~ •••• ,;.

Subtmcting equation (1) from (2) 'and omitting second ordor quantities
gives. '

'P (£:'Vb +6Vu) = R(Tb4 Nb + Tu~Nu +~b~.Tb +Nu A 1Jt)

(1)

•

\

... ,If .tho combustion processes ~'\n be represented by a Given equation
throughout the reaction then the relation bchvccn4Nb andANu is given by
equation ,(.4)

.....,.....~ .. (4)

Where k is a cons tant depending on tho combus tion cqua tion.
, Subs t1 tuting for LlNb in equa t i.on 3 and dividing by·6., t gives

,.

P ~(Vb + Vu) =R? t,Nu (pu ~ kTb) + Nb 6 Tb +Ll Tu Nu ~ .
nt /i.t . ~t At

(5)

Equation 6 represents the rate at vmich the volume of the gas is increasing
and therefore the rate at \Vhich it is being forced through the vent under
conditions of rraxi.mum pressure in the tube. On the downs bream side of
the vent there is n further increase in volume bccauoe of expansion to a
lower prcsaure ,

...
In the limit iN =.B ~ ~u
-, dt P dt

• • • • • . • •• (6)



Equation 6 may be applied if some simplifying assumptions are used.
Assumptions which together give rise to a substantial aimp1.if'~""tion are us
fq1;I.ows. . . . ...

(1)

(2)

Tu and Tb rcmainunohnnged during the explosion and are independent of
the. position or size 'or the vents. With this assumption dTu and dTb

. Cit at
nre both zero, Tu equals To·and Tb equals ·Te, where To and Te are the
temperatures of the gas before and after the explosion. In faot Tu will
vary somewhat because of adiabaHe compression and Tb will vary because _
of the varying amount of work done by the expnnding gases.

The rate of ,coinbustion~ und~r the conditions of the experiment are the
same as thera te of com~us tion taking place ins ide [l cLce ed tube.
With thes o assumptions equa tion 6 becomes

'~

dV - R ~ aNu ) ( . . k· T )'_.- - ) To _. e
. dt . P ctr c .

•.......... (7)

Where ~dNu) is the rate of combustion in the closed vessel.
dt )c

but Po Vo = NoR To " " " " " .. " " ".".. (8)
. '

ai>.ci. Pe Vo = Ne RTe = k; No RTe " " " " " " " " ".. (9)

Where Po. To, Vo and No are the initial pressure, temperature·,
vo'lume and number of mols of the gas in the tube and Pe, Ne,Te is the
finul··pressure" number of mols and temperature after combustion has taken

,', p+I1Qe in a Closed tube.

-'(10)

•.".• " "",, """ (11)

" " " " " " " " " ~
.

" .~ dV - R (aNu ) (PO Va - ee..Yo)
"dt - P (dt)c No R NoR

= Vo ~) . (Po -Pe)
. "PHci: \ dt )c

It has been shown that for praotical purposes when combustion takes place
in·a:closed system (11) then

., ... '

...... n = p"-

Pe
, Now Nu = (1 .- n) No'

. ' ",.:. (aNu ) =
:. . ,- (dt)

......

Substituting eqtiat~on 11 gives

.~. - ~" -R " " " ." ." " " " (15)

. ..
' ....

..,



TABLE I. ,Sizes of Vents Used

, ,-

.75
1.'5
3.0
6.0

12.0
24.Q

I I
1.0$' 0'.881
1.50 1.77
2.12 ' 3.53
3.00 ,7.05
4.24 14.1
6.00 28.3

l-

-,_..-.- ._- .... ~._.--_._---~,.-- ..----~
ii" ,'I ' , "

-I ~. I ~2, I .n;
I 1! ~ -

,

, 
I I
. . ~-'.

i -

,
I '

, '

TABlE II. Properties of Bursting Mn tcrL"lls

.,

.'

I

lIfa tcrial i Wt/Area
i g/ft2

!

, ----,
I Th' 1 !
I ac mess'

in x 10-3
, I '

L

, !
Brown Pa per I 7.979

I
5.5

.'
!.IUr.1inium

Polythcne

16.492

3.252 ,I
2.6

1.6

"..
, .
, .'



TI,BLE III. Classification of pressure records obtained
when bursting discs were used

;

. " ..

.__ . __..--- .. -•....._---_.--_.._--, .- .
V ''',1 N T D I II H E T ~ R in..1:J b

, 6" 'f'r-om
..-.-----_._~.-

Vent 6"Ignition , from Ignition
- --t-.-- --- 'r-" -_.. _.

;lLl I 3.00 i 2; 12 6,00 4,24 3.00
,

2.12. - I
I - 1--------·--------"\""·-··---'1

\

c a , a

f I 0 a I 0 od a a

0 0 o

d d d a

1----
Vent 5

f------
6.00 4._._----

_..• j

Material

Alunundum 0

2 sheets

j;luminium 0

1 sheet

Brown Paper 0

2 shce ts

Brown Paper
1 sheet 0

Polythene oea

TABLE IV. Classification of pressure reoords obtained
when open vents were used ......,.

I i VENT DIAMETER ins.
I i ._..~--,
I

6.00 4.24 3.00 2.12 1.50 I 1.06i

ill I.Imperial Typing E . A A B D CD
I paper out

Imperial Typing H H F G G G
paper out

m Open - - - - D C

I i I

VENT roSITION

5· ft. 6 in. fro
ignition

5 ft. 6 in. fro
i[ll1ition

6 in. from
ignition

......



krrendix II

Estin~tion of temrerature of Combustion Gases

By dividing equation 9 in Appendix I by equation 8 one obtains
•

1e
Po

k Te= -ro
.......... , (1)

was no dissociation then it may be ~stimated that k was appr-oxdmabeLy .
Substitution in equation (1) gives a valuo of Te 2090~.

"

Tests on
of Pe = 7.45

Po
thero
1.03.

the closed tube in which Pe was measured gives the value
when the mean value of To Was 290oK. If it is ass~med that

..... ,".
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Bursting presBures end "~imum pressures with various cutters.
Vent 5 ft. 6 'in. from the igniting source ; ; "

,0 .'
L

I
I '-" , "
0

Pressures with Pressures with Pr enrsur-es vlith Pressures with
Normal pressures Pressures .-lith triO blade cutter three blade I trIo blade three blade

(mean) puncturing cutter " in. diameter cutter clitter cutter
of Diameter 6Type 1 ;in. diameter 1 in. dd.ametrez- 1 in. diameter

material of disc '2
, in., i I

,
i

At burst Maximum At burst i i:faximum At burst I j,hximWil At burst ?1aximwn At burst' i:faximum At burst maximum.. ,I . ,
; :p.s.i. p.s.i. p.s.~. i p.s.J.. p.s.i. p. s, i. p.s.i. p.s.i. p. BoO L, p.s.i. p. s , L, p, a, L,

I

Aluminium I 11.4 12. " 7.6 10.3 12.0 -
tV/o sheets

'.' ..
6.00 32.3 n.d,

I
n, d. n, d. n.a,-

I
I

.. , 10.2 '/2.3 9.9 10.5
"

Aluminium 6.00 16.9 - 7.8 I - , 4.9 5.7 5.8 6.9 4.3 5.8 I 4.8 -I.. " 8.4 ! 5.0 6.7 4.2 5.8 7.3
!

Aluminium 3.00 29.4 :30.9 " n.d, i nr d , 10.8 12.5 n.d. n.d, rr.d, 0 n.u. rr. d , n.d.
I

I

Brovm I 5.3
Paper 6.00 12.5 - n.d. I n, d. ri. d, n.d. rr.d, n.d, n.d. n.d. n.d.
two sheets 4.8

,
Brown 4'4 I

. : , 2.4 3.0 I

Paper- 6.00 6.5 - I - - n i d, 2.3 I - 2.2 -
'.. , ' .. 5.2 I 2.5 3.7, ,

I" I I
. - '~';-."

Brovm rr.d, n.d. 6.0 10.8
Paper 3.00 14.2 I - I n.d. n.d. n.d. n.d. n.d. n.d.

I ' , I' " , , 5.2 10.2
I I I

II I IPolythene 6.00 3.1 - n.d. i n.d. n.d. n.a. 3.1 - n.d, I n.d. n.d. n.d.
I 3.0 I I I! , ! ! ,

.. 0,
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TiGLE VI

Details, of investigations ~to' venting reqriirem~nts for gas and vapour explosions

I

I
' !

I Fundamental I
Ref. Type Linear Length to Gas *~ffixture burning veLo- Pos:i.tion Position .:xrv-ering

Series no. of dimensions maximum used composition city of gas of ignition I of of
vessel in. width ratio mixture used sour-ce vent vent

ratio ' em/sec

A 4- C'<Jlinder 32.5 x 14- 2.3 P.ropane 1.26 38 Noi; known Hot known

38 x 4- 9'5 Acetone ·1. 'i2
I ' ,

end A7iay from Open holeB 5 Cylinder NeE.!' the
of cylinder ignition

"

C 6 Cylinder 132 x 18 7.3 Petroleum 1.25 35 Near the end Away from Open hole
spirit Iof cylinder ignition

I
) 72 x 6 Pentane

,
D Cylinder 12 , ,1.31 32.5 Near the end! A,·,ay from Paper cut

) P.resent of cylinder I ignitionI) work !

E ) Cylinder 72 x 6 12 Pentane 1.31. 32.5 Near, the end I Near Paper cut
) of cylinder 1 ignition

-
~' 3 ·Cylinder 52 x 50 1.25 Pentane 1.06 " 37 Centre of Top ~1axed .

" cylinder paper

G 3 Cylinder 62 x 50 1.25 Pentane 1.37 30 Centre of Top - \faXed
cylinder .. paper

H 3 Cylinder 62 x 50 1.25 Pentane 1.06 37 Centre of Top Relief-

,, I cylinder

I
spring
valve

K 3 Cylinder 162 x 50 1.25 Pentane 'j .37
I

30 Centre of Top -00-, I cylinder,
I!

I 'j IReliefL 7 Cube i24- 1.00 Coal gas
! 1.38 I 118 Centre i Top

I , i ! i i loose
I I i panel- ,

,*RATIO E.~ent_wt. oz. per cent, volume of gas used in mixture II
I

I , per cent \'It. oz. per cent volUlde of: gb.s i.."1 stoicJ108etric mixture r. "i I " " j, -
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T,:J3LE VI (contd. )_

a"1"8~:ing

rf

0080

=el

elief
OOGe

anol

I I

I
I i II

Fundament.a.l,
Ref. Type Linear Length to Gas "'j,fixture herning velo- Po~::,U,on Ibcitic;l ~

I "
Ser-Les no. of dimensions max.i.mum used composit:i.on Gity a:: g~s of ig~~:.L.j;:!.on of Ivessel in. width ratio mixt ill:" P. used source verrt,

ratio em/sec I-
I I

M 7 Cube 72 x48 x 49 1.47 Coal gas 1.38 118 Cerrbr-e I Top I :<.
Approx.

I
i 1

I
I

.Pi- i1'1 7 Cube 24 1.00 Methane Hot given 36 and 49 I Cer.:!.~re I Top R
and carbon

I
! ! 1r-esp, ! I

! disulphide, !
I p

I 1 I

.'
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FIG.2. STATIC BURSPOLYTHENE DISCS
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