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Summa ry

The effecct has been studied of relief.vents on the maxinum
pressure reached in. explosions in a mixture containing 3,37%
pentane in air in a steel tube 6 ft, long x 6 in, diamecter.
Ignition was near-one end of the tube and the vents could be

" placed at elther end of the tube. The maximum pressure reached:
when open vents werc used decreased inversely as the 0,75.%0
1.5 power of the vent area, This pressure was 3 - 5 times
arecater when the vent was remote from the ignition source than
‘when it was near this source. However with large open vents
near the ignition source, vibrations with a lazgc amplitude
became esgtablished; the maximum pressure in these vibrations
increased as the vent area increased, Caloulations havec been
made of the venting requirements of the explosions on the
assumption that the rate of combustion when a vent is present in
the tube iz the same as when no vent is present, When the vent
was covered by a disc of thin material the maxinum pressure
reached depended on the static bursting pressure"of the disc if
this pressure was larger than the pressure reached with the open
vent, Cross shaped cutters gave a large reduction of the maximum
pressure reached with brown paper and aluminium diasca but A
negligible reduction with polythenec discs.’
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THE VINTING OF EXfTOSIONS IN DUCT SYSTINS
PART I1

THE VENTING OF EXPLOSIONS IN A PENTANL-AIR MIYTURE IN A& DUCT
6 PT, LAWG x 6 IN, DIAMETE

by
D. J. Rasbash and Z. W. Rogowski

‘INTRODUCTION

The need often ariscs in industry to lessen the damage caused by gas
and vapour explosions vhioh might take place in duct systems by providing
relief vents in these systems, However there is little information
available vhich allows the venting requirements to be rcliably estimated.
In this report results are presented of the effect of relief vents on
explosions in a short'straight length of tube,. This investipation was o
necessary first step before ‘éxplosions in more complicated duct systems
could be examined,.

’

EXPERTMENTAL
. "4pparatus

_ " The explosion tube was a steel tube 6 ft, long and 6 in. diameter and
‘flanged'at both ends. The vents vhich were used were essentially, squarc
udged, circular holes ‘in the centre of flanges which could be bolted at
“wither end of the tube,elthcr directly or as part of a bursting disc
~assumb1y. The diamecter -of the holes used as ventsj their area and their
- arca per unit voliwse of the tube, are given.in taple I. Hach of the largest

" four vents was part -of a burstinz disc assembly vhich allowed the vent to

‘be closcd by discs of. vardious. thin materials pressed tightly against the
flange. The asscmbly for one. of the vents is shown in figure 1.

. " Three sheet materials were uscd as‘bursting dises - aluminium,
" polythenc and brovm paper. The thickness and weight of these materials are
~ listed in tableII. Typing paper was used to cover the vent during

. preparation-for most . of the tests with open vents, in thesc tests the typing

paper was slit inmediately.prior to. explosion, TFigure 2 shows the static
bursting strength of the aluminium and polythcne discs plotted against the
area of the dise, These.bursting strengths were obtained by clamping the
disc, in its appropriate asqembly, onto' the explosion tube and increasing
..the pressurc in the.tube with air in a standard manncr recommended by Phlllp(l),

' until the disc burst. The pressure vas measurcd on a Bourdon gauge. Tha

“brovm paper did not give roproduclble results by this method since it wag
slightly porous .

In some of the- tests cutters were placed immediately outside the bursting
 Aisc to expedite the bursting, Sketches of the five cutters used are shom
~in figure 3, A wos a cylindrical brass rod sharpened at the end, B and C werc
brass. rods %/16 in, diameter on which were soldered two and thrce sharp
bindes respectively in the manner shovm, D and T were similar to B and C but
lled larger blades, Plate 2 shows photopraphs of the five cutters,

~dwest procedure

4 standard method was used in the tests, of introducing a uniform
mixture, containing 3. 3% pentanc 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 plezo-eclectric gauge. In a majJority of tests the
emergence of flame at the vent was also rccorded by means of a lead
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sulphide photo-conductive cell which had a ‘response time of 75 micro
seconds. In a few tests-the flame' emerging from the vent was also recorded
directly by a drum camere., B
Pigure 4 shows the relatlvo positicns of relief vent, pressure gauge- ,nd
ignition source with vhich the tests ere carried out. In all tests the
ignition source was 6 in. from the end of the tube, At least two tests with -
each vent diameter using cach of the three materials and also open vents -
were carried oui with the arrvangement shovm in figure 44; in this
arrangcment the vent was in the flange remote from the ignition source and
the pressure gaupge Wwas near the vent. ¥Vith the cxception of tests using
bursting discs of brown paper, all the tests were also repeated with the
arrangement shown in figure 4B; here the vent was in the flange ncar the
ignition source and the position of the pressure gauge unchanged, A few
tests were carried out with the arrangement shown in figure 4C; this was
identical to the -arrangement in figure 4A, with the exception that the
pressure gauge was placed in the flarge near the ignition source and was
thgrufore remote from the vent, :

The tests with the cutters woere carried out with the arrangeneﬂt shovm
in figure 40 u51n& aluminium’ and brown paper in the 6 in, and 3 in, vents
and polythene in the6.in, vent, Tests were also carried out using tWO
shects of the aluminium and brovm paper with this armngement.

RESULTS

Aural and Visual Phenomena

The flame which appeared at the vents and the sound made by the
cxplosion varied conslderably. Uhen the vent was 5 ft, 6 in. from the
ignition source the flame appcared as a flash of short duration over & -
length of & f4. A drum camera record of a flame - -emerging from a vent in
“this position is showm in Plate 3. The sound in these tests was sharp and
"its loudness increased as the maxioum pressure rcached in the explosion
increased, However, when the vent was 6 in, from the ignition source, a
flame often persisted at the vent.,- These tests were accompaniced by a muffled
note of -increasing pitch. 4 fow tests were carried out in which a polythcnc
vent was used 5 ft. 6 in. from the ignition source, and an open vent G in.
from -the 'igrition source, This test shoved that a flame travelled along

the tube-at the _same tlme as a flame puqu sted at the open vent,.

™

It was noted that after exp1051onq with the alumlnlum and brovm paper
burutlng discs, nearly all the disc material was removed from the vent; in
‘genﬂrh] the material was torm by the cxp1051on into small pieces. The
- polythene dises however, remined in position in the vent. The passage of
. the explosion gases took place through a sllt-shapnd rupturc which was formed
in thc dlsc.

:axploslon pressure records

TSursting discs. In tests with bursting discs the pressure records followed

-

""fi1e riormal -course of an explosion in a closed tube until rupture of the -

disc took placé, ' This rupture vas identified by the first-break on the
presgure rccord dlSSlmllar to dluoontlnu1t1es oacurrlng in exp1031ons with
- a closcd. tube. . :

The course-of the pressure record after the rupture of the disc
varied considerably as the size, the position and the material of the .
disc varied., Broadly spcaking, seven different patterns of bchaviour could
be dlgtlngulehed o o o o :

For completencss, detallo of all thcso pattcrns are ‘given below,‘
reforcnce to some of thon will bc made 1n thc 1ater dlSCUSSlOn.
oy
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() The pressure dropped rapidly to atmospheric pressure accompanied by -
‘vibrations of small ruplitude. -

(b) The pressure drcppec aimost immediately to atmospheric and was followed

: by vibrations at atmospheric pressure.

(c) There was a rapld drop in proscure acconpanled by. sharply peaked
Co vibrations in vhich- the peaks did not reach a vnlue equal to the
pressure at burst

(d) As in (c) but with at least one.peak of a vibration giving a pressure
- hlghcr than the pressure at burst,

(e) Severel v1bratlons occurred with a mean pressure cither somewhat less of
cqual to the pressure at burst beforo the pressure dropped to atmospheric,

. (f)ﬁ A decreasec of pressure was followed by an inercase of prcssure before
) the pressure dropped. : .

(g) The pressure continued to rise and reached n peak before drOpplng to
atmosphcrlo.

,Examplos'qf patterns a, o and ¢ are shovm in Plate 4 and of patterns b, f and
g in Plate 5, ° . .

..;‘ ~In table 3 the charﬂcterlstlcs of the pressure records in the various

tests with bursting materials have been cla351fled accordlnc to the above scheme.

) Open events. - The pressure records of tevts w1th open vcnts could be
_ “classified into five main forms (A to B). when the vents were 5 ft, 6 in, from
“the ignition source and threc further forms (¥, G, H) when the vent was 6 in,
from the ignition source., fgain for complctencss the main features of these
_ forms have. been summarised below. : :

(A) The pressure rose to o peak, v1brat10ns of small amplitude or no .
.v1brat10ns appecared at the commencement of the praessure rise to_disappear
. within 0.1 sccond after pressurc-within the tube had returned to
. ..atmospheric,

(B) The pressure rose to a peak at whlch preseure v1brqt10ns dovcloped vhich -
. dlsappcercd whcn atmosphcrlc prc sure vag regained,

(C) There was a rapld.rlsc in pre sure followed by a slow rise in which
vibrations werc established. The amplitude .of the .vibrations increascd
- and at the same time the pressure rosc sharply to a peak, The pressure
dropped to atmospheric and the v1hrat10ns stopped.

..i(D) Thc prcssure devclopcd as with (C) but wlth v1brat10ns of* smallor
) amplltude and ther¢ was-no sharp peak. :

(ﬁ} The pressure rosc gradually to a flat maximum with the accompaniment of
small amplitude vibrations which dis sappeared within 0.1 seconds after
the pressure returned at atmospherlc. E 4

" (F) The prcssure rose slowly to s flat maxlmun.- After the maximum pressure
. was reached vibrations were established which oontlnued with an increasc
in frequency for more than 0.8. soconds.

(@) The pressurc rose to'a peak dropped to rige again to a value less than
the first max1mum . The rlse and fall in pressure was repeated 2or3d
tlmeSu »' . . f o

" (H) There was no definite peak or .nmxinmm'.on"'the pressure record, Vibration
developed shortly after ignition and continued for about 0.8 seoonds.
The amplitude and -the fregquency of thc vibrations varied,
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Examples of patterns &, B, C arec shown in Plate 6 and D, ¥,.G, H in Plate 7.
Table IV shows the various tests carricd out with open vents classified -
according to the above scheme, The record used to illustratc patterns C and
D both appertained to tests in which a 1.06 in, vent was used 5 f£¢., 6 in,
from the ignition source, but there was a differcnce in that in the test T
in which record C was 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 sialler amplitude,
There is also little cdoubt that the vibrations which occurred in the tests
having the patterns F and H were due to the vibration of the gas colum

within the tubes Thus in most of these tests. the froquency increased from

50 to 100 ag the combustion proceedcd. Assuming that the 6 ft. pipe may be
considered to constitute 1/4 ofthe wavelcngth of the vibrations it may be
estimated that the frequency should increase from 45 to 110 as the combustion
progeodcd and the temperature of the gases increased., A microphone recording
of the sound of the explosion also gave the same frequency sound waves.
Finally when tests which gave these. records were 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.

ha |

Relation between the Bursting Pressure, the Maximum Pressure reached,and the
Vent Area -

Pigures 84 and 5B show respcctively thc pressure at burst and the maximum
pressure obtained in those tests in vwhich bursting discs were used plotted -
against the vent area, The maximum pressure rccordcd was the highest pressure -
shovm in the record:. and. in a number of cases thls occurred at the top of
a vibration. In all cases; the points fell about straight lines of a slope
of about -0,5 which indicated that the pressurc was inverscly proportional to
the square. root of the area .of the vent or inversely proportional to the vent
diameter.,” The resulis for polythene however are very .scattered. Figures BA°
and 5B also show the static bursting strength for the aluminium and polythene
bursting dises. It will be noted that the maximum pressure and the bursting .
pressure in the explosions using alurdnium discs were only slightly higher
than the static: burqtlng pressure of the dlsc, but for polythene, there was a V
large difference, There was no difference in the pressures developed when the _
'burgtlng disc and the pressure gauge were placed in the different arrangements
shovn in figure 4 and no dlstlnctlon between the tests on this basis has been
mrde in figure 5.- . . -

Pigure 6 shows the maximum pressure developed in the explosions using open
vents, also plotted agrinst the vent area. The ourve for explosions in which
the vent area was ncar the sourcc of ignition is in two parts. Up to a vent
area of 7 in.” .the maximum pressure was recorded during a steady increase in
pressure soon after ignition (pressure record pattern'G%;, under these
conditions the maximum pressure diminished as the vent arca increased and was

3 to 1/5 of that vhich occurred when the vent wa.3 remote from the ignition
source. Vhen the vent area was greater than 7 in,2 the maximum pressure was
at a peak of an accoustic vibration about atmospheric pressure vhich occurred
late in the explosion (pressurc record pattern H), This maximum pressure
increased with the vent sizec and with the largest vent used it was very much -
higher than the pressure which developed when the vent was remote from the
ignition source. The smallest ventswhen remote from the ignition source, gave
slightly higher pressures when completely unrestricted than when they were N
covered with a slit typing paper, Pinally figure 6 docs not show any
difference in the maximum pressurc reached between arrangements A and C,

In figure 7 the mean lines representing maximum pressure using 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 with 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 with open vents.,
This was not so with the smaller polythene vents; with these vents -the-
pressure continued to rise after the burst to a value sllghtly higher than
those obtained with open vents of the same size,
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The Effect of Cutving and Puncturing Tools

[

The maximuin and bursting pressures which occurred when a cuttlna or
puncturing tool was mounted ocutside the burSulno disc, are given in table 3.
;hls table shows . . : -

(1) The cuttlng tools reduced the buretlng pressure to & to %.of ‘the
value required when no tools were used when alumlnlum and brovn paper
vents were used; with polythcn there was no-diflference, The
corresponding reductlon in the maxlmum pressure vas to- about l to
of the orlglnal maximun pressure,

(2) here was little dlfference between the various cuttlng tools although
perhaps tool D with the 1 in, cutting blades gave the greatest
reduction in the maximum pressure,

(3) There was'a smaller reduction in bursting pressure when the puncturing
tool was used, _ A L e

(&) Uhder.given conditions, the maxim pressure resched when tWO-ehsetse

: of material were used to form the Sas approximately tw1ce as
__great ag that reached when one sheet of material was used,.

Flame movement-

o
"

' Most of the records in Plates 4, 5, 6 end 7 also show traces which -~ .
represent the appearance of flame and hot gases at the vent, Irom these ™
traces the time which elapsed between the bursting of the disc and the .
first appearance of the flame at the vent was determined, IMigure 8 shows -~ .,
this time- plotted against the pressure in the tube when the disc was B
5 ft, 6 in, away from the ignition source and indicates a reduction in :
this time as the burstlng pressure increased and as the vent size decreased, .

_¥hen the vent. was 6 in, from the source, thére was in.almost every test an

immediate appearance of flqme when tha dlsc burst,

DISCUSSION

Bursting Disca

The results show that the maximum pressure and the bursting pressure
obtained in the tests when bursting discs were used were determined mainly
by the static bursting strength of the dise, 'Thus all the experiments

-showed that for a-given disc material, the waximum and bursting pressures -

were ‘approximately proportional to the square root of the vent area, a

-relation which is similar to that correlating statlc bursting Btrength and

the area., Yor polythene discs however, the absolute values of the bursting
and the maximum pressures obtained in the explosions were more then twice
as great as the static bursting pressure of the same dise, and the scatter
of the results was large. The.strength of the polythene depended very much
on 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 was clamped; the
burst slso resulted in the formation of slit shaped openings, This
phenomenon can aceount for the scatter of the results and also the lack of
effect vhich the puncturing and cutting tools had in reducing the maximum
pressure when this material was used. By using thimer materials than those
used in the tests, it is likely that the maximum pressure obtained would be
reduced, at least under conditions in which the pressure was determined by
the burstlng strength of the materials used, The potential use of such
materials in industry is limited since they would be too 11msy to withstand
general mechanical damage. Another way of reducing the maximum pressure is
by using cutters; the present tests show that with at least two materials (brown
fapor ond uluminlun) a subatantial- roduction in the maximum prossure may bo achiewed
by using saftablo cutters, With tho snmallest dlaneter vents with polythene, the flov
of geses through the vents rhthor thrn the bursting strength of the meterial detemined
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the maximum pressure, However, the maximm pressure rcached was not very ruch
higher then the meximum reached with the open vents and this disparity can be .
readily accounted for by the fact that with the polythene the gages were - ~ %
forced through the slit produced by the burst rather than the full bhore of )
the hole. These obscrvations arc somewhat dissimilar to those of Vilson )

who carricd out measurcments on pentane-air explosions- taking place in an - L
approxirotely spherical chamber of 60 cu.ft. capacity, Wilson found that

covering the vent with a light bursting disc under these conditions brought a
about -a substantial increasc in the maximum pressure reached by the explosion.

Ogen Vents ) ' i .

Comparison with previous work Figure 9 and 10 show the results of
invegtigations by different authors of the maximum pressure obtained in wvented
gascoug explosions; for convenience the maximum pressures have been plotted
against the ratio of the vant area to the volume of the vessel, Some of the
experimental details of these investigations have been given in Table VI,

4l) the results in figure 9° refer to vesscls with clongated shapes in that -
the rmtio of the moximum to minirum linear dimensions is greater than 2;

in figure 10 this ratio is less than 2, PFigure 9 which contains results of’

the present work, show the results to fall broadly about one curve, with -
the cxception of those tests carried out in the present series with ignition

near the vent, However too much emphasis should not be placed on this curve

since the method of plotiing does not take into account the different sizes of

the vessels or the different gases used, and the number of investigations which |
arec represented in figure 9 are so few that thée agreement might be fortuitous. -
This comment is borne out by the information presented in figure 10 vhich.
sunmarises the results for explosions in volumef 3f comparatively regular shape,-
The results of the vork of Cubbage and Sirmonds 7 show that the size of the -
vessel and the composition of the gaseous mixture have a substantial cffect
on the maximum pressure. It is also interesting to note that Wilson's

vork suggests that with low vent area ratios much hlghcr pressures are
obtained with a spherical volunc than with tubcs.' oo

v

The fact that much lower pressures obtalned in' the present series when the .
vents were close to the source of ig?igion is somewhat at variance with -
results obtained by Freestone et al \8) who found that the position of the -
ignition source made little difference to the maximum pressure,” However, it
agrees qualitatiye%y with work carried out by Brovm on the venting of
dust explOSions . ‘

Calculation of the flow rate of gases throurh vents. It may be expected that- -~
the maximum pressure reached with the open vents would be a dircct function o
of the rate of expansion of the gases in the pipe as a result of the combustion - .
process, and that this rate may be equaled to the rate at which gases are )
ejected from the orifice under the particular conditions of the experiments.

The rate at which gas is ejected from an orifice placed centrally in &
" tube is given i? Standard books on aerodynsamics., Thus for square cdged

orifices Perry gives N T
ﬂ =0Y82 W/230 (Pl-m)—\ : o--..c--o.(l). ) -
dt _ (1 - £9) . -
Where f2 , Py, = ‘density,and-absolute pressure of upstream gases. -,

Py = absolute pressure of dovns traam gas, :
. L J

B = ratlo of orlflce to pipe . dlancter. ' ' ‘*

Ec = grav1tat10nwl constmnt. ‘

C = “coefficient  of discharge

Y = 1= (f1 =By (O.4i + 0.55 f34)
Py

v " = specific heat ratio for the gas.
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hquation'l applies only up to a certain critidal pressures beyond which
the gas is ejected through the orifice at sonic velocity and the flow rate is
T independent of the dovmstream pressurc.

P
For rounded orifices Perry gives the critical pressure ratio 2 for

- - air as 0.53 and the flow rate as through the orifices at lower values
. of this ratio as
. W = 0,533 Cv 82‘51 " 1b. mass/scc. cererneean(2)
T ) '
. ¥here T = upstrecam temperature

Cv = velocity coefficient

However Schiller (10) states that this. relationship does not hold for
square cdged orifices for which the flow rate. continues %o increasc beyond
the critical ratio. In the present work most of the pressures obtained with
open vents were below 15 1b/in® (gauge) which is the limiting pressure for
rounded orifices; a few higher pressures were obtained up to 35 1b/in® for
the smllest vents. For simplicity and in view of Schiller's findings for
square edged orifices only equation 1 has becn used in calculating the flow
rates through the orifices,

Equation 1 shows that the volume flow rate of gas through-a vent at a given
pressure will depend on the density and therefore the temperature of the gas,
Broadly speaking, the gases expclled through the vents in thc present

. experiments were either unburned gas at approximately atmospheric temperature,
apart from a small tcmperaturc rise due to the adiabatic compression when
.the vent vas remote from the ignition source, or burned gas at a very much
higher temperature when the. vent was ncar the ignition source: As a first
J . approximation the temperature of the burned gos may be cstimated on the
) basis of the maximum pressure reached in the tube to be 20900 K {Appendix II),
" For practical purposes of the calculation the gas cgectcd through the
vents in all cascs may be consldcrcd to be air,

)

. ‘ Flgures 12 and 13 show curves (a) vwhich give, as a function of the-

- pressure, the flow rates of unburned and burncd gases respectively through
vents of the diamcter used in the present tests. The curves were calculated
from oquatlon 3 using a dls€h3rge coefficient of 0.61 for the unburned gas
and 0,84 for the burned gas .

Calculatlon _of maxinum pressurc reachced with open vents

¥hen the pressurc in a vented vessel reaches the maximum pressure, for a
very brief interval of time the combustion may be considercd as taking place
at constant pressurc., Under these conditions it niay be shown that if the
perfect gas law is obeyed the rate of increase in volume of the pas is
given by cquation (l) (Sce Appendix I)

Npdl,  Npdly
(11; + dt '0.'0--'..(5)

av =3'§mﬁ
T TP (Tat

(1, - k Tp) +

:Wheré.v = Qélume éf gases
. At» = tiﬁe‘- '
. N = No;:of mols pregcnt
T' = absolﬁté‘temperature
P = ﬁréssure
: = gas constant

-~ ) R
Subsdripté u, b for unburned and burned gases respectively

k = DNo.of mols of burned gases obtained from 1 mol of
unburned gases.
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Lquation 3 does not apply when thc maxirmum pressure occurs as a peak in an
accoustlc vibration about atnospherlc pressure.

uquatlon 5 can be appllcd most 31np1y if 1t is agsumed- .

(1) that Ty, and T, remain unchangcd during the exploslon and are 1ndependent
of thc particular vcntlng condltlons used,

(2) the rete of combustion_f%% is also independent of thc presence of vents.

. With these assumptions iﬁ may'be shoﬁn that

& Yo dp

TP ST At o | e (4)
Whére@gy) = rate of expansion of the gases at the maximm
cdat’p pressure,

P occurring in the vented explosion -

Vo ' = Volumec of the tube
© 4P .= matc of pressure rise in an unvented cxplosion

T

However, there is some difficulty in applying equation 4 since the.
pressure record in an unvented explosion in the tube shows sharp changes in,
the value of 9P &t certain specifio times after ignition. This is shown in
figure 11 which gives a mean pressure record for the unventéd tube calculated
from a nuiber -of separate records. Up to a point A at a time after 1gn1tlon
of 0.046 seconds the pressure increased approximately as the cube of the '

_ time, However between points A and B, B and C, C and D the pressure

increased in direct proPOrtiou-to the,time but at rates which decreased
in succeeding portions of the record. After point D the pressure rose at an
increasing rate and in non-reproducible mamner to the peak value. It is

possible “that the changes at two of the points 4, B and C are associated with

two changes occurring (1) when the flame first meets the tube and.(2) when
the pocket of gas between the ignition source and the necar flange hag been
completely burned. Although-approximate calculations suggest that these
changes take place at L ond B respectively this is by no means certain,
However, these changes must take place whether the tube is vcnted or not and
the only working assumption which one can redsonably make is that in a
vented tube - they take place at the same time after ignition as in an
unvented tube. This assumption is probably valid vhen the vent is remote

‘from the source of ignition since as the most pronounced motion of the

gases and the flame takes place towards the end remote from the ignition
source, then the pattern of the flame behaviour in the initial stages of  the
explosion is probably approximately independent of the presence of the

vent. It is legs valid vhen the vent is near the ignition source as in

this case the motion of the combustion gascs towards the vent is in a

different direcction to the motion of the flame along the tube,

In figures 12 and 13 curves (b) represent the rate of incrcasc of the
volunie of the gas which ay be cexpected to ocour as a result of the
combustion process at the moment of maximum pressure in the vented tubes;
these curves are based on equation 4. It will be noted that in both figure
12 and 13 there are two limbs to curves b ; the reagon is that in both
cases the times at wvhich maximum pressure was reached corresponded to two
different rates of pressure rise in figure 10, It might be expected that
the point at which curves (b) cross curves (a) represents the maximum

ressure vhich would occur with the particular vent apprepriate for curve
Fa). Maximum pressures obtained in this way have been compared with the
experimental maximum pressures in figure 14, It will be scen that the
calcula ted maximum prossures are about the same as the experimental ones,
In particnlar the calculated values predict a difference between the

effect of vents near %o and rcmote from the ignition sources which was. very
similar to that which actually occurred. It may be concluded from this
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agreement that under the particular conditions of these experiments the

rate of combustion vith the ventcd fubes was approximately the same as

that which occurred with. the unvented tube, and in particular the presence

of the ventg did not increase the rate of combustion, Further evidence to
support this conclusion is given in figure 15 in which the maximum rate of
pregsurc rise that occurred in the explosions with vents remote {rom the
ignition sourcc-arc plotted against the vent size, The maxinum rate of
pressure rise was reduced consistoritly as.the vent size increased and in no
case was this rate greater than the maxirum rate obtained when no vents were
used, IHewever this conclusion cannot be .cxpected to hold for other exp1031on
systems, For exomple Wilson found (_gc cltf that the rate of pressure risc in
an approximately spherieal shaped vcss»l 1ncroascd con51derqbly when vents

were placed in the vessecl.

Bquation 1 which gives the flow rwto through an open vent obviousl
breaks dowm.when thc vent diameter is the same as the pipe diameter ( f3=1)
since it prodlcts that a positive pressure behind the orifice should give
an infinite flow.rate. It is likely thercforc that the positive pressure
registered for the 6 in, vent 5 f't, 6 in. from the ignition .source was not
associated through the relationship given in equation 1 with any definite
flow rate, but rather that this was a measure of the inertia of the outside
atmospherc to thé movement of the given combustion coming from within the trbf
h similar effect may be deduced from results given by Cubbage and Slmmondu

_QC_)_r_l_clus lons

With open vents it has been found that a simple equation based on
information oft the rate of combustion in-a closed vessel, may be used to
cnloulnte venting requircements., It remains to be 'seen to what extent this
forrula can be applied to other duct systems and even if it docs apply it
vill still be ncecessary to cstimmte this rate of combustion from first
principles. if tests oncvery individual dveting arrﬁngemcnt which has to he
ventedare to be avoided. Iloreover, in thé present tests the friction of the
gases flowing olong the pipe was not a mjor factor as shown by the fact
that the samc .pressure was recorded whether the pressure FAufC ¥as near or
remote from the vent. However, as the length of the pipe 1s increased, this

factor rmust become of 1ncrcn51ng 1nportancc.

The usc of bursting discs to cover the vents did not have the disadvantage
of increasing the'r?t of burning that was found to occur with a vessel
of cven dimensions {3). loreover it scems likcly from the present tcats that
as long as the right materials are used it is possible to produce a large
reduction in the bursting strength o! .the disc by the provision of cutting
tools, It is necessary to test these coneclusions further for plpes of larger
diameter and length than used 1n the prusent work :

Finnlly the finding that v1brat10ns of high amplltudc occurrcd.whcn
large open vents wore placed in the cnd near the ignition source is most
important practically (since it is generally rccormended at the moment that
vents should be placed near a potential ignition source and also in line with
a length of tubing (12))., It is therefore imporiant to establish whether
the destructive cffect of these vibrations is comparable to-that of the

‘explosion. In the present tests an attempt to determine this was mode by

placing a polythene disc at the Dpposltc end from the open vent. If the

- vibrations had occurred, the maximum pressurc rcached should have been

sufficicent to burst the disec. However the polythcne disc damped the
vibrations. The effect however can be further investigated by placing a
bursting disc on a side vent which can be formed by adding a T-piecc

to the 6 f+. tube. - In this position the damping coffect of the disc should
be much less.
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Appendix I

' i
: Burned gas -, Unburned gos N -
Timc’ t ‘ R i ' ' .
pressure’ P ) o '
Ty Vp Ny, c Ty Vy Nu |
i - o 1
Burned gas - ‘ ':U1'1burned ga.'s,E o
Time t +A\t : s e - -q
X .

(Ty +ATb)(Vb +AVb)(Nb +0Nb) (Tu +_\Tu)(V +Av )(Nu +ANy)

B

Pig,1l, Combustion in vented pipe at_constant pressure

\ : -
"Congider the combustion of gas in the vented pipe at maximum pressure.

. Por a short time, Atz the cosbustion may be considered as taking place at a

constant pressure P {see figure 1). Let Th, Vby; Nb and Ty Vy ond Ny be
respectively the temperature volume and number of mols of burmed and
unburned gas present at time t in the pipe (sec Pigurc 1) andAThy &V,

ANy, /8 Ty,AVy, 6Ny be the changes which take place m.th:.n time A t. Then
from tho perfect gas laws,

PV + Vg) = RO Tp + Ny Tu) - reveineens (1)
P(Vb + Vy +4O4Vy # é‘_.Vu) ) .
= R E‘.(Nb +ANE) (Tp +AT1?) 4+ .(Nu ;L\Nu)' (Ty + Tu) 3 ceeese (2)

Subtracting equation (1) from (2) and omitting second order quantities

gives

P (Vg +£\,Vu) = R(TpANp + TuaN, + Npalp +Nua By} oo (3)

If .the combustion processes can be represented by a given equation

'throughout the reaction then the relation betweend Np andA Ny is given by

equatlon (4)
ANy = - kAN, (-4)

Vhere k is a constant depending on thc combustion cequation,

' Substituting for AN, in equation 5 and dividing by At gives

P Ang + V“! :Ré’f_‘..N.h (Tu - lch) " Nb A Tb +[xTu Nu ; Carteanre (5)
At Al . At At

In the 1mlt dv :_R dN-u - dTu dTb ) L I IR I B IR (6)

Equation 6 represents the rate at which the volume of the gas is increasing
and thereforc the rate at which it is being forced through the vent under
conditions of maximum pressurce in the tube. On the downs tream side of .
the vent there is a further inerease in volume bccause of cxpansion to a

lower pressure.



Equation 6 may be applied if some simplifying assumptions are uscd.
Assumptions whlch together give rise to a substantial simplifiocation are as
follows.

(1) Ty and Tp remain unchanged during the cxplosion and are independent of
the positioﬁ or size'of'the vents. ¥With this assumption dTu and 9Tp
qE 0’

are both ZEero, Tu equals TO ‘and Ty equals Te, where Ty and Tg are the

temperatures of the gas before and af'ter the explosion. In fact Ty will
vary somewhat beccause of adiabatic compression and Tp will vary becausc .

of the varying amount of work done by the expanding gases.

(2) The rate of combustlon Ay under the conditicns of the experiment are the

same as the rate of comgustlon toking place inside & closcd tube.
With these assumptions equation 6 bucomes .

-j%%-?W% %_ggugc (Té -k Te)‘ : | vevevesnes (7)

where E U is the rate of combustion in thc closed vessel,

it

“but po Vo = NoR To_‘ ' e (8)

It

Ne RTe :1{‘N0 RTe " '-aooc-‘10017l..(9)

¥here py; Toy Vo and Ny are the initial pressure, témperatura,
volume and number of mols of the gas in the tube and pg, Ng, Tg is the
flnal pressure, number of mols and teémperature after combustion has taken
" place in a alosed tube,

Cgrgetwn
=V, (dNu. - .‘q._l'.‘..._..... (11)
) Erﬂ‘: CEE—; -(Po - Pe) . . .

It has been shoun that for pnaotlcml purposes when combustlon tokes place
in-a closed system (11) then

"n =" p"'- pO v_rhere n = fraction of initial gas burncd ....(12)
. - ) pé‘_ Po ’ ‘ ' _ B .
’NO‘H’N a—-(l ."' n) NOI - IIII:..O.I. (15)
. _o..... dNu) = __63} NO - NO EE ) EEEEEXEERN] (14‘)
Edt') ' d_t Po = Pe - df ' S

Substituting equatlon 11 gives

-_g__v- — _Y_Q' _d-‘_E) . "'}- - AR RN (15)
& TP 3 - -

e
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TABLE I, S8izes of Vénts Used

D A A

in. in? in?/f43
1,06 0,861 .75
1.50 1.77 1.5
2,12 3,55 3.0
3.00 7.05 6.0
4,24 | 14,1 12.0
6.00 | 28.5 24.0

TABIE IX. Properties of Bursting Ivhtcfials

: -~
Matcrial Wt/Area | Thiclmess:
a/fto in x 1073
L
Brovm Paper 7.979 5.5
Aluninium 16.492 2.8
Polythene | 3.252 . 1.6




T4BLE IITI. Classification of pressure records obitained

. when bursting dikcs werc used

- P ’ T
VENT DIAMETER in.
i Material Vent 5' 6" from Ignition - Vent 6" from Ignition
6.00 | 4,24 | 3,00 | 212 | 6,00 | 4,24 | 3.00 | 2,12
Aluminium c c a ' a
2 sheets
Aluminium c f . e a c cd a a
1 sheet
Brovn Paper c
2 sheets :
Browvn Paper
1 sheet c e c e
Polythene cea - d 4 d a
f TABLE IV, Clagsification of pressure records obtained
vhen open vents werce used
o S
) VENT DIAMETER ing,
VENT POSITION - — -

- 5,00 | 4,24 1 3,00 |[2.12 | 1.50; 1.06
5 £, 6 in. from | Imperial Typing E | a A B D oD
ignition paper cut
6 in. from Imperial Typing H H ® G G G
ignition paper cut
5 ft, 6 in, from | Open - .- - - D c
imition '

oL
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Lppendix TI

Estimation of temperature of Combustion Gascs

By dividing equation 9 in LAppendix I by equation 8 one obtains

P kT ’ ’ Qs rdss e (1)
e - € , v
Po - 1o .

Tests on the closed tube in which Py was mecasured gives the value
of Pg = 7,45 when the mean value of T, was 290°K, If it is assumed that

P . R 1
therd wms no dissociation then it my be cstimted that K was approximately.

1.03, Substitution in equation (1) gives a value of T, 2090°K,
A

—
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TABLE V!

Bursting presszures and maximum pressures with various cutters.

Venu 5 £t, 6 in, from the igniting source .

-
v

R
: . ) . Pressures with Pressures with Pressures With Pressures with
Hormal pressures Pressures with two blade cutter three blade *two blade thres blade
o Diameter (mean) puncturing cutter | 2 in. diameter cutter ~ cutter cutter
mmwa?t):rgal of dise . ’ ’ -15 in, diameter 1 in, diameter 1 in, didmeter
. . At burst | Maximum | At burst | Meximum ] At burst. b anluibin | At burst{Moximum | . At burst|ifximum At burst| maximum
B R p.s.1i, p.s.1. P.S.i. p.5. 1, p.s. i, p. S. 5, p.s.1. p.s. 1. pes.i, p.s. 1. p.s.i. p.s.i.
Aluminium | - 1.4 | 12,1 ‘ 7.6 10,3 12,0 | -
two sheets 6.00 32,5 - n,d n.d. n.d, n.d, ' '
. _ . 10,2 12,3 2.9 10.5
Aluminium ° 6.00. 16.9 | - 7.8 - 4.9 5.7 5.8 6.9 4.3 5.8 4.8 -
: ‘ "8y 5.0 6.7 4.2 5.8 7.3
Aluminium 3.00 29.4 30.9 | n.4, nd, | 10,8 12.5 n.d. n.d, n.d, n.d. n.d. n.d,
Browm . - 5.3 ; :
Paper 6.00 12.5 - n.d, n.dqd. n.d. 1.4, n.d. n.d, n.d, n.d. n.d.
tvio sheets : T 4,8
Brown ' Lely 2.4 3.0 : '
Paper 6.00 6,5 -- - : - n.d, 2,3 - 2.2 -
e . 5,2 2.5 3,7 .
BI‘O‘:m nodo no(_i. 6-O B 10.8 : . - .
Paper 3.00 14,2 - ' n.d, n.d. n.d, n.d. n.d, |- n.d.
- 5.2 10.2 '
Polythene 6.00 3.1 - n.d, n.d, n.d, n.d. 3.1 - n.d, n.d, " n.d, n.d.
: . . ' : 3.0 '
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TABLE VI

‘.
¥

Details of investigations into venting reqliiremén_ts for gas and vapour explosions

. i Fundamental
Ref, Type Linear Length to Gas #fxture burning velo-| Tosition Position | Jovering
Series{ no, of dimensions maximum used composition city of gas | of ignition of of
vessel in, width ’ ratio mixture used source vent vent .
ratio " em/sec ’
A b Cylinder|32.5 x 14 2.3 Propane 1.26 38 Hot known ot known
B 5 Cylinder|{38 x 4 9-5 Acetone 1,12 Mear the end| Away from | Open hole
of cylinder | ignition
‘¢ 6 Cylinder|i32 x 18 _ . 7.3 ~ Petroleunm 1.25 35 Near the end| Away from | Open hole
) ' spirit of cylinder | ignition A
D) ‘Cylinder|72 x 6 12 . _-'P_entgme 1. 32.5 Near the end{ Away from | Paper cut
) | Present 1. ' of cylinder ; ignition
)| work , . B
E ) Cylinder|72 x 6 12 Pentine -1.31, 32.5 Near. the end| Near Paper cut
) N jof cylinder | ignition
F 3 Cylinder|52 x 50 1,25 Pentane 1.06 37 Centre of Top axed -
: ' : T cylinder paper
G 3 Cylinder]62 x 50 1.25 Pentane 1.37 30" Centre of Top - | Waxed
’ ' cylinder ~ paper
H 3 Cylinder|62 x 50 1,25 Pentane 1,06 37 Centre of | Top -} Relief-
; . . ’ cylinder spring
valve
K 3 Cyiinder 62 x 50 1.25 Pentane 1,37 30 Centre of Top ~do-
' | cylinder
. t
i .
L 7 Cube 2L 1,00 Coal gas 1.38 ! 118 gCentre Top Relief
: i i ; ! loose
- ' Hpapro  ber cent wt, oz, per cent volume of gas used in mixture § banel

]

. per cent wit, oz. per cent volute of gis in stoichometric mixture

!
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' t ] . " 'y ' ;n '
TABLE VI {contd, )
Fundamental
Ref, Type Lineaxr Length to Gas Eilixture burning velo-] Porldion Positicn | Jovexing
Series { no. of' dimensions maximun used compasition oity of gos  |of dgoidion cof of
vessel in, width ‘ ratio mixture usce source vent wront
‘ ratio ; cm/ses _
M 7 Cube |72 x 48 x 49] 1,47 Coal gas 1.38 118 Centre Top Relisf
Approx, I loose
! panel
1) -7 Cube 2 1,00 Methane 1Tot given 36 and 49 Cen'tire Top ! Relief
and carbon Tesp. i looce
disulphide z panel
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PATTERN # o
Aluminium 2-2in. dia. 6in from ignition

PATTERN &¢
- Aluminium 6in. dia. 6in from ignition

| PATTERN £ e ‘
- Brown paper 3in. dia. 5ft 6in from ignition

Qg A commencement of deflection . on this trace indicates the emergence
of the flame from the vent ‘

PLATE.4. PRESSURE RECORDS FOR BURSTING DISCS.
PATTERNS ASETE. o, ¢ e,
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oL A commencement of deflection on this trace indicotes the emergence of the flame from the vent

PLATE.5. PRESSURE RECORDS FOR BURSTING DISCS. PATTERNS BF6.b, 1, 4,
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: PATTERN D
‘ ’ 1-06in. dia. vent S5ft 6in. from ignition

PATTERN F
3-00in. dia. vent 6in. from ignition

PATTERN G
|- O6 in. dia. vent 6in. from ignition

|- o A commencement of deflection on this trace indicates the emergence of the flame from the vent
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