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A series of measurements has been made of the pressure developed
in explosions of pentane-air mixtures in a closed tube 6 ft long x 6 in.
diameter. A maxi.mum pressure of 94- p. s, i. V/aS found to occur in mixtures
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pressure time-record were more reproducible when a spark waa used as an
ignition source, than when a proprietary safety fuse was used.
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THE Villrl:..nIG_Ol~· G.'\S.."l~1!IU~£~§;r:Q1i~LDT_ DUc~LSl§1Ej\~

Part 1

EXPLOSIONS O~' Pl!l:'TAl'lE VAFOUR-AJR IITXTUTIES TIT i'. CLOSED 'l'Ui3E61'T LOUG X sm.
DIA.~J!]'

by

D. J. Raabaeh and Z. '.I. Rogows!ci

Introduction

.. An important safely problem in industry is the mitigation of' the
ef'f'eots of' gas and vapour explosions which might occur in industrial
plant. One of' the Hays in which this is accomplished is by the
provision of' relief vents.' .'\. programme of wor-k has ·'ueen started at the
Joint Fire Research Organization, the object of'which is to 'provide.·
'data which will allow sizes of these vents to be specified. In or'dea­
to·study.the relative'efficiency of'various types of vents it· is
necessary to eniploy a standard explosion which gives' a: reproducible rate
of' pressure rise up to the pressure at which the vents operate. 'l'his
report gives an account of a study of pentane-air explosions' in a straight
closed tube 6 ft'long x 6 in. diameter. The object of this wor!: was
partly to study phenomena occurring during' pentane-air explosions under
.these conditions but mainly to lay doom conditions for a standard explosion
in the tube to be' used in comparing the efficiencie s of vents of various.
types.

-.
..Experimental.

Apparatus

Explosion tube.' This was a pipe 6ft long x 6 in. internal' Qiameter~
flanged at both ends (see ~'igure 1). Both ends could be blocked' with ,
blank flanges. Three 1 in. B. S. P, T. mixing au tlets it, Band C were
'welded on the pipe at right angles, at 6 in .., 3 ft and 5 ft 6 in. from
one end of the pipe. Provision was made .for screwing on'a pressure
measuring gauge' at D or in the centre·of·the. flanges. The source of
ignition 'could 'be inserted at E'·thr0U8h a ~ in. B. S.:!!'. fitting. 'l'he

, same 'fitting vias used for the introduction of the' fleJlUJUlbleliquid·.·
The·flannnable gaS and' air were mixed by 0.·6 in. diameter·centr.ifugal
blorler F. '. .. . .. , ". .... . '. .' .,': "

:. "

Pressure recording apparatus. A quartz piezo:'eleCtric 'gauge " -and ..
associated equipment fOf·~cording.~~~cpressures~ as·described.qy
lfurgerson and ·Robinson 1} and' Titcan' t 2}. was used. This essentially
consisted of a quartz 'gauge, an impedance converter, a double beam .
oscilloscope and a signal generator to give the timing wave: on the'
record', l"igure 1 shows diagrammatically the l~out of the apparatus;
The singlesYleep on the cathode r~ tube was recorded b;V a camera,

Ignition methods. In all the tests the ignition source was at ·the aXis
of ·the tube, ior·the majority· of the experiments, proprietary electric
safety fuses were used: These consisted of a resistance wire O·5 to .

. 1'5 ohms, embedded in'a fi~able:substance,. ~~n sufficient' current.
was passed through the wire, this fused and initiated the combustion of
the flammable solid, which burned explosively, The ignition system and
the cathode r~ tUbe sweep 'initiating circuits are shown in' Pigure ·2a.
Both circuits wer-e operated fi'omthe doubLe 'pole i'lwiteh:C; ··On·.depressing
the switeh, 'the circuit governed' by ,·the' right hand pole of' the swit ch .
started the single sweep of -the beam on·the·pathode r~ tube instantanl;ousJj.

'The'left'hand pole of the sVlitchC operated·the ignition circuit,' 'On closing.
-the sVlitch, relay~'.closed the' contiactrsr-B :a:nd the. fusion of' ·the resistance
filament A in the f'use took place',' On' fusing 'the filanient the secondary. .

-' winding of' the induction coil E sparked onrthe electrodes·.li and. thislW.rl:ed
'the instant of ignition on the cathode raftube" To reduce ,the radiation
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pick-up from :i;~le spar-k to an acceptiabIe ,level a suitable r eea.scance G
vaa inserted in series with the spark gap. The object of the reln:,;- )}'
was to delay the ignition for e. sui table period, so th.'l"C i'c could be
recorded at a suitable point on tim' cathode ray tube screen. Somo tests
were also done, mainly with a mixture containing 3· 37 per cent pentane,
in which the ruxture was ignited by an inductive spark delivered fror,l a
car induction coil; 'chis ignition source proved 'i;o be reliable only'
within a narr-ow r-ange near '.;he stoichiometric compos.i.tdon, \!hen the
inductive spark was used the firing circuit was modified as shown in
L<'igure Zb, On depressing the' SyTi tch '0 corrtac'ts :3 of Hie relay 1!'
interrupted a cur-rent in the prima:& winding of the coil E and then the
spark would occur in "the sparl~ g8.p A. , The wi.d'ch of, t'lle spark gap was
1 llllTl.

Tes.t...E!'ocedit!'..2.

In all experiments a measur-ed quantityof' liquid perrtane '(boiling
range 32 - 400 C) TIns introduced into ~l~ tube at E (see Figure 1), while
allowing the preasure to remain constant; by letting air leave the,
apparatus through the open valves A and D. Vnlve' D "vas then closcd,
valves Band C, opened 'end mixing allowed to take place for six minutes.
Valv~s' ~ and O'~ere closed and the mix~ure i~nited.

The li~uid was introduced as vapour since tlw direct introduction
of the liquid into the' 'tube ga.ve rise to errors since some of' the 'liquid
lodged in crevices bet~een the flanges. ~he pentane nus vaporised by

, placing it in a glass bulb and surrounding the buLb yli th hot water-, A
glass tube heated to prevent condensation connected the bulb and the
explosion tube ond the residual volume of vapour in the bulb was
expelled ,vith hot water.

•

. The' presence ,of leaks vii thin the system and thc efficiency' of ' mixing
wer-e tested by using carbon dioxide ...d thin tlie system rather tho.n pentane
va20ur, since an infra-red analyser for'car~on dioxide vas ,available.

, "O·OJo!- cu. f't of carbon dioxide was metered into' the tube 'at the, same point
at which:'-che 'pentane 'VIas introduced. Corrtdnuoua SF.'J~lplitig during mixing

.showed. t~:t ,<::omplete mixing toolc pl~cc in1{ miriu~esj B;tcr, 6 minutes of
stirring'the carbon dioxide content had dropped by 1~ per cent. A separate (7)
test also showed that during the introduction of a VOlunlC of 'carbon dioxide
equiva;t.ent to the largest volume of' pentane inJcT9duced during the experiments,
no Leakage ,of' carbon dioxide too!: place ,through th(;: air' leak valve, kept open

,.'during 'the, f'i1ling, process. ' '

Hesults

. '. Pressure records-,--.
Typical examples of pressure recor4s, obtained ~ith 3'37 per cent

p~ntanc, f~or fuse ignition and sparf; i'g'n~ tion are' ahoon 'in 'iJ'igure' 3(a)
and (b),respectively. In most of, the tests vibrations of a. main
f~qu€mcy of, 250, cis were recorded, 'l'hcse vibrations began a:c' c. time
prior'to the peck.pressure beft:lg:reuched and deveLoped e. maximum aIJplitude
at the peak preasur-e. \01hen,' fuse ignition ~la3 used "~he shape of the pressure
records obtatined , even for .a' ,givyn rnxtuxe was verJ7 variable. '.i'here \las
generally a delaY 'of betweeilq'02 and O· 07' s~c., froll~: ignition to the
commencement o:etoo· pressure risefolloHed 'bJ ,a rapid rd.se up to about
30 p.s.i. After this, the rate 'of p~essure' rise dropped for a time b~t

, , " , ." \
rose ~gain shortly before the m~mum pressUre was, recorded. .l few tests
ii;l which. fuse igmt'i(~>n "as used gavere cords vii'~hout vibrations: an
exomple of' such a record is showri in i;lip:uro', '4. 'In these tes"bs tho rate of
p~essure 'rise was much .slow~r: and the in~J.imitn 'pre'ssure was Leas' 't1w.n in
:tes~s using" the same' percentage, of,' peritane i!1 which vibra:tory records
oCCUrred~' Iri nine tests carried out vii tho 0.3-37 per ccnt pentane mixture .. ,

t.
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'in ,ihich an inducti":'e spark was .used as the i@lition source, 'the pressure
records obt~ined were,much more reprOdu~ibie thin t40se :obtiined.in,tcsts
carried out ylith the same ;n;i;tture using fuse, as an' igrlibOn source. ,'. IEhis
point is, illustrated in rigure 5: '(n) shaus the outline of. five ,tests
,dth fuse ignition: (b) of seven tests 'with 'spark·ignition.· ~{ith fuse
ignition var~ations occurred tihroughout the whoLe of the:.pr.essure record.
,'Jith spark ignition the reproducibility of the. pr-essure record Has good'
-up to a pressure of about 30 - h!J p;s.i; ~\' certain amount of variation
occurred, ·at. high .pressures r/her-e ~he. .r-ecords we're characterised. by'
vibrQ,tions. "Yiben the, if,nition was by inductive spark- a variation .of
mixture atz-engtih between' 2· 8 per cent and 3· 8 per .cerrt ;: produced only

: small Ye;riations in the initial rate of pressure rise; ,nev~rthele'ss,the
initial rate ofpresnure rise was the gTcatef?t :':or I". 3·-37 perv.cerrt ". .
.mixtUre.· This is, shown 'in ~;~igure 6.: .. ,'... , . ',' , .. '

• • ' • • • ~ : } I •

l:iaxi!!!..~~sS.!!E~ ~nd~~.!i r[Lt~ ~< EF~~.2"'ise
'. -:.1 I... i.. • . ~~". .+.._~ :.' ~.'

1'llble'1 gives 'a s'wiUriary of 'the tests 'carried 'out with the fuse" ; "
'ignition'sourcf:," -and contains .:Bri,. the maximum pressure .'reached:, measured
at the cerrtr-e oi' the vibrations,. R1 the mean rate of' rise ';of pressure
bet~een the cOmmencement of' the pressure rise ~nd ·~ne maximUm; and' R2,
.the mean rate of' rise of pressure between the commencement and the sharp
inflection that usually occurred at a pressure of 30 p.s.i. In· i~5ure 7
'the maXimum pressure'. Rl1.· is plotted against the' compositi9n., ::ngure,.7
shows.non-vibrator,y.explosions marked separately and' they c.,re not 'included
in the. mean. '. Fizure ,7 shows .'that the greatest maxdmum pressure, of "
94 p, s, i; occurs be tween 3 .l~ and: ll .• O .per' 'cent pentane coricerrtz-atdori, . 'J..'tie
scatter of: results does not justify any closer limits: to -be ·dravffi;· ..:"
Pigure8 'showsithe mean rates of pressure rise plotted D.gDj.nst the

,', concentrratLon of pentane. lIere the .scatt~r o~results ,i~ even greater;
, however' the .maximum rate of Pressure rise'·o.ccurs agadn between' 3-4 and'
·"L+..,O:,per cent of 'pentane c'ongentrB:tion. . . :., ' ;. ~ ~: .

To.ble 1a shows peale pr~ssures and aver-age rates of pr'easure ris'e ': ',:
'. for those' t'ests with the' 3..37 per' cent perrcene mixture vzhen :J,.gnition was '
by an inductive spark. Although J"he .maxdmum preesur-es are' lower" than
those'obtained with igni~i~n by the'f~e, themero1rate o~ pressure ri~e
mis z-eaaonab'ly r eprcducfbl~.. .'. . .,. ' .. " .' . ;',

DiscUssion
=~::;-

• I."

;,

:

" . The :vuriability of 'the' results caused bYflise, igriition'm8.jr ))8 .

accounted for by the turbulence create& on' setting off the fu~e~

Increases Ln the r'ate of pressure rise caused by t~b\llence'have'.. been , . _
reported by ,.-rilson and Preaton, Roberts and Thomas' ~5r S1?-elk~h· (11-).:' ",.
Again 'it iBli~ely t~at the fuse ~tnrted'ignitionat 'seVera~ poi~~s'
simultaneously and the number-or t he se points ·varied' froril test ··~o'-te'st. '
HO\7e'verigrlition 'by the 'inductive spark seems to have,:'e1imii1£l.~e~"'tlie..·';.;,
major variations which wer'e -encourrtez-ed, lIere it is likely. that ·~he ....
ini~ial' rapid rate of pressure rise~ 'occurred before t he t'Lame met t~e
v'Iall's of the pipe which would cool. the f'Lame , Jl1his initial portion or

• I .' . ~ • ,
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'the time"'pressu~.~urve wa~ ,,~ :f.'or ' E1. giyep, mixture 'identice.l in e.Ll, tests
and "las charaCt'e~ioe~ by t he ',absence"of any vibra'i;ions.

~ .... .

The 'above 'results show that' an' 'exp Losaon which is reproducible up
to apr6ss~re of 30,- l~ p;s~i~ can be obt~ned' if ~n 'inductive spark
is used as the '~gnition source. ~he results also slm~ that ulthough
.the most violent explosioni" .measur-ed 'by the'mrodmwll pressure deve-Loped
and the rate o~, pressure. ris~, is l~kely, to occur 'iIith the 3.1l-,per cent
mixture, 'that tl}ere~ is little difference in th~ rate of,' ,pr~ssure rise
up to about ,20 p"s~i. with variations between 2;8 - 3.8 per cent, if
an inductive~ spark is usea.J Since vents are expected to o:;,Jerate at
low pressures, reproducib~lity in a. standard exp losion for testing vents
is more important in the initial stages than in subsequent .stages , It
may therefore be concluded that a mixture containing, 3·4 per cent pentane
\'/ill, vhen ignited by an inductivesparlc, give sufficiently reproducible
erplosions to allow the comparison of various types of vents. 1~re violent
explosions could be n~de,to occur, h~,ever, if a fuse is used as an,ignition
source; but these would suffer from lack of reproducibility.
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.Peak pressures and average rates of pr-essure rise .
. Ignition by fuse •

1:--- ..-.._-_._---_..-_.---_.._-,---_._.._--_.. -......

Rn . .. . R1 I·. R2'
Pentane The lj,1he mean rate of rise The mean rate of .
content maximum . of pressure be tween rise of pressure

No. (per cent pressure the.commencement .p' between the Comments0 ....

by volume) reached the pressure rise and 'commencement and
(p.s.i.) · the niaximtun 'the sb£rp inflection

(P. s , i;jsec. ) (p. s, i./sec; )
,

. · '. : .

1 2.27 71 .11,0.. n.d.-
2 " " 71 222 337
3 -II " 60 125 .. 162 110 vibrations
4 " " 61 116 263 No vibrations

--f-.--------.-- --_._-_..•.-.-_...- --.._._......_-
5 2'53 80 320 346
6 II " 78 n.d, ned.
7 " " 67 172 390 No vibrations

-- '-
_._. --..

8 2~82 93 1,65 428
9 " " 81 353 554

10 II " 92 410' . 338
.._---

11 3·05 90 403 46:;
12 " " 91 478 561
13 II II 90 I 51:-7 e04
14 " II 68 · 314- 1127 •iio vibrationsI

~-
.. -:~-- '49} .. ..

15 3·37 486· '.
16 " " 95 475 396
17 " " I 92 ,687 773 ,. .. ..
18 " " 93 424

- .
389

19 " " 88 587 482
. -.- "-'

20 3,79 96 598 " 1350 .
21 " " 86 356 557 _. .
2.2 II II 88 510 566

.,
)

. '.' " . . .-
23 3·95 96 389 408
24 " " 94 526 742 . , . .\

. - --1
25 4·14 90 558 586
26 " " 95 392 240
. . . I · . . . .. .~--
27 4·50 76 224 222

1 28 II II 80 250 273 I

i 29 ! " " 75 , 182 388 II !I I i ,
'- , ; - , ......_..,...._..1
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Peale pressures and average rates of pressure rise,
I::.nition by inductive spark

!'

358
345
306
336
480
342
358
336" '
415

: I' ,-_--..-------- ...._.-

)l1 '.
1)he mean TO.te of ris e
of' pressure bet \7 een

the 'commencement' of
,the ~ressure rise and
. the maximum,

:(P.'s_ i./sec.)! , I

------ ----'-~'----l

I
I
I

Rn
:i'he

maximum
pressure

. reached
«~Po a.i.)

. "

l'To.

'1 86
2 80
3 81
4 8it.
5 96
6 87

I 7 86
I 8 84
j ,9, 81 ,___L __,_

, Explosions of pentane-o.ir mdx'ture s in closed vessel
(af-cer Hilson)' : .'

; l

,..---- ------"---- - .....:.-__.~~~~-..,----_.--_._~~---_._.•._- ..

Jlti~ture pen tane
per cent

1hXimUill pressure'
.( '\p. s, i.)

. lJaximtUn' rate' af· pressure '~:lse '
" (P. s , i./sec.)

+------~---_.. ----.....;.....--+_.._~--- ..~~_.-::---.---_._-_ ...

,. > •• ~ t.. .

,: 2·0
: 2· 3

... , ." ·.'·2,,,7-,
: 3'0
. 3- 25

3-5
; 4·0

.-:; 4' 3· ~ ~ ..

...':

93
108
113
111'
122
110
106
109

• ~ <

39°,
750
900

1',700
3,300
3,700
3,.200
2,800

i
..." .-.... . ' .. ::

, \
, ..

' ...
"

I.

I
I

,-.
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