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FOREWORD

This bulletin is the fourth edition of one of a series of publications issued
a8 a result of cooperation between the Safety in Mines Research Board of Great
Britain and the Bureau of Mines, United States Department of the Interior.
Under this cooperative arrangement begun in 1924, the exchange of personnel
and data permitted intensive investigation of spec1ﬁc problems dealing with the
prevention or abatement of accidents in mines. The determination of con-
stants such as the limits of flammability and explosibility of gases and dusts
encountered in Imnes and the mineral industries was part of the cooperative
program.

Dr. H. F. Coward, of Sheffield, England was detailed by the British

. Safety in-Mines Research Board in Aprﬂ 1925 to the experiment station of the

Bureau of Mines at Pittsburgh, Pa., to make a cooperative study of certain
chemical and physical factors connected with the initiation and propagation
of flame in different gases under various conditions.. G. W. Jones, of the
Bureau of Mines, was detailed to work in association with Dr. Coward.

A knowledge of the limits of flammability of methane and of the distilla-
tion products of coal’in air and in-partly vitiated atmosphere is of fundamental
importance in theé study and prevention of mine explosions. Likewise, a
knowledge of the flammable limnits of gasoline and benzol vapors, natural and

* manufactured gas, blast-furnace gas, hydrogen, acetylene, and ‘many other

gases is of equal importance in preventing gas explos1ons and fires in the metal-
lurgical, petroleum, gas-manufacturing, and related industries.

Substances that a short time ago were found infrequently, even in the
laboratory, are belng used on a large scale as anesthetics, insecticides; solvents
for lacquers and resins, etc., and some of them form dangerously exploswe

mixtures with air. The importance of such data is shown by the increasingly

frequent inquiries received by the Bureau of Mines for information on the .
limits of ﬂammablhty of various gases and vapors when mixed with . air or
other ‘“‘atmosphere.”” Data on limits are widely scattered in the literature,
and many of the figures seem contradictory. In the following pages they have
been arranged, coordinated, and: critically reviewed...The opportunity has
been taken to include & number of results that have not hitherto been published.

There are now 155 substances in the summary of ﬂammablhty hmlts in air
and in oxygen as agamst 26 in the ﬁrst edltlon .

A C. FIELDNER
Ohwf Fuels T echnologzst
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q FLAMMABLE mixture of gases; such s

‘methane.and, air, may, be diluted with

-one of its Gonstitnenty or ‘with other gases
-until, it is,no longer flammiable: quhe ;dllutlon
Jimit; of ﬂammablhty,tor s1mply thelimit,of ;
mablhty, 18; the,borderhne composxtlon 8 shght
a,change n; on, rectlon‘-produ‘

ere are; clearly two hmlts of, ﬂ mgnablhty,
higher;;. for, each. pair; of: so-called
stible gases;and»supporterso ,comnbuis
ower imit' corresponds to;;the minimum
amou t of mbustlble;,gasg and-the,, higher. or
he maximum, samount, of: com-
, | gas capable of .conferring flammability
~on. the.mixture.; Kor.iexample,. for. methane-
\alr,,mlxturespthese llmlts ,under, normal condi-
" tions:+ are; appr0x1mately -8y angh 151mper,cent
,methane,,.respect vel; tures within. thege
limits: 11berate \;enoughy,energy jon ; combustion
) ofighite;the neighboring layer *
of .unburned 18; re, therefore capable.of
self—propagatlon of « flame; Jothe‘ v
Mlxtures sTicher,., than
iy, bu

‘ablhty us
expected,p a8, sy sho
i

- } fTWork ont man 'cnpt completeleovember»l%O ]
.+ ¢ Late. Directoryof,, Safetynn Mmes ‘Res ini:
Power, Great Britain.
3 Chief; Gaseots; Explosmns )Branch ‘Central
! Bureau of Mmes

+tin presents F he results of a crmcal review of.all
~figures_published: on: the, limits of flammability
rof combustible gasesiand VapOors, when. admlxed
+with air;;oxygen, or-other “‘atmosphere.” Sus-

. pended ;dusts:and liquid.mists are not consid-

ered,\except- in+40n€; 01! tWo;, .instances in Whlch
_diréct: comparlson can be made with, vapors...
CONDITI@NS’F@R PR@PAGATION OAF FLAME
i INT MIXTURES 7OF - GASES R
ovlpe o elar o
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When' 2 souree of hv t of; suﬂiqlent

, a Qf& self—propaga,t
TThls is often v1s1b1 "a‘s,g “cap{ i‘of hil
may be, large i i

Thie flame.cap

Sl
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sthe 11m1ts maj‘ hot i “'The ‘Source of

. »1gmtlon is not trong’enougha,torbe satlsfactory
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2 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

axiomatic that the limits are unaffected by
variations in the nature- and strength of the

source of ignition. When statements are made

that limits vary according to the means of.

ignition, it is clear that the observers used
* either such strong sources of ignition that the

_ caps “of flame’ gave the appearance “6f geéneral
inflammation or such weak sources that ﬂame"

was not started in mixtures which were, in fact,
fiammable.

particular sources of ignition they used, not the
limits of - flammability of the mlxture itself
(63 227).

DIRECTION OF FLAME PROPAGATION

When a source of 1gn1‘mon such as an electric
spark or a flame, is introduced into a flammable

mixture, flame tends to travel away from_the.
In & very large’ volume. : -
of mixture the form of the zone of combustion

source In all directions.

‘would be a spherical shell of increasing radius
were it not that the hot expa,nded productsiof
“gombustion tend to rlse ‘and hence:to introduce
‘convection ' ¢urrents. - Flame -:cannot - travel
-downward when the upward movement: of 'the
-~gases, due to convection, isfaster“than the
speed ‘of flame in‘a still: m1xture, asthappens in
wealk mixtures nearithe limits of flammability.

Hence, near each limit there is a range of mix-

~tures that will propagate’ flaie upward*but not
downward: “Thesé . .may . correctly.be termed

“flammable mixtures,” as it is only necessary -

to ignite them near their -lower confines: to
. ;Observe self-propagating flame traveling to.the
: hlgher confines. The gentle convection current
set up by 'the. flame 1ncreases " the apparent
speed of flame but, ‘as far as is known, does not
enablé flamé to. travel when 'in .the absence of
"convection effects ‘it would not be’ propagated
‘(63) It iseems correct, therefore, to ‘observe
jupward propagating ﬂames when defining the
Jimits of flammability of gas mixtures; but, for
, s01ne purposes, it is' desirable to know the hmrts
of flammability for propagetmn ‘of  flame “in
‘other directions. (33)
'_termrned are 1ncluded i the experlmental
_results given'in thls bulletin, ’
© For” safety in 1ndustr1a1 operatlons it is
generally wisest t;o "consider.” the limits ' for . up-
" ward propagatron as the danger line, since

_these limnits,are wider than those for horizontal

‘or downward propagatlon of flame.
" PIAMETER OF VESSEL

.+ The propagation of flame depends upon the
“transfer’ of- energy from the. burned to the
‘neighboring unburned gas and in.a limit mix-
ture the amount of energy available for transfer
is only just endugh to maintain -flame propa-
gatlon therefore, anything that reduces the

o

Under these conditions they Were
determining  the limits of ignitibility- by - ‘the ="

-the “uniforin- moveinent” of flame.
‘later vibratory movement of the flame may re-
-place the uniform- movement but this is rarely
‘observed in:limit mixtures:

Such limits ‘when de-

~ affected by the length of tube.

ava,llable energy will affect the limits. Hence,
it i1s necessary to make observations in vessels
wide enough that the effect of cooling by their
walls is negligible. .

The observed limits of flammability are
almost always widened as tube diameter is

--ihcreased, ‘rapidly: at .first? and: more *slowly
"’afterward s6 that ‘increase of diameter above

5 cm. rarely shows more than a few tenths of
1 percent increase in the range of flammability;
many- examples of this may be found in the
tabulated’ results in the following pages, but
there are a few notable exceptions. For

example, while the higher limit (downward or
s horizontal propagation of flame) -of acetylene-

air mixtures is much increased by enlarging
the diameter of the vessel beyond 5 cm., the
higher limits (upward propagation of ﬂame)
of hexane and ethylene are much reduced.

:"Moreovér, the abnormal “cool flame” in higher-

limit acetone-air mixtures appedars to be able

to travel upward in certain mixtures in a

2.5-cm. tube but ‘not in ‘5--or 7.5-cm. tubes.
With . few exceptlons however the general
I'ule hO].dS ':A R RN ; KRR T y
. . ., LENGTH OF VESSEL.

ety e

When ﬂame travels from the open end of a

-4

’tube towdrd the closed end, its speed is unlform

ovdr & d1stance that" depends on ‘the composi-

'tlon ‘6f the' mixture'dnd the' dimensions of -the
" tubé;the inflammation of one layer of'gas re-

peats the inflammation of any other layer in
-Sooner or

- "When it hias hap-
pened however; the- 51mple expedrent of hold-

‘g ‘s pad “of cotton wool loosely "against the
‘opeit end of the tube has suppresseéd any tend-

ency ‘t6' vibration without sensibly- hindering
maintenarice of constant préssure conditions.

‘Thé flame then travels throughout the'tube at

uniform speed; -and variation in length of the
tube, provrded it.is long enough (say) 4° feet)

for the initial impulse ‘of the source ‘of ignition
‘to ‘be’ dissipated, has no eﬁect. on the- hmlts

by

observed therein.
In experiments with closed tubes however

’1t is-unttue that the length of tube does not
-affect: the results.
smaller must be the pressure-attained during.
~ propagation of a limit flame, because in-longer

The "longer the-tube the

tubes the gases behind' the flame have time to
cool more ‘before' the flame reaches the endof
its journey. Schiitzenberger (303) showed long
dgo that ‘the observed limits in closed tubés are
In experiments
with mixtures -of 10 percent hydrogen and 90

-percent oxygen he.found that- there-was: “a

maximum length of column of gds, beyond
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: than” methane

' 'DETERMINATION. OF: LIMITS. i - -.. 3

which:: flame: is: propagated; only a1_short,: way
from the zspark whilst: it carrsbe propagated: f01
lesser. lengths’. - (of# ‘column <6 g&s) rz0:An: relab+
orate .experimentalstudy: has. confirmed: : and
extended. these observat1ons (322). i; \ .

corpoesle Y Pty ])’r /,

! EFFECT: ‘OF ! SMALL CHANGES IN? ATMOSPHERIC J
[EF TS 1 COMPOSITION; i ',3‘1‘:‘{“‘ s .

Humldxty —Some gas mlxtures are ex eed=
1ngly difficult to'ignite"if ‘they ha¥e been drred
by long contmued contact:’ w1th:"phosphorus
pentoxrde "Such a degree of’ dryness 1s}pecullar
to’ ‘the. laboratory and 1s not! consrdered 1nl the
present review. ™ PR ol
" 'Limjts'have sometrmes been 'dét'ermlned With
roughly ‘dried mixtlres’ n’ which -the’ partlal

- pressure..of water vapor '1§" less “thah '

sometlmes w1th m1xtures saturated with'’ water

vapor at the" temperature of” the' laboratory-

The ‘¢cofidition of humldrty’has Aot always been

stated perhaps because it has ‘been assumed to

be’ neghgrble P Pobably “the'differénce ‘is! ap-
preciable for most gases only. mJexact"work

"Thus, the lower limit of methane in air, in cer-

3
tain comparatlve expemments was found to be

. w1th Iwater Napor at’ laboratory temperature

These -are actual. percentages ‘and: (are equal
within | experlmental érrQr; ‘but, as usiiall
ported from analyses ca. lculated on av(‘ 7 ha
they' appear»as 524 an(
tively., “For metha .
limit, is hot; apprec1ably aﬂ’ected by the replace-
ment of about ‘9’ percent of -air’ by .an’ equal
volume of water vapor’ ;The hlgher limig, liow-
ever, is reduced by such a’ replacement because
the, .oxygen content, which! is less than the
amount requlred ‘to ‘burn, the methane coln-
pletely, is thereby reducedl. . For’ example the
correspondlng h]gher lumts for, methane in dry
and. in .saturated air’ dre14. 02 and 13.54 per-

cent, respectlvely, expressed on a dry basis (as".

reported analytlcally) these ﬁgures become'

14 02 and 13, 80 percent respectlvely (6’9)
: ter d

The lower l t )
onoxide in it saturated‘ w1thfwater Vapor
ap, laboratory temperature was, 13 I percent‘
for ‘upward. propagatlon of ﬂame Jin 8 211nch,
tub8’if the gases were’ drled by 3 passage oveér
calcium chloride, the lower limit: became 15.9
percent (70).

Such™ g’ largeédlﬁ"erence is excep- .

tional, perhaps unique, . as! moderate drying -
of* carbon monox1de -air mixtures® affects their !
1gn1t10n temperatures and ﬂame speeds more -

than''it’ affects “these propertles of any other. :

gas hitherto; examined. *

0xygen Content.~—The- lower hmlt of meth-
ane-air mlxtures and " ‘of “soime, probably’ all,
other mixtures is not appreciably affécted by

' long'at 8. mm. ‘pressure’(66).

small chinges:in thexoxygen content of. the. air,
The; highér. limit. is-noticeably depressed by a
small:iréduction /in «oxygen content, because . a
eorrespondingly. “smaller -amount of the com-
bustible- gas:scanisburn. " Thus,.!reduction .of
theroxygen content.of the air: from 20.9 to 20.6
percent:.depressed - the. higher limit of methane
about 0.3 percent (See fig.20.) ‘
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The normal‘vanatlons ‘of atmospherrc pres-
sure ‘d6 “not’ appreclably ‘affect the 'limits of
ﬁammab1hty,”~as has "been "shown both by
di’r’éct"observatron, 4nd by deduction from the
coursé of ‘curves showing the vaiiation ‘of limits
over -much WldeI‘ variations ‘of -pressure than
those of ‘the, atmosphere (14, 17, 95 154, 225
235~309f"i*' ST

-Theeffect of’ larger‘ varlatlons in’ pressure’is
nerther“srmple nor umform but is ‘specific. for
each’ ﬂammable mlxture So ‘far as 1s known,
reductlon i’ pressure ‘below 760 mni, generally
narrows ‘the ‘range’of’ ﬂammablhty by’ rdising
the lower limit™ and'’ ‘décreasing ‘the higher
litnit, ! This; chiange”i§ often* 1mpercept1ble for
the first féw hundred millimeters’ fall in pressure
below atmospherlc, but thereafter ' the ‘effect
increaSes ufitil at'a suitably low pressure the
limits’ com'crde ibelow ‘this' ~point no* mn;ture
can propagate ﬂame (65 ‘171a, 180). i

“The’ hmltmg pressure -is somewhat drﬂicult
to’ find; because often-it'is ‘'so' low that':the
drfﬁculty of msurlng a-powerful enough sotrce
of* 1gmt1pn ‘has" not‘ c¢értainly been overcome.
For' examplei in’ electrolyt1c gas a flame ‘that
filled."a 570-c .-globe has ‘been” produced ‘at
5“mm!" préssure;. and' with - the same mixture
flame: traveled “through ‘a ‘cylinder 2 -meétets
At 'such pressures
the “électric’-discharge": “used “to” test 'the flam-
mablhty ‘was. -diffuse - and {if * made’ stronger
m1ght Have produced* self—propagatmg flames

- at sl Tower. © pressures ~iFor"this ‘Teason the

tate at* which' fhe ‘lower- “and” hlgher-hmlt
curvés approach ‘one another“as the: pressure
is ‘décreased” wﬂl appear B dépend: on the
strength “of*-the “source* of ignition, ‘unless the
source’ 1s‘ 'carefullyr mad.e‘ strong - -enotigh- to

instire’ 1gn1t10n and ~the* véssel: used*'is large
&notigh: for"the ﬁame t6' travél ‘sucha distance

* from-the sotirce as w1]l enable observérsito sée

whether thé m1xture ‘is-¢apable’ of self-propa-
gatron ‘of“flame. Thls has not’ been . done, s6
the' course of limit curves ft very low pressures
is unknown. In’ attempting” to* discover ' the

catirséof such, curves, the. difficulty of main-

taining “constant -'préssure ‘during’ the - inflam-
mation will have to be'surmounted. -However,
it 18- almost certdin that whatever may be the
exact’ cotrse  of - the. curves they‘‘do approach
and’ ultunately ‘meet s the pressure is decreased.
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4 LIMITS

. Increase ‘of pressure above that. of. the ‘ate
: mosphere ‘does. not” always- wideri - the: Timits"

On-the contrary, the:range of, flammability: of -

some mixtures is -narrowed - by.*increase: .of
pressure, -so"that:a mixture! that can. propagate
flame-at. atmospher1c predsure may. not-be. able
to do-so at higher pressures:: ~For such ‘mix-
tures the lower.limit. may pass through a mini-
- mum snd the higher limit through a maximum
at pressurés (not nécessarily the same) equal
to or greater than that of the atmosphere (277,
.Details are grven in, the paragraphs on
the effect of . pressure“on’ the individual . mix;
tures, more espec1ally those of air with hydrogen,
carbon monoxide, the simpler parafﬁn ‘hydros
carbons, natural gas, and ethyléne. = ..
Attentlon may be called to. the’ observations
that the range of ﬂammablhty of hydrogen-air
and, carbon monoxide-air mixtures, (downward
propagatron -of ,;ﬂame) is narrowed .at both
limits by 'moderate.1 1ncreases of ,pressure :above
atmospherlc and that under the same condrtlons
the range: of each of, the. gases of .the paraﬂin
Series, with air, is narrowed at; the lower-hmlt
s_rde (by moderate 1ncrease "of pressure beyond
., certain ; cr1t1cal value) but;: w1dened‘at the
h1gher—hm1t side. It has been suggested that

the loss of heat, by conyection is greater : at hlgh_

Ppressures than. at, low, as densrty d1fferences are
greater at high pressures, therefore ‘that, ‘the
range;should be. narrowed, at both" mits when
flame . is ,traveling downward. ' Thls Would exr
plam the results for hydrogen (both 11m1ts
moderate pressures), carbon mon0x1de,,,(b0th
limits, all. pressures),- ‘and ‘the; paraff
~ (low.. llm1t only, moderate pressures)

posed, on this effect,is another,. however .“Ac-

cording to the law of mass, actlon and assuming.
complete ox1dat10n in \one stage, the- rate, of -

reaction:. at constant temperature is jgreatest in
methane—a1r mrxtures ‘when',33.3 percent meth—
: .ane 418 present . The’, mass-actlont ,eﬂect be-

comes . more 1mportant factor -as. thef] pressure )

18, ralsed ‘and: ‘hence ,tends, to raise the, hlg er
11m1t in Tethane-air Imxtures W1th 1ncrease of
A,srmllar explanatlon may, be, given
“for thher-hm
hydrocarbons ,,»For hydrogen and carboni, mon-
oxide; .h

“that 1 the 66, 7—percent mixture: has the~ greatest
rate of, reactlon at-.constant temperature As
the hlgher Timif, of each of. these, gases is above
667, percent,: the ef.fect of mass. action ,Would
noty. tend . to; reverse the . effect :.of, convectlon

220 atmospheres calls
along,,other lines, (14, 17).

]
g ENTHY

o7 The foregomg;argument on the 1nﬂuence of .

convection,jon. the hmlts of ; ﬂammablhty; was
' apphed to results of experiments, on. downward

YR Jovs)

.8ases .
Super-'

. and beforeI it
.curves. 'of the”, other ‘paraﬁin'

owever, the mass-action law, .1nd1cates '

2, The, miore . recently dlscovered rise in -
gher;linif of hydrogen at pressures from-r
for; explanatlon

OF FLAMMABILITY 'HOF‘.JGKSES\A_N D VAPORS

) propagatmn of- ﬂame +."The argument was:sup-

ported by the .discovery: that . for thorizontal
propagation] in* which ‘the:flames .could: not be
retarded by -convection “and : might - ‘even -be
assisted, the lower limitiof methane.in air-re-
mained unaltered ‘between 760 and 5,000' mm,
pressure; -and " the “higher-limit" was. ‘increased
even) more - than- for “downward propagation
277

i Wlth only one exceptlon known to; the wrlters
[¢] 04),,,all measurements of limits at Pressures
above ‘or below. atmospheric have been made in
closed vessels,l,hence the results relate to, pres-
sures that increased at an unknown rate and
foran, unknown amount during the’ experlment
,The rate and amount would yary with’ the size
-and shape of the container.

The same, cr1t1c1sm applles to - experlments 1n
_closed ‘vessels; when .the . pressure is 1n1t1ally
atmospherlc,,the results obtamed are a functlon
of the length of the vessels used, as this ; governs :
n; part the rate ‘and.: amount of pressure
development (6’3) PR . ’

e 1

ap a' temperature above that of the laboratory,v
less\heat has to be' supplled from the' hiirning
a - 'therefore the lowér ‘limit ™ shotild be’ de-
creased by.1 1ncrease of 1n1t1al ltemperaiture and

¢ high hér hmlt should be 'increased’  ‘In other
w'oi‘ds the range ‘of: ﬂammablhty should’ be

‘ w1dened at both hm1ts by 1ncrease f temper—
' ature
7 ’Experlment has shown that, for most' 1xtures

5 ‘9 ;;x.» FASOAl J,ttr .Lllﬂ

therei Is 4 stralght-hne relatlon BetWwéen the( hmrt

‘ of} ﬂammablhty and ‘the .1n1t1al temperature ‘of
- the mixture’ (358)
f‘1n earher experrments by “errors' due to slow

Th1s relatlon was obscured

combustion; whlch changed the " compos1t10n “of
the’ mlxture‘ whlle it was' in’ the heated vessel
as’ tested by sparkmg “The
same error presumably explams those results

in whlch a, w1denmg of the range of ﬂamma— ’

.b111ty was not observed

,,YOirdmary varlatlons ‘of laboratory temper
ture have’ no apprecmble eﬁect oh hmlts of
ﬂammablllty ' e

R ;' : ':;sj, i
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) ‘Few observatlons have been made On, the‘

effect of turbulence on hmlts of _flammablhty,
but 1t has been, shown that the Jower llmlts ‘of
mefhane and ethane in’ air, ,are reduced some—
what, by, a:suitable amount of turbulence pro-

duced e1ther by, a fan or«by stream movement.r

ofr the mlxture and that the range of flamma-

IEH

NI

If ‘the unburned gas is’ already ‘

¥

H
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-show.; whether, small J.dlﬁ"erences
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bility‘of ether-air mixtures is somewhat w1dened
byx stream .movements?#; .

Turbulence caused*by ‘fans or’ by the detona-

naturalq gas’: somewhat e (See nthe paragraphs
that deal with these m1xtures A

e L
‘)u.-,r"i BE N

LIMITS IN AIR COMPARED

In géneral the lower l1m1t of a‘gas 1s nearly
the .same- in.,0xygen ; as ...but ‘very few
strlctly comparable results are aVallable to

h ‘exist. . The
lower limit, of methane observed with central
1gn1t1on na globe or ,w1th down ard propaga-
tion of ﬂame Anca. tube is rather hlgher in.oxygen
than i 1n alr (26’7 271 ), presumably because ithe

that .of nitroge between room temperature :
% it ;

and that of .a: flame, say, 1,200° t

C For upward or horlzontal propagatron the

lower, limit,of' methane is shghtly lessin’ 0Xy; en
than in air; the ammonia limit, 1s. markedly ess

@71, The higher limits ofa ‘mable: gases
are much greater ] 1n oxygen than ,rnlan ‘hence
the; Tange of flammability is alwa

1 .
[SERRECRLNS BT ilu‘» l‘,’

i

caises ‘the limits of 4 gas
mately to éet: MaianFiexa ples'can he i
in'the’ foll‘d‘xivlngvpa(res but thélmost compléte
series available -is for methane llm1ts “agfilluge
trated in figures 24%
efficacies of the ﬁvemdlluents carbon tetra-
chloride, carbon dlox1de n1trogen helium, and
argom, deCIease in the order glven, that 1s

b
1

(l’f’ Fi if

N i3] Ty 7
The exper1mentsg.[g1v1ng these,lresults were.

In tubes

by

r;_ed)op;tsln,t,ubes; of 5,em. diam:
2 cm.’ diameter, the;,0;

¥y

ter.
Of : he'
dlluents,,afor several :
g m;ﬂ.” COz>H€‘>N2>A"

tubewmﬁwhlch the expéri

carbond dioxide, vqate‘r Vapor, - mtrogen' -and
argon® correspond ‘closely” with FtHeir sp
Heats, bitvthe 3 Very ‘high théermal’ conductiv

of* h llum~’tends ’tO‘glve 1t anlabnormal' pos1t10n
* §d980°2s BRI NEATR

b

The add1t1on”of 1ncreas1hg »amounts*‘of) ty,
chem1cally inert substance to the atmosphere
sroach ‘and '

- .’V'The lormula4 also’undlcat ’
.~ v f}

tends to: rise- in efﬁcacy “as the dlameter of the :
6nitsiare” made':de-g '
'effects“’ ‘of éa'izbonfi tétraéhlﬁﬁg’lé‘,. g

UM

in the. ser1es“'th1sweﬁ'ect -ig7 enhanced in .the
narrower: tubes~because wof the greater readiness
with:  which ~heliumiiconducts-heat from the
gases to the walls of the tube; thus cooling.the
flame in this way more than do the other gases
named.(94). -

From curves showmg the eﬁ'ect of an inert
diluent on-the limits of flammable gas in air,
it is‘edsy to! deducei(1):the minimum percentage
of oxygenrs ‘that will support: inflammation of
the ‘mixture:ior: the’maximum “permissible ‘if
it is desired ‘to :make arnonflammable imixture,
(2) the minimum percentage of inert diluent
that must -be hiked - with:a.-combustible gas
if.it is. des1red that none of its- poss1ble mixtures
W1th a1r can propagate flaine. " Many examples
are given latex; N thé text “A graphical method
of deducmg ‘such"résults has been put forward
by Burgoyne “gnd *Williams-Leir  (39), with
tabulated results From these, with the add-
itional.’ knowledge of the limits in air, it is
possible:ito.make . more or less accurate re-
constructmn of the ﬂammab1hty-hm1t curves.

MIXTURES OF. FI.AMMABLE GASES AND VAPORS

A simple formula of . addltwe character,
was advanced by Le Chatelier (218) to connect
the ‘lower limits'ofttwo ‘gases with: the lower
l1m1t~of any:lmlxture ofl'them It 1s T‘.“ v

e "*?H-

i HE T ‘1-:'N’

y: the percentages of each: gas' 1nrany

","m1t mixture: 6fthie two:insatr. 2 ¢t
g mula indicates ithat; for-example,.a
- A

iri‘carbon: m0n0x1de andrhydrogen

s one—quarter of the amountfof

drogen necessary i formf I8, lower-
llmlt nnxture will : be a? lower- 1m1tnm1xture

mablhty formst: «’ﬁammab1l1ty equ1v-
aléntd {or ‘the 1nd1v1dual: gases Vofa rmlxture

(64

an f‘proportlonsufglvet rise
also at! ‘the1r lower hmlts‘ )

i
The«formu 1ig o generallzed"to apply

fi combustlble gases, thus

dis'it Léxpresses- experlmental* results
ied: to! ‘higher-limit mixtures,
By Yrewordmg of the deﬁ-
anding i 2

J.f H3 RS PN

b o




6 LIMITS OF FLAMMABILITY-;.’OF'*GASES AND VAPORS

‘A ssmiall algebraic transformation:.-gives :d
moreiuseful. formula for: calculating the.limits
ofi any:mixture; of combustlble gases that obeys
it (64), as: follows L TV BT S S

“’"'10'0" e 2 il

L——’ L ¢

:": : +p2+§;+ B ;"’3"}

in Wh1ch L is the -hmlt of ethe mlxture of .com=
bustible. gases and-py, ps, pi.. . - iare:the pro-
portions:of .each:combustible. gas,present in the
original : mlxture, free from a1r1and 1nert gases,
S0 tha,t e HL T L .
'(1 [ p1+Pz+Ps+ »—100 .

An example of "the use of therformula will

maké 1ts appllcatlon clear Thé lower llm1t of
a' ‘natural gas " of, the comp051t10n

. 'Percent . Pzrcent
__.80 (lower llmlt 5. 3)

,_' _15 (lower llmlt '3.22)
Slo4 (lower llmlt 2.37)
oAul v 1 (lower 11m1t '1.86)

is given by

100 =455 percent.' "

T RN ;.1
53+3_22+237+1 =Ry

The accuracy of the formula has 'been tosted
carefully .for many mixtures. :The results are

-discussed separately in the approprlate sections

later. : In general, it-may 'be said- that, while
the formula is often correct or very nearly S0,
there are :some. marked exceptions.: It seems
that the limits -lower and higheér) of mixtures
of hydrogen; carbon monoxide,-and: methane,

taken two at a time or all together and of water -
gas and coal gas may. be calculated -with

approximate accuracy (64). The same -is true
for mixtures of the simpler paraffin. hydro-
carbons,. including ‘“‘natural gas” .(74). Some-

times; however, the differences between calcu-

lated and- observed values are- very large; for
examples, se¢' figures 56 and 57. ‘Many of the
greater- disctepancies- are. found -with upward-
propagating flames, especially when one of the
constituents 1s a vapor, such as ether or acetone,

capable of giving rise-to the phenomenon known -
Le: Chatelier’s law is

as a ‘“cool flame”’ (355).
useful when its applicability has.been proved,
but it should not be applied 1nd1scr1m1nately

+Limits .of . Industrial A Mixtures, ,Containing

Hydrogen; ,Carbon Monoxide, Methane, Nitro-
gen; Carbon.Dioxide, and Perhaps Air.—An ex-
tension. of the law to apply to other atmospheres
than air (94, 271, 272) is that, when limit
mixtures are m1xed the result is & limit mixture,
provided that all constituent mixtures are of the
same type; _that is, all are lower-limit mixtures
orall are hlgher—llmlt mixtures: . This law holds,
for example, for methane mn a range of -oxygen-

" nitrogen m1xtures and in air-carbon dioxide,

air-argon, and air-helium mixtures, except.near
_the point at which lowen; and hlgher limits
meet, Where the;proportion of inert.gas is large.
Tt holds also-for mixtures of hydrogen, methane;
and carbon  monoxide, . in -a: wide..range of
mixtures of air, ‘nitrogen,: and, carbon ledee
and may therefore be used to calculate the

Limits of flammability.of Mine-fire gas miktures.

“and of the atmospheres after a mine explosmn
of blast—furnace gas, of automobile‘éxhaust gas,
and of the gases from solid exploswes (133,367).

* A brief account of the method- of calculatlng
limits of* comiplex' "industrial’ gases," such “as
those' just’ mentioned, follows. = Greater detall
w1ll be found in ‘the orlgmal account (138y.*

“-Thé chief gases in these mixtutesare hydrogen

carbon monox1de methane ‘nitrogen; carbon

dioxide,” and oxygen
follows: B

“1. Thé compos1t10n of ‘the mlxture 1s ﬁrst
,recalculated on an- air:free ba31s
of each gas 1s expressed as a percentage of the
total alr-free mixture. *

~2.° A 'somewhat’ arbitrary:’ dissection of the
a1r—free ‘mixture/is made into s1mpler mixtures;
each  of -whi¢h' ‘contains only - one' 'flammable
gas and part or all of the mtrogen or carbon
dioxide.., ...

3.Thé Timits of dach mixture this disséeted
are_read, from tables, orecurves ”(See ﬁgs 1
&ﬂd2) N3 TR ‘H A‘* iy, i Dy

4. The +limits. of the a1r-free Imxture ,are
calculated from the figures- for the dissected
mixtures obtamed An, () by means of .the
equatlon 5 .

’-L__ e AU o .‘n‘u
“

1, P2, Py
-N+M+A+

The procedure is as

_,:f{'.—e{'{nl‘ R L e

where Pi, Do, P57l - . -are' the proportlons of thé
dissected Imxtures in percentages, ‘and Ny, N,
and N;.. .. are their ‘respective limits.

5. From ' ‘the ‘limits ‘of _the air-frée . complex
mixture’ thus ‘obtained the’ le1ts of the orlgmal
compleX miixture: are deduced

The following' is' an'example’ 6f the calcula-

tion applied to -a .mine-fire atmosphere. It
contamed

e . . .

: Per- | Airfree, || ' - ci T | Per- Air free,

Constltuent cent percent’ Constltuent cent percent'

Carbon dioxide____| 13.8 15.9 || Methane____ 3.3 , 3.8

Oxygen_._._________| 2.8 . .0 {|*Hydrogen_ 149 . 8.7

Carbon monoxide, 4. 3 ~Nitrogen.~_ - 70 9| 69.6
4 .

1. The compos1t1on on an alr-free bas1s also_

given above, is. found thus:

. The amount of air in the mlxture is 2.8
100/20 9=13.4 .percent. . The air-free. mixture
is -therefore 86.6 percent of the whole. "When
the original amounts of carbon dioxide, carbon
monomde methane, and hydrogen are ' divided

the amount .
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» atmosphere are 43><100 -+86. 6 and 61)(100
_'86 6, or 50 and 70 perpent respectlvely

_ combustible ‘gas in turn;
flammable_gas must not be so high “that ithe.’

by .86.6 andpmultlphed by 100, ‘the “.sur-free” 4
percentages are”obtained.. The nitrogen figure -

is the. dxﬁerence between- ~100 and the “sum- of

i

'8 : LIMITS OF FLAMMABILITY' OF' 'GASES AND VAPORS

2. Thexﬂammable gases are parred oflc “with
“ithe. 1nert gases separately to give -4 series’ of

~d1ssected mlxtures as- shown i the follow1ng

these percentages Lo ed A S table i e La TV
! >k N l . L R
Lo ""*' 'i“"?" S i ” - B R R
o . 1, a - B IR R CO - l - [N’ y T-:!tll : Ratié)_tof ) .Limitfs ‘f{'om ﬁg 1
N S~ 1 | P . 9y ol . . AND, fotal .| _Inert to. e .
; }Combus‘it'l ble . P?rc_e_nt i percent | - percent .percent | combus- - o R R
‘ N ' T S CRE A ., tible -—{- Lower Higher
: ! ! i 30 ; e s S R
; o - ; T
| ATE T L 22057 .61 73.0
20:9 | . 247, ©,36 |- - 41 5
) 8L 2 . 342 -, .50 .76. 0
PR e 1806 TN 32 64:'0
! LR | i) { St L
69.6 |: ";‘i'()ol'o'.;" SR

Some d1scr1m1nat1on is needed to choose ap—
bt ™ a falr latltude of |

proprmte ‘qdantities;
ch01ce is-usually - avaﬂable S

3! The limitsof the d1ssected m1xtures from -

figure_1,. are shown' in. the! last. two, columns .
above.

cent-of hitrogen; the ratio. between. its’ nitrogén”

and carbon monoxide:is 17.5:5.0=3. 5; and,the ...

limits from the curve for carbon monox1de—

nitrogen mixtures are 61 percent (lower) -and i

73 percent, (higher)u.., -+ o g Lo sl

_For example, the first mixture contains i _
5.0° percent of carbon monoxide and 175 per- 1.

prlate factor in the final’ stage of the calcula-
tion the result may be greater than 100 for
.each’ limit; the original miktute-is. then i inca-

- -pable-of- formmg -an explosive m1xture Wwith “air
‘becausé. it - contains - too ‘much-"air a.lready
Finally, if the lower limit of the original mixtire

s less than 100 and the higherlimit greater than
~100;-the miXture is flammable per se and. would
.explode if a:source of ignition were present. .

... Abouti20jexamples, which cover a wide range

xlof industrial gases, have been tested (133)-by
i e #experiment!t 'Thelcalculated and observed lini-

4. The values in the last two columns» and in.'«.it$ agree’within 2 or 3 pércent, excepting one

the "column “Total percent,” substituted in the
equation, givé the two limits of the air-free
complex mlxture calculated t0.0. 5 percent

r--_-§ . /.w - i 100 K ,l : P .
e Forins _ RN NP
dLo er lm:ut 22 5+24 7+342 186" _4% pericent,“
! 82
‘H ber lim e 00 T =61 ercent'
B G 5™ 247 ] 342 186 P
: '"J"“i S TE TaIs T e T e -

b P -

: The range of ﬂammabmty of the alr—free com;
plex mixture is; therefore 43 ;1o 61 percent.

. .»As the alr-free mlxture 1s,86.6 percent of
the Wholc _the’ llmltsx in,iair, Gt the mlne—flre

The n!owce 's "difficulty with such calcul -
tions.is. m stage 2, wheére:an approprlate amount

._of carbon dioxide.

“higher-limit- figure for a mixture that contained
an unusually large amount (nearly 24 percent)

iy -

Extensmn of Mixture Law. ———The combust1ble

g :‘gases ‘covered by the examples just glven are
““<hydrogen, -
The - necessary data.for the. limits. of ethane,'
: »-ethylene ahd. benzene -are~ available - (fig. '2),

carbon monoxide, and -methang.

~-and ithese three  gases have been included in
< cal¢iilations” of the limits' of ‘complex industrial
combustibles, sich as .coke-oven gas, coal gas,
* carbureted. 'Wa,ter gaSS o1l gas and producer' :
gas“(136') S NS

Safety of: “Ig\dustrlal MlXtuI‘eS:O R ases —If a,
f)omplex ‘mixture of combustible~and -incom-

“+hustible gases’, suchs: ‘as any- of those‘]ust dis-
.‘cnssed, s “flathmable per” s¢i or"is capable of

formlng flammable mixtiites with. air, cthe mini-
“mumramoutit: of- incombustible - ~gas that will

of-inert-gas-has to be chosen-to pair:with each- - render -it ‘nonflamimable and’ also incapable of .

The ratio of 1ne1t to !

mixture falls outside .the extreme right -of - ‘the

formlng 2 ﬂammable miXture with ‘air can be
calculated by a small (and justifiable) extension
- of- Le- -Chatelier’s: law. - This - procedure also

‘correspondmg curve in ﬁgure 1./ A little ‘prac—* “rgives the maximuri percentage of.oxygen below

" tiée will soon overcome this d1fﬁculty
It need only be added that, if the; amount'of TH[(62), elaborated in (2)].
inert gas is so great that a complete séries of

flammable’ ‘mixtures” icannots be'dissected; the
air-free mixture is not flammable. Moreover '
the air-free mixture may be flammable, but
when its limits are multiplied” by the appro-

“which -all poss1ble mixtures are nonflammable
A somewhat elaborate
graphlc method of ascertamlng the flammability
“vof! trlple mixtures. of combustible gases has béen
glven (18).

The purglng of gas-manufacturing plants and -
distribution mains by the use of carbon dioxide
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RIS (;‘;NDET-ERMINATION=OF LIMITS iy 51171, .9

or automoblle exhaust gas or specmlly prepared

‘ipert  mixtures of low - oxygen content can be

controlled by applying similarly. deduced data.
A tull description is given in reference 329.
Data for purging with steam are glven in
reference 368.

SUPPRESSION OF FLAMMARBILITY. .

A flammable mixture mayAbé rendered non-

flammable by (a) a suitable increase in_ the

amount of either constituent, (5) the addition
of a suitable amount of chemlcally inert sub-

stance, and (c) the addition of a; flammable

substance in- sufficient amount to exceéd: the
higher limit of the resultant mixture. It has
Been suggested (129) that the last-named may
be advantageous and technically feasible in
certain circumstances when the added flamma-
ble substance has a low hlghcr limit of flamma-
bility. For example, the mixture of hydrogen
and air containing just enough. 0Xygen to. burn
thie Liydrogen completely (29t t5- percent, hydro—
gen) becomes nonflammable ‘in final niixtures
containing 86 percent of air, or 65 p rcent of

hydrogen, or 67 percent of” m‘orogen, O ‘10“ per-

cent of methane

CHOICE OF EXPERIMENTAL CONDITIONS

In the light® of the preceding d1scuss1on it
seems that limits of ﬁammablhty are physmo-v

chemical constants (at defined “temperaturés

and pressures) of gases:and vapors that can be
determined when" Observatlons are made with +

quiescent mixtures in- vesseIS« of large enough
dimeénsions, with 1gn1t10n “from below, (anid i
desired, at other points). and, with malntenance

of constant pressure. durlngf the- experunent o
A somewhat. wide’ experlencé‘ha,s -shown: that, ...

if -observationd-a¥é MmadeMin®& vertical tube 2
inches in diamétér-and:4 t6' 6'feet in height, the

results are nearly;but nos: qmte theisame as -

those obtamed much " larger .apparatus.
“smaller . apparatus—ifor
1) nch dlameter or less—are
gmﬁantly ~ngitower. Results ob-
T aH clos tubes often differ so
10rm 1ts; and even from one
o very. misleading,

¥ 1 a?holders over

via some sultable mixing dewce

Effective ignition usually can be- obtamed

equally well by passing an electric spark from
an induction coil (say, from (‘2-inch” to “12-
inch’” as convenient) across a gap several

N

millimeters longr or by drawing the flame of a
small spirit’ Iamp or a jet of burning hydrogen
across an, aperture in the observation vessel.
This aperture is conveniently made at the
moment| preceding’ ignition by gently sliding
away a ground-glass plate that previously had -
sealed the'véssel. When gases of small solu-
bility are «tested 8 water seal may be used for
this purp(’)se For a few gases a small tuft

" of guncottpn fired by a spark or heated platinum
. wire is & more certain means of ignition (353,

171a); forr a few others, an electric spark suc-
ceeds in firing the mixture when a flame fails
(132). Igmtlon attempted by an electrically
heated wire:may not always be reliable with

mixtures near the limits. '

Bureau of ‘Mines Apparatus.—An apparatus

~used for many of the determinations made in

the Bureau*of Mines laboratory and recorded
in the following ‘pages is illustrated in figure 3.
It isispécially designed for determining limits
of vapors of liquids that are sufficiently vola-
tile at, laboratory temperatures; it can be simpli-
fied for gases; but must-be elaborated for the
vapors of less-volatile liquids.

In ﬁsrure 3,-a.1s the glass tube in which the
mixture is; tested Tts lower end is closed by a
lightly! lubrlcated ground-glass plate b, sealed
with mercury ¢. /It is evacuated' by a pump
throvgh 'the tube.; o The vapor under test is
drawn' from its liquid in the container P, in

“amount measured by the manometer k. Air

or. other.. “atmosphere 1s then admitted -
through the .drying tube’ ¢! until atmospheric

_ pressure isTeached. Theair and vapor are then
-_thoroughly ‘mixed by circulation, by suitably
. raising. : cand* lowerlng the mercury vessel ¢

repeatedly- for” 103 to -30 minutes, depending
upon the - density’ of ‘the. ‘added} .combustible

vapor. ‘The mercury, séal is then removed, the
glass: plate_»bi’ls shd off’ the tube, and the ﬂam— _
mability,is}

by sparkl

across’ the open end of the tube
Spec1a1 Condxtxons ‘;An sexamin; amon 1of, the
~ “of ﬂammablhty‘
ments: for, heatmg {or
{I‘hese .are. not _diffi-
To examme the eﬂect of
much more dlfﬁcult

: arger vessel full of air at the same pres-
sure as that of the mixture under test (104).
Most-of our information about pressure effects
on limits relates only to the pressure of the

" mixture before inflammation.

The hm1ts of turbulent mixtures have us-
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ually ‘been déterminied in small vessels fitted
with fahis; and the criterion of contihued prop-
agation of flameé has not been ‘applied, -al-
though for testing the effect of turbulence dile
to the detonation of solid explosives  short
sections of ‘a’ cylindrical metal ga]lery of 6.3
féet diameter have been used. :
“Stationary. Flame in a Flowmg Mlxture—
- Quite recently (286) an apparatus has béen de-
v1sed from w}nch a cyhndrlcal column of g gaseous

HEA A A

BT vty gy, oocatd i oLy

A D
S C o

b

mlxtule rlses mto the air in a umform stream,
“Jacketed” by a layer of nitrogén which helps

. to maintain the strict uniformity of motion of

the mixture. The success of this" device .is
shown' by the fact that flat, tatlonary, horl-
zontal flames have beeni maintained in mixtures
of composmon slightly below the lower limits
determined in tubes. Only two figures of limits
determined by means of this device are yet
avallable (see under Propane and. Butane) Loy
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PART II SOMEUTHEéRETICAL CONSIDERATIONS

PR IS R ¢
ENa «n,l

Nobody has’ succeeded i’ calculatmg either
a lower or a “higher hm1t ‘of: ﬂammablhty{ of
any mixture from . morg. fundamental physi-
cochemlcal data In general terms, the,’prob-
Jem is ‘to éXpress quantltatwely the fact that,

there. comes 8 point in the progressive “dilution-

of a. ﬂammable mlxture when the production of,
energy- (1nclud1ng that- of ‘atoms and rad1cals)
is no longer sufﬁc1ent to 1nﬁa"
layer of’ unbu(rned ‘mixture, »

Some attempts already madeto relate limits
of’ ﬁammablhty 7 s1mpler data may, “be men-
tioned.. ‘Long ago. Humphry Davy (78) as-,
crlbedr o' its;gréater hedt capaclty thie superior.
effect of ‘carbon. dioxide in rendermg methane-
air mixtires nonﬂam‘mable this conclusion has
frequently been supported by observat1ons with
other . flammable mixtures."
Reiset (292) drew . attention* to ‘the ’dlﬁ’erent
ability ' 'of - hydrogen“ and” oxygen to ' render
electrolytrc gas nonflammable; they" ascribed
it ‘torthe different*mobilities: ‘of these ‘gasesor
to their dlﬁerent thermal -conductivities:” As
these gases are not chértically 1nact1ve toward
the constituents of electrolytrc gas; chemical
effects may play a part.  Moré ‘recently, soiiie
comparative . experinignts -, with- mlxtures ‘of
methane and atmospheres composed‘ ‘of "air and
equal volumes of ‘éither’ ‘argon- or helium have
proved that, when heats of' reaptlon“ rates of
reaction, and’ specific ‘heats dre equal there 18
still a large difference in the:hm1ts in the.argon
and the helium! mixtures. . This: differénce’ is
ascribediito; the, drfferent thermal ‘conductivities
of the;mixtures- (69) AN L IRy,

Bunsen (26715275 attempted, to: calculate

1gn1t1on -temperaturesof:’ 'gas’ ‘mixtures. from

their “limits. ofd flammability,  witht the ;aid of

heats of reaction and specificheats. He assumed -
that the heat produced by the combustion of .
one layer  (already heated before burning; to-

its'ignition temperature):was transmitted to the

‘nelghbormg uinhburned layer, which was inflamed

if the heat thus ‘transmitted suﬂiced to raise it
to its 1gmt10n “temperature.~ The"" reverse
procedure™+calculating dilution -limits’ “from,

the ignition temperatures determined. mdepend- ‘

ently—has. ofterf :been “attempted, ~but. " the
results show only  that -there is no: s1mple

- relation - between lumts and .ignition tempera< -

tures. Kot e*(ample as shown in 'the: table
below (94) (1) in the serles of normal parafﬁn

ne1crhbor1ng’

Regnault and

- s ey
ke ‘.,L‘ : -

hydrocarbons the ignition._.temperature falls
rapidly, while.the calctlatéd’ ﬂame temperature
of the limit mixture risés, (2) there'is a barely.
measurable différence’ between the lower limits
(and ﬂarhe temperatures)?of n- and iso-octane,
but & very large d1fference between their
wmtlon temperatures

BN St v Lot :

; - - Flame Igmtlon

= prenoA el lir{;i(l;weler- - tempera- | -tempera?

- ‘Hydrocarbon: -, cent g ture of - | tureof
T vol mZ limit mix- hydro- .
it oo olu tuare, © C. |earbon, ° C,
Methane__ ) 5.26 1,255 .. 650
n-Butane” 1.93 1,445 ’ 480
n-Pentan 1.62 CL,485 | - - 470
n-Hexane 1.46 1, 568 275
n-Heptan 1.26 1,569 © v 288
n-Octang 1.12 1, 575 . - 245
Iso-octal 1.15 1, 606 530
J ! L .

The heat of combustlon of & limit mixture of
most gases and vapors is enough to raise am
equal. volume of ithe unburned mixture to a
temperature; far. h1gher than its ignition tem-
perature, . as, usually detérmined, ‘but, probably

‘not as h1gh as the temperature mnecessary for in-

flammation W]thln ‘the’ very. small fraction of a
second necessary to insure propagation of flame
at the observed rates in limit mixtures. This,
and other considerations, have led Egerton and
Powling (94) to the. concluswn that continued
propagation of flame. depends upon |the tempera—
ture of .the,flame being sufficient. to mamtam 8

© certain . boundary flame | temperature which

prov1des 8 certain concentratlon of active rad-
icals in the boundary region;. and that ‘mﬂam-
mation s, produced in the unburned gas mainly

. bv thé. radicals derived. from the flame, that i is,
',only indireetly by. ‘the ‘heat of the flame, not

directly by . heat transference from. flame to
unburned gas Cien T

The lower-l1m1t mlxture of hydrogen in’ alr
p1 roduces far. too little heat. to raise the mixture
to:its ignition. tempersgture, yet flame will-travel
upward through the limit mixture mdeﬁnltely

" (63).  An explanatmn of this has been given by

F. Goldmann (115) at. P. Harte}ck suggestlon

) iThe ﬂame n. “the hmlt m1xture Tises, as.a lumi-

nous ball or balls consummg only part of the
hydrogen As the’ ‘hydrogen. is consumed, fresh
hydrogen: d1ffuses into.the flame more rapldly
than the other ¢ gases, ,therefore the mixture that
is burnmg is not the same as that in the rest of
the containing vessel.. This explanation is ren-

11
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dered highly probable by the observation that
particles of finely divided platinum or palladium
may be maintamed red hot by suspension in a
mixture of 4 percent hydrogen and air.
bustion of the mixture produces a temperature

of less than 350° C:; but ‘the high rate of diffu-

sion of the hydrogen enables a far higher tem=

perature to be maintained at the metallic sur- -

face

is. entlrely acceptable, it seeins undes1rable, and
possibly dangerous 60’ accept Goldmann s ¢on-
cliision that thé true llmlts of. ﬂammablhty are
those for downward propagatlon of flame. -~ If
so, 8 6-percent hydrogen-air. ‘nixture and a

5.6-percent methane-air- mixture would be

described .as nonflammable. Both these mix-
tures propagate flame upward indefinitely and
if ignited near the floor of a closed room would
produce pressures of the order of 1 and-4 at-
mospheres, -respectively, and mean tempera-
tures of about 350° and 1,200° C. “Such
conditions would burst Wmdows and burn men.
It is inconceivable: that anyone who has seen a
5.6-percent, methane-air flame traveling up a
long tube would term this mixture nonflam-
mable, although®it falls to propagate flame
downward.. -

Mallard” (232) and others (29) have attempted
to deduce limits of flammability from curves

showing. the speed ‘of propagatwn of flame, for .

example, m a series-of mixtures of methane and
air. ", 'By "extrapolating ‘to’ zero speed they
thought to find the compositions of the limit
mixtures, but in a limit mixture the speed of
flameis by No mMeans zero.

‘A few regularities, set forth in the following
paragraphis, have been discovered ; occasionally
they may give a "useful | indication of limifs
which haveé not been eXperlmentally determined.
" 1. Lie . Chatelier and Boudouard (221, 222)
determined .the lower limits of.some 31 gases
and vapors  for downward = propagation of
flamie; " With' the exception of hydrogen and
carbor. disulfide, ‘which gave low figures, the
heats -of combustion lay:between 9 and 13
large .calories per unit volume (23.5 liters at
15° C.) of'the limit mixture ;*for most’ of them,
-the range was 12 to 13 large’ calories. k

2 ‘Burgess and Wheelér (32) found'that, for-
the first five mémbers of the paraffini series of

hydrocarbons,,the calorific values of the lower-
hmrt Inixtures (propagatron of flame’ throughout
& globe) were nearly -equal. * The, agreement is
. N0t s0 good for, limits for upward. propagatron
of flame for these hydrocarbons -(74), but s
smooth curve ‘can be drawn to' ‘represeit’ ~thet
relatlon between the calorific values of the first.
eight” members of the. parafﬁn serles and thelr
Tower hmrts (2 ISR

.k)

Com- -

Although thls eXplanatron of the’ mechamsm‘
of ‘flanive’ propagation in hydrogen gir ‘mixtures’

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

3. White (853) found approximately constant
calorific values for 11 of 12 volatile solvents, for
propagation of flame upward or downward in
lower-limit mixtures or downward in higher-
limit mixtures; the values were different for

-f~d1ﬂerent“d1rectrons ‘of ‘propagation of flame.

Carbon disulfide was the exception. For the
others, the products of combustion were similar
(nltrogen, carbon dlox1de, water vapor, etc.),

and’ -the temperatures attalned ‘were approx1—
mately ‘equal.” Hence, the “effective’ 1gn1t10n'
téinperature for f)ropagatlon ‘of*flame in these’
mixtures jseems to be approx1mately constaiit,
for. the same ditection of propacratlon of flarie."

“The" observed ignition' témperatures” of these

vaﬁpors are much lower, presumably’ because, m
their determlnatlon a much longet “time is!
availgble 'for’ 1gn1t10n than is avarlable ‘When
flame, is_self-propagating through a, ‘mixture.
The "effective- ignition -temperature. for down-
ward propagatlon for the 11'solverits &rid for the -
first 5 ‘paraffins and for ethiylene, - ‘propylene,’
bu'tylene, and carbon monoxide i is’ about 1,400°
C., uncorrected for' radiation losses. “The
ﬁgures are miich less' (8567 for hydr ogen, hydro-
gen sulfide, and acetylene -

When the 1n1t1a1 temperature of the. mlxture
was ,increased - several hundred . degrees (310,
858) the ranges were widened, and therefore the
heat of combustion at each limit was less, but;
the two factors usually balanced each other S0,
that the flame temperature of the limit mixture
remained constant. - This was, true for the lower
limits ".of , methane, ethylene acetylene, . and
pentane and for the higher limits . of hydrogen,
and carbon:monoxidé. The lower-limit tempers
atures of hydrogen rose nearly 100°, and ‘those
of carbon monox1de fell” nearly 100° as the

A stralght—hne relatlonshlp between temper-
ature and.limits (lower-ard- higher) has also
been.indicated forseveral other.compounds. (3).

Although the calorific values of lower-limit

“mixtures . of chiemically. closely related.:com-

pounds._are often nearly equal,- this rule‘:does
not apply:generally, as is shown by the followmg

selected samples (1 34) By C e
TP ] Nstnest | “Lower | o~
ST, . wer . A
s of combus- | Ilimit of - || Ca{orlﬁtc
- - Combustible - - Mon, kg.. ﬂammabil- oo of
P . " cal. per i er-
Py LA morl)e tZéfft s mlxtureM
L1 BN o : i
Hydro en_-_-_‘__._-___._»; ......... ; 57 3
Carbon disulfidel___. = 946 g ' ; ‘2)5
Hydrogen sulfide. . _:-22i .. __ 122: 5 4.3. |
Acetylene ... . ._______..__ 301. 5 2.5 |
Ethylené oxide 281.0 3.0
Ethylene.. 310.9 - 2.75°
Methane_.__ 191.7 507
* Methyl alcohol 11,1498 " 6.72
Methyl acetate.. 349. 4 3.15
Methyl chloride._ . 153. 7- t 825
Methyl (bromide 173 5 13. 5"




A

“ v SOME. T.HEORETICAE?.CONSIDERMIONS:H:;"?a 13

4. The:cool:flame of ether hlch 1s:pr0duced
)and maintained:-at & muchﬂower? temperature
than s'that: réquired. to-i producels theznormal
Alame;» ds:;propagat d- ynfa*ir'ange, overrmh
mixtures which!#in asomer seireur >
iseparate-fromy the range'of mixturés
‘gatervithe . nermal:-<fame (8<’J|'3 5
“ofvpressurécon: ignition ‘temperatures-and hmlts
‘of: flammability Horstheatwo ¢ pes’of
s1m1lar and 1n( general supp i thwvi

xgoverned» by the thermal propertles 50 'i}he‘émlx-
turés: . 1+Thes propagatlonaof»the cool flamesmay

depend upon-a chain reaction (381):1 Lins awo! -

. 5. Lie Chatelier’s,” “law;.- expressing -the 1
of mixed ﬂammablef 1
of the limits qf the indi 1dual gases and,vapors,
is fairly aééhi‘é,t'e "for I mlxtures but in-
accurate for'others’ . N

‘Nagai‘has offered-an’ explana‘mon for: certain
‘dev1at10ns from‘LeI’Chateh Srigdlawi (249)7”“He

assumes -that, "if 'two Fases  individually! Hhive.

the same calculatéd temperature .forirtheir
limit-mixture flames, which he| calls the theoret-
1cal flame- propagatlon temperature - (TFPT),
the mixtures of these gases V\'rlll obey. the-law.
If, however, the TFPT’s are not equal, the
mixed gases will not obey the law. The gas
of higher TFPT does not play the part suggested

by e 'Cha’oeher silawuntil: the ‘amount ‘of the
‘other gas- istinereasediiinzlower-limit: mixtures
‘or" decreased*1n"h1gher—hm1t mixtures. ‘Over‘a
‘greater orsmaller middle range of! ‘cornposition
the dimit/ mixturestofs some: palrs of ‘gases: have

it TFRT 50 therefore these m1xtures

G law o that rahge. i G
thydrogen” and" ethyl bromlde
(3811) ‘support Niegails' ‘argument. Flgure 4
shows the lower .and higher limits of mixtuies
-of thydrogen®and-: thyli bromide ;" for: iexample
~oner ‘higherlimit: mixpire’ contams Labout! 41
pércent *hydrogen‘ andr25 percent ethyl bronide;
the’ rest;‘ofs-thé - mgxture ishair. If the whole
rangeof- thesé mixtures. followed Le- Chatehel E
Jaw! then‘the stralght line : Jjoining the lower or
' h]gher it forﬁhydrogen Wwith" the correspond-
mgﬂ(undetermlned) Jimit: for- ethyl: “bromide
would: “give' the correspondmg limits for''all
tosof these: gdses.” ‘The theoretical flame-
propaga’olon “temperature of . hydrogen ‘is pre-
sumablv Hess ¥ than -that, of ' ethyl bromlde
hence; : the~addition of *the'firsti-1- perdent of
ethyl bromide to the higher-limit hydrogen
mixture necessitates a rapid fall in the hydrogen
present in order .that the flame temperature
shall approach that of ethyl bromide. With
1 to 6 percent of ethyl bromide the limits fall
on g straight line, as required by Le Chatelier’s

2]
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F1GURE 4.—Limits of] Flamma.bihty of Mixtures of Hydrogen and Ethyl Bromide in Air.




law, because_the flame, temperatures are equal.
Extrapolation' .of - this. hne cuts the X axis‘ at

X=56. The TFPT of the mixtures is therefore
equal to that of a 56-percent hydrogen-alr
mixture, which can be- caleulated: - Moreover,
the posmon of any point on: the straight part

- of the hlgher—lumt curve can:be, cal¢ulated on

the .assumption that- the effective -limit' of
hydrogen is 56. percent .- and that of ethyl
bromide 7.6 percent. .

.. Although Nagai has- adduced many mstances :
of pairs of gases or vapors that. appear to sup-.

port his views ' (246,, 247,. 260, 252, 811, 314,

815, .816), others.do not. For example, mix-

tures of hydrogen and methane follow. the:law

of Le Chateherwfau‘ly ‘well, but their TFPT’s
‘are far apart. .. Moreover, mlxtures of hydrogen

sulfide ‘and hydrogen (ﬁg 56) and of hydrogen

‘;sulﬁde and methane . (fig. 57) present such

results as cannot, be interpreted by Nagai’sideas.
.Another , purely -empirical- relationship be-

_fween lower and higher: limits of hydrocarbons

and some of their derivatives has been advanced

14 LIMITS OF FLAMMABILITY .OF GASES AND: VAPORS

by .M. Aabert (8), for downward propagatlen

of flame: . The agreement between calculated

and observed values is less satisfactory for the
siinpler compounds -than for. the more complex
and breaks down with.acetylene.

6. W.. P. Jorissen (191) and-J. van Hemlngen o
(842) of the Leiden school have shown:by -
several examples that the: ‘means of the lower
and higher limits of two gases in the:presence
of increasing amounts of -an inert third: gas
have a - linear. relationship. They: .correlate
these observations with reaction rates.based
on the law of mass action. The means of the

lower and: thher limits of two gases have in
some, but not all; instances’ linear relation-

ship to the 'pressure”.(90)." J. 4. Valkenburg
has developed this argument further (336). :

"It is' apparent that the theoretlcal treatment
of limits, of ﬂammablhty is meager and malnly
quahtatlve it is. bound up. with. the unsolved
problem of . the theory of flame . propagamon
in general. oy

IR - '
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In accordance with -{he: precedmg argument
the i results' collected for~ md1v1dual gases are

varranged as follows:: - v v i

(1) TheTesults of experlments on; propagatlon
of flame upward in large-volumes of’ quiescent

~'gds which are at atmospheric® pressure durlng
the passage of the flame.

(2). The results for other dlrectlons of propa-
gation in similar circumstances. s+ i

(3) The results observedin- smaller vessels
open at one end (so that the pressure is constant
during the experiment)- or totally closed (so

that pressure varies at.a rate and.to.an,extent ,
which depends on the d1mens1ons of the vessel.l;‘

used).

‘The first results may " be cons1dered the hm1ts o

of flammability of the components. named, a
physicochemical property. independent of exter-

nal-conditions, at atmospheri¢ témpeérature and

pressure; the ‘second are the limits under: re-

stricting conditions of direction of propagation;
the third are the limits under still more re-

stricted cond1t1ons such asl the dlmensmns of
the vessel used for observatmn B

HYDROGEN |
HYDROGEN IN ATR . ©

Flames in mixtures of hydrogen and air are
exceedmgly pale; the flame.in a limit mixture
is.almost or_quite invisible, even in a completely

‘darkened room. Igmtlon by a “fat” electric
spark gives ‘rise to a very' pale ﬂame but a
“‘thin” blué" spark” gives an' 1nv181ble flame.

Proof that an invisible ﬂame Has traveled to the

top of a vertical tubé may be obtained by ad-

mitting a small quantity of pure hydrogen to
the -top of -the-tube a -second. or so before the
flame is expected to arrive there. If the flame
reaches the_rich mixture’ a sharp explos1on is
observed. --Analysis-- of*a_limit - mixture after
the passage-of'a Hame would not prove whether

flame had” travéled throughout ‘the length of -
the tube, for the flames in. weak mixtures burn -

only a “fraction of the hydrogenin the tube.

When a spark was passed near>the lower:

confines-of-a-weak hydrogen-air ‘mixture stand-

ing -over. water in a:vessel.6 ifeet high and 12

inches square.in. sect1on the followmg observa-
t1ons were-made; -1yl

Y0 percent hydrogen —A vortex rmg of ﬂame
was seen |just above the .spark “gap; it.rose,

expanded for. about 16- 1nches then broke and
dlsappeared . e

or ot j
- - TR - J

-
i

4 2 percent hydrogen —A s1m1lar ring of ﬂame
was “formed. - On “breaking, it resolved itself
into an exceedingly'faint ¢loud or collection of
small balls-of flame, -which traveled steadily to
the-top of -the. contammg vessel——a d1stance of
more than 5 feet. - -~

4ty 4.6, 4:8, 6.2, and 5.6 percent hydrogen —
In each mixture & vortex ring of flame rose
abotit 16 inches, then broke into segments
which . subdivided. into _balls of flame that
traveled to the top of the vessel. An increasing
fraction of the hydrogen present was burned as
the. amount of it, was_increased; the strongest

“mixture, -5.6 percent hydrogen, ‘showed about

50 percent combustion.
In a longer and narrower tube, 15 feet in

-length and 2 inches in diameter, no flame was

seen with 4.2 percent hydrogen but with 4.4
percent a globular flame traveled at uniform
speed the length of the tube. There seems to
be no doubt, therefore, that these flames were
self- propagatmg and capable of traveling in-

,definitely. " “They left. much unburned gas

behind because their lateral speed of propaga-
tion was much less than their vertical speed,
which was due mainly-to convection.

In a wide space; therefore the lower limit of
flammability of hydrogen in air is 4.1 £ 0.1
percent. . -

The hydrogen was not wholly burned in an
upward-propagating flame in a tube 2 inches in
diameter until 10 percent was present (63).

With a continued source of ignition, such as a
succession. of sparks-or a-small flame burning

- from-a-jet, weak mixtures-showed a continuous
.thin_thread of flame shooting upward and ex-

panding into_aflame cloud. As the hydrogen

‘was consumed the thin flame gradually short-

ened until it d1sappeared i
Complete.combustion of a.layer of the limit

‘mixture, 4.1 percent hydrogen, would heat the

products to a temperature of less than 350° C.
The ignition temperatiire of hiydrogen'in air is
about 585° C:* AT inigenious explanation of this

. :anomaly has been given. (See pp. 11 and 12.)

-The-higher-limit-of flammability has-not been
determined in large vessels; but exper1ments mn
a wide, short vessel and-in'a long, narrow-vessel

“have 1ndlcated (64) that the higher limit in a
large volume is about.74:2 percent hydrogen.

A more recent determlnatlon In a tube 7:cm. 1n
diameter.and 150 cm. in length gave the ‘higher
limit as 74.4 percent hydrogen (115).
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16 LIMITS OF:“FLAMMABILITY OF GASES AND VAPORS

The foregoing ﬁgures for both hmlts refer’

to gases saturated with water vapor ‘at room
temperature. Some recent experiments with,

The actual lower limits of dry and saturated
gases at Toom temperature are therefore equal.

- The ‘actual higher limit is reduced from 75.0

.dry gases in a 4-inch-diameter. tube,~-open atﬂlts 1y percentn to 7235 b 4percent iby: saturation with

lower end, gave'thé limits'for” upward propagaf ’

tion as 4.0 and 75.0 percent (38). - .The analyti-
eal figures for. the moist-gasilimits being 4.1 and
742 percent the actual . composmons of ,the

A, e T
Hr AHigh‘er limit*f

w RS

\. 74.2=72. 5%

‘Water vapor, i Festlt that is about what would

- be expected from the known effects of incom- -

bustiblegases onvthe Higher:Jimits of hvdrogen

"~ and other gases., ' 1t. w1]l benoted, alsdy;that:the

actual percentage of oxygen. ifi- ‘the idry: and

_moist; higher-limit. mixtyres:ds. 5:2.andi’5.3 :per-~
" cent; ‘
-presumably to; the heat capacity of /the water

“respectively; ., the.difference.. being . ‘due

g TN vapor Coran b oo T
Water vapor appros: 0=i2:09 [ 11202 209, <QObservations, in. Smaller.: Vessels. TTabIe 1
SR L vt B T A P glves ‘additional .results;for:ivarious : du‘ectlons
Lot ey I P T LI R TR R 24 of. propavatlon of flame:. .. ... T 0
IO ¥ i gl | SRR S N T f_!‘;emx"f.‘"' B O R A T
B I LA L A Dol , UL V. ‘;g{\ A B .
E e TABLE ‘1 —ants ‘of ﬂammabzlzty of hv/drogm ' air m smaller vessels L G
NN . - . 3 N v et
Sttt L £ e “’ RN “Upward Propagatmn ‘et Flarme b ' o
LIS AR FE AR AL
e ! i TN Y ;""."; ' R A e I e e
Dlﬁ%réslg&s Of St B o b g iLanltS percent H ' 'E,:: S 5 ..h}
: REATE T TSRS M S eyt L Content of aqueous | Reference
: T s . N i Fl‘ltmg;;en'd. g ' DO e e e | .vapor . 1 No.l.
Diameter |- Léhgth ' Lower .1, Higher.'
R ' L R LN T S L s
s | 150 | C SIS b5 ‘
53 150" | 4,19 74,
5.3 150, 1412 | 174
5.3 | 150 2417 | -
5.0 4. 15
50, 4.0
4.8 | 4.0
45" $4.1.
45 3.9
v 2.5 42
C2.5 14.:25
25 41,
2.2 | - 3‘9
S8 | 4.'22
v .8, :51
" ' ot

P

cx

Downward Propugahon of Fldme,

11k

120"

0 | ety 120
5.3 150

See footnotes at end of table
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TasBLE 1, —Lzmzts of ﬂemmabzlzty of hydrogen m cmf m. sma,ller vessels—Contmued

§

fDownwcx rd Propugatlon of Flume—Conhnued

i

' - H LN SUR E - R,

Dl of | gt S i, peent | |

) B Fll‘mg erfd ‘ fCOntent of aqueous | Reference
; § [N = e A vapor No.
Diameter | Length~| =77~ =~ ! Lower { " "Higher
5.0 9.0: ] . .74.0_ ._‘Half—saturated ______ . 356
5.0 8.9 TR2. | bl 311
4.5 9.6 ; . 56
4.0 8 8: 63
2.5 9.4 356
2.5 9.7 271
2.2 6.8 | 341
2.2 9.1 1 274
1.9 9. 45 356
19 9. 45 323
1.6 7.7 217
1.4 9.8 . 321
: lPropqgahon ina Sphencal Vessel or a Bomb ’
i
Capacity, ce: R

Notstated. - _____-_|* 9.2 Sa.turated __________ 271
Do_____ ... 85| 1675 |._.__ S 82
1,000__ . 1. 87! 755 | do_____ 777 95
810 T .. 50|~ 7385 |-l i 1Ll T 849
350 _ ... 4.6 Saturated __________ 368
35 . _ 9. 4 ‘ _____ do_.__I________ 297

1 Walls of tube blackeéfied
2 Walls of tube silvered.
# At 400 mm, pressure,

i
1
!
¥

In rotind ﬁgures“ therefor ; the ]1m1ts of hy-" -
. drogen in air may be stated : as, follows! for gases,
saturated with water vapor a’c Jaboratory tem: -

perature and pressure;:the- ﬁgures*for the-higher-:
limit, downward propagatlon -aréizbased:ions
, observatlons in: closed tube in Ivrghxlch the mix-

its percent
Hwher

Upward propagatron T4

’the’hmlts of hydrogen
1n alr under pressur -grea, han atmospheric
-not -as gredb

'—hmlt mlxtu'es at’ pressures_ of 1 to‘,5
atmospheres and may swell be: ascrlbe
ferent. 1nterpretat10ns of expe imen

Father than to‘the expériments® themselrres “the:

criterion. was 100-percent, combustion” for “the
series indicated in:the figure by, small, c1rc]es but
ut,80. percent for the 'serles represented

F a4

o recorded

-first sight,. -except -

4 This ﬁg'ure would probably have been i mcreased had a stronger spark
been used; a spark strong enough to ignite a lower-limit mixture may
be too weak to 1g111te 4 higher-limit mrxture 64).

,,n

by the unbroken l1ne I general it appears
that the limits-are at' first nairowed by increase
of, pressure above a;[mospherrc but at higher
Pressurés” '

-are; steadrly widened.

--Algeries -of experlments (95) besides those
figure ;5 showed,no-change in the
lower, hmlt ‘over a range from.0.5 to 4 atmos-
sphieres. - Other experlments made in & narrow
tube, with- downward propagamon of flame and
1gn1t10n by the fusion of a copper w1re gave low
results for the hlgher hmlt (51 Do for .

pro'pagatlo 5
lower hmrt;;f

é Of as 1 |
"‘1t bet,vgeen;abou 500 nd
Io ;

8410
Babpol (8116, and 25 mm: dia-
-wroh upward .Propagation,. ofs:flame,
showed no great change-insthe;limits .until- the
pressure;; waspbelowpabout 3002 mm., when: the
range,narrowed. until tbelow. 50 ;mm. no mlxture
propagated flame (96‘) . L




. were determined in k! closed tube 2.5 cmi.
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220
L;
Experiment Reference]
R A e Downward pmpagnt.lon. cylinder, 37x8 cm. 324
- R = Downward propagaton; cylinder * 14
e 180 o Snde or central }gnmon, sphere, 7.6 cm. diam. 17
i 160 : ! :
\:l — L
A 14 B R . !
g @ ’ -
, o ;
b~ -
. o .
: CE ] S « S
. & 120 .
.2 . =
S F T
= :
<
o .
= 100
jan] . X E R
7
A R . - )
o
A« 80
o
20 , ’
f it _. | ¢ A - n 1» i BN
. h - ne
6 12 766 68 70! 72 74

. HYDROGEN, PERCENTIN AIR -

Ficure 5.—Effect of“P’r?Ss_s’ureé ‘Above Normal on Limits df",H_y?dJro}gen in Air.

¢ D Lot

Inﬂuence of Temperature ——Three sets of ob=
servations have beeni made on’the influerice 'of
temperature on'‘the limits of" hydrogen in' air
(12,297, 358). 'Table'2 and figure 6' glve those
that are'probably most reliable (358). They
in
diameter and 150 cm. in length Wlth downward
propagation of flame. -+ " ol T

At+540°: C. 2 90 45—percent"m1xture Was m-

, ﬂamed (287):

*The flame: temperature (table 2) necessary to_

insure’ propagation ‘of’ flame -downward is much
above:the. .ignition temperature of hydrogen: in
air, 585° C. ~Moreover, increase in initial tem-
perature rof the mlxture does not! causé” the
calculated: flame temperature to fall toward’ the
ignition temperature-but has the ‘opposite effect
for lower-limit mixtures; thls observatlon awmts
-explanation, : S :

TaBLE 2. — Influence: of temperature on the. limits
of ﬂammabzlu‘y of -hydrogen in ‘air, downward
propagatwn of flame

_Calculated '

Limits of lammas:
bility, percent flame tempera-
hydrogen tures; ° C:’
Temperature ° C
S . . = ‘.
| Lower, | Tigner | YogT | Bither
- — .
9.4 71.5 815 ;980
92 | 820 ...l .
- 8.8 73.5 - 835 v 970
8.3 .. 830 | ... s
7.9 "76.0 845 ‘975
(3 G- 860 | iic.o
7.1 79.0 875 970
L o S S, 890" | i
© 6.3 81.5 900 980

TR

Inﬂuence of! Impurmes —The lower hmlt of
hydrogerr in ait, with dowriward propagation’of
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Ficure 6.—Influence of ’lemperature on L1m1ts of Flammablhty of Hydrogen in Air (Downward Propa.ga.tlon of
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a

ﬂame was ralsed a; frac’mon of 1 percent by the
addition of i ‘iron carbonyl (0.028 :and 0.056 cc.
liquid vaporized “pér liter).
was reduced from 68 to 52 percent by the addi-

tion of iron carbonyl (0 024 cc. hqurd vaporlzed .

per hter) (325 ). - et S

Ep
: HYDROGEN INY i OXYGEN

The hrmts of v1s1ble ﬂame of hydrogen in
oxygen w1th upward propagatlon of flame in a
tube 2 inches in diameter, open; at ‘the ﬁrrng
end, are 4165 and-93. 90 percent (150)

_ closed tubes the- ex’tremes recorded are3. 9 and -

95.8 percent (56, 57, 78, 97, 274, 333)." The’
lower-limit ; ﬁgures refer to the same Hype of i
flame as that-of -weak. mlxtures of. hydrogennn
air, and the lower limit in open vessels may
prove to be as low as inl closed; véssels when
special means are taken to detect an. 1nv1s1ble

For downward propagatlon ofs ﬂame in small
vessels the lower limit is about: 9[0r 10 pércent ¢

hydrogen and- the -higher -limit- ‘about: 92;-93 ;- el

or 94 percent (27, 57 88 %5 228 274, 292 323-<
346). - e
For complete combustmn of
35-cc. spherlcal globe with side: ignition th
limits were* 9.6-and’- 90:9: 5‘percent hydroge

8 Probably too Tow: Sbe footnote4 table 1, pl i s

The ‘Righer limit ™

i

Flame)

(297); for mﬁammatron in a closed bomb of

810-cc. capamty, 5-and 94.3 percent (349).
Influerice.of Pressiire.—Experiments in a steel

cylinder 3 inches in-diameter and 5 inches in

length, axis vertical, indicated that the lower

limit of hydrogen in oxygen was' not altered

materially.by increase of pressure to 122 atmos-
pheres but lay between 8 and 9 percent through-
out this range of pressure. Ignition was by

" spark or hot wire, and the direction of propaga-

tion, of flamie was presumably downward (264).
When the pressure is reduced ‘below atmos-

* pheric; the-higher, limit falls-slightly but does

not reach 90 percent hydrogen (central ignition
in ajglobe) until the pressure is about 100 mm.,

at_which. 1t is. difficult. to insure-.an: adequate

source of 1gn1t10n a powerful source of ignition
mlght ingure; propagatlon of flame indefinitely

> | _in a‘hydrogen-oxygen mixture of 90 percent or
flame. S [

g little more hydrogen at pressures below 100
The llower limit- does' not 'rise above 11
percent hydrogen funtll the pressure is below
9mm. (65) |

Ao FERR Experlments in a burette mdlcated the exist-
ithe gas in- al _ence of a sinall lowering,_ of the lower limit be-

t(w'"n ‘about ,4_0.0, “and 1120 mim. pressure,

ollowed: by a rapid” rise between 120 and 80

mm (84) it e




(88).
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Influence-of Temperature: —In a 35—cc closed- are' shownin figure 7."  The determinations were

bulb the limits were 9 6:and 90.9 percent at 15°

C. and 9.1 and 94 percent at 300° C 1(297 )

_... SV W

HYDROGEN IN OTHEB ATMOSPHERES . 7 !

e A.w B —r i

All Atmospheres of Oxygen and Nltrogen T
The limits!6f hydrogen' in}various Tmiktures of

oxygen and.nitrogen have been determined. at.-

600 mm. and lower pressures Wlth 'downward
propagation’ of flamie in a tube 3 i in dlameter
(See also Ammonia Contact Gas)) -

Atmospheres of Comp051t10n Between Air and

Pure Oxygen = With downward ‘propagation of

flame in a!Bunte. burette, -the. lower Jimit fell
gradually from 9.45 percent hydrogen in, air to

9.15 perceiit | in| nearly ‘pure  oxygem.\, The"
h1gher limit-rose 'from 65 percent hydrogen in .

alr to 81 percent in'a 40-pércent oxygen m1x—

ture, 86 percent in a 56-percent’ oxygen mixtire,
and 91.6 percent in nearly pure oxygen - (323)

In a mixture of equal. volumes of oxygen. and

nitrogen, 91.35 percent hydrogen 1nﬂamed at'

537° C. (21 6).

Atmospheres of Air and N1trogen (A1r De—
ficient in Oxygen).—The limits of" hydrooen in
all mixtures-of air .and nltrogen or- air from

which part* of the oxygen has been removed N

PO ~.'\‘,
oot ER ARV EDREYITE | i S

20 18 16 - 14 12

Tt
s
5
l
i
l
I

made._in a tube 6 feet. in length and 2 inches in
diameter, with upward ! propagatlon of flame at
atmosphemc pressure during’ propagauon (133).

-From the ordinates of, the“‘nose of this curve
it may be’ calculated that no mixture of hydro-
“rgen, n1tr0gen and a1r at atm'ospherlc pressure
_and temperature can. propagate flame if it
contams less than 4.9 percent oxygen (167).

-+ - ~For sonie purposes the results are:more useful

'_when expressed (62) as in figure 8.

. This ﬁgure shows, for example, thit a mixture
containing | 20npercent ‘Hs, 6 percent O,, and 74
percent‘N 2l1s flammable;.-but if 2:percent.of the
-oXygen were replaced by nitrogen the mixture

"Would fiot \be flamnmable but would become S0
_by. admixture: with a suitable amount of air.
In figure 8 “impossible rhixtures’’, “cannot be
produced by mixing dir, nitrégen, andhydrogen.
.-For ‘more, detailed explan&tlons compare the
correspondlng section on methane limits in

’ mlxtures of air and nltrogen (pp- 44 to 48).

The limits with downward propagation of
ﬂame in the.same series of mixtures have been
" determined in a closed tube 5 c¢m. in diameter

i

-~ and 65 cm. in length. The lower limits are 5

to 6 percent greater and the higher —1 to 410

OXYGEN iN ORIGINAL ATMOSPHERE PERCENT

10 8 6 4 2 0

T L |

N
o

'PERCENT, " - -

i3
:

. HYDROGEN; Pt

i
[
";)v:” 3 pm..‘ Vit
UGl et porl m
Liopaorty el oo ‘
= ‘; R N .,. I AXY
ENGICINES I B 1)) ORI | : .
Ky S A
TS e d LS B T TR SLadls ,:‘ ‘ ooy (;'- “ngg. L Lo i D
g 0y 110 gy 20" 1 304 4055 50 i, 1600 ;'73‘;) '80 : lw‘

‘ CARBON DIOXIDE OR ADDITIONAL NITROGEN IN ORIGINAL ATMOSPHERE PERCENT P )

FIGURE 7 — Limits of Flamma.blhty of: Hydrogen in Air and Carbon Dioxide or Nitrogen. .
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Not capable of
- fommg explo-wo =
mlxtum w:th air [

100

% ‘—A'i ‘

£

mlxtures of air and carbon dioxide are shown in

me -percentage figure 7. --The, determinations were made in a

of addltlonal nltrogenr “The . addi ion. .of :0.5 tube 6 feet in length and 2 inches in diameter,

ercent of t etra,methyl' ces:the higher  with ipwar "'propaganon of flame at atmos-
imit and retracts the -‘nose’’" hecurve - phemc press ng propagamon (188, 167).

cons1derably (318).. for_downw, The’ “limits; with “downward- propagation of

propagatlon in a closed tube 2.2 cm, n dia t - flame in the.same serie§ of mixtures-have been

; ion ,of
tetramethyl reduces he hlgher
4

racifs the. s.‘nose 40f the curve

so been determmed (21 7 341 ).
observatlons (95) ShOW‘ as mlght
ore rhpld ‘narrowing . of the
limits, in' Bunte)burett . Others () may be
mentloned bt they can hardly be. .accepted
without eonﬁrmatlon;lbecause they indicate

severall probable conclusmns—for example,

939350°—52—3
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.

that the lower limit. of- hydrogen is. reduced from.. .. mixture-to-burn when-issuing into air from a ]et
6.5 percent’in a,1r to 3 percent in an:atmosphere -

composed of airland 3or 4 percent of carbon !

5

dioxide. - .

Atmospheres of A1r and Hehum —-When thln
- rubber balloons! 2.5 ‘inches in diameter  were
~filled with various mixtures. of - ‘hydrogen and *

{

helium and a lighted! match or a white-hot .

platinum spiral was used to burn a hole in the .

fabric, the hydrogen Tcouldi™bé raised- to "26

percent before the mixture became’ flammable,

but if the hydrogen éxceedéd 28 ‘percent the ‘
Hence; it was.concluded |

mixture would burn.

that to dilute the helium used for. alrshlps with !

more than about.26_percent. of hydrogen (299)..

would not insure s&fety agamst 1nﬂammatlon

of the gas.

Experiments by..the. present wrlters showA
that homogeneous mixtures :of helium, hydro- -

gen, and dir would propagate flame whenx the |
proportion of hydrogen-to helium-is- ‘much ]ess-'

than that indicated above When as, Aittle as

8.7 percent hydrogen is present in -admixture

~with helium, 1t is-possible to- make,. with: this -

mixture, a blend with ; air that will proparrate a

weak flame up through the céntral part' of a
tube 2 inches infdidginetér &nd 6 fest In length”

The complete set of obselvatlons 1s shown 1n,"f"

ta.bleS { o oo ,'._ .

¢

. Tasie 3. — Limits of ﬂammabtlzty of miztures of

kydrogen and Jhehum m ar, upward propa-
gation of flame “in tibe 2 “ihches in dmmeter
: and 6‘ feet m len Jth open at 2ts lower end

RN rnl*zture that’ contalned 19:3 percent

hydrogen and the rest ‘heliufm’ had‘ Very- w1de,

limifs of’ ﬂammablhty “Flaime traveled rapld]y
' and with some vicleneé’ through mixturés with

ait that lay well' Wwithin "these limits, although .

thie, ' balloon exp‘ernnents had’ sesitied ‘to show
that**these mixtures ‘were’ nonﬂamm‘tble + No
'mlxture ‘wotld be~ gafe’ for use 1n an’ airship
unlegs it " contdineéd’ less thani™ 8.7, percent‘
hydiogen in &dmixture Wlth héliutn (72}~

\

S e

Orrgmal gas mixture, percent | Limits of ﬁammablhty percent
' 'Hyarogen *'| 7 '_Helium o l,"‘vn_ildwer‘ Sl '; JH’i‘g’Her"'v
co- 4270 HLE et
oy, cALe PR AT (1 76,2
oy “-16060 - 79-2
o~ 80.7 24,00 81.2 3
89.3 51.3 L ,080.3 +
i QLB | B sty 69080 LT Gk
~ o ‘\x wiar Ty Lt T '} i I Si’ .

A With downward propagatlon of. flamme’ in; 13

dloséd “tubd2:2 ‘ém. " in' -diareter” the Weakest
mlxture ‘of' Hydrogen afid hehum that can form
. §Yflamihable” mlxture With*a ontalns gbotlt

12 percent‘hvdrogen (81! R s e
2 The! maximum’! Y amount’ f hydrogen“‘that
could‘ be’ added ‘to" ’hehum w1tHout ‘shabling" the*

15 mm. in diameter, 1gn1t10n by a gas flame, was
" 14 percent (223).

Atmospheres of Air-and: Argon —The Limits of
hydrogen in mixtures of air. and argon, with
downward propagation of flame in & closed tube.
272 Ve Tin dlameter have been determlned
(341) , . : .

Atmospheres ‘of Air.. and Certam Halogenated
Hydrocarbons —A series of results showing the’
lower and’ hlgher limits of hydrogen in air con-

-~ taining increasing amounts-of strichloroethylene

at 142 25°) #nd=35° C. have been reported.
They were: obs ved in sinall, burettes 15 mm.
~insdiameter;so- are-of- limited valle (200). Sim-
11ar*exper1ments with the vapors:of other chloro-
derlvatrves at laboratory’ tempe1 atures were
~reported—in -an -earlier commiutication (199).
The addltlon of incr easing amounts of methyl
bromide to the air causes the limits of hydrogen
Tto approach; aid ih e 2~1nch—d1ametcr tube, to
meet when 13.7 percent of thc ‘mixture is methyl
bromlde The lower limit 'of hydrogen is, how-
- evet, appreciably reduced (down to 2.4 percent
with 12 percent; of methyl bromldc), showing
__that_the bromide takes. some’ part in the com-
bustion (38). The results are:of doubtful appli-
cability to.wide: spaces, for with a sufficiently

. _powerful source/ of ignition some mixtures of

methyl bromlde;alone ‘and air can be inflamed
p: 101). :
.-~ The- addition :of - 1ncreasmg amounts of di-

chlorodlﬂuoromethane (“freon’) to the air causes
.. the limits. of hydrogen to approach and, in a

—1nch~d1ameter tube, to meet when 35 pereent
of the mixture is freon (38).

Atmosphere in' Which N1trogen of Air Is Re-
placed ' by. Carbon ‘Diokide.~~The limits of
hydrogen in this atmosphere with upward prop-
&gatlon of flaine'in’a 5:3%cm: dlameter tube open:
at the 16wer end-aré 5. 31 and'69.8 percent as
compared 'with 4.19" and' 74:6 percent respec— .
tively,"in ‘air.”’ For: downwa,rd propagatlon n
the same tube, the ’ upper end berng open, the
lotwer limitis 13.1 pcr cent as compared w1th 9 0
percent ndir (94):" :

' In*q closied 9 fenit dlameter tube, w1th up-
ward" propagatlon ‘of - flande,” the 11m1ts are 4.7

- gnd' 70 3Ypercent; thc range 18" narlower 1n

{ 12H¥v‘

narrower tubes’ (98) S

L] closed 35 -¢C. globe with'side’ 1gn1t10n the
,hmlts Wers” 119" and - 682" pclcent hydrogen
comp&red with*94 ‘dnd’ 64.8" percent respec-
tively; i ait it the sanié' dpparatus” (2977 Th )
hrghcr-hmrt result is unexpectcdly greater n
the' &rtlﬁclal atmosphere thah"in" aif;" mmrlar

- vl however ‘Had been’ obtalned earher (346‘)

Reasons have already been given' (footnote ]
table*1'p. 17) for. thlnklng that’ thie” ﬁgure
64.8; fot“the’ highet limit id"air; 1s too 10w Tl

Lk
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. . 7
- Influence. of Temperature.~~Somé;.irregular

results(have ‘been ! obtained for the-influence of
temperature: on the: limits of; hydrogen in..an

-atmosphiere of 21; percentoxygeir and 79!percent

carbon dioxide- They .néed- confirmation . (297).
An isolated observation isithat.a)mixtire con-
taining 829, percentm fhydrogen seinflamed:. Iat
55200 (216) i 5 ULy h,, su ,1:[3 [E AT
Atmospheres in; Wthh N1trogenf ofi-Air Is
Replaced by.. Argon, »Neony ort Helium.—The
limits of - hydrogen, in » wtmospheres: in::which
the nltrogen of the air is replaced,:by: (@)
argon or (b) helium, with upward propagation
of flame in a 5.3-cm.-diameter tube open at

the “1ower" end, are’ (z)’ 317 aifd''76.4" percent

and .(b) 7.72 and 75.7-percent, For downward -
propagation in-the same tube, the upper, end, -
being open, the lower hmlts are (@) 7.0 and
(b) 8.7 percent (94).

Ine ascloded : 2.5-cm.~diameter tube, with
upward" propagation ‘of flame, the limits are’
(a) 2.71 and 75.3 percent and (b) 5.9-and 71.8

. percent; both ranges are narrower in narrower
tubes (98)

T “a meture of 20.9 percent oxygen and
79.1 pcrcent argon 89710° percent’ hydrogcn

.inflamed at-545° C. (216 ) ( See also Deuterium

Y - e
T e

in Other Atmospheres.) = il ks

Atmosphere of Chlorme —In a eutdlo(meter o
tube about 1 cm..in; dlameter with . géses. -

standing s over sulfurlc acid,. the “limits “of,,«
hydrogen it chlorine, apparen‘oly for-downward
propagation’ of ﬁame were 8.1 and 85.7 percent.
Radiation - fromy burmno magnesidm ~ignited
mixtures eontalmng between 9.8 and 52.5
percent hydrogen (237) :

‘The limits with downward propagatlon of |
flame in a tube 1.5 ¢m. in"diameter and' 30 cm.

in length are 10.4 and /83:9ipercent hydrogen

Reasons are given.- for- preferrmg these’ ﬁgures
to- those given-abové: (228)s . e
In an iron bomb,of 810-ce.: scapaeity,
limits of hydrogen in chlorine are 6_ and, 8
percent (849). ¥

mlxtures oflhydrogen oxygen; and each of these
substances-are given in!triangular:diagrams for
downward . propagatiot of; flame:'in & 1.6+ “om.-
dlameter tube. (335):i%% ey i :
“Atmosphere of. N1trous Ox1de ——The hm1ts of
hydrogen in‘: fitrous:oXide; with . downward
propagation of flame.in 'a 16-mim. burette,:are
5.2 and -about 76 percent (285); in a. 15-mm.
tube,-5:61.and 79.7. ;percent: i(839): iThe -effect
of -a:,diluent, in:: marrowing: the limits -increases

- ini.thefollowingiorder: Argont nltrogen ca,rbon

dioxide;helium.(285): :

Atmosphere of N1tr1c Oxxde —The hmlts of
hydrogen: in nitric oxide (Wrongly called nitrous
‘oxide” by’ the 'aiithor, a Netherlands' chemist
Wmtmg in-English) ‘with downward- propagation
of flame in a tube 15 mm. in diameter are 13.5

“and 49.4 percent (228).

Atmospheres of Nitrous and Nitric Oxides.—
The region of flammability of mixtuves of
hydrogen,,with mlxtures of nitrous and nitric
oxides is plotted in a-triangular dmgr am (239),
but the spark used was too weak to ignite any
mixture of hydrocren and nitric oxide alone
(228).

Atmospheres in Wh1ch Oxygen of Air Is Re—

.....

(and 79, percent nltrogen with upward p10paga~
“tion;.of flame in a 5.3-cm.-diameter-tube open
. atl the lower ‘end; are 4.19 and 29.0 percent.

- When the mixture contains 42 percent nitrous

‘oxide and .the amount. of combined oxygen
therefore équals the-amount of free, oxygen.:in
air, the limits are 4.38 and 65.8 percent in the
same- experlmental condltlons In- comparison

.. with 4.19 and 74.6 percent in air (93)

o Inﬂuen_ce ‘of : Small Amounts _of, | “Pro—
moters.”—The saddition: of. about 0.5 percent

. of various possible * ‘promoters”- (diethyl- perox—

ide;: ethyl ‘nitrate, nitrogen- peroxide, ‘thethy!

o 10d1de, ozone) had little.effect on_the lower
:5.057 limit of hydrogen-in air and little ‘more: efféct
" gisueon the higher limit-than-that due~t0 the thermal

- With a spark discharge-or a heated platmum< T ffects of their.reactions (93):- o

spiral in & half-liter cylinder 4 ¢m:"in digméter,”
the-apparent 11m1ts**of hydrogen: “in -chlorine
vary with circumstances; the widest: range was.

5.5- to 89- percent. AR,esults are also given for .

mixtures to which hydrogen chloride, nitrogen,
oxygen, and carbonidioxide. were added (214).

-Atmospheres of e Chilbririe! and Nitrogen; -
. Chlorme w.and Oxygen 11 Chlorine gand: Nitric
Oxrde, Chlorme Nltnc Ox1de, and, N1trogen —

h 111ﬁ1‘5§ of ‘tér ary mlxtures of hydrogelf with,
i i «ds

e A3 P43
1 these mlxtures aro glven 1n tn&ngular,
¥

i r“'downw

tern

IR
FThe ity Ofm.,,ery‘

" Dilution of Electrolytxc Gas" (2H, —I“Og) W1th
~Gases, Inert or Otherwise:—"In"thaearly patt of

. wthetlast centurys the question . ofcthe. amount: of

- diluent’thaf, mixed ‘with. eléctrolytic: gasi-would

+ bring” a/ mixture to its limit of ﬂammablhty

aroused much interest, which. )ha,s been revived
from time to titie’ ~Some-of the diluents were
inert;. others Were anot Table 4 glves the
resul s < e
The COI]dlthIlSt of some of these experlments,
‘are e1y 1ncompletelv stated but‘.can bc surs,
mlsed from the ﬁgures for. the dlluentSrhydrogen
nd oxygen aSrl}lmlt mlxtures made by dllu Lting.
ellectroly’mc gas Wlth hydrogen ‘and oxygen; are,
the ’s‘an'l'e as hlgher— and _lower-limit, mlxtures,
respectlvely, ‘of "hydrogen in oxygen I hus,:




‘Sulfur dioxide- - S

_Carbon monoxide__.__

. Methane___;_______ -

Davy’s, Turner,s, and..Bunsen’s: experlments

: probablv were made: with upward :propagation

of flaine. Davy 'and Turner.iprobably: -used
fairly wide vessels.and Bunsen a.rather weak
spark as the source of ignition. .Regnault and
Reiset,.«Von'! Meyer, -Tanatar,  Misteli;- Eitner;,
and Jorlssen observed downward propagatlon
of flame.. - . ot

. Uncertainty 'as’to some of the methods used :

and the small scale of the experiments. make it

results in table 4, In general however, it is

N ."w,

- impossible to draw.-exact conclusions from' the .

. w1th oxygen. -
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evident i. th'at the Jnért: -gases” of hlgher ‘heat

capacity are more effectivelthan:those of Tower
heat« capacrty in’ rendermg electrolytic gas
nonexplosive:: Helium is-more effective: than
argon, ' ‘presumably:: because of - its - greater
thermal : conductivity. .- Moreover, " when: the
diluent istitself flammablerand therefore com-
petes with .the hydrogen for the ‘oxygen- of
the elecrolytic: ‘gas; it is-'even more extinctive
of flame than the inert gases; provided that: it
contains several atoms capable of - umtmg

i

TABLE 4. —Percentage of electrolytw gas whzch 'wzth dzluent named is at l'mnt of ﬂammabzlzty

Percenta.ge and jaiithoritj’ a
entage and a

s . .|+ Payman and

' T T, S ) 1. Titman-
- Diluent - ‘Davy =| Tuarner T (274, 275)?
o - (78) (333) - B : »
. e f ‘
. - Up- Down-.
-ward | ward

Hydrogen: .- .__  11-14 10-12. 5 1—23 (Bunsen, oYy .l L Tl 174 17. 4
gxygen ______________ 10-12. 5 g ;,—7. 7 8 6-9.7- (Bunsen, 27), 13 9 (Eltner, 96)_ S O 13. 6
o g [P Ot R S P UL I PO I P
Nltrogen____Q_;_‘_;__; |- Tl "14.3 (Henry, 122), 19.2 (Eitner, .95)___--;_-_2 15.°5 16. 8
Carbon d10x1de_ oo |emiiio | 125-88 .| 25-27 (Regnault and Reiset, 292), 25.7-26.2 ’ -
. -l R ¥ (Bunsen 27) 30.0 (Eltner 95). 23.0 25.'9

Argon_._____.______
Hydrochlorle acid. ____
Silicon fluoride: . ____-

Nitrous oxide________ 1,

Hydrogen sulﬁde _____
Ammonia_____: SR PR

50 approx1ma,te (Budde, 25) il ]

50 (Partington and Prince, 268)%-_ - _-_:___
7678 (Tanatar, 320), 76 (Misteli, 244) N
'85.5-85.7 (E. von Meyer, QUB) Ll e

Propylene___:_ IR
Trimethylene. .. __ i

| 78.6=80.8 (E. von Meyer, 243), 75 (stteh,

i_|~88-89 (Tanatar, 320), 85—86 (Mrsteh, 244)____'
| 88-89 (Tanatar, 320)._ 1 _ .o __ o e I :

244), 80 (Jorissen, 202).

Acetylene_.:
Cyanogen_
Coal B8S oo

_| 50 (Tanatar, 8320) __._ .. ______
40 (Henry, 122) .- "_?-_g___,‘___ _____ SR -

., 1 Of 2figures, the lower represents a nonﬂammable mixture and the’ higher.a ﬂammable n.uxture
. 11In a closed tube 2.2 cm. in diameter and 45 cm in length R

] At 85° C. and 380 mm. pressure

PARA HYDROGEN

The lower limit of para—hydrogen in air. Wlth
upward propagation of flame in a tube 7 cim..ih
dismieter ‘aiid 120 em. in length is between 4.3
and- 4.5 percent. ‘Under the same " conditions,
the lower limnit of ordinary hydrogen is between
4.3 ‘and 44 percént: The :higher limit of &
mixture ‘of equal parts of ‘ortho- and para~

ZL?

"hydrogen was not less than tha,t of ordma,ry

hy drogen (114).

. | DEUTERIUM . ., |
DEUTERIUM IN AIR ‘AND IN OXYGEN
" The’ hmlts of deuterium, which have been'

observed ‘only in closed . vessels, are. given 'in

table 5, with ‘those for hydrogen obtained by -

the same observers in parallel experiments.

The ratio of figures (66) with upward propa—
gation (deuterium and hydrogen in air) is'almost
equal to the “inverse ratio of - the, diffusion
coeﬂic1ents of thé two gases, & fact that 'agrees
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fThey are as follows

U‘LIMITS {0OF “INDIVIDUALl GASES’fAND VAPORS'“ i s25

Wlth the explanation g1ven (p w1 1) forthe: :
peculiar nature of the. ]oWer-hmlt flame of
hydrogen. -

DEUTERIUM IN OTHER ATMOSPHERES

\\\\\\

«‘Fheslower hmlts of deuterlum and hydrogen‘

in mixtures of 20 percent of oxygen and 80 per-i .

cent of various ‘thidmically*inekt gases, at"400
mm., pressure; have ‘been determined-i in a closed
tube 4.5 cm..in diameter;. and 80 cm.in-length.

BRI

‘Nitrogen, 80 percent__|*. * . 5.65 £ 3 '9 ir'o | 9.6
Helium, 80 percent...|- 7.4 5:8 | 8:4 | 8.1
‘Neon, 80 percent.___ 4.3 3.55 . 7.7 7.1
Argon, 80 percent._..} 3.76 2.7-). 1.1.2 7.1

¢
Upward propagatlon or Downward propagatlon
: flame* - of flame
Atmosphere —

amnll e o e
Deuterium Hydrogen Deuterium Hydrogen

o

T

—... etér, are (274):

»¥v.:\The.: three alast-named gases have equal

spe01ﬁc hg,ats but different densities and thermal

LT R B S Y T T Te o)

4conduct1v1t1es In_the helium. mixtures ,the.
‘convection' is least and :the. d1ss1pat10n of .the

" energy of the flame - front by diffusion the

greatest; correspondmgly, thelimitis the highest
and the difference in the limits ‘with upward
and - downward propagatlon -of - -flame the
least 67). BT I I oo

- Dilution: of 72D2 ( T—The 11m1ts ’of 2D2+02
in various dlluents W1th downward .’ propaga-
tion of flame in a clg_sgd tube 2.2 e¢m. in diam-

 Percentage of 2De+t04
which, with diluent
named i at limit

Diluent: rwandy 00 of flammability
Deuterium__ 50 ______ S S 15. 9
L Nitrogen - _ .o . 16. 8

e Oxygen-----------_, _____________________ 15. 3

- TABLE 5. —~Lzm1,ts of ﬂammabtlzty of deutermm and, hydrogen m air
. Upwqrd Propo.gutxon of Flame :

o Dltrﬁg:lggs_ﬁf i Deuterlum llmlts percent Hydrogen limits, percent »

2 Pressure, oY o Refer-,
YT mmy : In oxygen © Inair In oxygen ence No.
: Diam- | pength L mm R :

-eter K o .

U .| Lower | .Higher. | Lower |- Higher .-Lower | Higher--Lower. | Higher

t ! i 1' - o .
400 ____ P45 .8 5.65 |- (o | RS O IO S I 56.
760____.____ 2.2 1+ 453 4.9 |+ 75.0 4. 94. 7 3.9 73.0 3.9 94. 2 274
400 __._____ 45 - 80 5.65 |- 5.7 |-o-di.._. THE: 78 PR 3.9 |- - 57
400 _____ 56
760 __ 274
400_____:.__ 57

R A <

which the only ‘mixture: ofr amimonia and alr
that, could be inflamed at: atmospherlc pressure:

‘contained 21,9 percent ammonia, the limitsiat-
16, atmospheres: were; 17. Ijand +28:8 .pereent .
ammonia, and at 36 atmospheres the:lower -

: bout 17,: percent’ Igmtlon was at-
3 tempted y the electrlc fusion of-a silver wire,
;5Q-hter bomb (107 ) the lower

- o.,

ias; 'showﬁ“by‘ﬁgure 9.+ A closed tube 5 cm.’in

dlameter was used. The calculated . flame

A temperature for -the . lower! limits, horizontal

propagatlon “is_dlmost_constant: therefore the
prehmmary “heating of the mixture seems
““merély .to save the necess1ty, so to speak, for
. liberation:, of: the isame. amount- of ‘heat by
-combustion (364).
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foe st e o+« TasLg, 6.—Limits of ammoma m mr fes e a0 '
. .. ) - N . ™ NP . £ R
BN RS G 1 it . RS vefl R

T P . v Upward Propugatlon of Flome ;

(oY) < Foa- i
i - o L ) R L Sy By, e
Dimensions of tube, cm ) ’ . L1m1t§,, pércent : * Content of N

B SN N ’ Tube Lei ik LRy e “aqueous’ Reference
E TR IS B U S A B S R e I S NI No. =

dength | 5 e Tower. [\ “Higher 1], [ p R

TN s i 3 = “.f ST : S5 2t

1

- (See text)

Closed. . __

o R .«‘* 317 ll
- - 150
| . .6 L
16,1,
e b

" 2604

28.0
. 26.6
26,6

RYCERS]

b g"H‘ori'z'dnt&l"Propag.q_ii;or; of Flame

1744
18. 2;

55 ]

it w b ! 5
7.5
5 0 130
1.9 301

Propaguhon Throughout a Sphencal Vessel ora Bomb et
T, - AR u, B P S B R . B
Sphere, 0 5liters .| Closed_____ _-._.______.___ 16. 5 26 8 1 301
Cylinder, 1.2 liters_2 __ .= > |- oo doo oo . 16. 0 25:0 [l ___ 256
Bomb 50 hters______: __________ oo | L . 107
- i - N
: t. . 500 - N t ¥ Ti' qe i
.F; . i d S
B ’ “" i ¥ .. “ _ P
\ : i a / / e - Y
400 : / /
: ' — 4 .
& 300 s o
o . R y
5 IVNA
£ AV
A g,
. £ i /&3“. i
Rl 2 E ) / 5
oyt S 200 . !.§ [.P*
i s 8 /80‘; £
! U . / i § 3
’ _ LQ‘LQQ/ : A ' N i
T s 2 " 3/ ?/{ “;
’ ‘ ! i . ‘é:- 7 (]
. 100 — S '
L ! ’Q/
- S ! T/ ; .
a4 ', /1‘ £ "
in o ' \ s oo |- ,/»Q. o !
. . . 3 ‘ NI -
s K . Tl Ny E AN . tof K R 5 A .
. a4 AR 315 20 7 24 ' “5‘28 i .82 © 36 I
e s y AMMONIA PER(‘ENT . , .

*,“Propagation of; Flame "

NI L] e

H

‘FIGURE Q—leltst of Flammablhty of: Ammoma Air Mixktures; Inﬂuence of: Temperature and of Dnectlon of




4 A{LIMITS~OF - INDIVIDUAL' GASES; AND'L VAPORS friy

tuIfs the! mixture -of lammoniar and alrustands
over an aqueous:solution of ammonia(strength
_ not' stated) -the limits' are rapidlysnarrowed by
rise of temperature until at about.44° C.they
meet. Above this temperature the amount of
water vapor, 1s‘sufﬁ01ent ‘to rendér' all mixtures
of ammonia and . ai nonflammable ; :(800).

AMMONIA IN OXYGEN

The- earliest —recorded Timits: known to the
present writers are-those:for. ammofiia’in” 6xy-
gen. 7In1809 W. Henry Wrote*“Wmh a greater

than ,that of 3 : 1\4 the mlxtures .céase to. be -
These proportlonsmcor-,

combustible’’ (121)
respond with 25 and 68 percent, ammonia,.
respectrvel“’-fw cLoRe “ﬂl .
"“Table 7‘

IH z.t ", ‘f’

(PRI

Ao

ammomafm oxygen (closed;

27

huln, arglassrbulb +100: cein:capacity .the limits
at!:85%.Crrand »380-imm. ,pressures are;21 and
74:5 tpercent!,(268) 133y it e

5iln a 50-litér bomb ther l1m1t for completedn-

flammatioins whenzf,ignition . was . central :de-

pendedron ;the nature of;;the, source: of.ignitions
The lower limit, ignition by electric" spark .or
guncotton,rwas 15’9* peteent; “by -a mixture. of
sulfur andupotassrm cflorate,-;13 5. ,.percent_
(107) g »U IRUE I ‘)Lll ot LiEATE i JI. st
From observamons w1th,a spht Bunsen flame
the lower limit of ammonia in oxygen was
estimated as somewhatilessi than 15 percent
and the higher limit as., somewhat greater than
80 percent (298)
BT IRfldenide 6f: Pressure.—In a“50—hter Poriib’ the
: lower 11m1t"‘ 0 "'complete combusmon Was : ;
percent At 1"12 0°at 5,'10.8" 'at710,, and 100
20 atmospheres (107) o “;

v, o
Che ;

A 7”—Lzmzts of ,tube) o
) oLl e S’J BFISUITIS doanititing S

) . ¢ > -

7% vDirection’ of pi bagatxo ifrid e T

rait Telfiobng Dt [

vy £ 1 : .t

¢ sl b J();Y Bforsin o N
Horlzontal 43 tn Down ward o Reference :

STy

l ngher’
.‘0"1 i)l

ﬁ‘N

VETRITGU | G it ETHEERT AR

“*,’i' [ R F S AT sode ‘uﬁill d,,‘*‘z'
' Influeficé ‘of Temperature ~Tna closed tuibe
5 ¢ém: fin diameter ‘the: following figurés were
. obtained: for the lower limit: (354) :v. 1is
BRepy oy sign _H'x:'.r, LR 2E e {'1‘ SRR 0
Lower hmzt of ammoma 'm oxygen (closed: z‘ube )

FENNTARE is L)

KINTINES

:«J‘i vigs

1
’I‘emperature‘* -
-Horizontalspropagation

Atmospheres"of Oxygen' and Nltrogen of
Oxygemand Carbon Dioxide; and:of:Oxygen’ and

Argon.=:The Jimitsycof; ammonia+in: thése mix- .

ures have) been : determined «with ; downward
propagation:iof, flame:in .1.5- and/or 1.7-cm:-
dlameter tubes(2083:848). o ey R

Atmosphere,;of;N1trous»0xgde;r A-wery -old
deterr'nina’tidn gave the -limits: ofi ammoniarin
nitrous oxide, conditions not stated; .as»aboiit
17 -and' .67 percent- -(121)5 eRecently,,., these
dimits:haveibeen-deduced. by ssmall,, extrapola—
stionsrof,the. limits- found; iin\seriesiof mixtures of
nitrous oxide and air. Theéy were détermined
for upward horizontal, and downward propa-

* limit for normal’ flaiiie “propagation.”

Ul ’vl‘\l‘“ﬂ!“

gation of ﬂame in closed 2- and 3-1nch d1ameter
tubes, .as follows
sfiann. £

Lzmits of ammonia in. mtrous oxide (closed tube)

il . s i

P | . Upward___|. __Horizontal. _|__ Downward
Tube diam- .

© eter. em. - NN N
C i Lower | Higher |.
L) s - L. N - - e s .
. . T RN S e

12,2 [ 2719 | 44°| 7.7 1. | 77

2.6 71.9 51 7156 77T 687 TTLO

1lm1t mlxture N -
! S m,L EALECTRARS ST

;i : ,
becaiise violent exi)losmns somemmes occurred
“dHattéring the tubes;‘ with m1xtu"es below the
“This ‘is
. exothermic_decomposition of
'ns1t1zed rby» small amounts of

-ascribed to_the
nitrous - oxidé™
aminonia (1 B0). . g P

Increase” of - temperature “Wwidens the range
:appreciablyi_at: the.lower: l1m1t shghtly at the
‘higher limit }(180): ;. . i o+l

Atmospherés ©of ;A1r and N1trous Ox1de ——The
limits of ammonia in various mixtures of air
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- ahd: fitrous ox1de" "with upward* ldownward, fand

" horizontalr propagatlon 'of flamées,*have been dé:
termined in a 2-inch-diameter. closed/tube. Théy
' accordifalrly ’closely:wﬂah Lie>Chatelier’s mile,

. that isj mixtures’of liniitmixtures ofthe same .

. soft (lower or" hlgher) iate themselves. hrmt le—

tures (130).:-0.2 Vol portinnt T on ool e
b Atmosphere:of ‘Nitric¢ Oxide. —The hmlts! of

_afmmonia’ i nltrlc oxide, with downward prop-

agatlon of flame in & tube 1.8 cm. in dlameter,
are! apprommately 20~and 65 percent (339)

0 SR O !-",‘..‘ i i Tl FERI S r| Beie
Y HYDRAZINE : 5:-;,- .
‘\( i* ‘ f»‘j

B 'HYDRAZINE’ IN AIR

- The limits: of. "hydrazme . alrb (Wlth P WAT g e

propagation ; of flame in @, 1-1nch-d1ameter tube

open, at the upper. end are '4.67 and 100 percent ’

at -about"'100% C: Hydrazme decornposes exot
thermically, and its vapor:can propagate ‘flare
down to 12 mm. pressure (at’ 29° C.) without

' the assistance of air or other supporter of com-'-'

bustion (304): -
The limits of 85 percent hydrazme hydrate in;

air, _determlned similarly and_calculated on the i

assumption of complete - dissociation of the
hydrate at the temperature of the tests:(aboiit '
100°°C.), are equlvalent to 5 95 and’ 27 37 per-
cent NZH,, (304) e

HYDRAZINE IN OTHER ATMOSPHERES

Hydrazme vapor mixed w1th various-diluents®

is capable of propagating flame within the fol- -

lowing’ concentratlons, at temperatures ranging

- from 104° to" 135° C. and roughly atmosphemc :
" pressure (B04): ¢+ | caan et

PR £
i

Hydrazine limits,
ST o percent .~ |
Diluent N |

S . Lower . | Higher
8.0 100
37.0 100
t 30.9 100
Dt 86.8 100

L

Wrth Y spark whlch gave 8 pressure hmlt of 35
mm. for pure hydrazine, the following results

were obtained. At 185 mm. ((and '100°.C.) the,

lower hmlt n mtrogen is 48.6 percent -at. 147
mimn. I ammonla 1t 1S. 61.2 percent;.at 332 mm
in 5N2 —|— NO,it.is 27:1 percent (5) ce

aE
[

HYDROGEN SULFIDE IN AIR

I ) - P

In a honzontel tube 6 em. 111. d1emeter and

.open at both ends the limits of hydrogen sulﬁde

m ‘air were 5 9 and 27 2" percent (182)50::5

1 ¥ i syl i i"ii;l’fi

HYDROGEN SULFIDE,. . . ..

rIn.closed§ tubes’<l:5:metérs -in: lehgth..andfof
dlfferent ydiameters the. Jimits.for;mixtures con-
taining dripercent water; vapor were. as'follows
(36677 *4i i T R T N T RN TT L

B e
YRR TR T Es ST TR Gigr ¥ ‘ ‘:"'4"-

s
vl -;

NNy DANIIIY

Lzm@ts of hydrogen sulfide-iniair (1 percent: water.

AN vapor )E an.-closed: tubes, pencent.oi 5 In

Dlrectlon of propagatlon of ﬂame
;v A}

Ao lfoJ{: 2

D)ameter of tube,, |, i;UDWﬂId'?:' e, _aHorlzontal .

¢, i xDOW.r.lwar}ix 4

WL 'tli.‘; B AU O e Ve E e BT U

Higher.| Lower, %Iigjher Lower( Higher,

RN 13 f'f'

s
Jiascs

‘4
Pt

r ooo
g 4&' -
e
T

5.40. '
5.30 |. 35.0° 7
ol P

RN
'

Irl(\

§
The 11m1ts in - closed horlzontaL tube, 4 5
_ em. swidesand ;75 cm, long with spark JAgnition
at the,center, are given as 3.1 and 45.1;percent -

(283).  The great difference between these
, figures _and the. corresponding figures in the
tabulatlon above was not dlscussed

i HYDROGEN SULFIDE IN- OTHER! ATMOSPHERES

Atmospheres of Ni xtrogen and Oxygen.—The
lower limit of hydrogen sulfide, with downward
propaga‘olon of -flame .in ;a closed - glass. tube

150 ém..in length gnd 5 cm. in dlameter fell -
steadrly from 660 ‘percent in 15. 6 percent,

oxygen to'4.93 in 66.6 percent oxygeén (360).:
Atmospheres of Air and Carbon D10x1de—

“With increasing’ amounts” of carbon ‘dioxide.
added to air, the limits of hydrogen sulfide:
In. a closed.

approach and ultimately meet.
horizontal tube 4.5 cm. wide and 75 cm. long
with spark 1gn1t,10n at- the, center, about. 25

. percent - of - carbon. dioxide in. the: ixture is
sufficient . to, prevent any. mixture; mﬂarmng,
completely, and about 36 percent prevents

partial inflammation. (283).. .

Atmosphere of Nitric Oxrde —The hrmts of‘ S

hydrogen-sulfide in nitric oxide, with downward

propagation of ‘flime.in a tube 18 mm. in A
diameter, -are approxrmately 20 ‘and 55 per-

cent (839)
y HYDROGEN CYANIDE (PRUSSIC ACID)

i3 The-limits: 6f - hydrogen cyarude in -air.were
said to:béi 12.75 and 27.percent; but the experi-
mental condltlons were not-stated (62).. Later
Teports glve -5:6 and -40.0. percent"(2566) and,
in a 50-cc. pipette, 7-arnd 41 percent.(279) ds
‘the limits:. -A.figure-of “faround -8 percent”’ is
«quoted  for: the lower 11m1t in unstated con-
ditions:(16)."..~ - b
Influence of Pressure ———In a-50-cc: plpette the
range’ of flammability narrows:with reduction
of » pressure, the hm1ts meetmg at :about~ 50
«mm (279) ST IR TR T SR T

I S At B R 's{;:"




< ’LIMITSV-OF 3I‘NDIVIDUAL"" GASES- 'AN.D'E VA'\PORSf:;»}t iy

CYANOGEN > ho et

Table 8 gives . observed limits: o_f ﬁammabmty 5

of cyanogen‘in air (265). Other observations,

under unstated.. condltlons

percent (9).°

For the results tabulated 1gn1t10n Was by
electric spark. between tungsten electrodes
o 5 mm.- apart.=~No {dry "'mixture! was ig-
qitible by this spark in"the two-wider ’tubes

_ but“a~brightly-red-hot: tungsten- filament in -
~the 2. 5 cm -dlameter tube 1gn1tedmm1xtureS'

4

i Tapre 8.—Li

-gaves thie' limits
7.6 and: 38.0 percent (326),—and in small vessels,~
9.8 gnd 24.6 percent (8) and ;6.4 6 -and,, 42. 6 :

29.

e W Lm* Lo within: thei xrangex 19460 26 percent cy&nogen

after, a dela,y of up-to 30 seconds. The resulting
gn;t1_0n‘r sembled 'a detonation and shattered
he tube.:
Within the range given in the'table for-edach
of ,the hlgher-lmut figures, propagation was
obtained 1f the. tube had, been evacuated .to
0.01. mm.} before” introduction” of the mixture,
“but not if it had:been evacuated to 0.00T mm:
. foriat:least:15.minutes (265). T
- Influence of ‘Pressure.—~The effect of ‘reduced
- prégsure on’the limits-of“ignitibility by a weak
standard- ‘spark; rather-than—-on the limits of
,ﬂammablhty, has been exammed (8)

its of ﬂammability”bf cyaf/tog‘ehji‘in5 dr
i . S 7 O R £ ¢ B

RNt SR e .

L -« -~ --- Upward Propagation’of namje, e

TG T

D1mens10ns of tube cm. - - sl

- Limits; percent

Content of aqueous vapor

.. Diameter . [~ Le_ngth"'r o Lower” |’ ngher ekl N
EERERY - . P . P l LY .. W30
6. 15 7300 8——32 .0 | Nearly saturated.
©6.37 | ~"-29°8-31.0 Do. "
- 6. 55 |-—~--2020-30.- 1-- - Do.
18. 0 . 28.0-28.8 | Dry. :
7.1 . 28.35-29. 3 | Nearly saturated
7.2 1| Dry.

T R s U riiivg

Nearly:saturated.. ...<7¢ »+,
Do, ,
" Do. . o
Dr . RS
N earlv saturated
Dry HCR BTSN I

. Two older determmatlons ‘are replaced by’ the
) , sults (213 k40) " A deterrmnatlon

[ty
ﬂame) ‘of-¢arbonr d1sulﬁde%from i1

VIR e

9ltor about 3 0

l’l(_

i .

e ethylene, 1
, s"of s1m}11a act1on, but not’ so
n’l‘arked"1 are. benzene, "acetone hydrogen sulfide,
_acetic aci methane, and hydrogen Carhon
mnonoxidé; 'cy iogen, and - mtrogen 1ave: litile,
Tt hag® ‘beeni*-suggested
thiat, "as’ the*Tow er‘11m1t>of{ carbon’disulﬁde is
mucéh’ less compared With tHat of. ‘most “othéF
substances,*‘than‘ qts*heat of’comibustion would
indicate, its combustw ¢ catalyzed by -a
product =of*:incompléte Zedmbustion, - perhaps
éarbon. monosulﬁde, and-the fcatalyst is readily
poisoned’ by: “sibstances :as ‘pentane [(360).
i Small :am unts’of-diethyl selenide,:.tin: tetra-
‘ 1 lead‘- tetramethyl “Have a:similar
.2/:percentr-of dthese Jsubstances raises
_ thé lower limit; for+downward propagation - of
flamdesin ar5:¢m? tube:from 1.90 to:3: 70 3 45

and 3: 00 percent ‘respectively (250) '

g 05 Sld I sl o el

ift ‘any, such'“action.-

1
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LIMITS OF FLAMMABILITY'

OF GASES AND VAPORS

- TABLE 9. —Summary of other determzmtwns of limits of carbon disulfide in air

Upwurd Propagatlon of Flame o I

+.Dimensions of tube, cm. | . - | . 'Limits, percent [ Y A
, ' . : , S Content’of "' "p ¢ oo
- ‘ - Firing end - |- Farend — ‘ - ‘aqueous 1% o
' Diameter . Length - ' AR I " Lower " Higher vapor. b
R NI . : )
7.5 . 1507 Closed..__: Closed=~ - . _ 06 | Dry. - . 853
. 56.0 ‘ 150 s 41 - 180.0 | ___. do_.... 353
[ 2.5 . 150, lo-_ ST N M 353
i Honzontql Propagahon of Flume i [
7.5 | 150 | Closed_-__..- Closed. . __: 167 |..__.______._ | Dry.._____ 353
5.0 150 |.___- do____._|.. ..do_____ 1. 83 149.0 |..___ do_____ 353
2.5 150 |- doo - T doo | 2008 | |llil do____. 355
Downward Propagation of Flame
. . ) . N i
7.5 150 | Closed-_..___ Closed. - .. 1. 91 35.0 | Dry_______ 853
5.0 150 |._..- do._____{_____ do_._._._ 2. 03 34.0 |...._ do__.__ ' 353
50 65 | Open (Do |- o do.__ - 1. 90 370 |- - 250
2.5 . 150 | Closed_______|-____do.____ 2. 08 . 3L0 | Dry---—--. 3568
Bottle, liters..___._______ Open-_____._|-.. . do_._.. 1.94 .. .. '_"_;"_‘___ L 221

1AL60° C. : P S

Influence of Pressure.—The effect of reduced
préssiii® on the limits of ignitibility by a weak
standard spark of carbon disulfide i air, rather * -
than "on its limits of flammability, have been
examined (8). ‘Higher limits-at90 to 210:mm.
pressure have been given for a. *50-cc. plpette
(279).

- T

CARBON DISULFIDE IN OTHER ATMOSPHERES
: Nitrogen and Oxygen.—The lower limit of
carbon disulfide, with downward propagation
of flame in a closed glass tube'5 cm. in diameter
and 150 cm. in lengtl} fell steadﬂy from " 2 63
: percent 111 118 percent oxygen to 2. OO in’ air
and 1,241h93 percent oxygen (360). ]

" :Air and Carbon Dioxide.—One volume of car-
,bon “disulfide needs 22.2 .volumes .of carbon
d10X1de to-make a mixture, that is nonﬂammable :
in .air (185) The hlgher hmlts &t reduced'
pressures have,.been given for. 'some mixtures
in a 50-ce. plpette (279).

. Air and Carben ‘Tetrachloride. —One volume
of carbon disulfide needs 5.2.volumes-of carbon
tetrachlorlde 'to. make .a mixture: that .is-non- -
flammable. in air. This ﬁgurer is much reduced
by adding to the carbon disulfide 5.to 20 percent
ethyl bromide;. tin tetramethyl; . or ‘gasoline
(boiling ~point, 45°.:t0: 50°).- (251)'. ywAnother
observation:is that 1 :volunie of carbon disulfide
needs 7 to .9 Volumes of carbon tetrachloride
to make a mixture that is nonflammable in air

fi

(downward, propé'gationcf flame) (290) An-
: obher result seems impossibly small (282): -

“:Air and Other Substances.—All mixtures of
air and carbon disulfide are rendered nonflam=
mable.(downward propagation of flame) by 55
percent -of 'a mixture of 23.6 percent carbon
dioxide and 76.4 percent nitrogen, by 20 percent
ammonia or by 45 percent sulfur dioxide (290).

N1trous Ox1de, Nitric ‘Oxide, and- Nitrogen
Peroxide. ——The limits of flammability of carbon
disulfide in nitrous oxide in an electric light-

bulb- (ignition by fusion.of a wire)- were about 1
and 52 percent at 350 mm. pressure. As the
pressure is ‘reduced, the; limits approach each
other, and below 14 mm., no mixture is flam-
m&ble (344) The Jimits 1 m ‘nitric ox1de unde1
the 'same conditions are 4. 5 and 59 percent at
400 tm. _pressure; below 30 mm. rio m1xture
is ‘lammable. (343)

Thé'limits-of ‘carbon disulfide i 1n any mlxture
of nltrous and nitric oxides, at: 150 mim. pres-
sure, can * bé read from curves in the ~original
bulletln (844).

L1m1ts of 1gn1t1b1hty by a. Weak spark (rather
than "limits of - ﬂammablhty as claimed) = of
carbon'disulfide in’nitric oxide and in mtrogen
perox1de have been recorded (8) :

' ' \CARBON OXYSULFIDE

The hmlts of carbon oxysulﬁde in, air, ob-
served -perhaps,: in..a ,eudiometer--tube, were
11.9 and 28.5 percent (120).

praen
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CARBON-MONOXIDE
CARBON MONOXIDE IN AIR

When a small spark Was passed near- the.

lower conﬁnes of a—c&rbon ‘monoxide-air-mixture -

standing over watel.in-a vessel- 6-feet ‘high' and
12 inches. square. in section,. the_ following
observatlons were made 63):. .

.12.8 and '12.38 percent carbon monoxide.—
Stout ring of flame was formed, but flame did
not travel the wholelength of the vessel.

12.5 and 12.7 “percent carbon monoxide.—
A ring of flame first-formed;- then broke and

filled the upper part of the Vessel« w1th strla,e -

of flame. : .
12.9 percent carbon monoxzd —A, ﬂame as
wide as the vessel itself, with a strongly. cur ved
convex front,: passed slowly and:-steadily up
through thexwhole mixturée. e b
In a wide Space, therefore, it was concluded

that the lower limit of carbon monox1de n-air -

was 12.5 percent carbot monoxide. *
The higher limit of flammability has- not been
determinéd in large.ivéssels, .but..experiments

_in a wide, short, vessel and'in a long, narrow

vessel have 1nd1cated (6’4) that the higher limit;
in a large volume: is about 74 2 percent car-
bon monoxide. i

The figures| {6t : both hmlts réfer” to gases

saturated with™ water Vapor at™ “18° t0719°-C., -

When water vapor-is- removed-as ‘completely -as, -
is poss1ble in laboratory experlments,_the ~most’ -
explosive "mixtures of carbon monoxider.and;
oxygen can be .ignited only . by unusually
powerful ‘electric sparks,
calcium chloride raises the lower limit of

_carbon monoxide in air, in a tube 2 inches in
diameter;. from"-13.1 "6 15.9° percent (70).

Other" experlments with Totighly* dried mixtures
gave the limits'15.8"and<68.5 percent for
24itch- digmetér ‘tube; 14 5 and '68 4 percent
for'a’ ‘4-inch’ tube’ (38) Rt IR AN
"Theé” limits “with’ downward propagatlon Lof
flametave not'been ‘detérminediniarge vessels.
‘Obsérvations 'in Small Vessels.=~Thé Tower

Jimit™ with - upward propagatlon ‘observed i

closed véssels ‘rose somewhat‘as the dlameter
of the contalner was decreased the limits- were
1238, 13.1, and’ 13.2: peréent-in: 3 23 and-1tinch

_tubes respectlvely ¢ 'The- correspondmg hlgher '
'lmnts weére' 72,°72, and 71 Percent’ (866)7 -
- 'Flgure 10 1ndlcates the limits with downw:
"propagatmn i tubés» ‘of  various! didmetéts.

ard

Thet lhits narrow - rapldly when ‘the’ dlameter
of the‘ tube falls below Iiems &nd' co1nc1de when

The lower 11m1t w1th*ihor17on al propagatlon '
(366) ‘il closed tubeés is* 15:9 percent ClO-for a
tiib§'25 hith i1 diameter, 141" percent {COfor'a
-50-mm " tube, and 13.6’ percent co for a 75—mm‘

z,u’,v)

but ‘passage , over,, .,

tube ~The-limits for. propagatmn throughout
a closed 35-cc..globe with side ignition are 14.2
and 74.7. percent (297); and for propagatlon ina
- 350%cc; " globes with ' ignition inear ‘the lowest
po1nt '12.7 and 75.4 percent (368).

* :In round figures, therefore, ‘the limits for
carbon monoxide in’ air-. saturated with water
‘vapor: at laboratory, temperature and pressure

-are 12.5 and 74 percent CO.for upward propa-
~gation, 13.5 percent‘ CO (lower limit) for hori-

" zontal propagation, .and 15 and 71 percent CO

- for : downward .propagation. . The figures for
. horizontal and downward ‘propagation are
“based -on observations in closed. tubes in which
"the gases were. under varlable pressure during
.the experiment.~

:«Influence of- Pressure ———Flgure 11 shows the
11m1ts of carbon'monoxide in air under pressures-

- greater than atmospheric. (17, 18, 824). The

: eﬁect of raising the initial temperature to 100°

C. and of saturatlon with water vapor at 100°
~"C. is shown fof -pressures of 32- and 64 atmos-
pheres. ‘The Tange of ﬂammabﬂlty of dry mix-

- tures i§ narrowed'by increase of pressure.

‘At higher ‘pressures “than those in figure 11
the" range of flammability- widens somewhat,
until :at 800 atmospheres-the limits are 19.2
and 57 percent:carbon monoxide. (10).

.-Some old expetiments : ‘below . atmospheric

: pressure gave the _following limiting pressures
-~ of ﬂammablhty, 'with- downward. propagatlon

of ﬂame in several mlxtures of carbon monoxide

' and alr (220)

Lzmtt’mg pressures for.-downward. propagation of
< < flame, carbon monoxide-air mixtures

R - Pressure..| . Pressure
I M N . -g;;which at which
o - flame was | flame was
=i Carbon. monox1de percent\ propa’, not propa-
Aa%us irf..ogated,] | gated,
mm. mm,
CLooapa| 411
- 144 112
389 79
% 79

1'The' last“Tnikture in this list “could, not be ignited at 76 mm,
either py: andnductxon coil spark or, by ‘the ﬂame of guncotton
B -
More Tecent experlments made in a burette,

: 1nd1cated assmall*increase 'in- the h1gher llnnt

‘as the pressure was reduced—(86):, )
- Influence of Temperature. ~Four sets -of- ob-

3 LSGI‘V&thHS have been made (12, 220, 297, 3568)

on: the influence of temperature. = Pro

most reliable results are those (358) in table- 10,
determmedvln a.closed tibe 2.5 cm. in diameter
“'and 150 ‘em. in length with downward propa-
gation of flame. ™ "These Fesiilts are plotted in
figure 12 with two older approximate values
indicated By stars (220) that extend the lower
l1m1t Tegultsrto nearly. 600°C.

tn'zu,g‘tiyﬂ,‘- Yoo




v flammabilaty of carbon monomde m air

LIMITS  OFf FLAMMABILITY: OF

‘GASES “AND -VAPORS

'

,"“ “‘(, "\7‘4” B T SRR R R o

A€, '659°°.C. a 5.65-pércent mixture was

ififlamed (216); at 727% an" 82. 9—percenf mix-

ture was 1nﬂamed (288).

TABLE 10 —Inﬂuence of tempemture on l?,mzts of ‘

Caleulated flame  ~
-+ temperatures, © C. ;

Limits of ﬂammablllty
of carbon monoxide,
'"percent -

Temperature, ° C. )

A
Lower .
“imit Tt

ﬁigiler .

N S
: Lower, | ., Higher:, limity.

i ":

IR

‘.,The ﬂ&nfé tenrperatﬁre necessary to . props:

.agate flame downward s ‘much above,the -igniz

tion temperature (650° C) of a ]et of carbon

‘ DIAME’I‘LR OF TUBE CENTIME']‘ERS

‘FIGURE 10:=—Limits of* Flammability of- Catbon™-Monoxidé" m AlI‘ (Downward Propagatlon), Showmg Effect of.
Diameter of’ Tube. - : .
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I

monox1de in. air. It 1s remarkable tha,t the cal-‘
culated flamé temperatures. for, the hlgher-hmrt
mixtures should be so.much lower than those for .
the lower limits; an ad hoc explanatlon isthat
the hlgher—hrmt mixtures  react. more, raprdly
‘than-those of the lower hmlt ‘as the law of mass-

., action, pomts to most rapid reactlon at constant

femperature, in the mixture that contams 66.7
percent . ca,rbon monoxide; but the difference.in
flame. temperatures for the two limits seems too

- great to be thus explained.

The influence of - temperature on, thc 11m1ts at'

: h]gh pressures, is. shown in figure 11.

Influéence, of Impurxtxes.—The lower hmlt of
carbon, monoxrde in; air; with downward .prop-
agatlon of 'flame, was ralsed 3 percent by addi-
tion.of iron: carbonyl (0:028. cc liquid vaporized

. per liter),, /The higher limit was reduced from 69

to about 43 percent:by addition.of iron carbonyl
(0:022. ce. hquld vapozized per;lifer) (325). .

The lower limit; with, upward. propagatlon of
nch-dmmeter tube, was not affected
by. the:-addition of 0.3 or, 1.0. percent .of “nitric
“oxide (70)
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“tube 17 mm. in dlameter 16.7 and-93:9-percent .

i34 o LIMITS 'OF FLAMMABILITY "oFf"dAstS‘hNDZ'VAPORs :

' Inﬂuenl:e of Temperature —In a 35-ce. closed
bl tHe:limits were 15.5 and 93.9 percent at

The second earhest recorded lnmts known to " "15° C. and 14.2 and 95. 3 at 200° C. (297)
 the present writers'are” those' for carbon monox--~

ide in oxygen. 'In 1810 John Dalton wrote gCARBON MONOXIDE IN OTHER ATMOSPHERES
“* * * ynless the carbonic oxide amount to
at least one-fifth-of-the mixture, it W1ll not- eX«w - JAtmospheres of Compos1t1on Between Air
lode; and the loxygen: must be at least one- and Pure! Oxygen —With downward propaga-
fteenth of the mixture” (764). T tion of flame in a Bunte burette 1.9 cm. in diam-
The limits of_carbon monoxide’ in oxygen ,4_,~,eter the. lower limit rose : gradually from 15.6

with downward propagatlon of ﬂamc in a Bunte percent carbon monoxidé in air to 16.7 percent
burette 19 mm. in diameter, were 16.7:and 93.5  in'nearly!pure oxygen. :The higher limit rose
percent in- nearly pure oxygen (823) in- & closed:s:ifrom-7 {percent carbon monoxide in air to.
S87:6 1 5‘1—percent oxygen mixture, 91 percent
(845). For propagamon throughout ;a 35-c¢.  inia 7 1-percent oxygen mixture, and 93.5 per-
globe with side ignition the limits:were:15.5. a,nd - cent in, nearly pure oxygen (323). :
-93.9 percent (297): --Earlier- 'observatlons aTe *”‘Atmospheres -of Air-and Nitrogen (Air De-
“consistent with these, ﬁgureSL except that ficient in Oxygen).—The limits of ﬁammablllty
Wagner’s low-limit figure was too high because  of] carbon{ monoxide in all mixtures of air and
he used a weak source-of-ignition-(243; 346)‘~‘~—»w~n1tr0gen ‘o -air-from: which part of the oxygen

‘Influence of Pressure.—The limits were not  has been témoved, are shown in figure 13, The
-appreciably narrowed until’ the pressure was ~ determinations were made in a tube 6 feet in
reduced below ‘150mmm “when, a_ moderately*, . length and 2%nches.in diameter, with upward
strong 1gn1t1ng "spark” was used At lower | »E‘ropagamon of flame from an open end (133).
pressures ignition becomes difficult’ to msure :

rom"the ordinates of the “nose’” of this curve
(65, 86). i el o et oo v oY may ber calculated that no mixture of carbon

B R e .,.i..,-,,.-.. I ]
P t ; R S . P Lo :
——— L - ( l ‘_. ‘~_ - v

: o ‘ oxycm IN ORIGINAL ATMOSPHERE‘ ERCENT .
80 :2]0”’ 113I ”116“; 1]4 12 10 8. 6 T 0

CARBON MONOXIDE, PERCENT

0 T T R T % 200
_CARBON DIOXIDE OR ADDITIONAL NITROGEN IN ORIGINAL ATMOSPHERE PERCENT -

FIGURE 13 — Linits ‘of Flammabxhty -of' Carbon Monoxxde in 'Air and Carbon Dioxide or N ltrogen

L
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monoxide, nitrogen; #dhdi:dir at atmospheric
pressure and temperature, is..capable of prop-
agating flamé if it contams Tess then 5.6 percent
oxygen: (167):ns -imitolin 6 arrxiit s 0
#:iForisome, purposesithe resul’r,s:a,re more; useful
twhens: expreqsedrn (62) vasoin' figure: 14 i For
examplef oarmixture. that.:éontains: 20, percent

¥

tcarbonamonioxide, 8 percent:loxygen; sand;-the
rremamdenmtrogen‘ is-explosive.;. 1 thei oxygen
iisyréduced: ito 4 :percent, and-the carbon{mon-
oxide rémainss at' 20 percent;sthie;mixture is;no

z

Jongerexplosiverbut-will: ‘beconie 180; on::adinix-
turewwithisuitableramounts:ofair:.{/If the kcarbon

monoxide is less:than: 20 rpercent-and: oxygen is

absent; no mixture with air is flammable.

In ﬁgure sy »U‘lmposmble “mixtures” cannot
be produced, by.mixing air,, utrogen; and carbon
monoxidé. ““For -méte” 't stailéd; "explanations
‘compare: thei correspondmg section. on:methane
limits' inmixtures of airandfitrogen. i - on
radThe limits with downward ;propagation. of
flanie in & closed tube2:2 ¢min-diameter;have
also been determined (341)i 11 i

.;a"**w‘ S

LD

b

CARNN MONOXIDE. PERCENTI ok

elatlon Betweenf Qua.ntlta.tlvei Composmon a.nd Explosxblhty of
I ) e JAlr, and Nltrogen

’agatxon‘ of! flamé¥in” tubes’ 1.5%and

rrrogg
'MlxturES
Yoy

11 H -4 fapie
- All Atmospheres 3of iCnygen vandlr Nltrogen.
The limits of carbon monoxide in all miXtures of

3

oxygen afid - mtrogen iwith dow Ward 'propf

Tr

digmeter, " are"; glven 1n trlangular 'dlagrams
(228“345)*“" U
““Atmospheres‘of A1r and Water Vapor.—The

Timits* of- m1xt”u’r'és ioft carbon' nionoxide and -air

'standmg over- water in a -350-¢¢: ‘Sphierical
- wessel,*and-ignitedi near.the'water:suiface, have

béen determlned ativarious: temperatures!q»As
thé. temperature irises;'iand consequently,, the
‘water-vapor ‘content \also tthelower:limit Fises
slowly andthe higher: limit: falls rapidly, as"with
otherdiluents..i Wheni54' percent.of - water; vapor

[is'présentstheflimits coin¢ide at about 18: percent
A carbonv ;monox1de (868):%:)

+Eatlier experimenits; madein aaBunte burette,
show similar: effects;" but ‘the range ‘of ﬂamma-

' bﬂlty is narrower (99). ! RN YT =

“Drying:by. calcium chlorlde has an apprecmble
»eﬁ’ect on the lower lumt of. carbon mon0x1de in
-air .(p.31): ;

SRR PO TE A




’ tammg;]ncreasmg amounts of the vapors of

tives(338).

36 LIMITSqOF FLAMMABILITY -OF ; GASESHAND.VAPORS

Atmospheres of Alr and Carbon D10x1de—-
The limits of ﬁammablhty of carbon mon0x1de
in all mixtures of air and carbon dioxide can be
read from one of the. curves!in figure 13.._The;
determinations were made in a tube 6 feet in!
length and 2 inches in diameter, with upward!

-

ward propagatlon of ﬂame in 8 1.7-cm. -dlameter
" tube (348).1

Atmospheres(of Oxygen and Chlorine.—The
— hmlts of carbon'monoxide-in mixtures of oxygen

-and chlorlne, with downward propagation of
ﬁame in & tubell5 mm. in diameter, are plotted

propagation of flame iat- atmospher1c~pressure ~ An- a—trlangular diagram~-No¢’ ‘mixture of carbon

during propagation (133, 167).

Earlier observations (95) show las mlght be;.
expected, more fapid narrowing of \the‘hmlts m,
Bunte burette experiments. - L

The limits with downward propaga’mon in a
closed tube 2.2 ¢in. inidiameter have also been

determined (3410 S ' {

Atmospheres of Arr*and Argon or. Hehum ——

Pogtatil

with argon and‘ with helium, Wlth downward
propagation of flame.in a.closed.tube 2.2. cm 1n
diameter, have been determined (341).

- Atmospheres..of Air Mixed w1th Vapors of

Halogenated Hydrocarbons.==The - -“theoreti-——oxide- (298) -

cal’”’ mixture of lcarbon monoxide and air. (29. 6
percent ‘CO) was rendered nonflammable in a.

. monoxide and chlorine was flammable (228).
Atmospheres of Nitrous and N1tr1c Oxides.—

. The limits™ of.carbon" mo'nox1de in nitrous
“ oxide, w1§h downward propagation of flame in

a 15-mm. burette, are 18.7 and 83.6 percert

(339), in, nitric | oxidé “(wrongly - called nitrous |

oxideé by ‘the ~author—a Netherlands chemist
‘writing'in “English); 30.9.and; 48 4 percent (228).
The region of lammability of mixtures of carbon

" monoxidée withimixtures of! nifrous and nitric -
. oxides. has. been’ plotted.in a trlangular diagram

(33.9), but the spark used was too weak to ignite
any’ mixture of carbon monox1de and nitric

J O = wr#

Drlutxon of 2CO%- 02 —The following results
were obtarned with downward propagation of

4.4-cm.-diameter tube,” open at, the firing~end;=-flame-inzdiluted . 2CO+02 in a Bunte burette

by (a) 2.05 percent of -carbon., tetrachlorlde for '
"upward propagation !of ﬂame and (b) 1.16"

percent for downward’ propagatlon On reduc—
ing the percentage of - nitrogen, more carbon
tetrachloride was.required, and.on increasing it
less was requn‘ed but . the ratio of (a) to (b)
remained constant (.91) ' |

- Series of results - showmg-the ~lower; ~and’
hlgher limits of carbon monoxide insair:comn:.

‘dichloroethyléne “and” trlchloroethylene Haye )
been reported; they were observed in sthall

‘burettes 15 mm. in diameter, so have limited
" value' (199).

Similar experlments have been
made,withithe VBpOTS: iof: sother, halogen ademva-

-mThe «addmon of inc;reasingf ;
methyl bromlde(to “theair;causes; the, lir
¢arbonimonoxide; o, approach and~ D §
dlameter tube, to meet. when 6.2 percent

-miiXturesds; methyl sbromide, (38) .- Forsa; oorn-

‘ment; compare,the correspondmg paragraph on

vvvvv

lhydrogen P-22). o o e e

3 rsAtmospheres in. Which; Nrtrogen of the tAir Is

«Replaced by Carbon:Dioxide.—=In. a-closed:35-
«c¢} globerwith: sidelignition ‘the limits:were 21.8
-and 72:8 percent carbon monoxide in. a; mixture

~ ©fi20.9 percent. oxygenrand 79:1 percent carbon

‘dioxide; compared::with 14.2° and- 74.7 _percent,
respectively, in-air in the samé apparatus.(297).
Some earlier figures (346) may:be: qregarded s
supplanted 'by: sthose«: just. quoted.: Results”
showing the:influence:of temperature) on lnnlts

m this series are 1rregu1ar et o aied

‘Atmospheres of Oxygen and Carbon' Didxide
sand o Oxygenitand - AFgon.——Limits fin ‘these
atmospheres have been determlned with -down-

QL J" y1eer it

19§mm in- dlamet?r ©6): i

: Eﬁect of dzluents upon*ﬂamr{mbzhty of 200+ 02

R PR
i . wht wi UUE
—— __L R named, is at limit
Dlluent X of flammability
I B Oxygen‘w; _________ 23.4
! Nitrogen' I SR 26. 6
by *"”‘Carbon ‘dioxidew>T=3_______.-. 85.3

much greater heat capacmy, also has a greater
extmctlve actlon _

12 2 CHLORINE» : i
ZATMOSPHERE OI" FLUORINE

5.*‘5 PR IRET TN B101F St

‘H: ;,:*w'.m m
~trg

When a 4m1xture of chlorlne and ﬂuorlne‘ Was

‘red flame spread- through the tube; accompamed
by an| explosion:iwhen -the’ proportlons ‘rofithe

.gases ‘were suitable: --On drying-the’gases’and .
apparatus: comp]etelyuno reaction occurred but
-ony admitting moisture, flame.and explosmn were
-“Although the limits .
‘were: not- obtained: in'ithese.: experiments,. they -

‘once more obtainied (1 08)

show. that ‘chlorine<and: fluoriné. formvﬂammable
'mlxtures under certaln condlmons “ i* L R E O

CHLORINE MONOXIDE
ATMOSPHERE or OXYGEN

[ PR C AP I M

SN All mlxtures ‘of: chlorlne monox1defand oXygen-
containing morée than 23.5 percent of the former -
‘are-‘capable’ ‘of« propagamng flame upward when -

“ignited’iby arspark intactubel3 41 cm. in diani-
eter and 90 cm. in length i(48). 1+ .21 v -ad arle

:

trogen ‘evidently has a shghtly ‘greater ..
ex;tin‘ctive‘ ~action;tham.oxygen; althoughsitihias '
»Jess’heat capacity; carbon dioxide, which has -

\ sparked-in| azsmall, cyhndncalttube'alyellowrsh, RS




When a spark

conﬁnes of met ane “air mixture

V. ¢
iy
enté‘f

pUE il 3 rji .'z-{:t’._ f &
R ’I‘:’depéndent ‘observers “experiz

ments in a vessel similar to.that first descnb lij
~which led them to :concludethat .the lower
limit for inflammation,, ,UpW, ward. was: about 4:9
percent methane (45) Qompanson 'of ‘the two.
sets of experiments shiows, however, that they
were conducted dlﬁerently ‘In eachset?thie-
. gds’ was ‘ignited el
of thé"vessel; ifi"the first'set the ﬂame traveled
“toward the’ closed end- with a réléase behind

‘the flame; but in thie~second ~set the - flame — -of the opérend

traveled from _the closed '-end toward & paper
diaphragm - -that™ “@pon’ igniti
" gave a vent for -the’)
authors have Tepeated both:

and conﬁrmed both result;

‘l_re 5.28 percent Hfor

the open end.> How
dlfference between 4

. ﬂames in.‘the -
-appeared; - aft
be spreadlng:

- with & strongly: convex front‘and to travel at

" uniform . speed» mlthe seco)
- _apparentlyZnot? continyous
but‘fcons1sted of ihnumers

re*-that sthellatters
mtely and not be extmgmshed
experlmentsslthel

939350"—52———4

e R%S .\\

ectncally at-the.lower .end- .

gatlon throughou

37.

rHencern the concluswn ds sthat,vinj:a..wide
space;: the lowérlimit of methane in rsaturated
with ,water vapor)atllaboratory temperature is
5.3. percent:methare, but:that; if - the :flame. is
traveling:ipward:from the closed. to the open
end of a: vesse1~1n gas Which .is therefore in mo-
tion, it"may travel at least 6 feet when: the pro-
portlon’of;methane is not less than<5 percent.
Furthermore,,» rinrcertain - circumstances: ““the
flamestof mixtures:containing 5.3 to 5.6 percent
of methane: arewery sensmve to extmctlon by
shock'é*(6'3) beryie 7

Theihighet- hmltsof_methane in- air- satura,ted
with “Wate nvapor:has: been determined in a
glass ‘tube:7+feet: inilength -and 10, inches in
dlameterv to be 13:87percent methane  (68).
gy betaken as correcting:an earlier
and higher: estlmate (64) based on obsérvations
in short,swide vessels: ‘and-long; narrow. vessels.
»oInt s1m1larkvessele withi a/paper Telease-at the

4. . top requivaléntitor ian’ open énd, therhigherilimit
ng - wast5e 2epercent under: the. éonditions:of move-
1 ;

méntimparted to.the gasési6), buss G
swiward:Propagation:of Flare? nelarge

1y :6r.feet;longrand12 inches: square; in
section'ithé limitsiwith -downward: propagation
of Hflam@é infarsqiiiescent mixture: were-5:75-dnd
13.6,percent methane; when the box was closed
at the top-and ‘open at_the bottom, so that
motlon*‘was\lmparted“to the “inixture by‘the

- expansion- on burning, the -lower limit with

downward propagation was,5.45 percent (44).
Horlzontal _Propagation of Flame.—In the

(same box the' "Tower limit with horizontal propa-

*I gation was 5.55 percent methiane. The position

;- whether behind -or- ahead of the

flame, was not stated) (46).

hor glass- cyhnder 7 feet m length

and-10-inches-in‘diaheter: ithe limits with propa-
“the. length of the tube from

10 ‘e'd

were only partly
Oy apor if: completely
mit Would be “reduced
; eXceeding
“that with- fupward
’essel (6'8)

, au'ly cons1stent ‘as shown by tables
"tod14 when‘«:allow&nceﬂsemade Hfor: variation
Y .'Outstandmg dis-
,r "rnoteiquoted"here because

jtexplained sas siduedito faulty
T faultyﬂmterpr ation. s For-ex-
ampleiiin‘attleastione:researchiit s certain: that
¢; mixtures ofinéthanes andvairi were! not ho-
mogeneous #iin“another (278) therobservation

. ‘of tat:small ‘pressures change 1On sparkmg Iwas

erroneously interpreted as aniindication ‘iof
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ﬂammablhty,;m& a third.(232) thewﬂame -speeds
in a ‘seriestof~ flammablei: mixtires of :methane:

. and ‘air~were:extrapolated: to. zero' speed, ithe

corresponding'composition.being takerras, the.
limit -of; flammability:—an:ietror, - because; X!

“limity mlxture has''a flame speed that‘is far -

from 2 zero.:t:Many:! ofw:the. older: figures rare
omitted: because ~theyuare: but.crough'- approxi-
mationsicompared-with: . more: recenttresults
with iwhich, howéver; they are.not-at. variance.

i recent series i of - :experiments in -.narrows .-

tubes has, however,
fesults, ‘not et explamed
tube 60.cm: ‘long, the: limits were: normally 5:40
and«13.72 percent; but, after theitube had been
cléanedswith chromiciacid,; washéd; dried,. .and
evicuated::t01-0.001 :mm.,” the. limits. observed
werei 4. 70 and: 112.86 xpelcent «i"An extended:
serles vof ‘eXperimentsl,was- ‘thens made with &
“natural gas” 'contammg 94:percent ofimethane
andil 0:5::pérceént ol «‘various)thydrocarbons:’:

grven some.’anomalous

" Taubes 2:5;:2.0,.1.5, :and21:05 cm:in ; d1ameter

were used, and both—hmrtsx were determmed for
upwardn and- downwardupropagatlon* of-Alaine.

The ¢‘clean=tube’” linditsi were always lowerthar -

thé . corsesponding $nermal-tube’”: limits;: the

difference -being zmdependent of;:tubes d1ameter '

cosindb !

il g e} i trg

FA ’Hl: lx’)h.«

il Egre

1 ey

tia

I g 2-cmi:=diaméter

~thé' ﬁame 18 st1ll

LIMITSS0F¢ FEAMMABILITY.: OF["GASES AN DL VAPORS

H
for both 11m1ts (dowhwadard.Jpropagation) and
for the higher limit (upward propagation). It
is difficult. to explain & “wall: effect”’ that is
mdependent of tube diameter (26’4)

Upw rd Propagatlon' SmallVessels.———Table_
11 shows the’ hmlts‘ w1th"upward propagatlon
of flame in mmtures of methane and’ air mthe_
smaller “véssels.” i
,found in wide vessels open_ behmd the. ﬂame——
'5 3, and 13 87 for* ‘gases, saturated Wlth*water

apor Care not apprecmbly narrower 1n ‘operi
tibes' 5 ‘em’ in - didméter. FIn’ closed tbbés
-however, the hlgherf limit Is, greater tha,rl in
open ‘tubes of equal drameter ThlS is ex-
plalne ‘by he, observatlon that mcrease kel
pressure TaisEs ‘the! hlgher l1m1t enough pres-’
SUre to, affect ‘the' hmlt 18y developed ‘ing ¢ closed
tubes in the( earher stages of propagatlon hlle
till assisted by, the int
‘froml the’ ’s‘ou‘réef!of lg‘fl t'1'0n ThlS expl&natlon
onﬁ med by a,comparlson« of two experr—
in, tubes’ méter: 6" ¢ 3

me f the same’ d1amet
but .9;f 'very, dlﬂ'erent lengthl b ‘The shorter tub y

(;‘ e,.a greater h1gher—hm1t ﬁgure than th,
Tonger  tube, Because' the pressufe must r1se
fasger and to a greater quant1ty 1n the shorter
tube: I !

.‘;{;‘J L ve e

,
l S TR SO DR O ST e

ESEHD

P 3» Toa o ,.gnl",v

- »{ [ ¥

TABLE: 11 ——Imnts, of ﬂammabzlzty of metlz,ame1 n mr wzth 'upward' ‘propaqatzon of ﬂame in tubes

2 "\:.Jl sty T

T o

rr,!;

Dxmenswns of tube cin
‘u Yot :

IR SEI R
leits,fpercdntn T e
or ewe” ool b Content.of

.-‘ B R

]'\ e IR R

Reference. ~

nﬂ [
Dlameter

. 8queous vapor- |

,No.,, -~ =

I Dryt w2 13
Half-saturated_

Bl Saturated
SoingH

' Half!saturated. : .
! Nearly dry____ SETEETEN

. oot ' Tie &¥ 1
; I\Horlzontal Propagatlon An; Small Vessels.——_—
“Table 12.shows:the limits with horizontal prop:

R R R I

agation in+thie .smaller vessels. :Theilimits.for
‘closed tubesjiare:narrowed: appreciably: by re-
-ducing: ‘the:diameter of the‘tube to 2.5.cm:. ,In:
.open tubes: theilimits. meet :‘when!the. d1ameter

~of the:tube is'reduced to '0:45! cm..:: Flame:is
. ot propagatéd, except for--a ‘short -distance

Aromthe- source, of,jignition, ; along a tube O 36
cm. in digmeter.s ..

"‘,J‘,' byl = G 4

’”(\_x Ty rgt

S I A S i Lo
-,.,Downward Propagatxon in. Small Vessels—
‘Table 13 shows the limits.with downward prop:
agation -of~flame. in the. smaller .vessels.;.,; The
limits throughout are somewhat narrower ‘than

SRS

- those’ found in' the largest vessel for the same.'

direction!of _propagation.. R

;+Propagation in -Spherical Vessel Table 14

- showsrthe, limits for - propagatlon of;. 'ﬁame

throughout mixtures-of . methane and.-air.in
“closed spherical vessels iof (various: sizes: . The

'

Sox




=7 CEIMITS OF INDIVIDUA'HYGA'SES AND. VAPORS' i

TasLe 12. —mets of ﬂammabzhty “of methane ‘m mrngth homzontal pr(ipagat

39

ton of ﬂame m tubes

1 Limits coincide at this composmon 1

TR *;a ZTHYE S ST ; R i N | i
Dimensions of tube; em: —| -~ -~ - e -;~ -t lelts~percent—»*i~ e e 2 B
S 5 F ! qa | i ! i Céntent of Reference
o ring enc. ! o ; i aqueous ,vapor No.
Diameter Length 1.+ R ﬂgw,..w Jiee |- i Lower!... _,,._Higher,‘,,_.. [ S
" ! ' i i i i ‘ ‘
; i ! i
7. i d 540 | . 1 13 95 'Half-saturated - 366
6. N S R e VO B 33
5 i 565| 1,13.95 356
5. : 5.39 bo14:28 277
4, o Buome| ] 1B 210
2. 5.64 [t _ i 225
2. > 5.85 i 13.3 271
2. b 1129 356
2. B ! o 110
2. 217
. : 276
! 276
: , 276
) 4 276
5 g, 276
.36 : i 276
i t :
%

1
i
T
H
£
1
l

£

TasrLe 13. —Lmnts of ﬂammabzlzty of methane m mr’ with cjownward pr’?pagatwn of flame in tubes

O o B S e I I R i
Dimensions of thbe, crxi. ! ? Limjts, per(}ent ; : ”
: e Piring- dwi_w : E L : Content of Reference
; H rriring-end-- : il i s )aqueo‘us»vapor No.
Diameter LOWGI‘; oA "Higﬁ'er LB : [t
! P e
R e P - .
Be] 5' )59 LU Il _AM;J? 9 Saturated ________ 324
5795 | "7 13.35 Half-saturated____ 3566
A 6.3 ol mh_snusdi| Saturated.i ol 95
s 1 13.0 | Partlydry._.____. 326

100

¥
g )nwv ‘841

| meapsio bpd6
¢ (241 “!‘i 5] sggg
it T 515 . % 6.4 926
oo f o H 391 s SR STeY! :z:"”«
_;m.mu:f»‘x IENE TN ,m. draed D I R T r»au.f-wz';
g ¥ ors HE T . }o
Bt "Hu, 2y it 37 4 ¥¢ {1 R T Y
hmlts bec mé somew. hat narrovgf T'as the sme t{hie change 1n s1ne of the angle from 5p° to
. JEE e 3Ey ? . X TS 1 . ; ? L1
of contamer Is =dé asg‘d‘ and ggnerally gor --—90° (1 10) kit o

fépond ‘more’ nearl r di
propagatlon m tubes ‘than PWlth th(’)se‘ for elther
horlzontal oF upward propa‘g th}Il _

JAn
ﬁrlng ‘end and’ 1nchned at vanous angles . As

‘ilpward to vertlcally'downward the increase, in
-~ the lo: or llmlt. proportlonal t0, Athe change of
‘angle over the Tarige 90° to about 50° and to

,.dlamet'gi"' and 125 cm 1n length open at the' '

Jthe,difection. of flame,is changed: from vertlcally :

atsd

—Lzmzts of ﬂammabzlzw

fﬂ

. : 3 e
“TAB Lp‘14 - £ methane ‘i
Eng ol e ~"*(ur m sphemca,l vessels TG

T P it . L § S A
11* i*l\j =31 Limits ' soine
,percent g
3"53:;2? e Tomtn | : C‘;?ﬁfe‘ézﬂ‘ Verene
AR N \3 6 -vapor -, | -y No. .
- 287
82,93
. 46‘
. 12,6 | Dry__.: 897
=131 |’ Saturate 297
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FIGURE 15. —Lower I:1

it f' Methane for, Varlous Dlrectlons of. Propagatlon -of Flame in a Tube 2‘25 Cm. in

(At S e LIRS noEL ] ;Dlameter . TS "
B HESAI } : " Vo | S {ISERHPE P{L ) SIS
f‘.Inﬁuence of Turbulence and Streammg cumstances on the lower“hmlt of natural gas in
Movement ¢ on L1m1ts of Flammability.—Whena  air (p. 115)., L Aot

small fan was rotated rapldly £€nough but not

$00 rapidly! in methane-air ‘mixtures- contained
in’'a 4-liter globe, the lower lnmt of. methane Wafss
5.0 percent compared W1t .5.6 percent_observed
for quiescent mixtures in the same vessel. Ifithe
turbulence lwas too- 'V1olent however even - a

B, 6-percent ‘ixture did: not propagate more ‘

than a.short, tongue. of. ﬁame (83, 350). v
A streaming movement of the gas mixture
produces similar effects on the lower limit. At "
& speed of 35 to 65 cm. a second (69 to 128 feet
‘2’ minute)’ ﬂame was propagated in_ & 5102—per-
cent methane-air mixture but not at any speed,
in 8 5:00-percent.; mixture- (236)., Hence, under
approprlate ‘conditions of movement of the gas
mlxture the lower limit of methane is 5.0. per-
cent. - The same, figure. was obtained when
m¢vement .of - the -mixture was'produced by
-expansion* caused - by its. own combustion’ in

-experiments on the propagation-of flame from '

closed to:open’ end of a'large vessel(p¥ 137)
“Reference: may ‘be made t6 observations-of the

1 eﬁect of turbulence, m somewhat d1ﬁerent cir-

Influence “of Pressure.—No
change in the:limits of methane in air could be

discovered, eithér when . the pressure was. varied
between 753 and 794:mm: " (225) or, in:the lower

limit for upward-propagatlon of. ﬂame when
the pressure - was- -varied from 1 to 2.9 atmos—
pheres in"a; vessel of 11. 3 liters capamty (211).

An interesting. .comparison has been made of ‘
the effect of change in pressure from 1 fo 6

“‘atmospheres on the limits with downward

.and horizontal, propagatlon in tubes 2 cm. in

dlameter (235, 277).. Wlth pd
agatlon the hm1ts change steadﬂy from“‘
and: 13.00 percent at 1 atmospheré 0 6.40, and

Ward prop-

14. 05 percent at; about 6 atmospheres' Wlth .

-----

malned nearly constant (5 6 percent) over thlS'

range of préssure;. thé higher limit tos 'steadlly
from 13.31 percent a1 atmosphere to'16.12
percent«at about 6.5 atmospheres "In. these
experunents ‘theréfore, ‘the 1ower it - ‘with
horizonital - propagatlon was® unchanged “biit

that U with'- downward propagatlon mcreased'

Loty

measurable

6.00 -




-obtained with a stronger 1,&fn1t1ng spark -sparks;

......

LIMI’I‘S ¥OF ’IN DIVIDUAL GASES’ AN ‘D *VAPORS AL 4:].‘

2 e matn s -L..».M i s e - S e i et e s s

steadily with 1 1ncreas1ng pressure, The hlgher Experlmenbs in a wider tube 5 cm. in diame-
limit with horlzonml ‘propagation increased!  ter and 50 cm‘ in.length, compare the limits for
more rapidly than | rthat: with: downward prop-: different du‘ectrons of propagation of flame at
agation. (For an mterpretatlon see,p. 4). 7 7 ‘pressures  16&s” than” atmospheric (277). The

The limits observed under very high pressures.  curves for these Timits are plotted in figure 18.
(14, 17, 324) are shown i in figure. 16. One series, Data were not obtamed for upward propagation
of hlgher limits’. (51 )“«1s omitted,: _because it.. ..at the. lower limit-because, 'in- the rather short
starts with too low la ﬁgure {10:65 percent) for! vessel used ‘the issue was confused by the large

1 atmosphere pressure. | The rapid-increase in;  ‘“‘caps’ " of ﬂame above the igniting spark. A

the higher limit is remarkable ‘The differences: complete*curve for horizontal propagation in a
in the three series of resultsiare to-be ascribed; -‘tube 4:5 cm; in-diameter and 120 cm. in length

to differences in experunental méthod and in-'  has, however}-been!obtained (125). It shows

terpretation. Experrments almost of necessity’ a small a,bnormahty on the Higher-limit side
had to be conducted in. small yeéssels, but the.  at150 to.200Thm: pressure, wheré ‘‘green flames”

‘results doubtless ate & fair hndlcatlon of the:  were observed A complete curve for propa-

possibilities of exploswn in ‘larger Vessels holdlng gatlon in,a burette has also been obtained (56).
mixtures of compressed gases.i i - Other. curves’ for propagation in narrow tubes
Figure 17 shows limits-atless: than a’omospherlc -~show - abnormalities “on- eithér. the lower- or

‘pressure and at various temperatures in a tube. h1gher—hm1t side at-reduced pressures (99).

2 cm. in diametér and ‘50 cin. in length, with- Influefice 6f Temperature.—Several older ob-
downward propagation -‘of ﬂam (235). The:  seryations have been criticized unfavorably on
curve for 20° C. shows mucli\ der limits at the grounds tha,t the mixture underwent partial
low pressures and extends: tO\much loWer pres-i _combustion in:the heated experimental vessel
sures than those:observed in an- -old V*serles of s before it was tested and its composition was
tests (47). The more - recent ° L WeT ;‘therebv -altered ~enough- to raffect the results,
The'less exceptionable results are compared in
e.mixture at:normal’ figure 19, which shows lower and higher limits
‘up to temperatures at Whlch spontaneous

1nﬂammat10n of the‘mixture was almost instan-

that will ignite o flammab

pressures may be_ much 100’ Weak to 1gmte 1t v

at low pressures:+

Crc I Lo b e eEme T o et}

FIGURE 16.—Effect of Pressures Above‘Norma.l on lelts of Methane in Air.
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S . {11 1, Hempel plpette 100 cc. eapaclty(47)

2. Closed tube, 2cm, dxam.,50cm long(235) |. |. 1.

’ '8, Closed tube, 2.6 cm. diam., 150 cm. long @58 =1 T 1.
—— 4 Cloeed tube*l‘ 8 e dlam 150 cm. long(358) S B e
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:j I FIGURE 19V—L1m1ts of Flammablllty ;of Metha.ne in Air. (Downward Propagatlon) Showmg Inﬂuence of

§

: taneous *In eachv ‘series. , d]rectmn of ‘
“propagation of flame; was: downward -the.other -
conditions: are indicated onithe. ﬁgure, togethe;‘_

with: the reference numbers.:

thes range :jof: ﬂa,mmablhtv st Wldenedncon-
: s1derablyva,t both limits, by, increase.of: tem pera-
ture, but’ ordlnary variations; of ; atmospherlc- :
temperature have an 1n51gn1ﬁcant effect e gt
.. Figure:.17:ishows the! temperature eﬂect at
pressures-less than. normal T A R G

e

~«-Thé. differenceés; betWeen the -results: ioif ’the ..

several sets, of tests:in figure 19;- although small
“for, lower limits :and; not . very;. large,for h1gher
limits;. are.real ,and.raust- be idue; to
d1ﬁ'erent -apparatus. [For.: hlgher vlimits,, ithe
Jength of tube used: seems; £0 be*the.determmlng
e T O T LA T ST S i Yo
& Formulas.to express; \theinfldence of(t:mpelrétu.re on the limits_have

been given .(225).for the range 0° to 49° C. They are: Lower limit,
n=ni—0.0042; hxgherhmlt n'=n o+0f00361 IR

AU ATIIE B H

RSN vith

Tempera,ture o o

S As. will:be,noted;

to- the,use .of

.aum BRI SO B A
factor -as- shown by ser1es 2 and 4 (ﬁg -19) with
tubes . of- nearly.  the same-«diameter. Hence
“all the results are relative to the apparatus used .
‘and’ do not-show. the:irifluence. of: temperature

fon limits defined " as & property of the- gas

:mixture; alone. ° - The results may, however, be

“faken as an indication of the eﬁ"ect of tempera-

ure on the true-limits: -

1*-'An unconﬁrmed observation s~that although.

- the “limits™ in’ moist ‘methgne-air mixtures -are
- widened "By i ineréase’ 1n“temperature‘ ‘the lower
limita as;well as ‘the higher limit is much raised
-by increéase of ‘temperaturé when the. m1xtures
are dried*with phosphorus-pentoxide-(297):-

- “Low~ Temperatures ==At-the temperature of

liguid.,-air thenjlower- limit,. of- methane~ with

- downward. ,propagatlonl of - flame.in a. tube{2 5

cm, 1n¢d1ameter and 40, .¢cm. in length open ab
the firing. end, s 7 3 - O 3 .percent (110). In




4

methané in ‘air) “with downward: propagatlon

" The higher- Tt was ~reduced—from-13.0" 6 « -
‘bulb the; limits. were-6.2 .and_57.1 at;15° C.

‘2.5, Ilters capaclty_

' LIMITS -'OF FLAMMABILITY -

the same‘c‘rrcumstances but at room tempera‘ S
ture, the limit,is 6. 1percent e R
Inﬂuence of Pressure  at Varlous Temper
tures.—The curves .of figure 17 show the lifnits.
of ﬁammablhtv,;-ofr.‘methane -air mlxtures i
20°, 250°, and 500° G, at, all pressures below!
atmospherlc ; The hm1ts were observéd in a
closed tube 2 cm. in dlameter and 50 em. ;m '
length (235),": ST A
A mixture: of 2 1 percent methane in -ait- Was- :
ignited by sudden compression to 80-atmospheres, - ‘
pressure;- which-— produced & temperatme of.
705° C. ). and 8 ‘mixture of.55 percent methane 4‘
at 118 atmospheres and 540° C.: 87). "5: ‘
Inﬂuence of Impurltles ——The lower ‘hmlt of ~

.V,e ¥

of flamej, was ralsed ‘aboiit 1.3 percent; by iron:
carbonyl (0:03 "cc. llquld ivaporized per-liter).

10.5 percent- by the. sare- quantlt}r of lron .

carbonyl (325) A AT

! ‘r PR I I B

. |
METHANE IN OXYGEN

e
! l

_ A

The hmlts of methane in oxvgen Wlth

upward | propagatlon of 'flame in.ia' 2-inchs:

diameter tube ‘open at itd lower end, are 515

and 60. 5percent (138) TR “‘s
Table 15 gives ‘other determmamons of the

| .

observed hmlts of methane inoxygen.” 7 i ‘15:
PR RERIEE 5 .»

TABLE 15:—Summary- of other determmatwns of

.Upward Propqgatxon of qume ey

1

T .
Dimensions of :. Limits, percent

tu‘i?':c:%‘, - Cob Firlng end. |- NS .R‘e{flefroence :
Diameter | Length Lower | Higher | , « -r; t"
sl w0 |lopens ] s Ll z7r ;
. ) Honzontal Propugahon o! Flame
b, P 3t .

'*‘-. Sy

%u MR .'c i

35'cc: Acapaeity-l_t. ]
30 cc. capacity..

i Inﬂuence of Pressure‘—The hmlts of methane' .
n“oxygen Were not appreciably” narrowed’ untll' :
the- pressure “was' reduced "below' 150+ mfil. »A

rioderatély ! strong "igniting” spark" was'used

tr-..‘-z.

- whist hlgher in"puré ox¥gen.

= moderately high pressure: - =

limitsi of flammability of methane. in- ozygen,,.’“,, :lorlglnal paper S

!
i
Py
I
(

OF: .GASES :AND! iVAPORS .

(68) ~With-a stronger spark the-limits did not

a'comc_lde “intil - the pressure’%’was “reduced to

“A curve has ‘been obtained

(U (80)
“The hrgher hmlt 1s :mcreased byi an increase
of pressure aboye . atmospherlc {One obser-
vation: (330), 1ncrdental to. othier work, is that,
at 10° atmospheres pressure; a mlxture contaln-
ing 71 “percent  metharne: -slowly-i propagated
-flame.-- In-a small- bomb.-(58) the hlgher limit
rose rapidly from 58.4 percent-at 1:atmosphere

1 to 81.7 percent at 60. atmospheres, then slowly
to 84 percent At about: 145 atmospheres;
however, ‘the mixtures : contained: about 4.5
percent mtrogen ‘and the 11m1ts Wwould be some-.
Combustlon was
* far from : complete ‘in “such * mlxtures ‘under

i Influence of. Temperature ——In a.35-cc. closed

and 5.1 and 57.8 at, 300%C. (297, © :

Inﬂuence of Temperature at 'High Pres-

. sures.—AS the” temperature 18 ra1sed the pres-

sure reqmred to maka’ cert&in mixtures of meth-
“ane ‘and’’ oxygen flammable- decreases. For

~example;, “the pressure +limit-of a -mixture con-
* taining - 81 7 percent’ methane at . atmospheric

temperature was 60.atmospheres, but at 332°
0. it .was only ,about 21: atmospheres 68).

.Curves that show the: h1gher 11m1t at elevated

~ -
temperatures and pressures are ngen in the

PR - m

METHANE IN OTHER ATMOSPHERES

_ Atrnospheres of Composxtlon Between A1r
and, Pure Oxygen ~The hmlts of methane in

i mixtures,of. mtrogen and éxygen richer in oxygen -
-'than ordinary air have been found as follows:
=~ (1) In"a closed globe 2.5 liters in capagcity the
- lower limit Tose regularly from- 5:8 percent in
“air’ to 6.0 percent in oxygen (267); (2) in a

horizontal glass tube 2.5 em. in dlameter open
at the firing end, the lower limit fell ‘from:5:8
Eercent in. air: to: 5 7. percent:in O\ygen ‘and;thé

igher’ limit -rose hnearly #rom: 13.3+ inkairito

- 59.2 inoxygen - (189);(3)"in a closed tube’il.9 .

¢m. in diameter“the lower limit with downwaid
propagation”of flame rose- régularly- from:6:15
percent’in air-to°6, 45 percent in: oxygen - The
higher limit*rose: from 12° perceént in‘air £0.38
percent in-a-62:percent oxygen-mixture and: 52 -

'percent in & 95-percént: oxygen mixture: (323):

Atmospheres iof Air- and: Nitrogen" (A1r De- -
ficient “int :Oxygen) ———Lerge—scale *experiments .
Wlt‘h'mixtures of methane; air, and nitrogenhave '
been made g tube+ 7 foet in length and .10
inlches 'in"'diameter, with upward ‘propagation
of -flame ‘from ithie -openend ‘of the tube; thé

mixtures throughout were at atmospheric-pres-

-sure “and’ -were; saturated’mth water . vapor.

The range of observations shown’ in figure 20
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FIGURE 20. ~L1m1ts of Flammabﬂlty, of Methane in Mixtures of A1r and Nltrogen (Experlments in Large Vessels).

covers all composmons from air to mixtures’ , that} show narrower “limits ! represent expen—
in which the amount .of : oxygen‘ is_too small for . ‘ments..in_. various.. types of - ;apparatus * with
flame propagation, regardless: of e amount of  downward propagdtion:of flame... One curve
methane present : The abscissas epresent the, shows greater -values over part of the’ higher-
atmosphere ‘in‘ each -mixtire of “air ~and’ - limit range; the’ “values - Were _Obtained in a
nltrogen for: example 25- percent -add1t10nal“~~ closed-vessel -in- which: the-3 1pressure ‘Tose  con-
nitrogen’’ “meansthat the
- for.the observation: "was composed of 75, percent; - of pressure-is known: to increase markedly: the
air and. 25 percent nitroge: Along the top ‘of:. - higher limit:of methane.: The limits of .these
the dlagram the ¢o respondmg percentage of: xtures v
oxygen 1n-the atmosphere ‘may. be rea tigf  in.aj cl_o_sed tube 2 2Lcm in ‘diameter: (34]) and
-évident that no'mixture of methane is ) ’ )
at-ordinary . temperatures- and&p' Ssures:
“the: atmospheré contains less than-12:
oxygen and: the remainder.is 1trogen 68). .
The results: of observatlon made 1n smalle :
-apparatus are shown if: ﬁgure[} |
tube, with' upwardipropagation;;of.flame.inisa:s

s For sorn 'purposes the: esults are more useful
Jo-as* i ﬁgure 22. For ex-
ampls,. it” cannot‘ be- deduced ,from figure 20
WltHout'calculatlons, that the mixture

Percent

dry--mixture;fthe- limits nearly: rcoincide ~with,. _ 1%
those plotted in figure 20. The three curves - 86

atmosphere uéedz siderably. dunng the ilnﬂammatlon ‘and increase -

mixtures- ith ownward P pr((l)paaatlon of flame
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cannot form an explosive mixture: with: air; s air; ;Lnd nitrogen must fall below it. The line

*whatever. the proportlons used _whereas’ithe i BE i§'the line of lower limits of flammability of
mixture S ,.-.'.,_.LT._-M - methane and.CE_ the line of higher limits. ~ As..

' s P”“"t * i the oxygen content falls,|BE and CE approach

1(\)/[;thea:11e --------- Rt Sk el i : each other, until they meet at £. No mixture

Nlt};‘%geh__:__:::::::::::::E:::; 79__, | _which conains léss oxygen than that corre-

: : ' i spondmg with E'is exploswe per se, but all mix-
although not itself exploswe, may form a series ~  tures in the area BEC are within the limits of
of explosive mixtures with air. F1gure 22 gives | flammability and are therefore explosive.
this information at & glince. ~ =~~~ "~ r~ 7~ =~ Next consider-any mixtiire to the right of the
Explanation of Figure 23.—Figure 23 explains |  line! CEF; for example, the mixture represented
figure 22. The straight line AD (fig. 23).repre- | by the point.@G.  Join GA. Then GA repre-

sents the composmon of-all mixtures of méthane™ sents the- mlxtures formed, in succession, as G

and pure air that contain up to 20 percent  is diluted with air.- Because GA passes through
methane. No mixture of methane and air can  the area "BEC the mixture, as it.1s diluted with
-fall above this line, and all mlxtures of methane,_..- Aair, becomes explosive. and remains so as long

%y
L : .

. / . : ‘_~1
L . 02 IN ORXGINAL ATMOSPHEBE PERCI'_]NT eey
' 20 19 18 A7 16 15 ) 13
"'l""l""I"','I""l""l""l"‘,'T"
15 i ~ = —
RN I N L N D I
1. Hempel pxpetbe 100 cc. capacity 54 S s
’ .| 2./Tube, 2.7 cm. diam. 226 D
145 1.-5. Bomb, 2.6 liters capacity 54 . T
A '\ === -4 "Sphere; 2 liters capacity-32- - - - = -~ '

: \ 7] s, Tube, 5.0 cm. diam.,iupward propagatlon 69
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ADDITIONAL NITROGEN IN ORIGINAL ATMOSPHERE PERCLN T e
FIGURE 21.—Limits of Fla.mma.blhty of Methane in Mixturés of ‘Air'and’i Nltrogen Compa,nson of Results Obtained
; . . _zinagiiio Smaller Vessels: .-, 0 o

Lo ’4. :- o ;».;‘,;
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Ficure 22. ——Relatlon Between Quantltatlve Composition and Flammability of Mixtures of Methane, Ajr, and

N 1trogen ;

V

_ as its composition is represcnted by any pomt - tions are——and 1f there is a wide range of pos-

on H.J.

It will now be clear that the pos1t1on of FE
is exactly defined by drawing a tangent from
A to the curve BEC and extendlng the tangent
to meet thie’ s ax1s ‘of abscissas ‘in’  "because the
litye “joining any pomt above ‘and’ to thé right
of FE to, A’ st pass through* BEC;while. the
Jine ’j ]omlng anv point’ below ‘and to the left of
FE to Amust Tail’ to pass through ‘the' exploswe
‘Tégion” 'BEO »" FE.is"theréfore the boundary of
those’ mixtures capable of’ 'f‘_'
mlxtures With-aiy, sl o0

" Figiire 22’ shows clearly ‘that any
methane and mtrogen that contems more than
abolt: 14 3 percent rnethane*can form exploswe
mpqgures “withtairs <If o‘rygen' i present a
corréspondingly smaller“ amoun # ofI methane
suﬂices - «** S :

Mlxtures* of methane, nltrogen*'and"oxygen
that are’ represented by ' atiy ' point“in’‘the ‘area
DCEF %t figure 23 ¢an - form'“exploswe mixturés
when Imxed ‘with' air “in surtable proportlons‘
If it is"of' interest” to know ‘what: these propor-

limit mixture;

,srble explosive mixtures the danger is so much
the greater—then they can- be found from the
following considerations:

Suppose‘ the mixture of, methane, nitrogen,
‘and- oxygen is “representéd | by the 'point G .in
‘the area DC’E’F then the stralght line GA repreé-
sents-all po 'ble mixtures, of the orrglnal mix-

step by step ; 1th air; the do’rnpomtlon ‘of the
new: mixtire’ 1s represented by’ pomts farther
and ‘farther along" G’A ‘The™dir o ‘
‘becomes: exploswe ‘Der se at. th point H, whére
'GA crosses 'ECTX The hi her lithit, of the orlgmal
mixture is defined’ by thls pomt the lower limit
of ‘the omgmal mixtire " is deﬁned by the, pomt
J, at'which' the GA clits’ 'EB..

“The'" ratlo AH “HE s ‘the ratlo of orlgmal
mixturé:’ ‘to' air’ m the hpper-hnnt mixture,
fand the ramo AJ JGis the ratio for the lower-
Heérlce . the limits ‘of flamma-
bility of ‘thé orlgmal mrxture are given (in per-
centages) by 100" Ai7/AG (ower Timit) and 100
AH/AG (higher-limit) (62).
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All Atmospheres of Oxygen and Nxtrogen——A

L1m1ts of methane in these atmospheres have

“been - determmed with downward, propagation

of flame in a '1.7-cm. ~diameter tube. (345 )
Atmospheres 'of 'Air and Water Vapor. = Ob-

sefyations that ‘show the small deference in, the .

'llmlts of methane in dry air and in ‘air saturated
with “Water vapor at laboratory temperatures
“are. quoted under Effect of .Small ‘Chariges in
Atmospherlc Composition’ (p..3).

-The effect of large amounts of Water vapor'

on* the - limits” of ‘methane inaif is: shown in
figure 24. The determ1nat1ons were made i1l A

-tube 3 feet'in length and 2 inches in, dianieter,
with upward” propagatlon of flame at atmos-

'-pherm ,press’ure during propagation 62). For

-each experlment the tube was heated,- to4the
temperature necessary to’ mamtaln the requ1red
amount of Water Vapor Hence, most ‘of~ the

10 .
.., METHANE, PERCENT.~ -
. Fioure 23.-—Explanation of figure 22.

ot ¥
!

observatlons were made &t temperatures above

-pormal:, Had it been possible to experlment_
at . normal temperature the. curve probably

would. have been a little to, the right of.the

- carbon dioxide ¢ curve over the lower-limit, range
vand at the’ nose; but the two curves would have

eommded over most of the hlgher-lumt range
Similar experiments have been. made in.a
closed 350:cc. spherical vessel with .a- “natural

" gas” contammg 97 percent, methane 3 percent_
.6thane. . Similar results were obtamed with

somewhat smaller hrmts, ‘which-met-at about

-'6 .3 percent gas in ‘a mixture containing about
- 30 percent of water vapor (368).

Atmospheres of ;Air and: Carbon D10};1de——
F1gure 25 shows the limits of methane in mix-
tures of air- and. carbon d10x1de, saturated: with -

“‘water, vapor The . tests. were, made in a. ‘tube

7. feet in 1ength and 10 inches in-diameter; with
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FIGURE 24 —Lumts of Flammablllty of* Methane in’ Sepa,rate Mlxtures of An‘ Wlth Carbon Dioxide, Water Vapor,
N "Nrtrogen, Hehum, and Argon.

upward propagatlon of"ﬂa,me from the open
end- of - the tube: :In:thesé «clrcumstances 100
mixture of methane with.an: atmosphere ‘com-.
posed, of air and’ 24 percent or. more’ c&rbon
dioxide g ‘capable; of . propagatmg ﬁa,me far
from. the source of- 1gmtlon (royr ol
Observations iade in‘smsller apparatus are:
shown in figure 26. " The; Tesults ‘t‘mned in.a,
5-cm.tube withidry gases sho
slightly ‘wider range: %

flarimability than thos

obtained in-a 25:¢m, tubeiwith gases' saturated
with' water " viporii(fig. -25).; for- example - the
completely ‘extinctive: atmosphere in the 5-cm’
- Gontains :25 péréent-carbon’ diexide com
pared Wlth’ 24- percent in- the widi er- vessel' 0

VA’propagatlon :
) dlagleter ’(34

¢ Influence of* Temperatur
damp in‘atmospheres-of: gir and: carbonfdlomd
have: béent.determined from:100°:t0::600°  C. -
The:: ﬁredamp aised - contained -'73:8 “percent -
methane :: and‘ 26 2 percent mitrogen. -“The

- "The curves . are
‘figiireé-25 and*show an: increase:in ‘the range of

general‘*‘%’a)a -f,ﬂammablhty. £ all. mlxtures as the tempera-A

observations were made in a horizontal glass
tube 2 cm. in_diameter and 100 cm. in length.
The. results. are’ xpressed in curves which show
the limits" of methane in the.various atmos-
pheres of _air, carbon’;dioxide; sand such -addi- .
tiona mtrogen’as ‘wad dué to the ﬁredamp itself.-
of the sameé:; type as ‘those of

d'(19)." srend
&Arr, Nltrogen,. Vanc)l Carbon

. :0
K arr mtrogen aud carbon’ dlomde re plotted
»_ﬁ re 275 they Were _obtainiéd: with: réughly
asee in a tube A 1nches in! drameter*mth

proportions: The stralght—hne
, he ‘left‘,w of - the' series’ of IV s.

are’ deﬁclent in- oxygen- and also contain
carbon’dioxide. ;. When the deﬁ(:lency of oxygen

S b st
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-an; equal .volume of  carbon .dioxide.
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is replaced by an equal amount of carbon diox+
ide,-as would roccurivery; nearly.in - the, com-
bustion of coke, ‘these.atmospheres-and the;cor:
responding methang [imits are all represented
by points on thetbroken,curve,i. The;region
right,,of the broken. curye, represents: limits in
atmospheres , formed;. by the’ replacement .of
oxygen with more than an equal volume-of.car-

bon :dioxide. - The region jleft, of., the, broken

curve represents, limifs in-atmospheres. formed -

by the, replacement. of .oxygen, with.less. than
an; equal . | ! e.  Atmos-
pheres, of, this.typei are, produced by ordinary

combustien, -, by, respiration,. and:, by: mixing

bla(;.k.da,mp %ﬁd- air (68).. i, i
1. As the composition of black

T e y

el

figure. 28 for a range of, variations. in.compos
TOURIERIRYE SRS, A reta P CaE L I e S

(R
A it damp,is variable
its, effect on; the limits of: methant is,shown,in

_of firedamp is increased .only slightly by the
.presénce of blackdamip and that the danger of
_an explosion of firedamp is not removed by the
‘presence of blackdamp, ‘unless the amount of
;blackdamp is. so high” that the atmosphere is
~—not fit' toywork-in even’if’'gas masks are worn.
‘An artificial supplylof oxygen or air would be

----- necessary- for-work in-an atmosphere of black-

_..explosion,of firedamp (68).- ., .

. Figare-22 may be'used to determine whether
'any, given mixture of firedamp, blackdamp, and
Zalr 1’ explosivér or ¢an eXplode if mixed with a
‘suitablé amount of air.. The mixture is anal-

‘damp. and’ air’ incapable of propagating an

|- % syzed-to- détermine.thé-proportions of methane,

~* 1oXygen, nitrogéfi, and carbon dioxide present.

.. The ‘carboni_dioxide.is assuried ‘to be replaced
.- :by.an eqlial volume; of nitrogen, and the infor-
1"~ "mation required is read from the figure, as ex-
7. plained '6n page 46 in"a coal mine the amount

| .., of.carbon®dioxide in such mixtures is about 5

.» 7 or-6 percent-(often less, rarely more), and the .
. error mtroduced:by considering this as nitrogen

T is_small Hnd.on the'side of safety (62).

~ =" ""Experiments; with theisame gases in small

“apparatus, = with downward propagation of

71 Twflamé, have been réported, but on account of

lersee P e

" “the“skperimental conditions the limits through-
_out,:are.narrower .and, the, extinctive amounts
of inert-'gas are much less than those quoted

above (309).° ,

Atmospheres of Air and Argon or Helium.—
~ Figure 24 shows the influence:of nitrogen; water
. vapor, .and, carbon -dioxide onthe, limits..of

flammability .of methdne in:air, with upward .
propagation-of flame in a tube'2 inches in diam-
eter, with' the firing-end open.  The different
effects of 'the three. gases are -ascribed-to, their
different-heat, capacities; as carbon:dioxide:has
the ;greatest; heat capacity, it:hag. the. greatest
extinctive, effect on flame.-, The corresponding
curve for argon in the:sameé-figure agrees with
this;supposition, -as argon has. g .smaller, heat
capacity. than nitrogen. -Thescurve for helium,
a-,gas of heat capacity .equal- to; argon,. shows
that: this is not, the, only factor-determining the
extinctive.effect of an inert gas; apparently the
high-thermal .conductiyity of helium makes-it &
‘more, efficient flame. extinguisher; than. argon.
It seems, however,-that the. effect ,of; different
thermal ¢onductivities is insignificant unléssthe
‘differenceyis great (69). ... . -
. Thé: orderiof iincreasing éfficacy:of diluents;
accordingtto figure 24, is' A, He, N3, €Oz Ex=
periments with similar series of mixtures;in
narréw -tubes-(1.6-and:2:2-cmifi diameter), for
~ downward- propagation rof<flaine;,.showed jithe
Ssameéiorder; of efficacy;: except.that the . position
of heliumtini. the series varied:with theidiAmeter
ofithe tubesand, perhaps, with the,strength-of

SRR L IR
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could;propagate»ﬁanie upwsn'd in a 5-cm. tube

\ \(193)1 i ,.;,(‘,. PR

L33 Atmospheres of A1r and Certam Halogenated
arbo

29 shows thc 1nﬁuence

important{point, see pi 5 ) TR
The broken line in! Higure 24 istthe
mixtures in which the ratio of\'\methan
oxygen is ;that requu‘ed for complete«combu
t:lOIl CH4 kX 202 i
Atmospheres of A1r and Sulfuryl Chlorlde, )] { -84
Silicon Tietrachlorxdet, Silicochloroform, and . diameter with Tupward ropagatlon of ﬂame
Phosphorus Oxychloride.—The limits of meth- - from the open end!.-Part of ‘thetcarbon dioxide
ane in airrwith~various~ amounts—-of- sulfurylm-»curVewls«mserted for.-mcompamson (71). 'The
chloude, silicon tetrachloride;ssilicochloroform;, - carbon:” Ltetarachlonde curve hfs recently been

and phosphOTus oxychlorlde have een deter- redetermlned mdependently, with nearly the

mined 1" *" biirette 16 or 1’7Jmm ‘1n dmmeter’ wgahierésultsi(38)n i ih it

(186, 195). . The-curves for trichloroethylene and tetra-
No mixture of methane and air contammg chloroethylene are incomplete; the experiments

more than 1.2 percent of phosphorus oxychlo-  were carried to the point at which the atmos-

ride was flammable in a 14.4-mm.-diameter  phere was saturated with these vapors at labo-
tube, by a spark passed at the upper end of the  ratory temperature. Tetrachloroethane and
tube, but mixtures containing up to 3.9 percent  pentachloroethane, up to the saturation point,
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with Ca,rbon Dioxide.

behave like inert dlluents Whose effect is to be
attributed to their thermal ' capacities.” “The
ethylene derivatives; however, contribute to the
flammability of the mlxture, hence the lower
limit of methane falls with an increase in the
proportion of vapor; the higher limit also falls-
rapidly for the same reason. The- order of in-;
creasing combustlblhty is 0,Cl—>C,HCL== ~
C,H,Cl,; the last vapor forms flammable mix-;
tures with air without the help of any methane.

The extinctive effect of carbon tetrachloride”
on methane flames is. due apparently’.entirely.
to its high thermal capacity. Volume for
volume, carbon tetrachloride vapor is twice as
extinctive as carbon dioxide, as the presence of
12.5 percent carbon tetrachloride in air renders -
the mixture incapable of propagating flame,
whereas 25 percent carbon dioxide is necessary
for the same effect. Equal volumes of the two -
Liquids, however, have approximately equal
‘extinctive effect. I

The addition of increasing amounts of methyl

‘to” approach ~and,

“paragraph on . hydrogen (p. 22).

bromlde to the air causes the hmlts of methane
in "8 '2-inch-diameter tube,

to meet at about 6 percent methane when 4.7

percent of the mixture is methyl bromide (38).

For a comment, compare the corresponding

An older -

series of experiments (260), made in -almost

‘identical .-circumstances; suggested higher re-

sults for ' both limits throughout the whole -

. range ‘of methyl bromide concentrations; these
“gre partly explained by the criterion of “flam-
..~ mability”.. adopted .for the .older: experiments,

which was propagation of flame for at least

18 inches, not for the whole length of the tube.

The extinctive effect of dichlorodifluoro-
methane on methane flames (768) is almost
exactly equal to that of carbon tetrachlorlde

vapor, volume for volume.

Series of experiments with halogen deriva-
tives, in narrow vessels with.downward propa-

gatlon of flame, have been reported (195, 197,
198, 199, 200) and discussed (71). ,
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Atmospheres in: Which«the: Nitrogen of :the
Air Is Replaced by Carbon Dioxide, Argon;.or,
Helium.—The limits of methane in atmospheres

in which the nitrogen of the air is replaced by .

55

gatmn of ‘flame ih a closed tube 15 mm. in

diameter, are 8.6 and 21.7 percent (339).
Atmospheres of -Nitrous and Nitric Oxides.—

The region of flammability of mixtures of

(a) carbon dioxide, (b) argon, (c) helium, with: . methane with mixtures of nitrous and nitric

upward’ propagatlon of ﬁame in a 5. 3 -cIm. -
diameter tube open’ at the lower end, are (a)
coincident -at 9.0 percent, (b) 4.01 and- 17.3
percent, and (c) 4.83 and 16.1 percent, respec--

rt1vely, n comparlson with 5.26, and 14.3 per- |
cent in air, Wheén the diameter of | the tube -

is increased to 10 cm., the lower limit in the
argon mixture is unaﬂ"ected but in-the-helium .
mixture_it is reduced to.4. 5 percent, . showmg

that with helium mixtures in 5 rem, tubes the f
effect of the loss of heat to the Walls is not i

negligible (94). I

In a horizontal tube, 2. 5 cm.: 1n dlameter
open at the firing end, the corresponding results
are (a) 4.40. and. 15. 80 percent.. and (b) 5.55°
and 14.25 percent (73). .

-In a closed globe of 35-cc. capac1ty, wlth s1de ¢
ignition, a corresponding . result is (¢)18.9 &nd
11:7 percent methane -(297):" CoE

- Influence- of - Temperature: —In-~-an‘ atmos- -

phere of 20.9 percent oxygen and 79.1 percent: -
carbon -dioxide, “the limits in a .closed 35-ce.

globe were sl1ghtly widened: by increase of ‘
temperature to 300°.C.-(297). EIRELS v
. Atmospheres of Oxygen and.Carbon D10x1de, B

and of Oxygen and Argon. —Limits of methane
ifi these atmospheres have been determlned
with downward propagation _of flame .in a.
1.7-cm.-diameter tube (348)..¢i4.! "

Atmosplieres of Oxygen and "Carbon onx1de,

Oxygen and Sulfur Dioxide; ~N1trous Oxide and’ i
Nitrous Oxide 'and Sulfur .

Carbon D10x1de
Dioxide, | and Oxygen ‘and Nitrous Ox1de.
Limits of“methsfne il these atmosplleres hav
been determined- at - pressures -ranging froin

 5'cm. in dlameter t
{Writers” g be 17, 85 4percent CH4+2@2 when’

oxides is plotted in a triangular diagram (339).
Influence of Small Amounts of ‘Pro-

* “moters.”—The addition of about 0.5 percent
- of various possible ‘‘promoters”

(diethyl perox-
ide, ethyl nitrate, ozone, ether, ethyl alcohol)
had little more effect on the limits of methane

_in air (upward propagation) than that due to

, - the, .thermal effect of their reaction. With.
‘nitrogen - peroxide, 0:5 percent reduced the
lower limit by 0.33 percent (93) and 0.2 percent
by 0.26 péréent (70). The lower limit with
downward “propagation . was not appreciably
affected. by up._to 1.0  percent of nitrogen
._peroxide (70). With methyl iodide, 0.5 percent
" reduced -the range from 5.26 to 14. 3 percent to
6.29 to 12.3 percent (93).

Dilution of CH,-20, With Gases,’ Inert or
Otherwise.—The following results were obtained
with downward propagation of ﬂame mna Bunte
burette 1.9 em. in-diameter. -

Eﬁects of d’éluents-upon Aammability of CH, + 20,.

. Amount of CHH+20s awhich,
with diluent named, is present
at limit of ﬂammabtlzty, percent

Dlluent
OXYBEN . ooces oo 19.3
Nitrogen_____._____ . ___________ 23. 3
Carbon dioxide .. ____ . _________ 31.9

Nitrogen has a greater &stinctive action than

', oxygen, although_ it ‘has less heat capacity;

carbon’ dioxide, which has ‘much-greater heat
capamty, zalso ha,s a greater ext1nct1ve action

“(95). -

. With upward propagatlon of ﬂame in a tube
¢ limits; ,were found by the.

600 mm. down to: t]:re point.of ‘coincidence of the.~ «d1luted w1th “argon 1and ~15 .0} ‘pércent when

Izmits (89) «;.
Atmospheres ‘of; Nitrous Oxide and ‘of Argon
Mixed Wlth~-N1trous Oxide:==The- limitsi~of ~

methane in nitrous oxide, with,downward | propa- i-

gation of flame, in' a closed tube about 16 mm.
n d1ameter irg 2.2°and 36:6° percent (206’),L3 9
and 36.3 percent (339), and 4.1.and 41~2)percent
at, 600 mm., :pressure, 89). ., In a mixture of;2.
vo]umes of mtrogen and 1 of oxygen, equivalent
. ‘to nitrous oxide, thelimits under similar, condi-
tions are 4.3; and 2219" percent. .. The progressive
‘addition” of ATZON NAaITows tho range,, and: no-
mixture with nitrous oxide is ﬂammable under
the conditions jstatedif:itscontains more than
about 60 percent argon, or with the mixture of -
2N2—h02 Afit contams, mo, ep,than 1a,bout ”}67
percent ATgon. (206) 0 aa
Atmosphere of /Nitric )
methane in nitric ox1de, ‘with downwarddpropa-

' the dimitsiof ethaneiniair:ii::
. «tThé:higherilimittvaries.more:than :the: lower

‘dlluted with ! Helium..i. The! eﬂ"ect of the differ-
\ence m,thermal'conductlwty 1s noteworthy

e _.LETHANE’ ‘» }‘ .
l i L [T Ly
ETHANE IN‘AIR “’

i "~The‘“'11m1ts of ethane in air, nearly dry, with
jsupwa,rd propagation:of: flame:in. a itube 51cm.
“in diameter, open at the firing end, were found
at'warious -tnnes t0-be3:22 and 1245 percent
< (74), 3.1,.and "12.5- (146), and 2.90: and 12 50

percent. (138)f S BEURY A THUNR IS T S 4
i able-16: summarizes other: deterrr;matmns ofl
SR TS B H CURT S DU

withthediréction ‘of: ipropagatlon)of flame. In -
closed tubes the higher limit is apparently- much!
affected.nby: the l\pressure ’“developed fdurmg
inflammation:.

£ nun [ B A
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ar o TABLE 16. ,—«Summary of other. determinations.of imits of ethane in air [V
PH- , coe il Upward Propagahon of Flame SUEEN Pt po ’3. HoeEeT
-t Py st ST LR T Tt W TR [N
T — 7 PO ETRRTTE S S ':e‘;”'" L R S ,' e .
P?%%Slggfo “ 1' S R T 8 Lumts, percent ¢ | ‘ R L
[t & L i, Fiting end, : cppe ,“{ , .y Content of _ | Reference
et b e .5' "‘f'i " g Yo ;}-. . . aqueous vapor . | . No. .
oyt i a. s 2N Ppopmoes? Fos Lttt sotle AR aTA N wt et
fDigi.mete'r o Length o 0 ., Ul Lower; Hrgher el e e B AR PR
75 T 150 4 ¢ 312l 14 95 Half-saturated_;_li_-__;;__" U s
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' N It : L ': " ,’;' IR .'-‘ ‘ ) . T < o e - N i .. - !
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- 5.0t i 150 |: 3.22° - 1175 356
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7.5 150 | Closed - "m0 8.26 | 10.15 Half-saturated__'_____-__i_;_ . ss6
25,0 = - 3.32-f+ : d S L 856
2.0 Ll 3013 27y
19 i 405 _ 323
N ‘Propdgdﬁon lnf(.iloJl:beSJ : . : i i
Capacity:: - e B
“Large’” _..______ Closed. . _____ 3.4 350
4,000 ceo_________|_____ do__________ S - A | ‘ o . 85
2,000 cc__________[_____ do. . .. . ST .. 31 o et | Drycoooleso o it S 82
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FIGURE 30 —Inﬂuence of Pressure on: lelts of: Some Pa.raﬂ‘in Hydrocarbons (Downward Propagatlon of Fla.rne)
. ! i

ey .
£y oy

Inﬂuence of Turbulence —In a-4-liter" globev
the _l,ower, limit for. a quiescent mixture was
3.10 percent ethane; with a fan' running: at
high -speed: inside . the vessel -2 3.2-percent
mixture did not ignite;- but when the fan ‘was

run at a:moderate speed a 3.0-percent mixture

-exploded,: producmg a pressure of 4.3 atmos-
pheres (350) N R

JInfluence of. Pressure —Observatlons (2’77 )
in & closed tube 2 cm. in diameter and 40 cm.i

in length w1t;h downward propagation of flame’.
are plotted in figure 30. (For a discussion’ of
these,seep 3) : ' Lo A

"’ R " ETHANE IN OXYGEN

v JThe hmlts of ethane in oxygen Wlth upward‘ -
propagation of flame in a tube'2 cm. in diameter;
openiat thefﬁrmg end are 3 05 and 66 0 percent

(L4457 150)
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W An..old, observatlon{,placed theghlgher«ehmltf' '

at. 50:5; percent ethane-withtdownward: propa,-‘
gation:of ﬂame in.a- 2 eI udmmeter (243) y

118 i L.

e v’“"‘ v ?{-fé::}:) "

Atmospheres of. Composxtlon Betwee B
and Pure. Oxygen.—The, lower limit.
with downward propagatlon of flame.in a Burnte
burette 1.9 ¢m. 1n dlameter;was hardly. altered
as the oxygen in the atmospheré-was ncreased
- to 94 percent; ‘the hlgher limlt_ 0, gradually

- from’9.5"in air to 33.4 in &’ 60-per

mixture " and" to 46 in’ & 94—perc" t 'oxygen
mlxture (323) N u

Atmospheres Of';Alr and’ Nitrogen (A1r De-~
ﬁc1ent in Oxygen) —The Jimits of ethane in all
mixtures: of air andnitrogen; or air from which
part of the oxygen has been removed, -are
shown in figure 31%."The’ .determinations were

made in a tube Ziiriches in-diameter and 6 feet

in length, with upward propagation of flame at
atmospheric:pressure durmg propagation. From

the ordinates ofithe: “nose” of the curve it may

be calculated that no mixture of ethane;
nitrogen+ and . air 'can  propagate flame’ at
atmospherlcr pressure “and- temperature if it
contams less than:11-0 percent oxygéen (146).
Atmospheres ofs ‘Air and Carbon Dioxide.—

’Thc limits.of; ethane in a,ll mixtures of air and
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Freure 31.—Limits of Flammability of Ethane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.
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carbon dioxide are‘'shown in one of the curves in |
figure 31.." The-determinations: were, made- as
descrlbed n the prev1ous paragraph (146)‘ e

. PROPANE . . ... S
PROPANE IN-AIR T S (

.The 11m1ts of propaner in.air, nearly dry, with
upward propagation of flame in"a tube 5'cm:in
diameter, open. at the firing énd; are 2.37 and

. 9.50- percent (74), 2:15 and 9.05 percent (170).

. The lower limit with a stationary horizontal
ﬂame (p.:10) in.a mixture rising -at a rate:of-
about 5 ¢m. per:sec., was, with a small. correctlon,
for preheating,:2.12 percent of propane:(256).

Table 17 ‘gives other determlnatlons of the
limits of propane in air. :

@

v Honzontal Propagahon of Flame -

LIMITS" OF FLAMMA‘BLLITY OF GASES :AND VAPORS

~.Influence of Pressure and Temperature: :—The
11m1ts of propane in -air, with horlzontal propa-
gation of flamé in a bomb '3.8-cm.Fin diafaeter
and 15.3 ¢m. in length at 100° C., are given in .
a diagrarmi: (127)... The range. of. ﬂammablhty
wideéns from about 2 to 9 percent at atmospheric
pressure to 2 to 177 pércent at12- atmospheres

 “Cool” flames then make their appearance ifi

rich mixtures. and éxtend the. higher llrmt to

' 23 4 percent at 19.3' atmospheres

Observatlons (277) in a closed tube 2 cm in
dlameter and 40 ‘cm. in length, with’ downward
propagatlon of flame, at atmospheric tempera-
ture and pressures up to about 6-atmospheres,
are plotted in figure 30 (For a discussion of
these, see p. 3.)

TABLE 17 ——Summary of other determmattons of hmtts of propane inair

i

Dltll%IeSlgrrlrs of Soe Limits, percent e S
P .. . - Coe o om0 Reference
Firing end i Contentv of, agueous’ vapor No.
D:iameter " Length o ' ‘Irower . ngher
25 150 | Open_ ... .. .. <24 7.3 | Saturated.___._______ 271
Downi_&qrd Prop.aédtion of Flame
‘1 ] - - - ,( R - . R 3
2.0 40 Closed _________________ 2. 40 so6s69 Tl 144
. AN ' - e '. T >,
BT Propogdﬁo'n of Globes: . -
Capecity: L ) oo
“Large” . ______ Closed: ..-uo_:: R T A% R 271
2,000 ce____.__ s A S AR 73 A Ea Ceeen-| Dry_ i " 32

On reducing the pressure below atmospherlc
the limits approach and - ultlmately ‘meet . at
about 100 mm. pressure. (337 125) S

PROPANE IN| OXYGEN : " ',

Tlie, liraits of T proparie in oxygen, With upward

~ propagation of flame in -a-2-inch-diameter tube. -
open ‘at its lower end, afe 2.4"and- 57 percent
(234) 2. 25 and 52: O percent (138) R

; " PROPANE IN OTHER ATMOSPHERES

_«»,

Atmospheres -of Air and Nltrogen (A1r De—,'
ficient in Oxygen)‘——Thc limits of propane in all..
mixtures of air and mtrogen can be read.from

A R A R

one of the curves in ﬁgure 32 The determlna—

' tlons Were made in a tube 2 inches in diameter

and 6 feet in-length, with' ‘upward propagation

i of flarhe at atmospheric pressure during propa- .
. gation.
* this curve it may be calculated that no mixture

43

From the ordinates of the “nose” of

__of ‘propane, nitrogen, and air at atmospheric

\ pressure and. temperature can propagate flame
. if it contajns. less than 11 6 percent oxygen

. i

" Atmosphéres of Air and Carbon' D10x1de—
- The . lmits of propane in all mixtures: of air
and - carbon .dioxide: are ‘shown  in figure 32.
Thé. determinations were made as descmbed in

* the previous paragraph (147).

P o T
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. Atmospheres of Air and Dichlorodifluoro- . -
methane—The addition of dichlorodifluoro- -

methane to air narrows the range of flamma-
bility .of propane until, when ‘13.4 percent or

more is present, no mixture is flammable (1 7__0).

Influence - of Small Amounts of “Pro-
motersl”——The addmon of about 0.5 percent of

~various possible “promoters” (diethyl peroxide,
acetaldehyde, ether, ethyl alcohol) had little
" more eﬁ'ect. on the limits of “propagas” (96

~ OXYGEN IN ORIGINAL ATMOSPHERE , PERCENT
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" JAEtmospheres aof Nltrogen Peroxxde;s':and of
‘Air- and.. Nitrogen Perox1de (N204‘_2N02)~
The Iimits of propane in nitrogen®peroxide: and
in mixtures of airi and mtrogen -peroxide
(N,0,=2NO,j;2with'. upward’-propagation of
flame in; a_tube 4.3 cm. in, diameter,: open at
the. top, are shown 1n; ﬁgure 33 The results
are given on a, Welghtﬂba&s smce the Wvolume
of peroxide is Tess easily ascertalnable (123)

e T P NI

percent Ca hydrocarbons, 4 percent 04 hydro-
carbons, 96 percent, saturated) ;in. air. (upward
propagatlon of Lﬂame)} than.-that due o' the
thermal ~effect  of their reaction. ‘The. same
amount of nitrogen. peroxide reduced the lower
limit by 0.14 percent.and-increased: the higher
limit by-0.2 percent.: - Ethyl] -nitrate ,(0.5 iper-
cent) increased the hlgher hmlt, from 9 6 to
12.4 percent 93).: .
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- BUTANE
e[ BUIANEIN KW®
- The limits of ‘butane in- air; nearly dry, with
upward propagation of flame in a tube 5 cm.

in diameter, open at the firing end; were 1.86 -
and 8.41 percent (74); 1.85 and 8.10 (170); and

'in a slightly wider tube (5.3 cm. diameter)
1.93 and 9.05.percent (93).

The lower limit with a stationary horizontal
flame’ (p: .10),: in a miXture rising at-a rate-of
about- ‘5 cmiiper ‘second, was, with asmall
correction ' for preheating, 1.69 ‘‘percent 'of

. butane. (286):+-+ o - b S

- Table- 18 gives ‘other d'eterminatibns of“'th‘e“

limits of butane-air-mixtures. _—

~Influence of Pressure and Temperature.—The
. limits of butane in air; with-horizontal propaga-
tion of flame in a bomb 3.8 cm: ih didmeter

FiGURE 33.——Weight Percent Composition Qf‘Flainma;ble Mixtures of Air, Nit'rbgen Peroxvivde_, and Propane, .

and 15.3 cm. in length, at 100° C.; are given -

" in a diagram (127). :The range of flammability .
widens from, about 2 to 8 percént at atmospheric
-pressure; to 2 t0-16 percent at 10:-atmospheres. -
“Cool” flames then make their appearance in-

" rich: mixturesand extend the higher .limit to

26 percent at 15.5 atmospheres,

" ‘Observations (277) in a’ closed tubé ;2'cm.”in
diameter and 40 cm: in length, with downward

propagation of flame at atmospheric tempera- v
sture.:and pressure up to about-6 atmospheres,
“-are-plotted in figure:30. - (For a discussion:of

‘these, se¢ p.i3.) ,
S BUTANE IN OXYGEN |

~: Thie'limits of butane'in oxygen with upward
:propagation of flamié in a ‘tube 2 iiiches’in

diaietet; opén at the firing end, ate 1.85 and

i
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BUTANE IN OTHER ATMOSPHEBES -

L Fh

Atmospheres o An- and ,Nxtrogen (Au' De-

Y "tmospheres")of Air and Carbon Dioxide.—

. (I‘he limits of butane. in all mixtures of air and

or -garbon d10x1dei are shown jin figure 34. The
ade

ofb e It
T arid mtrdgeﬁ are Sho‘l;gl ?n Iliztfrle v dete Tiations re;ma e as descrlbed in the
it 1 { prev1ous paragrap

maae ina tube~~ -
th*" ,; - Atmospheresj
1 iﬁ .‘&tmospherlc ' The hmlts_ qf butane }n nixtures of air Wlth
pressure ; durmg propagation.; “Fron .; : = ‘argon and'w1 ; ‘

nates-of the “nose’” of thé-curve. ay-l be .cal-—--gation ofwﬂ&me in- B fube 2. 2 cm in dlameter
culabed that no-.- mlxture of 4bi1tane nltrogen Rave bee dete mlned"'(341) ?

and air- at: atmospherlc pressure d 0

ture can’ propagate flameé if it contams less. than

Diametér

ﬁéng_‘t.h'-l b

‘Capacity: -
: “Large Sleaodl

\1 A of “Pro-
moters:’ *—The “4dditic of 0.5 percent of vari-
-6us poss1ble rpromoters” »=(dlethyl ‘peroxide,
ethyl nitrate;. hitrogen' iperoxide} mtromethane;
e acetaldehyde’ methy 1"i0dld6<r ethyl bo=.
e )-had little;mor ffect ‘on‘the. Tower limit ‘of:
-butanein ‘air. (upward propagation) than: that
- due to- the’ thermal reffect.” ofwthelr reaction.
- ‘Some’ .-«pf the:. promoters ;€8De c1ally ethyl
*.iiitrate aﬁ'ected‘the hlgher h : v by,
percent $aln’ mtrlc oxide! with: downward prop® b sorhe catalytic; actl AL fralce [
i urette the; limits,arer7.5." ;ethyl"" narrowed"‘the ‘;*,range “of”’ ﬂammablhty
v R sllghtly (93)

"approxnnately@ 5 and‘ 20
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Freure 34.—Limits of Flammability of Bumne in Mixtures of Air and N1trogen and of Air and Carbon' D10x1de

ISOBUTANE
“ISOBUTANE IN AIR

The hmlts of isobutane in air with: upward
propagamon of flame in a tube 2 inches.in'diam-
eter and 6 feet. in length 'at.approximately
atmospheric Dressure are 1.83 and 8. 43 percent

a75). S '

RERE . ISOBUTANE N OXYGEN SIS

- Thie hmlts of isobutane- in oxygen W1th up‘
whrd propagatlon of flame in a tube 2. inches in
diameter, open at the ﬁrmg end, are 1.80: and'
48.0 percent 1 ) ST

ISOBUTANE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen, and of
Air and Carbon Dioxide.—The limits of iso-

but'ane in atmospheres of air and nitrogen, and
of air and carbon dioxide, are almost identical
Wlth the conespondmg limits of butane (1 75)

PENTANE
' PENTANE IN AIR

-The limits ‘of pentane ‘il air; with: upward
propagation of:flame in a tube 5 cm. in diameter
and open at ‘the firing end, are 1.42 and 7.80°%
percent (138) and in a similar tube 5.3 .cm. in
diagmeter- the Jlower limit 1 1s. 1.62 percent (94). -

e ’I‘he Pentane uéed ini the determlnatlon of these hmlts was supplled by
the American Petroleum Institute, Research Project 45, C. ‘Boord,
Director. Limits reported for n- hexa.ne, cyclohexane, ethy] cyclobutane,
_ethyl cyclopentane, n-heptane, methyl benzene (toluene), ethyl eyclo-
hexane, 3,3 diethyl pentane, 2,2,3,3 tetramethyl pentane, dlethyl benzene
n-butyl benzene, sec. butyl benzene. isobutyl benzene, and tert-butyl
benzene, by Bureau of Mines (ref. 138) in various sections of this bulletin,
Weret og)tamed with samples of hlgh purity supplied by the above

institute

L -
. 1
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't LIMITS " OF .INDIVIDUAL GASES/AND VAPORS
TaBLE 19.—Summary of other determinations of limits of pentane in air

Upward Propagation of Flame

Dimensions of - - o
b : P Limits; percent - .| -, . -
tube, cm. b Fu'_ur end i~ + = -+ [ ~Content of -aqueous Reference
— e g el T .. vapor No.
Diameter Length - Lower ‘Higher |- — -
7.5 150 S 1.42 8.0 | Half-saturated_ .. _____ 356
5.0 150 : 1. 43 80 |-_L.:- do_ o 356
I D
7.5 150 | Close 144|745 | “Haifsaturated 856
5.0 150 1. 46 | 6. 7077 L ddoT .. 356
2.5 150 ! 1.6 b4 - Saturated ______________ 271
: Downward Propqgahon of Flame-
7.5 150 1,48 | - —-4.64 |-Half-saturated__________ 356
6.2 33 1.3 oo .| Saturated______._______ 95
5.0 150 1. 49 4. 56, | Half-saturated.____._____ 356
5.0 65 1. . 6! 316
5.0 65 15 23
2.0 | ‘40 - L 277
1.9 = - .40 -2 95
Capacity: e T
Globe, 14 5 hters_ REPIPURIN I 96
Large. - ____i___ 271
Bottle, 2 llter%,_,_ 220
Globe, 2 liters_.__ 32
- . r——-! - [~
11

Tables 19 summarlzes other determmatlons'

s

of the limits of pentane ; in; air: - -

Influence of Préssure ——Observatlons (277 ) m-
a closed tube 2 lcm. in_dismeter.and 40 cm. in-
length, with dowhward propagatlon of flame,
are plotted in ﬁgure 30. (For a dlscuss1on of
these curves, see;p. 3.); .

The effect of reduced pressure on the l1m1ts of .
ignitibility of pentane by a standard spark'

rather than its hm1ts of ﬂammablhty, have been.

-reported (13).: -

Influence of Temperature ———In 8 c]osed tube
2.5 cm. in diameter and 150 cm. in length; withi-.
downward propagation of flame, the lower limit
decreased linearly from 1.53 percent at about
17° C. to 1.22 percent at 300° C.; the higher
limit increased linearly from 4. 50 percent at
about 17° C. to 5.85 percent at 300° C. (358).

R PENTANE IN OTHER ATMOSPHERES

i

o
*

i
'
I

i Atmospheres of "Air ‘and Nltrogen (A1r De-
ficient i in Oxygen) .—The limits.of pentane in all
m1xtures of air and nitrogen are shown in figure

...... { The determmatmns were made in a tube

- 2 1nches tin diameter.and 6 feet in length, with
upward ,lpropag&tmn of flame--at. atmospheric
- pressure -during propagatlon From the ordi-

- nates: of the “nose” -of the.curve it may be

- calculated that,no-mixture of. pefltane nitrogen,
~and- air at’ atmosphenc -pressure and tempera-

* ture can propagate flamie if it contains less than

4112,1 petrcerit iof oxygen (138).

Atmospheres of Air and. Carbon Dioxide.—
The limits of pentane in all mixtures of air and
carbon dioxide are shown in figure 35. The
determinations were made as described in the
previous paragraph (138).
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LIMITS:OF; 1] INDIVIDUAL GASES A‘\ID VAPORS

ISOPENTAN_E*

450 to 500 mm
a,tmospherlc pre
the ﬂame -are 1.3

globe i8:1+:32, percent (32
Inﬁuence of Temperat ure.
pentane “In air with"downward propagatwn of

flame 'in a 2%-liter bottle widen from 1.43 and

4.85 percent at 100° C. ,torl 10 and 525 -at.

250° C. (21, 23). f g

i v
o *

2,2 DIMETHYLPROPANE
Lild.
The limits of 2,2 d1methylpropane in- air;

with upward propagatmn ofi flame” 1n5a 2—1nch- _

" diameter tube open at ' the lower end* are| 1. 38

The limits of hexane' ) e,
diameter tube are 1. 27_}Zan

cm.-diameter tube 1.45 ‘and 5:70 percent (38)A
all with upward propagatlon of ﬂame from ar

‘q;v.'_.,;. re

open end. !

The lower limit of hexane inla. 2-hter open
bottle, apparently with “downward" propagatmn
of ﬁame is 1.3 percent (221); m‘ a 6icm. :tube,
with downward propagatmn ~of ﬂame, the
l1m1ts .weré' about#1: 21and13 6 percent (325).

~ of iron. carbonyl (0.03 cc of I;
liter)(325).., ‘
" Influence of P
" limits%of " ‘hexane ; iR ¢
agation of flame. insa, boimb 3.8 cm. in diameter
-and 15. 3 cm. in. length at‘ several temperatures

re and Temperature —The

‘obta\med up “to 4 ’h
atmospheres,,and +150
appeared Wlth mlx

.above 4 8 ;atmosphere the two 'ranges: met
for. example, sat;6. 5 i

flames. and 14.51t0, 32'percent propagated;“cool”
ﬁames Flames 1n;m1xtures up toJ »—

air, ‘with*-horizontal prop-.

. -zbilt‘ '

65

- 150°C.

81 500 / 7
R ) ;/ )100" c.)/ §
Ik bl 1o
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._.%,
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o

o

¥

g «eg, "
L g 1 46 24 32
- _.”‘}*HEXANE 3N AIR, PERCENT

A T N ] i e

¢

_“,.» FIGURE —36 —I uﬁuence of Pressure on Flammable

% s bRa.n ges of Hexane-Air Mixtures.
1_

- .......;L i ’.,wt..,._--_.
i

’ orange or redd1shf (with deposition of carbon
Qrtar), and’beyond 11- percent blue (without

1 carbon depos1t10n ‘but-with formation of much

Inﬂuence of Impurities +—The llmlts -of hexané—= alde hyde) sk '

in air were slightly: narrowéd by thé presencé -
d Vapomzed per _.

A }l1m1t Wlth upward propagation
of flame-] cyhnder 30:6 ¢m. in diameter and
39 c¢m. in length, ventedat-its-upper end, is

il 08ﬂpercent at room temperature, 0.90 percent

nd, 0. .72, percent at 200% C. (239).

i The-lower

. mlned 1n a “700-cc: bomb .at temperatures up
K nd pressures up to-11.7;atmospheres,
28] mamtamed at
16 xperrmental ]temperature and pressure for
inutes - before. testing; Jnorder to
preﬂame4 combus on;: to, oceur. . The
f 8- complex m1xture

of Unknown, composition;(249).uy < vri 2y e 0o

‘Curves’ showmg the ‘influence of pressure up
to 500 atmospheres on the limits of n-hexane
in air have been given (11), but the range of
.ﬂammablllty -seems ;togbe; impossibly wide: .

li,. The ;limits, with. ‘horizontal. propagation of
;ﬂa.me.m a;4.5-cm.-diameter tube, at 20° and
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~100° :Cr and pressures below atmospheric; ‘are.

given in & diagram (125). - The effect of reduced
pressure on the limits - of ignitibility -of .these

mixtires by a standard spark, rather than. their .

limits-of flammability, have been.- exammed (13).

HEXANE IN OXYGEN '

The limits of hexane, in oxygen W1th hori-
zontal propagation of flame in a bomb 3. 8 cm,
in diameter and 15.3 cm. in. length ati 100°

‘nd 150° C. and 0 to 3 atmospheres pressure

f Lt "

' LIMITs“‘oF FLAMMABILITY O'F {GASES 'AND VAPORS

figure 38. The -determinations were made in

~ a tube 2 inches in diameter and 6 feet in length, .

with - upwa,rd propagation of flameé at atmos-
pheric pressufe during’ propagation.’, ‘From: the
ordinates of'the ‘“nose’” 6f the durve it ‘'may' be
_calculated that 1o mixture of hexane, nltrogen
and air at' atmospherlc temperature and pressure

can propagate flame if it ¢ontains less than 11.9

percent oxygen (149)."
Atmospheres, of Au‘ and Carbon D10x1de——
‘The hlmts of hexane m all mlxtures of alr and
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‘F;GURn 37.—inﬂnenee of 'Press:ure on Flamnisble Re:nges' of Hexa,ne'-Oxygen Mixtures.

t

3 Coar

are shown in ﬁgure 37 (127 832)

curves.
flames ¢an be obtained in certain hexaneé- oxygen
‘mixtures at pressures-from 0.9 atmospheré up-
~ward; the corresponding figure” for hexane-air
Ymxtures at 150° C.is41 atmospheres Co

HEXANE IN OTHER ATMOSPHERES -
. Atmospheres of Air and Nxtrogen (Axr De—
ficient in Oxygen) ~—+The limits of hexane' in all

‘mixtures of -air " and- nltrogen are shown “in

A

- "‘C/ool’A’
flame ranges aré indicated by the shaded branch ,
It will be seen that, at 150° 'C., cool :

A Ty oy .
"carbon d1ox1de are shown in- ﬁgure 38 The
determinations were made as descmbed in the
previous paragraph:(149).
© Atmospheres of Air and Certain Halogenated
'Hydrocarbons —The . addition ‘of increasing
amounts of 'methyl ‘bromide to the. air causes
the limits tof -hexane to approach and,iin: a
2-inch tube, to- meet when 7.05 percent of -the
Iixture is 'methyl bromide; in 'a 4-inch “tube,
““when 6.0 percent is methyl ‘bromide.
dichlorodiflucromethane: (“freon-12”) in similar
experiments; in a- 2-inch-diameter ‘tube; the
correspondmg figureis 13.5 percent ‘of freon (38).

With'
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DIMETHYL: BUT. ANES

The limits of 2 2,and 2 3 dlmethyl butanes
in air, with upward propagatmn of flame in a
12-1nch-d1ameter -tube,-open at " the ; lower énd,
.are;rthe - »same, 1 :20: sand 7. 00 percent (138'.,!_;'

én,:-s‘s.;. SRR p i

ey £ METHYL PENTANE
thyl pentane 1n air, w1th

i The hmlts ‘of 2-'
'upward propagatlo, of ﬂame in 'a; 2—1nch-dlam-
‘eter- tube, 4’ feet-in length, 'closéd it the lower
end‘for the lower limit‘and open- for the hlgher
lunlt are 1. 18 and 6 95 percent (138)

: S:-A,i':"si‘ P I-IEPTANE \
The: lirnits )of heptane in. a1r w1th upward
propagatlon of flame in a 2—1nch ' diameter. .bube,
open at.thelower.end, are 1.10 and;6.70 pefcent
(138), and in a:similar tube 5:3.cm. in d1ameter

the lower limit,is1.26- percent (9f)ince B -
.The limits; of; ;heptane in. air. (d1men510ns of
vessel:and  directionzof flame propagation not

s

AT 4 S

T ;:,; -3 lnl;,.r

g ..‘:'\;-,‘ A yX C -
1"1 o h eyt
stated) are 1 and 6 percent (1 01 ) .. jAn observa-
tion made in a 2-liter open’ bottle, apparently
with downward propagatioiifof flame, gave 1.1

percent as the, lower hmlt of heptane in air (221 ).
‘Jll LIS ATLD 3 ;U 5- B

o Hn

R DIMETHYL PENTANE
The l1m1ts of2,3 d1methyl pentane in- air, with
upward" propagatlon of flame:in a 2-1nch-d1am-
eter tube, open at, the lower end are 1.12 and
6. 75 percent (138)“ e
e n g
T :lOCTANE
AT W T DS IR S ;
.The: lower hm1t of: octane Anr a1r, with upward
propagatlon of flame in a tube 2 inches in
diameter, open at the firing end, is 0.95 percent
(189); 1“00 percent (138), ‘and in a similar tube
5.3 cm. in dlameter 1:12" percent (94). The
lower limit in a 2-hter ‘open bottle, apparently
with downward : propagamon of ﬂame, s 1. 0

“percent-,(221). :
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ISO- OCTANE; . EETNS
" The lower. 11m1t of “1so-octane” - (2 2 4 m_,‘
methyl! pentane) in‘air, w1th upwardlpropaga-

1.15 percent}(94)
eter, 18 inches in length; open atx thé top; the
“limits are 0 98, and 6.03 percent (138) -

NONANE. B )

1

gation of ﬂame, 18! 0 83 percent (221 )
_i;_y DIETHYL PENTANE i » L

The hmlts of, 3 3 dlethyl pentane in 8,11‘, with
upwardﬁpropagatmn of flame.in:a/ I:inch- dlam- :
eter. tube,’ open: at.-its - lupper- end and at:a
sufficient* temperature to- volatlhze the:- d1ethyl

. ‘ RE

[

pentane, are'0: 74 and 5 75 percentf(138 :
l - TETBAMETHYL PENTANE i
The ki

air, with upward propagatlon wof flame. in“w ;
2-inch- dlameter ‘tube 18 1nche‘s'=~1n‘ length,vopen
at its upper end“and‘ at: 100o C. ,¥are 0:77! and -
4.90 percent (13’8)w R A

©ol DECANE . ')

h,

The lower llrmt of decane in alr (dlmens1ons

not stited) is 0:67 percent,‘(253) e
More recent determinations of the- Timits
n-decdne iin ‘airy- with - upward -propagation of:
flame-in a 2-inch-diameter tube, 18 inches in

- length, open at its upper end and at 100° C.,

-are.0:77 and 5.35: percent (188)uis 1 iy (edade

”m.u . *”H" sfes .,’:5»‘ NIRRT
: &)D@DEC s aftrw )
.‘ A J.s».:ﬂiw Jl TS "r}if'i;_"(. ’
The lower limit of dodecane in air (dimen-
sions of apparatus, direction, of flame, propaga-

Y

TP

L

cent (101) .

shad '4 Ay
“‘PABAFFIN HYDROCARBONS IN GENERAIL‘
R {PARAFFIN HYDROCARBONS IN AIR ’i e
The lower limits in air of members of the
paraffin series, with~ upward propagation of
flame in a 2-inch tube are given approximately
by the: broken curve in ﬁgure 58: (as-described
JOII p ‘114) 5‘ i o : ll

o 1 HIGHEH PABAFFIN HYDROCABBONS IN OTHEPl
W ATMOSPHERES

Ly “i(“

iy i, o

¢ -

tal g

o m; ?ﬁ..i;
‘Atmospheres *of fAu“ -and :CarbonxfTetra-
chlorlde —Table '20* shows': thé minimum: per-
.. centages, by volume, of. liquid - carbonﬁ‘tetra—l

. The lower: l1m1t of nonane in alr. ina 2-hter -
open bottle, apparently with downward propa F

1““‘?‘““

e ofl2; 2 3 3 tetramethyl pentane in.,

O S
i f ¥

of apparatis’ S"and. d1rect10n of ﬂame propagatmn
FHE 'fj - 1.

tion, and teniperature ‘hot stated) is 0.60 per- -

LIMITS OF FLAMMABILITY ;OF; ,GASES AND AVAPORS

. chloride that’ W111=render mixtures with varxous‘
hydrocarbons nonﬁammable (@) When the mix-
...ture is.volatilized fs’ completely*as possible. at

. .room temperatures, (b). when -a! ﬁame is pre-
tion of; ﬂame in’ a tube 5.3 cm. in dlameter is -
In a tube 2. 5 cm in dlam-‘,‘w

gented momentarlly to-the! free ‘surface 'of the.
thu1d mixture, and(¢) whén a flame is pre-
. sented. momentarily" to -the. ‘exposed end of a

'—_ chk d1pp1ng mto the mlxture (148)."

[

it l
TABLE 20. —M@mmum percenta,ges, by volume, of
carbon tetrachloride in nonﬂammable mzxtures
'unth hydrocarbons RS wr i A

=i {1 vapors Frep 1. Liquid on
N 4] s N )
-~ | ~ized (@) sulrifgbled(b) " wick (¢)
: 2 -
. Pertiahe. i 70
.- Hexane. . |4 67
. Heptane 4 58
Octane. | i 67
~ "Naphtha' 58
7. Gasoli 58

N_ regsonably safe*fro
ows (6) 1h:d o

' . .
;| Carbon tetra-

g +-~ 4| { chloride by
‘[ HEES volume re-

Distillation - quired to .
“range, ° C. : render naphtha

“reasonably
safe from fire
hazards,”
percent

120 to above 180...|

.30
80 to above 140_.__ 45
698-|- 50'to'above;115. 5| +% . ¢ . 50

3 '3“ 3
4 50 to rtbove 11022

¥ ETHYIENE" f |

L - f
ot

[

PLelaelry

[y

ey ;;
R0 £ ORIREE s!l: HE .
'HThe* limits'of ethylene in sur " with'- upward
propagation:‘of visible flame¥in a tube 5 ¢m¥fin
diameter, open at the firing end, are 3.05 and
28.6 percent (1%4), ‘and -3:15 and 28 to 29 per-
cent (38).. . An 1nv1s1ble flame,. detectable by a
res1stance thermometer or thermocouple ab the -
top of the tube, travels throughout the ;150-cm.
,length of the ‘tube in ‘mixtures over, the hlgher
“Tithit” of “visible flame, propagatlon up “to 32.0
percent. ~- When "the diambeter ‘of the ‘tube is
-increased to 10.2 cm. however, the limits are
3 20 and.22.7 percent only (38)
+.Table:21 summarizes other determmatlons 01
»the limitstof ethylene in airi. . ™ 1 oonoen.
“The; higher }imit .depenids . very - much on’ the
- “direction iof propagation of flame.:i o o
Influence .of Pressure ——Experlmentsnim ‘8
‘smallveylindrical - bomb :(1:4)-showed thatiipres-
su.re‘*had 1a pronouiiced efféct on''the: limits .of |

i

B ‘E’I‘HYLENE IN AIR

nf‘ 5oLt i iter :v,ii

h

NS VU PSS U —




. em.-in dlameterea

.+ LIMITS;;:OF {INDIVIDUA

ethylene in air.-. The lower limit 16se, from.,3:5
percent at normal pressure to 5 perce ; a"ti‘20,
atmospheres, then fell to 1.5 percent at ~380™
. atmosphéres. The ‘higher limit “rosé Tapidly

from 16 percent at normal pressure. to 68 per=,

“cent.at,90- atmospheres, then rose slowly to 7 1
percent at 380°atmosphierss: - :
At pressures below atmospherl

o e e

-l
c;ing

Upward Propagahon of Flame o

L GASES AND{VARORS: 69,
dmmetem tube, open ‘at the firing end into a
large reservoir ‘of air which maintains almost

- constant™ “pressit e during the experiment, the

limits™ convérge:aiid” meet at about 90 mm.

pressure. The higher-limit side of -the .curve

" shows 1rregular1t1es in that, in certain ranges
“of pressure, "theré’is a narrow range of composi-
tion in Whlch ﬂame 1s not propagated (104).

TABLE 21 ——Summary of other determmatwns of ltmzts of ethylene m air

Dlmenszggf of tube, . - Limits, percent - - 1~ - -
t . . Content, of aqueous Reference
- CoC ang end - - . vapor ' " No.
Diameter | Length 5 Lower Higher P
10,2 96 | Closéd_~____._____.____ 2.75 24. 0 Small __________________ 183
7.5 150 |- do__ .. __. 3. 02| g4 356
6. 2 33 | Open_ oo ________ 3.4 . 20. 55 95
5.0 150 | Closed. _ ... _____.____ 3. 13 -33.3 |- 356
2.5 A50 oo [ e e 315276 ) 356
2.5 150 | Open_____+_______ S I - N ﬁ 49
B R Horizontal Prgbugqhon of Flame t o,
7.5 150 P28 7 Half—saturated __________ 356
5.0 150 P22.4 do. 356
2.5 1150-- e ; 356
2.5 1150 i . 1411} Small_: 49
2.5 150 | Poagras!| o do . . __ 111
2.5 ,150 : A5 57 H [ S 104
e . . u’i,.— ,;J.‘ I S
i [ - : . s S :
i | -Downward Propagu}ién of Flam_e
; ; ' I
7.5 i #3-33 | - -15:5-7 '*Half—saturated _____ 356
6.2 &3 : Saturated___._.}. 95
6.0 3. :{, Partly dried_ ! _
50 b3 Half-saturated
4.0 L4 k
2.5 3.
2.5 - 3.
L9 L 41
L9 3.
L6 | MR

servatlons (1 2; 358) on,the mﬂu“e'nce of tempera— ‘
ture, .oné appedr ito be rehable (858). . The!
: determlnatlons W de in’a

:

'150& scm:-1n: length; Wlth
downward. propaga, on’of : flame. “The “lower
limit décreased: Fslinearly “from’ -3.45 percent :
ethylene _at about 17°iC. to’ 2 50 percent at
400° C.. The higher: ~11m1t increased from 13.7.
percent at about 17° C ‘to 17.9 percent at
300° C.; -the rate of mcrease became .gre&ber
as the temperature_.was«mcreased

Influence of Impurities.—=The lower (llmlt of
ethylene in air was scarcely ‘affected by ‘small
quantities of iron carboryl{The+kigher limit -
was reduced from 14.7 to 12.4 percent by iron

939350°—52——6

i

i

S JU

.
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The hmlts of ethyle;e i xygen Wlth upward -
propagatlon of flame in a tube 5 cm. in diameter,
" open;at the: firing end,-are 3 10 and 79 9Mpercent
144, 2. 90" and 79 9. (163) '

- '“‘Table 22 " Summiarizés other determmatlons

of the limitsiof. ethylene in’ oxygen.
Inguence of _Pressure—Certain  ethylene-

,tl_moxygenfmlxtures arestill flammable at 30 mm.

bressure (65%. This'is confirmed (104), and
”twofsmall uregularltxes are shown on the higher-
- litnit brafich of thé diagram showing the relation
between pressure and limits,
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I I TABLE 22 ——Summary of other determmatwns'of lzmzts oftethylene wm oxyge'nv GLeoer o
‘ P o ) Upwcxrd Propagahon of Flcxme e | i ar'
! ' ‘ S . : I A f
TN T R TR PXNE TR R R N .
mensions of tube; [ii i SR RO SRR AL ANSL e BRI ) o
Dl esns 021 - ' 14 ¢ : ; T [T -.lemlt;S’.‘ percentf‘ Sy . 4 et 1 . .
{ IR P e Ty L : . : Reference -
S PR Firing end Content of agueous, vapor Nowr o
Diameber: “«Length-*| 7 . Sty “Lower | 'Higher v
R T R R G T A SOOI -
Small

10. 2

96

Closed

2.90

Ty ‘wn e

4
4
1

B 00 80 O

170 ¢
63
77.5
60. 2

: 1 The presence of 5 i)ércel:lt of carbon d‘iox‘i‘&é.;gduces thls figure to 55 .
. BN i o
100 : - - ,
| i [
90 e L S
. - . B - - RN U U I
‘ ! ! ’ ‘ ‘ 'Ir\l:iirogen ='1'OQ—(§tHylenef+ oxygen) |
80 1 ‘ S | S
- o N\ Impossible mixtures - | '
A {0 § = =
- - 2 0! k! p=y
- 60 : : =
..z I
B ] i
: 0 i ;
( o N .
la-_] . 3 _ e i}
= 50 — -
g v . -
s Flammable per se ",
S _ : .
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30 ‘ s o :— Yo i
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) . o - . . o . : TV .
: i 20 . ” - [RERE R kS N Al § .
/—" - ' ! !
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FIGURE 39 -——Flammablhty of Ethylene-Oxygen—N 1trogen Mlxtures
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'LIMITS OF - INDIVIDUAL' GASES AND VAPORS-

Inflience of Impurxtlesl—'—Thema'd'dition' of
small quantities. of . nitric -oxide. (o, , yarious
mixtures, of* ethylene and oxyge e
fmmlmum 1gn1t10n pressure and® +may' therefore,
‘w1den the range’ of ﬁammablhty (104) .

it

- ETHYLENE IN OTHER ATMOSPHERES" -t

3

RTINS

;ﬁ.

IR

' All Atmospheres of Oxygen and N1trogen
The compos1t10n of, all flammable mixtures: of
ethylene, oxygen, .and , nitrogen, is shown rin
figure 39. The determmat1ons were made in a
2-inch-diameter tube, open at the lower end,
with upward propagation of flame (163).

Atmospheres of Compos1t1on -Between:Airand
6 thiyléne,, for‘ ‘
. downward propagat1on of - flame- in-a - Bunte. .
'burette 1-9-cm:-in diameter, mcreased slightly . -

~ Pure: -Oxygen.—The lower litnit o

as-the- -oxygen inthe; atmosphere was-ihcreased!
to<94-percent;. -the’ h1gher-~lnn1t~rose gradually :

from' 14:1 percent in-air-to}47- 6- An-a, 60-pprcent, -

oxygen» -mixture ; and - to 62-n--a
oxygen-mixture- (323) S i~~r~~"

~Atmospheres -of "Air! and -Nltrogen~(A1r- 'De-.
ﬁc1ent in: Oxygen) —The limits of ethylene in- all, :
fmxtures of-air, and~n1trogen or-gir from .whlch _
part of the 'oxygen has- been«removed,,are shown:

-94-percent -

£

m- ﬁgure* 40:-~The- determlnatlons were imadeg’_v,._
-tube-2

- withg upward propagatmn of-flame in-4
inches in-dismeter and-6: feet~1n~lengt
' at ‘the firing end (1 44)»
Atmospheres of "Air;; and’ Carbon~ Bloxrde——
The 11m1ts 'of ethylene-in-all mlxturesrof air and:
carbon -dioxide are shown’ i ﬁvure 40:.~ The
determmatlons were made as descrlbed in the
prev1ous paragraph o e

‘,'M..‘ ;, _:~

l

b
wm

—
O,

' ETHYLENE, PERCENT

S

—— —————

16 20 30 _ 40 50 60
CARBON DIOXIDE OR ADDITIONAL NITROGEN IN
ORIGINAL ATMOSPHERE, PERCENT

Figurg 40.—Limits of Flammability of Ethylene
in Air and Carbon‘ Dioxide or Nitrogen.
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- Some: earlier observations (95) show, as
mlght be. éxpecteéd, imore: rapid narrowing - of
the limits in & Bunte burette. _
The limits for..dowhward propagation of
flame in a tube 1. 6 cm in dlameter have been
recorded (217).: -

Atmospheres of;’ A1r, Nrtrogen, and Carbon
.Dioxide,—The: hm1ts ‘with downward propaga-
tion of ﬂame in.a- tube 1. 6 cm in diaineter have
been given (21 7)

Atmospheres. of Air and Methyl Bromide.—
The addition of increasing amounts of methyl
bromide to the air causes the limits of ethylene
to approach-and, in a 2-inch-diameter tube, to
meet when 11" 65 percent of methyl bromlde is
-present ~The-lower limit of -ethylene is, how-
everrapprecmbly reduced- (down to 1.95- percent
~ with' 10:5-percent: of imethyl- bromlde), showing
- ~thatithet bromide-takes-some part in the com-

bustlon i(38)- *(For “aj‘comment, compare the
- correspondmg paragraph on hydrogen p- 22.)
B Atmospheres oszarbon Disxide - and -Oxy-
gen. —The‘hmlts of ethylene ina carbon dioxide-~
‘oxygen atmosphere ;Were” given in sofe old
experunents of "dotibtful accufacy (346’) (See
- footnote to table 22.) .

DY

D11ut1 n_of C2H4—|~302 Wlth Gases, Inert or
* Otherwise.—The following results were obtained
. with downward_ propagatlon of ﬁame m a

Eﬁect of -dduents upon ﬂammabzlzty of
OzHrl‘g Os )

" Amount of CoH+30,

" which, -with diluent
named is present at
limitof ﬂammabzltty,
percent . -

Carbon d_xox1de_ -

S S

Atmospheres of Oxygen and Hehum —The
composmon "of ' all flammable mixtures of

v« ethylene, oxygen;. and helium is given by a
curve almost identical with that of figure 39,
except. that the “nose’” of the curve is at 8. 5
percent oxygen (163).
! Atmosphere of Nitrous Oxide.~—The limits of
ethylene in. nitrous oxide, with upward propa-
gation of flaifie in .a 2-mch-d1ameter tube open
at the lower end; are 1.90 and 40.2 percent (I 63)

‘With': downward propagatlon of flame in a
closed tubé 4 -em. in diametér and 16 cm. in
length; the limits*are’5 and 35 percent, The
presence of 10 percent of oxygen raises the
higher limit to 47 percent (124).

Atmospheres of Oxygen and Nitrous Oxide.-—
The lower limit of ethylene in mixtures of
oxygen and nitrous oxide falls slightly as the
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.percentage of mtrous -oxide. rises to 50 then -

‘morei rap1dly as.it rises to 100 (16‘3).- 4
ST TURTOTEITTS: B S :

PR@PYLENE ool

sty Pde g iy o T Bon e

PROPYLENE IN AIR g

Co
1

The limits of- propylene in-air, Wlth~upward

propagamon of flamé in‘ a 2-inch* dlameter tube -
“lower end are 2 40 and 10. 3 percenst :

LIMIT'S +OF . ELAMMABILITY" OF:GASES:AND VAPORS

(TS PROPYLENE IN. OTHER ATMOSPHERES z» 33

Bis

"’”Atmospheres ‘of Air 'and’ N1trogen (Axr ‘Deé-
ﬁc1ent in 0xygen) —The l1m1ts of- propylene in -
all’ m1xtures of air “and’ n1trogen are shown by
one of the curves of figure 41. -The determina-
tions were:made;in .a 2-inch-diameter;tube, open
at the lower end; with upward propaga‘mon of
Hame-: *No mlxture of - -propylene; ‘air, "“and
""" flammable if it 'contins' less than

A R Fe ekl TR ERE

. o : ]; f:11 5vpercent ot oxygen (151)E : L
i ol LI ' of v X
© "‘"," o ‘"OXYGEN |N ORIGINAL ATMOSPHERE PERCENT
R U Ity t: KA v RS S ISl C S
i ] R ¥ L] ' ,

URE, PERCENT

e

E IN MIXT

ROPYLEN

T - 1T T
X L g ; . i
- < _ e ; ' N i 1. &5
O 101 15, 20 T 25 30 . 35 40 | 45
. . v ADDED lNERT GAS‘IN;ORIIGINAL ATMOSPHERE“PERCENT‘ e i ,
1xtures of Air and Added Nltrogen and Ca.rbon D10x1de

Ty :"2.‘ i ;’;
ll'; NS IS T

y‘v||,

[\J’LI [
‘Table:23 gives: Gther-. determmamonsuof the
-llIIlltS*‘ L T I PR Shieeton o .. atan oy
'irﬁ : PROPYLENE IN OXYGEN
Voot L .

The l1m1ts of propylene 1n oxygen “with
,‘upward propagamon of flame in a tube 2 inches
An dlameter open at its lower end, are.2. 10
and 52, 8 pelcent (144; 160)..

i Cap T,

-

;»i |I¢'

7
¢ . B
S DU SO .

Atmospheres of Air and Carbon D10x1de.
. F1gure 41°als6 8hows the limiits of propylens in .
all mixtures'iof -air and carbon dioxide,’ deter-

m1ned as in-the previous paragraph (151 LA
Atmosphere of Nitrous Oxide.—The limits of

propylene in.nitrous-oxide, with upward.propa-.

gation of flame in a‘2-inch-diameter tube, open

at 1ts lower end are. 1 45 and 28.8 percent (1 63)

«
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TaBLE 23. ‘Summary»of other determmatwns of Zumts of ﬁammabzlzty of =propylene m air

IR TRRTT e

Upward Propagatlon of Flame

s

R S PN TAR

A

£ Dlmensmns of tube,

{4 Limits, percent

e . Lemy '-‘sm Fry : 5 ’
1y ang eﬁ:i ’ Content of aqueous vapor Refﬁfgnce
D,‘i‘arr;l’ert{éf Length LRTIE
o 0 ifs P
Drids zim Lofvi : 150
Half-saturated __________ 356
_____ Ao 356
AL Ly .
I—Ionz‘ontql Propagahon of. F1c1m$
My 3 i NN
i { i; Y LS
Closézii - . - 856
do ’ 356
149
______ 111
' 856

. s
Sl e bt

BUTYLENES

The limits of the various butylenes in air,

with upward propagation- 0f-ﬂame~m~a 2-inchso- .-

o [
by fTGE e

: "s YA g Tus TRy £ o0 3
Table 24 givés other determiinations ‘of ‘the
limits of “butylene.”

diameter tube, open at the llower end are (1 38) : : - &TMM Tﬂ AMYLENE
[ e 3_—'”” ‘m i
. I “;“ P erent f - ‘: The limjts- off“b—n—-amvlene in air, with up-
B%};lg}ﬁ?e : d.9.6 } ward propagatlonfof flame in a 2-inch-diameter
Butene-2 -+ ~~fube;y open»atfthe lower end, are 1.50 and 8.70
Isobutylene i percent (11?8)
e ..\_M.., PO SO I NS

g a”“~>u~ o

b ﬂ_}.m.i e

3

lUpward Propagqhon of Flame§ R S 5

TABLE;24. éOther determmatwns of lzmzts of butylene in.air

o Reference
- No.
Diameter d e
75 alf-saturated 356
5.0 : 356
7.5 356
5.0 356
2.5 111
3 B ' “I)gv:r;‘;;rdnls;g[;dgatr on of
7.5 150 |- Closed. - oorozionnti oLy 80 856
5.0 “150 .. do_ _______________ 18t 356
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The lower limjt of amylene in air, apparently

with downward propagation of flame i in a 2-hter

bottle, is 1.6 percent (221). :
_ BUTADIENE '
~ BUTADIENE IN AIR

The limits of butadiene in air, with upward
propagation of flame in a 2-inch-diameter tube,
open at the lower end, are 2. 0 and 11.5 percent
(1 52 158). L

BUTADIENE IN OTHER ATMOSPHEBES

Atmospheres of Air and Nitrogen (Alr De-
ficient in Oxygen). —The limits of butadiene in
.all mixtures of air and. hitrogen are.shown by .
. The determina-~ "
tions were made in a 2-inch-diameter tube, .

one of the curves of figure 42.

open at the lower end, with upward propagation
of flame. No mixture of butadiene,-.air, and
nitrogen is flammable if it contains Tess than
-,10 4 percent of oxygen (153).

" Atmospheres of Air and Carbon D10x1de-— :

Flgure 42 also shows the limits of butadiene in
all mixtures of air and carbon dioxide, deter-
mined as in the previous paragraph (1563).

LIMITS ‘OF FLAMMABILITY OF .GASES .AND. VAPORS

. . ... .. RCETYLENE
] . ACETYLENE IN AIR

The lower limit of acetylene in air with

upward propagation of flame in a tube 5 cm. in
" diameter and 150 cm. in length, open at the
firing end, is 2.50 percent (150).

In a box about 4.6 feet high and 12 1nches
.square in cross section the lower limit for
propagation of flame upward toward the open
top was 2.53 percent acetylene (44). In'a bell
jar, with, turbulence, the figure was 2.30 (138).

With downward propagation of flame in the
box, presumably toward the closed end, the
lower limit was about 2.8 percent (44). - An
earlier determination In a_ 90-liter vessel 41
cm. in diameter and 80 cm. in height gave the
limits as 3 and 80 percent acetylene (112).

 Table 25 gives other determinations of the
11m1ts

- Where..a range is given for the higher-limit
figures in table 25, the experimental result de-
%)end)ed on the state of the walls of the container

261

~ Limits in " vessels other than tubes were as
follows: In an 84-liter bomb, 2.4 and 80 percent
(118); in a 2.8-liter bottle for central ignition,

.12 :
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ADDED INERT GAS IN ATMOSPHERE, PERCENT

Ay s ooy b, T s L R s o . Ne o4
- Ficure 42.—Limits of Flammability of Butadiene n_y_N{lxtures of Airand Nitrogen, and of Air and Carbon Dioxide.
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3.0 and 73 ‘percent (44);in & 2-liter rubber*bal—
loon with flame. 1gn1t1on 75 percent: (higher
limit) (96);in’ & -100-cc.. Hempel pipette with
downward propagationcof. flamesi 2.9 :and 51
‘percent -(44) and 2.45: and 57:05 percent (36‘4),
m a small vessel 2.3 and 76.4 percent (9)

ﬁAm”‘a

":‘,'\iz, .
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A few experiinents -have been reported on:the
“flammability ;of acetylene mixed -with about
30 percent of air,” but this mixture. is -well

‘within the.limits.of flammability, and the report
(81)is concerned only with condltlons for igni-

thIl . R - LA
RERTE e

TABLE 25. ——-Summary of other determznat@ons of sz@ts of ﬂammabzhty of acetylene in air

BT
FESEE N

. Upward Propagahon of Flame

Dimensions of tube, cm. s

. : Lim_its, f)ercent" .

Reference

. Firing end . i ;+v¢

_'Diameter | Length ; .

| Content of aqueous vapor

ot _ No.
Higher -.|. »

150, (nosed__-__ﬁ

el L) T PN
TQuomirioo

356
356
176
356
261
261
3
261

RN o
SOt ot

2.
2.
287
3.

356
356
356
261
261
© 261
261

>78.5 |

| 1.68.5
59: 5.

:M627

68
68

25,

— bt

'

PR OTNO R

‘

S

Yoo

SoroTO LG SU Oy i

195

356
356
i
356
261
. 261
95
328
261

261

Saturated
.| Half-saturated_ _ . _______

ﬁ@pj:ﬁ

I
A

© 219
- 219
219
219
219
219
219
219
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_Influence: oﬁ Pressure: ——The lower“limit .in a
-Hemipél' pipette was 'unchanged by mcrease'of
!pressure to 5 atmospheres (44) TP SR
i :oThe-higher linit; observed in ‘a closed 2-inch-
diameter tube at'24° C.-with-mixtures saturated
with water vapor, rose almost linearly from:78
to 100 percent as the pressure was raised from
“atmospheric to 7 pounds per square inch above
atmospheric (176). . The flammability of the
richer mixtures is ev1dently assisted by the’

exothermic decomposition of much ef. the~.

-acetylene that is not burned, and the 100 percent .
~acetylene transmits flame by this means entirely.
A source of ignition - developed locally in a
generator may thus cause -explosion of the gas

at pressures attainable in medium-pressure.

%‘nerators, even in- the absence of air (176).

he addition of water. vapor raises proportion-

“ately ‘the"minimum pressuré’ for - ‘explosion .of -
acetylene and of ‘rich .acetylene-air. mixtures. -
-Propane,, butane, and. natural ‘gas have s1mrlar
- teffects, 1n- drﬁ'errng degrees  (158)i Nltrogen,
“helium, and hydrogen have less -effect; than the
hydrocarbons named, ‘and  éarboi - d10x1de is”
intermediate in its eﬁ"ect (159).

The effect of reduced pressure on ‘the limits
of ignitibility of acetylene in air-by:a
* standard spark, - rather-than on -its- llm1ts of
flammability, have been .examined (8).;

~ Influence of. Temperature —The.lower limit, -
with downward propagation of flamein & closedff

tube 2.5 em. in diameter and 150 cr. Jin length

idecreased . linearly from "2.90 percent1 at, about;_

117° C. to 2.19 percent at 300%.C. *The higher ..
" limit.increased from 55 percent at about 17° C. .
-to somewhat over 81 percent at 200° C. (358).
~ In an older observation (95) the hlgher linity °
‘with downward propagation of flame from the

-open end of a cylinder 4.4:cm:.in digmeter and
26 cm. in length, was 60 percent, acetylene at;
‘laboratory temperature and" ’75 percent ‘ate

:200° C. ‘ :
.";) ; _ 'ACETYLENE IN OXYGEN A

“An _old experiment gave the hlgher hmlt of‘:_,
;acetylene in oxygen, with'downward propagé-'.
ition ‘of “flame, as 83 percent - acetylene (248)."

An estimate for “an infinite mass’’ (not. cooled

by the walls of a container) gave limits of 2.8

and 93 percent (219).

The lower limit for downward propagatron :

: of flamie in & Bunte burette, 1.9 cm. in diameter,
“is 3.1 percent acetylene (95). The limits in &
'fHempel plpette are 2.45 and 89 2 percent (364)

ACETYLENE IN OTHER ATMOSPHERES

Atmospheres of Compomtron Between Air and

Pure Oxygen.—The lower limit of . -acetylene;.

with downward..propagation - of. flame in a

sweak:

- LIMITS’ OF FLAMMABILITY +QF GASES ANDIr VAPORS

-Bunte uburette 1. 9 cim. ‘in -diameter,;-was, wun-
changed as the oxygenlln the; atriiosphere was
sincreasedto 97 percent; the thigher “limif.rose
gradually. *from 52.4 ~percent in -air to: 82.2.in
-58. percent oxygen “and-to! 89 Ziin 96 8 *percent
oxygen (323). i v il P
Atmospheres of Air and Nltrogen

- increasing additions of nitrogen 0 “the atmos-
phere while the higher limit fell rapidly. From
limits of 2.4 and 80.percent in. pure_air, the
- limits met at 2.75 percent in an atmosphere
~ containing 69 percent of “added’"nitrogen. “At

* this point “about 6.5 percent of oxygen is pre-

. (A1r "De- .
“ficient in Oxygen).—In an 84-liter bomb, the
Jower limit. of . acetylene rose slightly Wlth‘

-sent, in comparison with about 4, percent atithe

hlgher limit in air (113). Ina Hempel pipette

the lower hmlt rose from- 2.45 percent, in air to -

3.3 percent; in-an atmosphere contsunmg 8.7 per-

cent oxygen; at the higher, liniit the oxygen in - -

the mixture was constant atiabout 11 : jpercent

- except that close to the.point where the limits

meét it fell to 8 percent (364).-
Atmospheres of Air and Carbon D10x1de —In
an 84-liter bomb, the lower limit of acetylene

" rose slightly with i increasing additions of earbon
~..+dioxide toithe atmosphere while the higher limit

~fell rapidly:- From-limits-of 2.4 and 80 percent
in pure air, the limits met at,3.75 percent in an

- atmosphere contalmng 55. percent of ~carbon

dioxide. At this -point about 9 percent of
_oxygen -is- ‘present (118). In a Bunte burette
no ﬂammable mixture could be made in an
_.atiosphere_ containing 46 percent of ;carbon
~dioxide. (11.3_percent of oxygen) (95).

. Atmospheres in Which Oxygen of the Air Is

ments in a Bunte burette show the narrowing
of the range of flammable: mixtures by -the
gradual replacement of the oxygen of the air by
carbon dioxide. No ﬂamrnable mixture could
be made when the oxygen'was rediiced to 8
percent. (carbon dioxide, 13 percent) (95).

Atmospheres of Air and Certain Chlorinated
Hydrocarbons.—Limits, of acetylene in-air con-
taining vapors of various chloro-derivatives of
hydrocarbons. have been reported; they  were
~observed-in-small burettes 15 mm. m'dlameter
so are of limited value (198).

. Atmosphere of Nitrous Oxide.—The limits of
: acetylene in nitrous oxide,

with downward
propagation of flame in a 16-mm. burette, are
2.2 and 67.0 percent. The effect -of helium in

narrowing the limits is greater than that of

argon (285).

Dilution of 2C.H,+ 50, With Gases Inert or
Otherwise.—The following results were ob-.
tained with downward propagation of:flame in
a Bunte burette 1.9 cm. in diameter (95).

o AReplaced by Carbon Dioxide —A few experi- -
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:The dimits - of - benzene Hin ain _Wltha«upward
propagatlon of flame in & tube:5 ¢m: in"diameter,
opén at theifiring end, are1.40-and:7:10 percent
(1 86) and 1; 55 percent (lower hmlt only) (31)

Table 26 summanzes other determlnatlons of
the limits-of benzene in air.

s‘THe Jlower limits'in -a 5-cm. tube closed at
both enidsdiffereduonly in the: second decimal
place’ from:ithosesobtained when' a.small stop-
cock was opened at one end- or' the other.
Similar - differences~were observed . when the
length of tibe was-varied between the limits of
100 and 250 cm.and-when sthe position of. the
point’ of* 1gn1t10n' was broucrht forward about
6 :cm. (353)

‘Influénce of Pressure —The range of ﬂam—
mablhty of: benzene ‘in air is widened at both
sides by ran"intrease in pressure above atmos-
pherxc ‘provided - the  temperature is raised to
maihtain: enough vapor for the test. ThlS efféct

D1mens1ons of
tube, cm,
AERYE BT

* Limits, percent i

Reference

st =
o

Dlameter gLength

=Qontent of aqueous vapor No.

39 | Vented at top___________
150 [ Closed_ . _-_.__-___..__
150 : ’
91
150
25

SRR GO O -
GuooTTe

i

82 |.______._ | Undried.____.__________ 239
41 .| Dry_o .. N, 358
353
351
363
294

SN eoT N
cmoow;

3563
353
351
363

!

oy

Nt e N |
OO NOOO O NG

Coy
e e

4
N

Capa

96
368

tAt60 C.
-2 For +‘00 percent benzene,”’ boﬂmg point ‘77"—118" C
3 Believed to be somewhat on the high rather than the low s1de
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may:be. due more to:the change in temperature
than to that in pressure:(14)..-- J .+ _

-The effect of reduced pressuré on the lnmts
of. ignitibility -of benzene in air by a standard
spark, rather than its limits of- mﬂammablhty,
have.been examined (13).,-

Influence of Temperature. ~——The lower hmlt of
benzene in air for upward propagation in a tube
30.6:.cm. in diameter and 39 cm. in length,
vented at ‘its- upper end,. mixture, undried, is
1.32 percent at 21° C, 1.10 at 100° C,, 0.93
at-200° C:,. and::0:80 at-300° C. (239).:. The
limits of benzene in air for- downward propaga-
tion of flame in:a vessel. 9 cm: in .diameter and
45 cm. in length widen linearly.from 1.37 and
5.32- percent at 100° C. to 1.13 and. 5.58 at
250° C. (21, 22).

BENZENE« IN OTHER ATMOSPHERES S
Atmospheres of Composition Between Air.

and. Pure Oxygen.—The lower limit_of benzene

in a spherical vessel with ignition near the top
was unchanged as the oxygen in the atmosphere
was increased to 97 perceiit; the higher limit
rose gradually from 7 percent in air to-20. 7 in

58 percent oxygen and 30 in 97 percent oxygen -

(323), in a 120-cc. Bunte burette 1.9 c¢m. in-

dlameter, ignition by.spark .and downward
propagation of flame, the limits in OXygen were
2.8 and 24.9 percent (323)

Atmospheres of Air and . Nitrogen (Air De-
ficient in Oxygen) —The limits of benzene in all
mixtures of air and nitrogen are. shown by one
of the curves of ﬁgure 43. - The determinations
were made’in a 2-inch-diaieter tibe, open at

the lower .end, with upward propagatlon of

flame. No mixture of benzene, air, and nitro-
gen is flammable. if it contams less than 11.2

- percent of oxygen (136).

Atmospheres. of Air-and Carbon’ D10x1de——
Figure 43 also-shows the limits of benzene in
all mixtures of air and carbon dioxide,
mined as in the previousparagraph (I 36 ).

Atmospheres of Air and Water Vapor.—The
limits of benzene-air mixtures standing over
water in a 350 “cc. spherical vessel, and ignited

. near the -water surface, have been determined

at various. temperatures _As the temperature
rises (and consequently the water—vapm con-

- tent also) the lower limit rises slowly, and the
higher limit falls-rapidly, as with other diluents. -

When about 35 percent of water vapor is
present the limits coincide at about 2.5 percent
~benzene vapor (36‘8) SRR

i
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Ficure 43.—Limits of Flammability of Benzene in Mixtures of Air and Nitrogen, and of Air-and: Carbon Dioxide.
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. .Atmospheres of.Air and Methyl Bromide.—
The addition of increasing amounts of methyl
bromide to the air causes: the;limits of benzene
to approach and, in_a 2-inch- drameter tube, to
meet when 7:75 percent of'the’ mlxture is methyl
bromide ,(38)... .For a comment;, compare the
. ;correspondmg paragraph on hydrogen (p 22)

TOLUENE A

The lower hrmt of toluene in air, W1th upward
-propagation of flame in‘a tube 5 cm.in- diam-
eter, open at the firing end, is 1.45 percent
(138) or 1.49 percent (31)."

‘Table :-27 : summarizes other determmatlons
of the limits of toluene in.air.. "

- Earlier -experiments: gave approxnnately 1.3
and 1.4 percent for the lower limit, ‘probably
with downward propagation of Aﬂame,,(?],.? , 221).

.. i
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- Inflience: of ‘Temperature.—The limits of

: toluene ‘in airat110° C., with upward propaga-
‘tion of flame.in & closed tube 5.0 cm. in diam-
-ter aiid ‘18 iriches in length open at the top,

are 1.20and.7.20° percent; respectlvely (138).

The lower limit with upward propagatlon of
flame in a cylinder 30.6 c¢m.'in’ diameter and
39 cm. in length vented -at the upper end, is
0. 99 percent ‘at, 100°C., 0 82 at 200° C, and
0. 72 at’ 300° C. (239) .

" The lower llmrt of toluene in air with upward

"propagatlon of flamé in a closed tube 10.2 em.

in diameter and 96 cm. in length fell from 1.27
percent at 26° C:to 1.12 at :2009 C.(139). The
limits for downward propagation of flame in a
vessel. 9:cm. in-diameter' and- 45 cm. in length -
widen. linearly: from: 1.26 and 4.44 percent af
100° €. t0:1.03 and 4.61 at 200° (21, 22).

TABLD 27 —Summary of other determmamons of lmnts of ﬂammabtlzty of toluene m awr

Upward Propagcxhon oi Flame =

Dimensions of L
tube, cm. : imits, percent i
Fifine énd P - Content of Reference
& ~" aqueous vapor No.
Diameter | Length | o Lower Highér |

30. 6 39 | Vented at top ___________ L7 | Undrled ________________ 239

10. 2 96 | Closed ._.__-_._= AL 1 27 |- . 139
7.5 © 150 1.27 (... Dry ___________________ 3538
50 150 1. 31 16,75 . dosoeo 353
2.5 25 1.3 7.0 Undrled _________________ 294
7.5 150 | 358
5.0 150 |____’do.___. 853
7.5 150 358
50 1150 353

lAt‘ 60° C. . . ‘ ......__MM?;:.,.. - - ... o
' ORTHOXYLENE STYRENE

The limits of: orthoxylene in air, cond1tlons
not specified, are reported as 1 0 and 6.0
percent (101) : j‘\ : o &

ETHYL BENZENE

i)

The lower limit of ethyl. benzene in air, with _.
upward propagation of flame: in a: 2-1nch-'
diameter tube, open at the lower end,*is O 49~
percent (138). S e F el

it

65, 2° C. 177,

The llmlts‘"of styrene 1n*~ air, with upward
propagatlon of flamein a tube 1 inch in diameter
and open at the upper. end, are: Lower, 1.10
. percent. (at"29.3°.C.); hlgher, 6.10 percent (at

i

‘ BUTYL BENZENE
‘The hmlts of n—butyl benzene in air, with

“dpward propagatlon of flame in a 2-1nch~

-diametér-tube; open'at its upper end and at a
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sufficient, temperature-to volatilize- the butyl
Dbengzene, :
.Jsobutyl benzene 0.83 and 6.00 percent; sec-

butyl benzene, 0. 78 and: 6.90. percent; and tert-.

butyl benzene 0. 84 ;and 5.60 percent (138)* -
T "DIETHYL BENZENE S

EON

The limits of 1 4. dlethyl benzene in air; w1th '

upward propagatmn ‘of ﬁame in g tube 2 1ncheq
in diameter, 18 inches in ]ength .open at its
upper -end ‘and ‘at a- temperature of 110° C.,

are 0.80 and 6. 10 percent (138) ' :

FERARTIE
NAPHTHALENE

A R

. o
& Ea-

The limits of naphthalene in air, w1th upwald _

propagatlon of flame in a tube 1 inch in diameter
and open: at ‘its upper end, are: Lowef, (0:88
percent  (at 77.8° C.); hlgher 5.9 percent (at
121.8°C.) (I174): The lower Iimit of a cloud of
naphthalene dust is about 50. mg. per liter,

are 0.82: and 5.75: percent (188) ;.-

LIMITS:;0F FLAMMABILITY ;OF, GASES: "AND_ - VAPORS

-which - is: equlvalent ‘to - about :0.9. percent of
: vaporr (242) T e EREE !
i CYCLOPROPANE ‘

AR CYCLOPROPANE IN AIR,

The hmlts of cyclopropane in air w1th upward
~propagatlon ‘of flame in &' 2-in¢h’tube 6:feét in-
length, open at the lower.end, are 2.45 and 10.45
percent (161), 2.40 and~ 10.3 percent (163).
‘In.an 8-liter bomb with upward propagation of
flame, the limits are 2.58'and 10.1 percent (161).

¢ CYCLOPROPANE IN OXYGEN =~ 2

The: Timits of cyclopropane in oxygen,’ with
upward propagation: of flame-in a .2-inch-
‘diameter tube; open at the lower end, are 2 48
and 60 percent (161). : .

CYCLOPROPANE N OTHER ATMOSPHERES

All Atmospheres of Oxygen and Nitrogen. —
" The composmons ‘of all lammable mixtures of

100
90 |-} ,
' Nitrogen=100— (cyclopropane + oxygen)
80 -
Impossible mixtures .
70 :
60 =

— Flammable per se

OXYGEN, PERCENT -
oW
o

f oY
o

30

£ . 120

“{;‘ﬁi ‘:, A E f
+ 10
]
“ :,,0\;», 210,520, 30 40 80 il eox T 70 80
e e 3. s o-u~-. 1CYCLOPROPANE, PERCENT - .., | i ., e

Cor FIGURE A4, ——Flammablhty of Cyclopropane—Oxygen-Nltrogen Mlxtures
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cyclopropane, oxygen,and’ mtrogen are: shown~1nz E Atrnospheres of A1r -and. Helium.—Figure 45
figure 44. The determinations:were made ina also shows: thé: limits of ‘cyclopropane in all
2-inch-diameter, tube, open ‘at- the lower end;  mixtures of air and helium’ (161).

with upward propagatlon of -flapre, (163) The The relative effécts of nitrogen, carbon di-

‘results nearly" commde Wlth those “of an earhe'r " oxide, and: hehum oon the limits of cyclopropane
; - are similar to_ their effects on the limits of
mental . conditions we: “Tot stated’ No nmixs ““miethane and, dupport thé explanation given in
ture is flammable if it- contams ~less than 11 5  the corresponding paragraphs on methane,
percent oxygen.: { detiin opLdznei Atmospheres -of ‘Oxygen' and Helium.—The
Atmospheres of Air and Nltrogen (A1r De-~ composition of ‘all flammable mixtures of
ficient in Oxygen).—The limits of cyclopropane cyclopropane, oxygen, and helium is given by a
in all mixtures of air and nitrogen.are shown by. = curve almost identical with that of figure 44,
one of the curves of figure 45.. The determina~  except that the “nose” of the curve is at 10
tions were made in a 2-1nch—d1ameter tube; open - percent oxygen (161, 163). .
at the lower end; with upward! propagatlon of-- Atmosphere of N1trous Oxide.—The limits of
flame. No mixture of cyclopropane air, and: cyclopropane in -nitrous’ oxide, with - upward
nitrogen is flammable if it contams less gthan propagation of flame in a 2-inch-diameter tube,

'

11.7 percent of oxygen (161). T _: open at the lower énd, are 1.60 and 30.3 percent
Atmospheres of. Air and Carbon D1ox1de — (16%). .

Figure 45 also shows the limits of cyclopropane ' Atmospheres of Oxygen and Nxtrous Oxide.—

in all mixtures of -air and carbon- dioxide,  The compositions- -of all flammable mixtures of

determined as in the: prevxous pa,ragraph*(l 61) cyclopropane, oxygen; and nitrous oxide are
. OXYGEN INORIGINAL ATMOSPHERE, PERCENT

20 19 ‘18 17716, 15 14 .13 12 11 10

1 I [l [ T T I I I | T

20 ratind 0 e T
ADDED INERT GAS N ORIGINAU ATMOSPHERE PERCENTJ

Flamma.bmty of Cyclopropane in Mlxtures of A1r and Nltrogen, A1r a.nd Hehum, and An'
and Carbon Dioxide, * -

FIGURE 45 —L1m1ts o

it
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: FIGURE 46. ~—Flammablhty of Cyclopropane Oxygen—Nltrous Oxide Mixtures..

shown in ﬁgure‘ 46, The"determmatmns W,’ere"
made with upward propagation of flame in a.

- 2-inch- dlameter tube open at the lower end
- (163). [

Atmospheres of Nitrous Ox1de and Hehum —
The compositions of ‘all flammable mixtutes’ of
cyclopropane nitrous oxide, . and . hehum are.’
shown in ﬁgme 47 (163) o ; R

ETHYL CYCLOBUTANE T .

The limits of ethyl cyclobutane in -air, Wlth
upward propagation of ‘flame in a 2. inch-

diameter tube, open -at the ]ower end are 1. 24 -

and 7.74 percent ( 38) E
ETHYL CYCLOPENTAN'E

The limits of ethyl cyclopentane in alr withit:s:

upward propagation of flame -in. a 2-1nch—

-diamleter tiibe, open at the lowér" end ate 1. 10

and 6.70 percent (138)

I
T ‘;.,.- cYCLOHEXANEi =

3
"y

i

]

i ;;.'-gs':‘:'  CYCLOHEXANE IN AIR

o

PE

The hrnlts of cyclohexane in air, Wlth upward
propagatlon of flame in a tube 5. cfn in diameter,
~open at the firing end, are 1.33 and 8:35 percent
- (8D), 1 26 and 7.75 pelcent (138), 1.50 percent
(lower limit) (38). Under similar conditions in
‘a tube 10.2 cm. in diameter the limits are 1.33

“and - 6:20 ;-percent - (38) - With .downward
,propagatlon of flame in a closed' tube 5 cm. in

. ‘dianjeter and 65 cm. in length they were 1.31

.and 4.5 percent (316).
Influerice: of- Pressure ———Curves showing the

* - influence~of ‘pressure up "t6""500 atmospheres
_ have been _given (11), but the range of flamma-
" bility shown seems -1mposs1bly wide.
“of ireducedlpressure. on the hmits of ignitibility
of these mlxtures by a standard, spark, rather

The effect

i thiab on tHeir' limits of ﬂammablhty, has been
examlned (13)
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100

. l-_ieiium= 100~ (cycllohr.c;pa:g;eil- nitq@us 6xide)

£ 80

Impossible mixtures

~
=

[+)]
o .

[, E
K=

_NITROUS OXIDE;-PERCENT - -

20

10—

=

0 .19, 20 30

Inﬂuence of Temperature —The limits of ‘.

: fcyclohexane in air, with down ward; propauatlon,;
of-flame in a.vessel 9 cm. in disimeter and 45 e «

in:length, widen linearly- from 1.16, and 4.3%
d 4 98 at 250° C'

percent at 100° € to 0: 9574
(21, 22)-
The 10Wer llmlt in air Wltb upward propaga-

tion of flame in acylinder 30:5 ¢i. in diameter- -
and 39 cm. in length, vented atits. upper endis °

I.12- percent. at- 21-° C
0:83 2t 200° C. (239). X

CYCLOHEXANE IN OTHER AT MOSPHERES

J'UD

Atmosphere of Air and. Methyl Bromlde———’

1‘01 at 100° C and»“?

The addition of i increasing ameunts of methyl..

bromide to. the air causes. the hmlts cof ‘eyclor:
hexane to approach and, in a2 incho dlameter E

-i

‘tube, to meet when 7.4 pu‘cent of the mixture is

.methyl bromide... (38).

gen, p. 22.)

(For. a_ comment,.
compare the correspondmvr paragraph on hydro—

40 .
-.CYCLOPROPANE, PERCENT '

50 €0 80

e i

70

Ficurk 47.—Flammability-éf Cycloptropane-Nitrous Oxide-Helium Mixtures.

PR |a‘¥ W

METHYL CYCLOHEXANE

The lower 11m1t of?methyl cyclohexane in air,
in & tube 5-cm. in, W1dth 18:1.25 percent with
upward propagatlon Yot flame (30, and 1.15
percent “with -downward propagation (246).
For-the former observatlons the tube was open
at theé firing ‘end’ “for the latter it was partly
opened (by. stopcocks)<at both ends.

Influence of Impurxtles —The lower limit was
unaffected by small ddditions of diethyl selenide
or lead’ tetraethyl. ‘The effects of pyridine and
diethyl sélenide agreed with Le Chatelier’s

":"‘formula (252)

ETHYL CYCLOHEXANE

THe'hmlts of ethyl cyc]ohexane in: aii‘ with

upward. propagation.. of flame in a. 2-inch-

diameter tube, open at the lower end are (.95
and 6.60 percent (138).
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CYCLOHEXENE e . oy —.Jimit rises from 24.9. percent‘ at 100° to 36. 8 at

1 200°C.
Temperatures Above Normal: ——The limits of. The lower limit in air with upward propaga-
cyclohexene in air, Wlth‘downward propagation  tion of ﬂame in & cylinder 30.6 cm. in diameter
of flame in & Vessel 9 cm. in diameter and 45 cm. - and, 39 cm. in Tength, vented ‘at the top, is 6.70

in length, widen linearly from 1.22 and 4.81, percent at'21° C., 5.80 at.100° C., 4.81 at 200°
percent at 100° C. to 0.96 and*5.20-at’ 250° G C.4.62 at, 250° C ‘and 4.44 at 300° C . (239).

(21, 22). SN R anotfher series -of.- .experiments the lower
ir o P .' limit fell from 6.65 percent at 100° C. to 5.45

METHYL ALCOHOL - © at'250°C. (21, 23).
METHYL ALCOHOL IN. AIR e Influence of Water.—The lower limits of mix~

tures of methyl alcohol” ‘and water rise steadily

The lower limit of methyl a]cohol in gir, mth ~ gs the quantity of water is increased from 0 to
upward propagation of flame in-a tube 5 cm. in' . 60 percent by Welght but.the amount of methyl
diameter, open at the firing end, is 7:35 percent - --alcohol- itself is- approxunately -constant in the

(138). -~ limit mixture. With 80 percent water it was
Table 28 summarizes other determinations  difficult to inflame any mixture of the vaporized
of the limits of methyl. ‘alcohol lin-air. ~~ - .. liquid and air at 105° C., and 85 percent water
The lower limit in a-2-liter flask, with 1gnlt10n made inflammation v1rtually impossible (230).
near the base, is 6.1 percent: (76) Two. older Influence of Pressure..—Reduction of pressure .
figures (213, 221), probably with downward  below atmospheric' reduces slightly the lower
propagation of flame; are’ 6 and 7.8 percent.. ~ limit of flammability of methyl alcohol.in air

_ Influence of Temperature —Of two series of  but has a markéd effect on the higher limit -
* experiments on the influence of temperature on  (171a). The, lowest pressure at which any
the limits of methyl alcohol (230, 365), the. mixture propagated a-flime from the bottom
latter, which seem to be reliable, show that, to the top of a tube 2 inches in diameter and 5
with downward’ propagation of flame in a 2}/2- feet in Iength with’ spark ignition, was 50 mm.

liter bottle, thelower limit falls steadily from  The minimum pressure mixture contained 9.07
7.5 percent at 50° to 5.9 at 250°C. The higher percent of alcohol vapor. When ignition was

- TABLE 28. —Summary of other determmatwns of l@mzts of ﬂammabzhty of methyl alcohol in air.
. Upward Propqgahon of Flcxme '

Dimensig;:ls of tube, et Limits, percexit. : 7 .
SRR L g o ' Content of aqueous Reference:
— o Firing end".. =+ _ — : ) vapor No.
Diameter | Length .| ©. . - i ) Lower | High‘:ﬂ' P o »
30.6 239"
10. 2 Y oo+ 188
7.5 ; - 4358
5.0 .y - 858 -
RO 311 X I . 851
T - A , 1858
2.5 5 294
- . . R . R N S . N L T P -'-'J,, .
7.5 150 Closed: -~ ___-. i of 0 70800 sl | Dryooooooiooiciioo ... 858
50 | - d SRR 7.85 | 1305 |._...do.._-.__ .. . osss
50 , T 6.40 | © 1350 | _- do LTI ITITIIIIITTNL T 8By
s 150 |- _do.__.____ SRR, IR £ S do..__.- el T 888
7.5 -, 150 | sss
50 < 150 |- 353
50| 91 o851
1. 2.5 150 i - 858
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brought about by fusion of a platinum-wire :in
«contact with 1 mg. of guncotton; certainmixtures
propagated ﬂames at as low as; 26 mum. pressure
.(171a) R

METHYL ALCOHOL N OTHEB ATMOSPHERES "

Lo

Atmospheres of Ni 1trogen and Oxygen and of
‘Carbon Dioxide. and Oxygen ——The limits of
methyl alcoliol in atmospheres “of nltrogen
and oxygen and of carbon dioxide" and oxygen
containing 20.9 percent or less oxygen’ have been
determined in a 2-liter flask, with: 1gn1t10n near
the base. Curves extendmg as far as, could be
determmed ‘at, Iaboratory temperatures are
given in-the orlgmal paper. When:the oxygen
content of a mtrogen-oxygen atmosphere was
below 10.3 percent, no, mixfure: with miethyl
alcohol would propagate ﬁ_ame (v6). .

!

i

Atmospheres ‘of:Air and Carbon Dioxide.—

5The limits: of methyl‘aleohol-in mixtures of air
and carbon dioxide, with downward propagation

of -flame ina 2-hter cylinder, approach :each
other as the proportion of carbon dioxide is in-
creased. - With..more than 26 percent ‘carbon
dioxide in the “atmosphere” no mixture with

‘methyl: alcohol ~ will - propagate flame -under

these condltlons (230)..

2 ﬁ NI
ETHYL ALCOHOL
ETHYL ALCOHOL IN AR

The lower hmlt of ethyl alcohol in air, Wlth
upward., propagatlon of flame in a tube 5 e,
in diameter, open at the firing end, is 4.25
(138) or 4.40, percent 81).

Table 29 summarizes other determinations
of the limits of ethyl alcohol in air.

TABLE 29'—Summary of other determmatwns of lzmzts of ﬁammabdzty of ethyl alcohol mn air

n Upwurd Propagation of Flame

- ‘ . 4 (‘f
Dimensions of s lelts
“tube, em. (A percent Ref
- Sy . ' E PR PR Content of - ) erer-
) . Flrmg_ end . Far end Pl " “« | .agqueous vapor (i?ge
leg;le- Length o Lower | ‘Higher
. . C KIS R . oo Ty . ", :“'n,; :
30.6.| 39 (irom). . L3, Undried._____..| 289
15 | 300 (1ron)___ e 4.1 Dry_ ool 361
10. 2 96 (iron) .__ . 3. 28 [ 139
7. 5| 150 (glass)___ A Dry_ ... ______ 353
5 150 (glass) .- _: i fooocdoo__o_____ 361
5- |- 150 (glass)-.___- = 3469 |118.00 |--___ do_________ 351
5.: 91 (glass)_.__-__ : = Jooeodoo oL .| . 355
2.5 | 150 (glass) _______|-___- do__.__.__._. Open___________ 502 | |eaa-- do_________ 861
2.5 25 (glass)_____._ Central 1gmt10n_ Closed __________ ) 5 Undried____"___ 29

L. 1.8300" (ifon) .
150 (glass)
T150:(glass). _
|- 150 (glass) -~
91, (glass)..—-
150 (glass)__

<‘x‘ s LW

IS RO S T A T ':1 ,,:,'A i

A a

15 ]300 (iron) iooicos|,
. do

7

6. .
5150 (glags) oo
- Bl {1150 (glass) - - __:_

57 491 (glass) .-

5., 70 (glass)._ .
2.5 150 (glass)______.
L9 40 (glass)—_
Hempel plpette___; HIA
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- The lifits in'a’small véssel ‘have beén stated

-as 2:.6-and: 9.0: peréent(9) ; in an uprighticloséd .
tuberofi1,400-cc: capacity,. 'with 600, cc. Jofsliquid .

at: the: bottom and. central iignition,. therdimits -

-were 3.2: percent (saturation:.of the.atmosphere
@t "10:6°-Co)s and 189 percent (saturatlon at
41200) (109) GO gt

= .. Influence’ of: Pressure ——Curves showmgxthe
influence of pressures up.vto: 500. stmospheres

have been given (/1), but the range of flamma- .

bility shown seems’ 1mp0ss1bly wide.
The effect of reduced pressure on the limits
of ignitibility-of+éthyl alcoholtin air by a weak

standard spark, rather than, on its limits, of -

: ﬂammablllty, have been examinied '(8) TR
Inﬁuence -of Temperature LiThe lower hmrt
of ethyl alcohol I air, with upward propaga-
tion of flame. mn a tubs' 5 ¢ ' in ‘diamieteér, 15
4.25“pércent’ at laboratory temperature (138)
and 3.85 _percent ‘at'125%Ci(164). -Four’other
. series of observations have been recorded (20,
23, "230,-365). 'The fourth 'set; ‘which seems:

rehable shows that, with downward rPropa- .
ation of flame in a.2%-liter bottle, the. lower

imit falls steadily from 3.80 percent at 50° to
2.75 at 225° C. . At 250° C. the lower limit rose

- to 3.05 percent, but this increase presumably
was due ‘to slow- combustion - of part of the"
mixture before ignition. = The lower.limit found
later in the same apparatus fell from 3.55 per-
‘cent at 100° C: to 2.75 percent at'250° (21, 23).
In a recent seriés of ‘experimerits; the lower
limit in ‘air with upward propagation of flame

in a cylinder 30:6-cm. in diameter; and 39 cm. -

in length, vented at the top, mixtures undried,
. 1§--3.48 percent at -21.°:C.;:3.01at 100° C,‘
2,64 at 200° C.;2.47 at 250° C and 2.29 at
300°C. (239). . -

Influence of Pressure and Temperature To-

" gether—The limits of ethyl aléohol in air, de- -

-termined in a cylindrical steel bomb-of 700 cc.
capacity after heating under pressure for 30 to
45 minutes ‘to allow preflame- combustion to

occur, are shown in table:30.. The limits are )

expressed in percentages by .weight; the range,
widens at first with increase of temperature but
rarrows: when preflame combustion becomes
.evident, as was shown -by ¢hemical analys1s of

TABLE 30.—Limits of ethyl alcohol in air at

'mcreased pressures and tempemtures

.

- ;Flfr’g_pfrg Pressure ‘

' ’ o Lower ' | Higher
e ) S

. L.20.6 '36.0

. “19.0| - 35.6

4 19.8 E 34.6

20.6 33.8

= 21.'6" - (1)

1 8pontaneous inflammation.

‘Water in Lower limit, percent Higherilimit, percent
liquid ' . :
mixture, . . T : C
percent by Ethyl al- Water Ethyl al- ‘Water -
volume .| coho! vapor vapor | cohol vapor vapor
i3
0 - 3.15 0o - 11.80 - LA
.33.0 .- R 9:95 -, “15:0 -
0830 0 L o ;. 890 . 26.0
63.0 - 3.50 17.0 oo _on
68.5 . e 7.55 36.5
78.5 4.10 33.5 ° ol Ll
< .80.5 4.90 41.0 ———- ————

| Limits: (percent by weight) ’

samplesn, The ibomb -wasfilled' at: atmospher1c
~-temperature o an 1n1t1al pressure of: 5.8
atmospheres. (245). TN et
The lower-limit ﬁgures are unexpectedly hlgh
when compared with the lower limit at atmos-
pheri¢™ - pressure. -and. tempeérature..iThis 1is

' ,perhaps due to the use of too weak s spark for
1gn1t10n ‘a8’ suggcsted by 'the~observation’ that -

at 270 L v1olent explos1ons resulted from
spontaneous 1gn1t10n ‘of " mixtures” contauung

upward of 6.9 percent by weight of ethyl alcohol. -

Influende, 6f- Impurltles ~The lower’limit of

" “éthyl-'alcohol in” air* Was- ‘unaffected by ' sinall

additions ‘of ‘water vapor, diethyl 'selenide, or

1ead ‘tétraethiyl! The effect of 4- little pyr1d1ne

agreed with' Iie Chatélier’s formula *(252).
Influénice of Water: —~The’ lowerdimits of mix-
tutes of ethyl alcohol and Water ise steadily as

the amount ‘of water inféredses flom 0 to 60

. percent by Welght but the amount of ethyl
“alcohol itself is approximately constant in the
Jimit mixture. “With, 80+ percent water it was
difficult to inflame any mixture of the vaporized
liquid ‘and air at 105° C., and. 85 percent, water
made inflammation v1rtually impossible (230).
More recent results, with downward propa-
‘gation of flame in a closed bottle.of 2% liters
" capaeity at 150° C., are as follows (21):

Lzm'ets of mixtures of ethyl alcohol and water m
air, downward propagation of Rame at 150° O,

‘ETHYL ALCOHOL IN OTHER ATMOSPHERES

Atmospheres of Air and. Carbon Dloxxde——‘
- The limits of ethyl alcohoel in'mixtures of air

‘and. carbon dioxide, with downward propaga-
tion of flime in a 2-liter cylinder, approach each

' other as the proportion of carbon dioxide is in-'

- ‘creased. - With more than 36 percent carbon
dioxide in the “atmosphere’”’ no mixture with

< ethvl aleohol will propagate ﬂame under these

"conditions (230).

. Atmospheres of Air and Trlchloroethylene —
_#The limits of mixtures of.ethyl .alcohol and

it ‘trichloroethylene in air,-in a Henipel pipette,
gradually approach; each other as the propor-
- tiom of trichloroethylene is'increased; when the

-..}hquld (which .is completely’ evaporated) con-
tains more_than 75 percent by volume trichlo- -

roethylene no flammable mmture can- be- made

(89)." B
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;Older determlnatlons
}2-11tcr flask,, gave,.2: ropyl
alcohol 2. 65 percent

“hdi

closed:itube,: 2.

percent for 1soprcpy1’; leoholy
- Influence of, Temperature —The; lower;hmlt
of propyl: alcohol with’; downward propagation

. of Aflame in a 2}2—11ter bottle,, fell from~;2.45
percent: at:100°. C: to, 1775, at 250°:7(21;28).

(The conetants given in the first re_ference -and
the, name,in.the second. indicate: :that.the. term
“butyl alcohol”., was used:by:mistake inthe
first reference.) In a 2.3-liter. bottle direction

~ of flame unspecified, the limits. of isopropyl

alcohol. were.’2.02 ‘and 7.997 pereerit ‘at 702 €. ..

and 1.73 and 7.35 percent at 130° C. (231).

Influence of Water.—Soime experiitients siig- """
gest that the lower limit of 1sopropyl aléohol 1s.
ralsed bv the addltlon of Water. Vapor (231 ) _

SN TS RN

e b s

“"BUTYL ALCOHOL

" The limits of n-butyl alcohcl in air, ‘with up-

ward propagation of flame i a closed bomb 4

inches in"diametef’ and 38.inches;in length, at

a temperature sufficient to Vaponze the alcohol
are 1.45 and 11:25-percent-(138).+ -

Influence of Temperature ~-The lower hm1t
with: upward propsgation of ﬁame in & cylinder

30.6 cm. in -diameter and 39.0 cm..in length, .
vented at its upperiend,; isi1.56 percent at-100°-.

C., 1.27 at 200° C., and 1.22 at.225° C. (239).

Older determlnatlons of the lower.limit are .
1.68 .percent isobutyl alcohol-in- a-%-liter flask: -
(221) and 1.70 percent butyl alcohol; under. -

unspemﬁed condltlons (101)6;; SRR

The Iower Timit f;am I alcohol'

under unspemﬁed cond tlons (1 01 )

propagatlon offﬂa'm ;
eter and 18 1nchee~ ,

vapomze the’ alcoho f18*0 percent (138)

: Olders determmatlons ofithie:lower. hmlt gevem

3.04 percent--in -a" J-liter; flask: : (221). and- 2.4

percent under unspemﬁed condltlons (101)

isopropyl: alcohol -

cen 181 percent

. “spiral instead--of a flame,

) rair i is 1.19, o
percent in & Y%-liter. ﬂask~(221) and 1. 20 percent h

1ty of methyl ether untll when,

FURFURYL ALCOHOL

The limits fOf furfuryl alcohol in air, with
upward propagation of flame in a tube 1 inch
in diametet-.andi-181inches in length, open at
the, top, .atsa, temp‘erature sufficient to- vvaporlze
the: alcohol, vare;; 17 0_ and 16.30 percent (138)

',\, {li %r"()”

J PROPYLENE GLYCOL TRIETHYLENE
‘ FEen GLYCOL

« ::!

The -'“hmlts of propylenc ‘and . trlethylene
glycols 1n alr ‘with” upward propagatlon of

_ flame in’ 8 tibe. 1 inch’*in"- diaméter "and’ 18

inches' inf ‘lehgth ’open ‘at’ 'the top, at-a tem-
perature sufficient-to vaporlze the substance,
are 2.62°and*12.55:percent,’ and 0 89 and 9. 20
percent respectlvely (138)

N

A METHYL ETHER
“* METHYL ETHER IN AIR

' The limits ‘of methyl ether in air, with up-
ward propagation of flame in a tube 5 cm. in
diameter, open at-the firing end, are'3.45 and
“When "the firing ‘end is closed
and ignition is.caused by a heated platinum
the higher limit
becornes 26.7 percent and the propagatlon is
,,by ““cool ﬂame”, 171).

In narrow . ‘tubes (1 to 2.5 cm. in dlameter),
‘the previous hlstory of the tube affected the
results; the Wldest range was 3.93 to 16.6
percent (26’2) :

METHYL ETHER IN OXYGEN

An old observatlon placed the hlgher hmlt

+of imethyl:‘ether 'in oxygen, with downward

“propagation of-flame iri‘a" 2-cm: tube, between
42 and 49 percent,methyl ether,(243). Recent

:texperlments m*tubes of. dlameters from 1 to

~2:5" cm* gavearesults varying- With the previous

: :’fh}'story “of -theé ‘tube; the? mdest range was 3 90

nd__61 4 percent (26‘2) Celath

3

Atmospheres of A1r and D1chlorod1ﬁuoro-

methane +=The. .addition.. “of = . dichlorodifluoro-

methane. to air;narrows the r range of, ﬁammabll-

'"f:ME“HYL ETHYL ETHER ;

AR f ‘ethyl ethyl ether in alr, “con-
“ ditions not speclﬁed are 2.0 and 10:1 percent
(101).

P TPRORE I AU i
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ETHYL ETHER

ETHYL ETHER IN AIR

Extraordmanly large dlfferences are to be
found between the: various figures- recorded for -
.the higher limit of ethyl ether in-air. “These are
to be explamed by the phenomenon of “cool
flames,” by -which rich mixtures.suitably ig-
nited can propagate partial combusmon slowly,’
with a comparatively small rise of temperature
but with the normal appearance of a flame, in:
the upward or horizontal direction. Ina 2- 1nch—
dlemeter horizontal tube the higher limit of the

“ordinary”’ flame merges with the lower limit of
the “cool” flame at atmospheric pressure but
becomes separate. at lower pressures (369). In
a l-inch-diameter tube the ranges for the ordi-
nary and cool flames are separate at atmospherlc

pressure (353) .
Pressure.)

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

'~3(Sé‘e below-under Influence of

~Two observatlons of the limits of ether in air

'have been made with upward propagation. of

flame in"a'2-inch-diameter tube; open at the
firing- end.: . These ‘gave 1.92 and 48.5 percent
(81), and 1.85-and 25.9 - ‘percent (183); in the
latter tests the source of 1gn1t10n was, presum-

" ably unfavorable to ‘the 1n1t1at,10n of a “cool”
" flame,

Table 31 summarizes other determmatlons of
the limits of ethyl ether in air,
~ The limits in a small vessel have been stated
to be 1:2-and 51.0 percent (9); and, with an
obviously weak spark, 3.14 and 9. 5 percent
(327). A lower limit: of 1.67 has also beén re-

-ported (302).

The lower liniits in & 5-cm. glass tube closed
at both ends drﬂ"ered only in the second decima

‘TasLe 31 —Summary of other determinations of limits of Sfammability of ethyl ether in air

Upward Propagahon of Flume

Dimensions of tube, cm. . L ) Limits, percent o " . R. " o
i . ; o - i ontent of aque- efer-
- - Firing end : Far end 0US vapor ence No.
- Diameter . Length ' Lower | Higher e
15 300 (iron)________| Closed..___.___. Open________.__ 1.73.1 2330 | Dry_____.______ 361
10.2 {96 (iron)_.._____|--___ do._____2:_| Closed___.______ 1,951 "36.5 J__._. do_________ 188
7.5 1:150 (glass) - .. _|-___:do________ P54 P do__ i ____ L7148 . __ do.___ . ___ © 853
6.0.| 120 (glass) - - |- |.____ do________ 2 S I Partly drled__ R 325
5 150 (iron) . __.____ Closed.____.____ Open..._______ . 2.24 15.45 |_____ dooo__-l._. 361
5 150 (glass) - - __|_-___ do_______Z|____. do_._-_____ .+1.93 15.75 |-_-._ doso_ ... -861
5 150 (glass) - - ___|-____ do_____-____ Closed____ .. __ 1.84 | 48  |._.._ do._______. 8583
5 291 (glass) .. __[-____ do__._____ I do._______ 1 195 1560 |___:_ do______-__ 351
2.5 | 150 (glassy_..._ U N do- o |__._ do________z{ "2 00 47 ) P do-________ 353
2.5 125 (glass)_ ____._ Central 1gn1t10n_ _____ do__l-n._ .o 11254 10.0 Undrled ________ 294
o . - . - A L ! N b
P Horizontal Propagation of Flul"ﬁe Lo L S
G150 300 (lron)__,";_r Closed_______ .__|" Opeli_ ____...%_ i 80 29! 30 | Dry_:________: 361
y7 7,50 150 (glass) 2oL - et doo____.:il | Glosed_ . ______ 1. 75 40° Lolcwdoo Lo S 353
"5 1 150 (ron) .o f__. doo_ .o .. fOpen.._____.__ 2. 29 7. 95 _____ do_________ 361
- 150 (glass)_____T_4_____rdo_4_rs,j__ eooodol . 2.05 .8 |._.___ do________ 361
U5 ] 150 (glass)y ool ___ do_______._ "Cloged .. __-_____ L8833 7 |iiosxdosoo L. 353
. 5 .| 91 (glass) __..__ PO do____ ' ___|:_ ~__do e <i2.05 1. 8 . do.o_ o . 851
2.5 150 (glass) ERnea e B sdoo-oo-oos { 1411198 . :'..;\22'12'0‘ },'-"-T,‘do --------- , 868
! NI I Y Voo
i - " Downward Propagation of Flame )
15 ¢ 300 (iron). . _______ Closed_ . _._____ ,1.93 6. 50 Dry ___________ 361
7.5 1150 (glass)_______'____Ldo' _____ B v17.85 - 06,402 do_‘:_s_'_;___ 353
6.2 |33 .(glass) .. Open__t___: __ b T P g 98
"5 150 (iron)_. __. . Closed___-_____ 2,34 | 6.70 | D : : - 1361
5 150 (glass) - . .- __ R SR do.________ 2,151 6. 1 361
5 A(glass) 2oz | do_ooo_ . 2151 ‘6.1 St 851
5 65 (glass) - ______|___:- do_. . . : 1,894 76 w816
IS I ) Partly open .. 19300 -6 3246
.. 2.5.150 (glass)( e Closed__-___,__; 197 1 i 615 Laool 1 .858
YO190'33 (glass) - - 2L Open. . . S - 2.75 7.70 Saturated_._ . 95

1 Cool flame range, separate from the ordinary flame range.
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~ place from those obtained when a small stop-

cock was opened ‘at one”end. or thé other; the &

hlgher limits differed by not more than 1 per-
cent. ' Similar differences;were ‘observed when
the length of thegtgube wag var

brought forward about 6 cm. (353).

Influence of Préssure —As. the pressure is re~
duced below normal, the range iof flammable
mixtures in a horizontal tube 5 cm..in diameter
divides into two. At 500 mm:; pressure-the
range is 1.88 to 9.25 percent “for the ordinary
flame and 13 to 33 percent ‘for the cool flame.

As the pressure is reduced further; each range is .
contracted, and a little below 400 mia. the cool .

"~ flame is no longer propagated, ‘At 90 mm. the
range for the ordinary flame has contracted to
2.32 to 6.1 percent (359). Similar observa-
tions have been made with a tube 2.5 cem. in
diameter (331).

The effect of reduced pressure on the limits of

ignitibility of ethyl ether in air by a standard .

spark, rather than its limits of ﬁammablhty, has
been examined (8, 13). .

Increase of pressure above: atmospherlc‘

widened the range at both ends when the tem-
perature was raised to maintain’enough ether
vapor for the test. The effect may be due more
to the change of temperature than to tlie-change
of pressure (1 4). )

Influence of Temperature. ——The higher limit
of ether in air is appreciably increased by s rise
of 40° C. (361).. (See also next paragraph.)

Inﬂuence of Pressure and Temperature To-.

gether.—The limits of éther in air' have been ob-
served, with horlzontal propagation of flame in

a closed tube 2:5 cm. in diameter, at pressures -
up to 4,000 mm. and temperatures of 20°, 50°, -

100°, and 150° C.” The limits of both ordmary
and cool flames are widened by an incréase in
temperature therefore, the two ranges meet at

lower pressures as the. temperature,is. raised. .

A third type of flame, green in color, is observ—
able in certain circumstances (125, 331, 332).
The relation between . cool flames and normal

flames is shown in diagrams and dlscussed and’

conditions under which a cool ﬂame may become
a normal ﬂame are given-(126). . i

The limits in a ‘tylindrical bomb ‘of 700" cc. ,

capacity; after’ heating under pressure for 30.t0

45 minutes fo "allow’ipreflame: combustionto -

occur, are‘shownin. table. 32! . The limits are
expressed in percentages by weight;-the: range

widens at first"with increase of temperature -but -

narrows when' preflame combiustion becomes
evident. The bomb was filled at atmospherlc
temperaturé to -an " 1n1t1a1 pressure of 5.8
atmospheres (245) REEEEENRLY

varied from” 100 to, ..
250 .cm. and whén ‘the point“of ignitior’ was

© of diethyl selenide or lead tetraethyl.
" effect of pyridine (one experiment) accorded

OF - INDIVIDUAL iGASES., AND. VAPORS _ &89

TaBLE 32 —Limits of ethyl ether in air at in-
. créased 7 pressures and tempemtures

TR ‘| Limits, percent by weight
;I;f;gpfrg' Pressure
T T " Lower . | Higher

125 NOt stated._..___ R 7.8 32.0
do 6.0 32.3
5.1 32.3
43 32,1
4.0 315

3.7 (1)

1:Spontaneous inflammation.

Influence -of Streaming Movement of Mix-
ture.—The limits were widened several tenths
of 1 percent when velocities up to 9 cm. a
second were imparted to the mixtures (361).

" Influence of Impurities.—The presence of
diethyl peroxide:and of ethyl hydrogen peroxide
scarcely affected the lower limit, but any large
quantity raised the higher limit (361). The
lower limit was unaffected by small additions

The
‘W.lth Le Chatelier’s formula (313).

ETHYL ETHER IN OXYGEN

The lower limit of ethyl ether in oxygen, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, is 2.0
percent (162); in a closed tube 10.2 cm. In
diameter and 96 cm. in length, 2.10 percent.
The higher limit with upward propagation in
a tube 4.4 cm. in diameter and 60 cm. in length,

. open at the upper-end, is 82.0 percent (183).

The limits with downward propagation of
flame in a narrow. burette are 1.7 and 39.5
percent ether (205). The higher limit with

- downward propagation .of flame in a closed
 _tube 4 em. in diameter is 65 percent; in the

-

- ipresence of 5 percent of- carbon dioxide, 60 per-

cent- .(124). The limits in’ a small vessel,
obviously with a weak spark, are given as 2. 98

“.. and»45.5 percent (827).

' ETHYL ETHER IN OTHER ATMOSPHERES
3 Atrno'sphere‘s of Air and- Nitfogen ‘(Air De-
ficient in Oxygen).”~The limits of ethyl ether in

" air deficient mr oxygen-have ‘been determined

ina small bulb. As'the oxygen was reduced,
the lower' limit remained nearly constant, but
- the higher limit fell rapidly:: the 11m1ts comc1ded

E at 10.7:percent oxygen (13).

“Atmosphetes of - Oxygen* and CHehum ——The

~limits of ethyl' ether in all ‘mixtures of oxygen

" and helium,-with upward: propacratmn of flame
in & 2:inch-diaineter’ tube open at the lower
end, are shown in figure 48 (162, 163).
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FmURE 18. —Flammablhty of Ethyl Ether-Oxygen-Hehum Mmtules

. o

d
e

Atmosphere of Nltrous Oxide —The hmlts of
thyl ether in, mtrous 0x1de with upward propa-

gatlon of flame in a-2- inch-diameter . tube,, are. -

1.50 and 24.2 percent (163). With downward
propagatlon of flame in;a:narrow, burette they
are.3.8 and 25.7 percent, ‘ether (205);'in a vessel’

. 320 ce. in capamty, 1.5 and 16 percent (60).
Atmospheres of Air and N1trous Oxidée.—The
hmlts of, ethyl ether ,in a. series, of mixtures of,

air and nitrous ox1de ‘have been. detelmmed for, -

downward propagatlon -of flame.in_a: narrow'
burette (205). ‘ ,

The higher hmlt with do wnwa,rd propagatlon
of flame in a closed tube 4 cm. in dlameter, 18

30 pprcent ether When oxygen forms 10 percent
of the whole mixtiire. (124).; - :

Atmospheres of Oxygen and Ni 1trous 0x1de —
The ‘composition.,of -all -flammable; mixtures of.
ethyl éther, oxygen, and nitrous oxide; is shown
in figure;49. The detérminations were made
with -upward propagation. of flame in a:2-inch-

. diameter:tube.open at the lower end (163, 181).:

For- downward _propagation of flame in a NAITOW. .
burette, .see sreference (205): ! P «

Atmospheres of Nitrous Oxide and Hehum —
The composltlons,of all flammable mixtures of -
ethy] ether, nitrous oxide, and helium are shown
in figure 50 (163). -
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100
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FIGURE 50. ——Flammablhty of Ethyl Ether—Nltrous Oxide-Helium Mixtures.
ETHYL PROPYL ETHER =~ . PROPYL ETHER

The limits of ethyl n-propyl ether in () air and PROPYL ETHER IN AIR

(b) oxygen, with upward propagation of flame ~ The limits of isopropyl ether in air, with
1n a 2-inch-diameter tube, open at its lower end,  upward propagation of flame in a 2-inch-
are (@) 1.9 and 24 percent and (b) 2.0 and 78  diameter tube, open at its lower end, have been
percent (234) given as 1.38 and 7.90 percent (138) and 2.1
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and 21 percent (23%).7 Presumably “cool
flames” were obtained in the latter experr-

e
- l

ments, not in the formiar a1

— e

Another observation, ‘made in e 2. 3-l1ter

bottle, direction of: propagatlon unspemﬁed
gave 1.17 and 4. 9 percent as the hmlts of iso-
propyl ether in air at 100° C (231 ) '

PROPYL ETHEB IN OXYGEN ’1
Qq L‘ Cd
The limits of 1sopropyl ether in oxygen w1th
upward propagation of flame -in' &' 2- 1nch—
diameter tube, open at its lower end are 2.2
and 69 percent (284). - L

VINYL ETHER IN AIR~. .

\ e

e s

The limits of vinyl etherin air, W1th upward ‘
propagation of ﬂameun g} closed"tube‘lo 2-cm;—"

in diameter and 96 ‘cm. in. lengthgare 1.70,,,
and 27.9 percent. The higher lindit, ~ with'

1

- tion - (79).
- Interchanged.

~ /The lower limit i 1n a Hempel pipette 150 ce.
i capac1ty is~4.35 percent.

upward propagation.in..a; tube 2, 1nches in- -

diameter and 6 feet in length open “at the ﬁrmg

cent of ethylualeohol‘ el »vmyl «éthier is almost
w1thout eﬂ’ect on the llmlts (1 40).

VS S T

VINYL ETHER IN OXYGEN R

""" [P LN B peets

I PERREREE il
The lower l1m1t of mel ether int oxygen, with
upward propagatlon of flame. in & closed tube
4 ifiches in”diameter ‘and 38 inches in Ténigth,
is 1.85-percent:i The higher. limit;-with: upward
propagation in, a,tube,1.75; inches in; dmmeter
and, 23.5 1nches in;length, open:at the top;-is
85.5 percent at stemperature sufficient ;to
maintain this proportlon of vapor (140).

Effect of Impurity~Thé presence of 3.5 per-
cent ethyl alcohol in vinyl ether does not affect
the:lower limit;:but the higher’ 11m1t 1is reduced
from:85.5. to 80 5 percent ¢ 40) o
A S B

!m.VINYL ETHER IN OTHER ATMOSPHEBES

Atmosphere of; N1trous Ox1de ———The hm1ts of
Vrnyl ‘ethier 1o nitrous  oxide, with upward
propagation of flame in a 2-inch tube, open at
the lower end aren1:40-and 24.8 percent (163).

o ETHYLENE OXIDE
ETHYLENE ome NAR

The l1m1ts of ethylene ‘oxide’ in- air, with
upward propagation_of flame in tubes 5 and
6 cm. in diameter ahd! 150°cm. in length, open
~at the firing end, are 3.0 and 80 percent (143).
The richer mlxtures in this’ ‘range burn at the
bottom of the explos1on tube, sometlmes for
30 seconds, then a'very pale blue ﬂame passes
slowly to ‘the top of the tube. =

‘blue.

93

In arclosed tube, 5 ¢mywin diameter with hot-
wire ignition, all mlxtures containing more than
3.6 percent lof ethylene oxide propagate flame
upward. Above 68 ipercent the flame is pale
At 100 percent a ‘‘decomposition flame,”
still less lummous s propagated with hlgher
speed E8n. :

“Ina 1’-11ter closed bottle mixtures containing
between 80:and 90 peroent of ethylene oxide

. .were. inflamed. after several seconds sparking

2 N

The lower limit in a eudlometer tube 13 mm.
in diaméteti8'3.75 percent for upward propaga-
tion of flame and 3.25 for downward propaga-
- -Perhaps -thiese : figures should be

In a flask 6.5
liters in capacity, the limits with downward
propagatron,rof"ﬂame are 3.3 and 80 percent

sthylene oxide (53).

Effect of Pressure.—The effects of reduced

., pressure, on. the limits of ethylene oxide in air,
with upward propagation of flame in a closed

tube 5 cm, in diameter, are shown in figure
51 (37). Ne1therr the blue flame Wlth rich
mixtures nor the. “decomposition - “flame” is
propagated downward, and the higher limit
then corresponds approx1mately 10 the’ broken
line in the figure 51.

Ina plpette of 50 cc. capaelty, the lower limit
fell :from- about--3:7 -pércent -at atmospherlc'
pressure to-about 2.8/ percent at 550 mm. and
then rose to 6.5 percent, where it met the{ upper -
limit. at.. & _very. mall pressure . (apparently
only a few mm. of‘mereury) (279). toy

ETHYLENE OXIDE IN OTHER ATMOSPHERES -

Atmospheres of | [ Air and Carbon D10x1de—
The limits of éthylene oxrde in all mixtires of
air and_carbon dioxide are‘ shown in figure: 52.
The deferminations were made as described i in
the first paragraph under Ethyléne Oxide’ in
Air. The upper part of the -curve applies: to
the curious™type of pale blue ‘flame” mentioned
(148, 185). . :

From the data- 1n ﬁgure 52 it can be *shown
that;to render: allzpossible -mixtures of -ethylene
oxide and. air fionflammable at ordinary témper-
atures and; pressures‘* at-least 7.15-volumes of
carbon. dioxide.. are .required. per; unit volume
of ethylene oxide.” As the molecular weights of
these. two Substances ‘are’ equal 7.15"pounds
of carbon diokxide :mixed with" each pound of
ethylene oxide will render it incapable of making -
a flammable mlxture with air (143)..

“From' experlments ih a l—hter ¢losed bottle,
it was. déduced that. at, least. 10 volumes of
carbon dioxide are requlred per unit volume of
ethylene oxide; to Tender nonflammable all
possible mixtures with air @24p. =
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FIGURE 52; ———erlts of Flammabrhty of Ethylene -
‘ N Ox1de in Au‘ and Carbon D10x1de i

. B -«‘ ik

Effect of ", Pressure —The hmlts of a’series
of mlxtures "of - ethylene ‘oxide and carbon
1to17%7) at various pressures
below atmospherlc have been determlned n a
The results are’ graphed (279) A

o "ETHYLENE OXIDE PERCENT

F1GURE 51 —Flamma.blhty of Ethylene Oxrde-Arr Mlxtures at Reduced Pressures

L

PROPYLENE OXIDE
L PROPYLENE OXIDE IN AR . -

The hmlts of - propylene ox1de in ‘air, w1th
upward propagation of flame in a tube ‘6 cm.
in diametér, open at the firing end, are about
2 1 and 21; 5 percent (185). oA :

PROPYLENE OXIDE IN OTHER ATMOSPHERES

Atmospheres ‘of Air and Carbon Dioxide!—
One’ 'volume» of propylene ‘oxide needsfll 0
volumes ‘of carbon dioxide to: make a mlxture
that is: nonﬁammable i air (1 85) e

DIOXANE

ok Ik

The lower limit of dioxane in air, w1th upward

1
3

' _propagatlon of flame in a closed tube 4 inches .

in diameter and 38 inches in length; is 1.97
percent
gation in a tube 2.5 inches in diameter and 36
inches in’ length open at the top, is 22 5 percent
at 100° C.(179). '

s . TRIORANE -

The limits of trioxane in ‘air, with upward
propagation of flame in a tube 1 1nch in diameter
and 18 inches in length, open at’ the top, are
3.57. and 28 70 percent (138). . ]

el crE s RCETAL L

e

T he lower limit ‘of. acetal in air, with upward ‘

A propaga’mon of flame in & 2-inch- dlameter tube,
open at the lower end, is 1.58 percent (138).
Thie higher'limit, with upward propagatlon of

“The higher limit, with-upward propa-

IS
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flame in‘a 2-inch-diameter jtube, : the miixture. -
being at 450-to. 500 mm. :pressure initially. but
attaining ratmospheric;. pressuré.. during
propagatlon of flame, is; 10. 40; percent: (138) "

METHYL CELLOSOLVE
(GLYCOL MONOMETHYL] ETHER)

"The lower hmlt of methyl. cellosolve in alr,
w1th upward ;propagation of-flame ‘i iha tube 2
inches, in' diameter and 18~ inches’ in~lerigth,
vented” at”its upper’end, is 2.50;percent at
125° 'C.° Its hlgher hmlt is 198 (percent at
140° C. (138) L. s

ETHYL CELLOSOLVE i
(GLYCOL MONOETHYL ETHER)

The lower Timit of ethyl cellosolve in’ mr,
with upward. propagation of flame i iira: bube 2.
inches in diameter. and 18. inches ‘in length,
vented at_its upper end”rs 1,82 ¢ percent at
140°" C. Its higher limit - 15714 00 percent at .
-150° C. (138). i

BUTYL CELLOSOLVE
(GLYCOL MONOBUTYL ETHER)

The lower 11m1t of buty] cellosolve in air,
wrth upward propagation of flame i in a; tube 3
-inches in- diameter and 18 inches’in-length;:
‘vented at_its upper end,.is’ 1.13 -“percent -at -
'170° C. Its hlgher hmlt ds” 10 6" . percent at
. (138).

DIETHYL PER@XIDE

The lower limit of dlethyl perox1de 1n air,
W1th downward propagation. :of flame in K
2-inch-diameter tube, is 2. 34 percent (361 ). -

rm 2

ACETALDEHYDE
ACETALDEHYDE N AIR

The limits. of" acetaldehyde in’ ‘air, with up-
ward propagation; Hla . 42-1nch diameter.”
s tube, open at’ the
“percent (138): .
" Table33 summarizés, othe determlnatlons of -
“the lunlts of ﬁammabll ty of acetaldehyde in-
air. H oty

ACETALDEHYDE IN XYGEN

i

" The hmlts of: acetaldehyde 1n oxygen condi-. '

tlons not stated but] 'probably-in a° closed 2-inch- .
dla,meter tube, are 4 nd} 93 Jpercent (129)

ACETALDEHY 5E IN

’ The Tlimits of acetaldehyde in- an atmosphere

-of 21 percént oxygen, 19 percent n1trogen and
.60 percent carbon dioxidé are- 81 and 11
percent with downward propagatwn in a
1.7-cm. tube-(188).

ok
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TasLE 33 ——Summary of other determinations of .
limits of ﬂa,mmabzlzty of acetaldehyde n atr

: the .

Upward Propaguhon of Flame

-Dimensions of |- ¢ PN e
Lxmxts. percent
;mbe’ e EIREIS Content of | “Ref-
- |, Firing end - agueous erence
Diam- T R : ) vapor ‘No.
eter llfeng‘th: . g ‘Lower ngher
72.5| 150 3.97| 57 | Dry..._.... 856
5- 150 3(2)1 57 |- 356
i . 17.0
------------------------ (7.0 | 1615 }--*--———----- 358
Hori_zﬁntal Propagation of Flame
g 4 :

7.5 150 Closed.. ... {, AR T }Dry ________ 365
|t | o {2 1 e 366
Downward Propagation of Flame
7.5 150 | Closed-__.__ 4.27 13.4 | Dry_.___._. 856
5 150 |.... do_..____ 4.36 12.8 (... do._.... 356
L7 e do- .. .- 5.7 |© 135 |l . 188

1 These limits are for the “cool flame.”

In an atmosphere of 21 percent oxygen and
79 percent carbon dioxide no mixture with
acetaldehyde could propagate ﬂame downward

" in a 1.7-cm. tube (188)

PARALDEHYDE

~ The lower hmlt of paraldehyde in air, condi-
tions not speclﬁed is 1.3 peréent (101). "

BUTYRALDEHYDE

_ The lower limit of butyraldehyde in air, with
upward propagetlon of flame in a 2—1nch—d1am—
. eter tube 1872, 47 percent (138) '

ACROLEIN

‘The hmlte of acrolem in‘air; with upward
.'}' propagatlon of' flame in ar 2-1nch—d1ameter tube,
< open’ at’ the lower end are 2 85. and 30 5 percent,
1 138). ,

: The hmlts of s croton aldehyde in air, with
pward propagatlon of flame i’ “vclosed tube
“10.2icm: in diameter and 96 vcm ‘in’ length, are
2 A12‘and; 15 5 percent (138), : ,

FURFURAL

Y The lower hm1t of furfural in air,, w1th upward
propagation of flame in & tube 5 cm. in diameter
and ‘150 cm. in length, open at the firing end,

C. (164).




BCETONEr. - "
ACETONE IN AIR -

" The 11m1ts of acetone in air, with upward
propagation of flame in a tube- 5 cm. in-diam-
eter, open .at the firing end are.3.0 and 10.80
'percent (188) or 3.1 and 11.15 percent (31).

Table 34 summarlzes other determinations of

"the limits of acetone in air.
The limits in-a 2-liter flask and:a 13-11ter N

ﬂask, with ignition near the base, are 2.5 and
10.4 percent (76). Two older figures for the
lower limit, probably, for downward propaga-
tion of. ﬂame are 2.9 and 2.7 percent (213, 221).
The limits 1n a very small vessel have been

‘96 - LIMITS' OF FLAMMABILITY “OF/ .GASES 'AND ‘VAPORS

stated .as'1.6 and- 15:3 percent. 9). ‘The agree-
ment ‘of the figures:in table 34 is poor.- . :

- Unusual difliculties have arisen in the 1nter-
pret'ation rof" observations of ‘the nature. and
progress of flame in acetone—au' mixtures.
Thus, one observer writes (353)

The™ greatest dlfﬁculty was found Wlth acetone.
* % * The (higher-limit) figures finally taken were

-the highest values obtained in any of a great number
‘of trials..

Below the: values: given an 1gn1t10n would
often.oecur and a flame only go halfway up; the tube
* ook The fact that a flame goes only. halfway or
léss along a' tube is no proof that the mixture is above

the 1limit in that tube ‘* ' * * :In g-7.5-cm.” tube

near the upper limit upward a mixture which only
propagated flame 50 em. or less would often propagate
flame much farther at the second trlal a,nd at the third

all the way o the top o { -

o EER A
TABLE 34, —Summary of other determinations of lzmzts of ﬂammabzlzty of acetone 'm mr
- o : ‘ - Upward Propagahon of Flume BT —,,~.~-.A-“.;. . wzf Ch e
.- Dimensions of tube, cm. . . . TR .Limits, percent., " 1R f
: P q P ontent of; efer-,
» — - - . .- Firing end Far end /.-, [T N ' aquéous vapor ence’ N
Diameter Length Lower | Higher '
30.6 | 39 (iron)_.._____- 2 Undrled-f-_‘_‘_ At 2389
15 300 (iron)._ 2. Dry . T ____" 361
101002 |96 (fron) sl ol L 2.55 | : do_~ . _____ 142
10. 2 96v (iron)“_'___,_'_ 264 ol 85 percent sat— 142
: Coe S Curdtedl et T E
10 75 (glass) ________ : 2 : i 13562
7.5 | 150 (glass) _______ ; G2 353
5 150 (iron)._____ o 3 361
5 150 (glass) - . __ = 2.4 : R . .861
5 150 (glass) - _____ .| _.__ do.________ Closed_ _.._____ 2. 90 1226 |- __ do_____: o 363
S5 | 150 (glassyo. . |.o - do__ .. |o_ _do_._______ 2,20 9.5 | ____do__._...____ 352
' 2.5 | 150 (glass), .- ---doo__ o do_____.___ 312 12,95 ___lodé L ____ 353
2.5 | 60 (glass) . ____ S R do __Z____ | _.do._..__>__ 2. 30- 7.5 | __ do ... _____ 352
2.5 | 25 (gla,ss) ______ o (Central ignition)|.___. do__ __._. 12,5 9.0 Undried.._-___._ - 294
15 300 (1ron) ________ -12.40 | Dry-_ . ____.__ 361
10 75 (glass) ________ 9.5 | ___ do__.__1_.__ 352
7.5 | 150 (glass) . ______ 11,9 |_____ do_. ______ 353
5 150 (iron) . _..____ . | T S do_ .- _____ 1. - -361
5 150 (glass) .- __ : 915 |.____ do__._ ____ . 861
5. |.150 (glass)-_____ - 9.9 | ____do_.____. . - 858
5 | 150 (glass) : 9.3, |- do_._______ .- 852
25 | 150 (glass)_ 825 ____ do_ . _____ . 1858
2:5 |60 (glass) - __.____ i 6.7 |-—--do_____ __._ - -862
Y9225 83.5 (dron). . 2.5 110 |L__.___._ SO . 108
wo 15 .} 300 (iron)___ . _ . 311 10.90 f Dry_ . .__..__ o - 861
.. 10, 75 (glass) - .____._ 235 |« 85 |_-__.do__.___ . 352 .
7.5 | 150 (glass) __ - __ 2,93 86 J..___do-________ 353
5 150 (iron)________ " 4.00 | _|L.___ do__-___:__ 361
5 150 (glass). .. _.__ - 315 835 |_____do______._-|. 361
5 150 (glass) - _:__ i 12,99 840 |__. _ do_ _______ 858
5 150 (glass) .- . __ L, 2.40 83 |___._ do___o___ . 852
5 65, (glass)_._____; 300 || do_________ . 816
2.'5 | '150 (glass) <315 825 (. ___ do.________ 353
2.5 60 (glass)_,,_____' 22750 6.5 |__..- do__-______ i 362

1 Approximately. . SR
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Influence of Pressures
pressure on the limits of 1gn1t1b111ty of mixtures

of acetone and air by a standard spark rather,
'hs

than' their hmlts of ﬂammablhty
exammed (13). L
"Influence of' Temperature -—The lower Jimit’

have been

of acetone in air, with upward propagatlon of'

flame in a tube 2 inches in-diameter, is.3.00 at
laboratory temperature (138) and 2 92 at 125°
C..(164). -

.I.{ i

“The limits with upward propagatlon of flame:

in a:closed tube 10.2.cm.'in. diameter - and 96
cm. in léngth . widened  from 2.55 and-12.80
percent at room temperature.tb' 2.17 'and-13.05
percent at 175° C. (142).

In a standard machine for- coéating wire with
" cellulose acetate, the lower limit. with down-
ward propagatlon ‘of flame fell from 3.0 percent
at 65° C. t02.8 at1150° C.; with middle ignition,
horizontal and ‘upward propagatlon‘ from 2.9

at 65°.t0:2:5 at-150°iC.;'and, with: propagation.
against arcurrent produced by.-a fans from 3 5?

at 65° t0-3.0 at:150° C. (142).: i+ ifs

. The lower: limit- with upward.propagation of
ﬂame’m a‘cylinder .30.6. cin.tin: diameter and:
39scmi i Jength, mixtures-undried;-wvented ats
its upper end, are 2.67 percent at 21° C 12:40,

at:100°-€.;fand 2.00 26200 C:1(289): 7 .1t
dThe: limits with ‘downward- propagatlon of:
flame in ‘ai2%-liter:bottle iwidened:from:.2:78.
_ CoT Lty Lot lodd

s »TA‘BLE;352

DN . 4
K} : U A

(YA ANED

qUpwcu:d Propaguhon of Flame e

and 8.70 percent at 100° C: 'to '2.33 and 9.75
percent at 250° C (21 23)

ACETONE IN OTHER ATMOSPHERES

‘For atmospheres of nitrogen and oxygen,

- carbon dioxide. and oxygen, and equal volumes

of nitrogen-and carbon dioxide mixed with 20.9
percent or less of oxygen, the limits of acetone
have been determined in a 2-liter flask with
ignition” near the base.  Curves are given in
the original paper (76) for the whole region of
explosibility..; It appears that, when the oxygen
content (of. a, nitrogen-oxygen atmosphere is
reduced below:13:5. percent, no mixture with

acetone, Wlll propagate flame_(76).

Mixtures of acetone and sulfur- d10x1de
evaporated into the air, can form flammable
mixtuzes only, when the ratlo of sulfur .dioxide
to acetone is less than 1.9:by volume (liquid)
(308) ’

- METHYL: ETHYL- KETONE

SR S 1 PR
Table 35igives the;observed hmlts of ﬂamma-
b111ty 6f methyl iethyl ketone in’air. :
- The“lower-limit!:figutes i in :this 'table are:
moderately consistent. In a large: space, at

" atmosphericpressure, sthe Jower limit is probably
‘about! 2. percent’ and”the hlgher net: greater

than 12 percent deatd .
»,A u" RS P . R 3t

[ »

sLamits of: ﬂammabzlzty of methyl ethyl Fetone in air”

e L. gt { eou ‘»A!',':.,' BTN ; o . ) . e R
Dlmensuc)lr]lms of tube, | - o b lelts percent"' RENTE b cor o
- . “ R ference '
, <l v Eiring end i No
Diameter | Length. |y ooy ayy e
w1 fair| A b ceed drihes et ‘
i 30,610 07 39,1 Closed (top vented) 239
20102/ T 96 Cloged =% 150
1 ?7' 5.“’,).‘5 N (AR 353
5.0 .. 858
“5. 0.1, a6,
25 3} 353"
I ta et -
o MY ;( » Honzontal Propaguhon of Fldme o
. s T B
-5 8568
5:0- 353
. 5.0 ;851
25 868
7.5 .853
50| 358
5.0 351
2.5 358




98

A

-~Influences of - Temperature.~'The follow1ng~

limits Were obtained : for: upward; propa,gatlon1
of flame in a tube 3 mnches in d1an1eter with a
loosely fitting ‘cap at, the wWop (238):-

. R T L o ,52

Imtlal tempera Lower limit, - Higher hrmt ; )
t re, ° C. perceut S percent‘ et )
cev e 200y e L8y IO N
100 N R X B

i o . 0150 . 1.5 ot e08t
: Ay 200 18,5 1 99 ’
l T P TN T B ERR

' 7.

A The lower limit: with upward propagamon of*

ﬂame ifi"a éylinder.30.6 cms ifi- diameter and 39-
¢m.in- length, vented: at*its-upper’ end is'1.83%
percent at 21° C »'1 70 at’ 100° C 'and 1:33:
att200° C (239) »}'t- _ sied

‘,f .
Jl RTEE PR

METHYL 'PROPYL KETONE METHYL BUTYL o

e

Cr ) - KETONE' RS
"The limits~of - methyl’ propyl . ketone and
methyl butyl ketone in air, with upward, prop-

agation;iof; flameél in--& closedl itube- 4/inchees ’in

e)x

i
0

}d1ameter and 38iinches in!length;rare.1:55 and!’

. 8:15 percent’; and:: 135 ;and 8.0 - percen‘w te-
. spectively £38). 4" TR i

y,-

¢iThe limits; of methyl 1sobutyl ketone in. airy
w1th~3upward propagation. of:; flame inga”. tuberl, i

inch in diameter and 18 inches in length:! open’
at the top and-at a sufficient temperature to

ITH
s

vaporize the substance, are, 140 and 7‘50,‘
Y : § AT \ A

i

percent; (138).

T

S FUN

CYCLOHEXANONE

The lower limit of cyclohexanone in, air Wlth
upward propagation of flame in a cylinder 30.6'
e in diamiéter and 39.0 coi; in‘length,. vented

at its upper end, is 1.11 percent.-at, 100° C., ...

©0.96 at 200° C., 0.94 at 225° C., and 091 at'
250° C. (239). ' -
' ISOPHORONE ‘
R ‘The l1m1ts of 1sophorone in’ air, mth upward'
propagatmn of flame in a tube'1 inch in'diameter,
and 18 inches in léngth, open at the top and at’

a “sufficient temperature to vaporize the 1so—J
phorone, are 0.84 and 3.80 percent (138).}

ACETIC ACID !

ue

Bl

A

v

The lower limit of acetic; amd 1n alr with:
. upward propagation of flame in & closed bomb -
.~ 4 inches' In diameter and 38 inchés in length at
a sufficient temperature to vaporize the acid;"
is™5.40 ‘percent (138). An old determmatlon

LIMITS OF :FL’AMM»ABIL‘ITY; OR} G’A’SES JAND _VAPORS

T

;ACETICi AN HYDRIDE

The llrmts of acetlc anhydnde 1n alr, Wlth
upward propagatlon of flame in a. I
.dismetef tube, open at the upper end are
Lower, 2.67 percent (at 47.32 C.); hlgher 10, 13
percent (at 74 A4° C) (1’72) T

A PHTHALIC ANHYDRIDE |

The 11m1ts of phthahc anhydrlde in ‘air; Wlhh:
upward propagation-of :flame in a tube {1+inch
in. diameter, opén at its-upper end, are: Liower,:
17 percent (at: 140° C) sfhlghel',x 10. 5 percent.
(at 1039 €.) (U84)..t +wivr S

'~"rr;I\/IETHYL FORMATE, i
i 'METHYL FORMATE IN AR

1
-uuv

rTheé l1m1ts of - methyl formate “4n alr Wlth
upward-propagation. of flame:in a:tube:6..cm.!
in-diametery opén at the firing end, are 5.9:and:
20:4 percent (81): ; Slightly narrower ‘limits:
have been found in similat circumstances: (186).:
teIn.g; closed tube-4.inches in diametersand 38
mches wdin ! ulength the: : limits - “with. upward
I()rop)agatlon ‘of flame are:5: 05 and 22.7. percent
1656).., > Min T ST LTI
"The lower litait ina: closedf tube 21 mches n.
diameter and 4ifeet-in-length, i5'4.4 percént with

G st

Ui

m

v

‘a3

JEIRAR B

Vsl
et

*upward:propagation of lame iand¢4:5 percent:

'

with horlzontal propagatlon (256).

g METHYI: 'FORMATE IN OTHER ATMOSPHERES

Atmospheres of Air and Carbon ‘Dioxide.— .
One volume of methyl formate needs 2.3.
volumes-of carbon dioxide to make 8 m1xture .
that is nonﬂammable in air«(185). "' . :

"V ETHYL FORMATE
' ETHYL FORMATE IN ‘AIR

The liniits of ethyl formate in air, with up—
ward : prop‘agatlon of . flame in’a tube 6 ¢in. 1n
. diameter, open at the, firinig end are. about 2.7
..and 13:5 percent (I 85) i .

Other determmatrons made in a closed tube
.2 inches in -diameter and 36 inches. in"length,

P

~are: With- upward propagation, 3.5 and 164 -

-.percent; horizontal, 3.7 and 14.6 percent; and
downwardt 9 and 11:8 percent (351). s

The l1m1ts with upward propagation.in.a.
_ closed - dron.tube 4 inches indiameter : ‘and 38
- -inches ‘in-‘length are” 2.75 and 16.40 percent
(138)

ETHYi. ;FORMATE IN OTHER ATMOSPHERES

Atmospheres of Air and Carbon onxrde— )

gave the lower limit in-air-in 4! 500-¢c. flask;” = One volume of--ethyl- formate requires 6.0

_apparently with- downward - propagation of
' ﬂame, as 4; 05 percent at 362:C. (221)

volumes of caibon d10x1de to .make a mixture ‘
that is nonﬂammable in air (1 85)
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The' hmlts‘ of .metnyl acet

length, with upward propagatmn of:ﬂame, \are;.
7eil

3.15 and 15.6 percent (138)*" 'ﬁ‘a
36,. i

4
3&11‘,‘111 a;closed _
iron tiibe 4:inghesiin: d1ametenand{38ﬂnches41n‘

NDIVIDUAL’ ‘GASESZAND, AVAPORS ,, ¥ 99

4.1 and 13 9 percent :cherizontal, 4.25 and 11.9
percent; and‘. 'downward 4 4 and 10.1 percent

'ETHYIf”ACETATE T

LEEIETT EED) . PR N

*ETHYL: ACETATE IN AIR

;The lowerrllrnlt of ethyl acetate, in air, w1th
upward propagetlon of. ﬂame 1 8 tube'6’ cm’ in’
diameter, ¢ open; at the ﬁrlng end, is 2.55 percent’
n 2 and 2 5 perce 1t (185) The,
! t

Dlmensmns of

s f: e dine s

i #tube; cm REE S

[

i DA

Diameter | Ler

According to old experlments the lower hmlt
in a 2-liter bottle, probably with downward

propagation of ﬂame, Is 2.3, percent (221 )
Influence of Temperature’ CThe Tower litni€ v > percent ‘(31*)\ -

of ethyl acetate in"air, with upward propagation--
of flame in a tube. 10.2; cm: innediameter;and 96

cm=inlength;-fell from: 2. 18~percent_at 23°C.t0..o .

1.75 percent at 200° C. (1'.‘ ).

arb on' Pioxide =

volumes oftcarbon - dioxide. .to imake a mixture
that is nonﬂammable dn-air (185)1 &

T VINYL ACETATE

) The limitg, of __ropyl aceta’te 1n’a1r
ward” propagatlon of‘fﬂameiw n & cloged ]
tube 4 inches in diaméter ‘afid’ 38" inches"in

length, are 1.77 and (at 90° C.) 8.0 percent

ﬁi‘,: e .
" upward” propagatlon ‘of “lamé 1n s closed iron

T

S ITOR S L ENSTIREC R RTINS SRIO S S e ETA -
(1._238);’ ‘another value f6f the 1ower limit, with

. upward propagation of flame in a tube 6 cm.

in diameter, open at the ﬁrlng end, is 2.05

s tas R

: ISOPROPYL ACETATE -

‘The’ 11m1t “of= 1sopropyl acetateﬁ, in air; W1th’

i

-tube '4_inches in diameter ‘and-" 38" 1nches in

y Jengthyt are 1:78 and ‘(at. 90°-C.) 7.8: percent
One ~voluiie™ 6f ethyl ™~ acetate:™ requires “6; 3~ 138); the lower

h‘*upward propagation.
‘2.5%cm.. dlameter

=hm1taw1t

am_e in a"_v losed tube

25 ifmzfe !
vl afcetate n al,
- ‘:_E;"-t

n ub

rd propagation i
inches in- dlametermand 38 inches.in length, at a
temperature sifficientyito ~vaporize. the - butyl
acetate, are 1.39 and 7.55 percent (138).
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4wt AMYL,ACETATE,, v e L

"The IOWer hm1t of amyl acetate in’ ‘air, . with

upward propagatron of flame in a closed bomb
4 inches in diameter and 38 inches in length, is
1.10 percent (138);:1n conditions'not stated, 1.1
percent (101).

Influerice of Témperature ——The hmlts of i 1so-w
amyl acetate in air, with’ upward propagation of
ﬂame in a glass tube 2'inches in'diaméter and 18

inches in' length, Jopen ‘at,“the upper’ end, at
100° C., are 1:22 and 7.45 percent (188). Thé

lower 11m1t with upward 'propagation of. ﬂame'
in a cyhnder 30.6 cm. in dlameter and; 39 cm.’in .

length, venteéd at ‘the "top, is 1.00° percent ‘at
100° C 0.82 at 200° C.,and 0.76 at 250° C.(239).

METHYL' CELLOSOLVE ACETATE (ACETATE :

OF GLYCOL MONOMETHYL ETHER)

The lower-limit of methyl cellosolve acetate,,.

in air, with upward propagation of flame in a
tube 2 inches in diameter and’ 18 ‘ifiches” in

length, vented at its upper end, is 1.75 percent’
-Its' higher -limit is' 8:2 percent at -

at 150° C.*
150°C: (188). - - - -

METHYL PROPIONATE ETHYL PROPIONATE
The IOWer hmlts’of methyl proplonate and

ethyl propionate-ih air, with-upward- propaga-"
- tion-of flame in-a 9-inch-diameter tube,-open at

the lower end; are 2.45 and. 1.85 percent, re- .

spectively. The higher limits in a similar tube,

the. m1xture bemg at 450 to . 500 mm. pressure -

LIMITS - OF. FLAMMABILITY, ; OF: - GASES "AND VAPORS

initially but attaining atmespheric pressure
during propagation of- the flameé, are 12.60 and
11 05 perc‘ent respeetrvely (138) NS

L
i , 2

Af, METHYL LACTATE

The lower limit, of methyl lactate in air, with"
upward propagation of flame in a cyhnder 30.6-
cm. in diameter and 39 cm. in length, vented at
its-upper énd, is 2.21-percent at:100° C., 1.86'at
200° C 180 at 225° C., and 175 at 250° C.
(239). :

‘
Jl ! o

ETHYL LACTATEJ. T

The lower hm1t of ethyl lactate in alr w1th,
upward ‘propagation of ﬂame in a cyhnder 30.6'
cm, in diameter and 39 cm. in length, vented at
its upper, end, is 1:55 percent at 100°. C :1.29
at 200° C and 1. 22 at 250° C. (239). -

ETHYL NITRATE

" The Iower limit of ethyl nitrate. in alr wrth
- upward propagatlon ‘of flame in a 5.3-cm.-diam-
eter tube, open at the lower end, is°4.00 percent
(93). In a.2-liter bottle, apparently with down-
ward'. propagatron of ﬂame it is 3.8 percent

: (221)
B ETHYL NITRITE

'-(‘.:

-

The lower limit of ethvl n1tr1te in air, w1th

"iupward propagation of flame in & 5.3-cm.-diam-

_ eter_tube, open at the lower end, is 4.11 percent
(93).
The hm1ts in ‘closed tubes 150 cm. in length
are, glven in table 37.

"'l',‘e

LA TS, " Timits for' propagation, percent: + . nl i, .
PR M D A N ' [ 3 RN TP
i i1 ’Upward Horizontal' ~ * | DowWhward RS
IS LRI - ) . . .
PO ' B NN Y
)i~ Lower ;j| Higher, | . Lower. - Higher. ;| Lower. s .Hrighe‘r
"' s T ’ "'"‘!‘ R 1L {V."’; oIt ’..-"\.'
A 411) K IO 112 P 517 ____ersio| . 8.837 v Bl
IR R 159 A >50 3. 63 >45 28091y bl 1404
S NI

In all probability - the hlgher hmrt with up-
ward propagatlon of flame is mich more than

[INRYS SR

the ﬁgure given. . Whrte (353) say‘s T

That this compound is capable off transmrttmg two
differént -fiames ‘through. the same mixture was shown
durmg an attempted downward 1gn1t10n in'a 5-cin, tube
at the upper limit. = This’ mlxture, which would: ‘have

burned déwnward violently ir-normal’ eircimstances,

on sparkmg gave a pale—blue flame Which moved gently ’

L T S S LN TNV PL PSR

upward through the 15 em between ,the electrodes and
the top of the tube. T

"CRESOL . - “;f :
The lower limit of m-p-cresol wrth upward
propagation of flame i in a cylinder 30.6 cm. in
diameter and. 39.0 ci. in length, vented at its -
upper end, is 1.06 percent at’ 150° C., 0 93 at
200° C., and 0: 88 at 250° C, ;

l‘_a' s . T v T

PR I

:li* .
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< AMINES AND: IMIN'ES3 IR mches in diameterand 6-feet in length, open at -
the firing end, are 10.75 and 17.40 percent
(ignition by ‘a flame). The limits are wider
whén an induction-coil spark'is used in a 2%-

liter bell ]ar—S 25 and_18.70 percent (132).
The widest range Wds obtairied by the use of a
15,000-yolt . transformer spark;in a 7.5-liter
yhnder——7 6 and 19.1 percent. Wlth upward
propagation of flame (362)- .
. The limits, apparently in a,}lO-hter vessel of

The limits of seyeral amines Jand .one. 1rn1ne,
with upward: propagatmn ‘of.flame in a. 2-inch-,
diameter tube, are givenin table 38., The limits
marked Wlth ;an ,asterlsk were,, obtalned by...
1gn1t1ng ati 450 t0. 5005 mm.. pressure, the pres-
sure rising to atmosphemc but not: exceedlng it
as. the. flame rose,+ -The., other limits were,
obtained with the lower. end of :the tube open_

(138) e IP TR IR R : © ignition by ﬂame or ;spark, or whiite-hot, wire,
TasLe 38.—Limits of ﬂammabzl@ty of amines . are 10 and 15’ ‘percent (298) in a spherlcal bomb‘_
and an zmme percent (size.not stated), spark 1gn1t10n, 8.9.and 15.5.

: percent .(92); in a cylindrical bomb of 1 2 liters
Lower Jimit | Higher capacity, 8. 1v and 17.1 percent (256); in a 7.5-.
B liter cylmder, ﬂame ignition, 8.0 and 18.9 per-
resigs Ario| Tieg gy CODE (862); I a 1.6-cm.-diameter tube with’
280, o aonss . downward propagation:of flame, 9.7 and 14.1
R e ke percent (340) and in a Hempel plpette 8.6 and
| 1 10.10 18: 4 percent (291) :

3» METHYL.CHLORIDE W 'OXYGEN

The hmlts ‘of methyl ‘ohloride in oxygen, with
downwardjpropaoatlon of “flame’ in' a tube 3
o PO Al A et hidiameter, at’ 600 mam. pressure, are 8. 21
The hlgh‘er‘ lithit’ of' ‘tristhyl “arhihé ‘ini air, and 65.8 percent (89).

with upward propagation of flame in a tube 1
inch in diameter and 18 inches in length, open METHYL CHLORIDE IN OTHER ATMOSPHERES

Methyl amine._
Dimethyl amine.
Trlmethyl amine_
Ethyl amine_
Diethyl amine___
Triethyl amine.
Propylamine_.
n-Butyl.amine.
Allyl amine_
Ethylene umne_ L

*See text,for explauatlonr u Lot 906 dgrey overo s seed 'y

at the top and at a sufﬁc_lent temperature to. . Atmospheres of Air and Methyl Bromide.—
vaporize the amme, is 7 90 péreent (138) T In a Hempel - prpette, 173 "Percent of methyl
e ste b —— o bromide was- sufﬁ01ent ito render all mixtures of

ACRYLONITRILE e

tuvi i E t.,{r.r

methyl,chlorlde land“air nonflammable (291).
Atmosphere of Nztrous ‘Oxide.—The lower
limit"of niethyl, chlotide™ in nitrous oxide, with
downwardvgropagatmn of! ﬂa,me in a tube 3 em.
_ in diameter; at 600 mm. pressure, is 5.0 percent
(89) ‘ -1‘{ Rl

The lower limit of. acrylonltrlle in .air,{with
upward propagation ofiflame i in.a:2-inch- dlame
ter tube, open at the lower end; is 3; 05* percent
The hlgher limit, with upward-propagation-in a

- 1-inch-di tub _thi
29]131% C. 1&11;1?'07e1£)e;106(;t0%}%)a, b e upper end, at Atmospheres of A1r Mand ‘Dichlorodifluoro-

AL B S methane -In_a;7.5-liter_cylinder, mixtures of
PYRIDINE L 7 methyl chlorld nd air iare. nonﬂammable if
froe MEL e ~V they” contam 10ipércent by’volume, or more, of -
*dlchlorodlrﬂuoromethane (86%); in a l.6-cm.

tube, 7 percent’or more (340)¢ Mixtures con-

The limits of dry,_ pyrldme in ‘air. in a. closed_
tube 5 cm. in diameter and 150 cm. in length are‘f
as follows (263): Upward propagation of flare, - tairiing 35 percent by weigh't,zor less, of methyl
1.81 and 12.4 percent; horlzontal 1 84.and. 9.8.} - -chléride - 1n'-dlchlorodlﬂuoromethane are nhon-
percent downwa,rd 188 _and 72 percent TheJ - ﬂammable ‘when" mlxed w1th ~a1r in any pro-
and the portlons (36’2) b

Vol d METHYL BROMIDE
‘ P o METHYL BROMIDE IN AIR

"'T

NICOTINEI f.f

pr(’)rp}h?galtllghts (;)ff Iflilggltemel;lm aaui’_lmﬁlid;;gf;gi b All mlxtures of methyl bromlde and air appear

tube, open at the. upper ind, are:. Lower, 0.75. 1 to be mcapable .of ignition and propagation of

o ‘flate in & Henipel pipette (291) or in a tube 2
pgl{;cgrgtc(z)tt( 11%))5 ©); ‘hlgher, 4 9. percent fat --inches in diameter (132) but mixtures contain-

P P L1t 1 ing "13!5 to- 14 5 percent were 1nﬂamed by an
METHYL CHLORIDE o R mduct10n 0011 spark ina 2} -liter bell jar (132).

METHYL' CHLORIDE N ’AIR METHYL BROMIDE IN OXYGEN

- n y

The limits of methyl chloride in air, Wlth The hmlts of methyl bromide in oxygen, with

upward propagation of flanié"in a glass’ ke 2 7 + upward ‘propagation of flamé in a 2-inch-diame-
939350°—52-—8

‘ :
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»tel,tube, open atsits )lowel end are 14 -a,nd 19 i
‘percent (234) Lser 500077, SRR
‘l * it " T X

METHYLENE CHLORIDE
METHl?LENE CHLORIDE IN AR-

‘

‘ "Miktures of meth lene chloridé and " air ‘Were'
not 'inflimed in a' b mb. of 1,200 ce: capacity,
but in a box 2. feet wide, 2 feet hlgh ‘and 5 feet-
8 (mqhes long Weak flame propagatmn was
: reported in some tests '(256).° In"an Open tube
2'iiiches in dlameter and 6 feet-in! length with
upward propagatlon of flamie and’ 1gn1t10n ‘either-
. by sperkl or. by 'alcohol ﬂame, no* m1xture “of
methylene chlorlde and‘ air, Would propaga.te
ﬂa’fne (157) vw«c E '1" ’

Y ' METHYLENE' CHLORIDE w OXYGEN

"r S LIUNURPYS TS T Lo Lepayy

‘The lower limit’ of methylene chloride - in;
oxygen, with upward propagation of flame-in
a 2-inch-diambter tube; -6pen” at-the lower end,
-18115.5 percent.;.; The. hlgher limit; with, upward
propagatmn n. arl-mc 1ameterqtube ;open,
. at the-upper, end at, 29h ;. 18 66.4, pe ent,.,
(157)

2SN

'. .

TR

LIMITSTOF. FLAMMABILITYLOF GASES AND VAPORS

METHYLENE CHLORIDE JIN:.OTHER ATMOSPHERES

Atmospheres of * Compos1t1on Between *Axr '
xygeh-fir- mlxtures .con=

‘tammg upward: of’ about '25‘percent 'of oxygen'!

cén formy flammable miixturés with methylene
chloride! ' Data’ showing: the” composition: of ‘all
flammable mixtares, ‘obtained as’ ‘stated:'in’ the ~ .
prévious; paragraph but with/suitable tempera- "
tiirés 't6' control ‘the amount of wapor for the .
higher-limit experlments are reproduced'
figure 53 (157) :

\1‘.“

CHLOROFORM .

iy

No mlxture of chloroform and oxygen or_
nitrous oxide,.or of all three together is capable
of: - propagatmg flame downward m small
burette (205)-' T

‘ DICHLORODIFLUOROMETHANE AND
TRICHEI'..@ROFLUOROMETHANE

These substances formed no- ﬁammable 801008

B

tures Wlth au' even at 100° C:.(266). .. ,j;,?

vrorel oo nm
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ETHYL CHLORIDE‘J*! ]

inches.-in drametei‘, oper’ at the. ﬁrmg end, ‘were.
4.25 and 14.35; percentﬁ(rgmtmn by: ﬂame) and --
3.85 and -15. 40 percent (ignition. by spark)
(132, 138). - Wikie: an ~inditetion-coil spark was
used in 8 2}2-hter.—bell _]ar1the llmrts were-4.00
and 14.80 perceént; (1 32) "The lowér limit- with
downward propagatlon in’ ‘s tube 12 inches: in
diameter and 2.feet in length both*ends being _ -
_partly open. durmg mﬂammatlonz is3:9;
(246). e B T kvt
The limits i 1n an. explosron pipette, with %phrk
ignition, were; 3.6 and 11.2. percerft.
eudiometer tube; with- ﬂame “igmtiof; the’l'rmts
were 6.4-and 11 2 percent mThe d1rect1on of _
propagation of ﬂame in thes? ,experlments is

not stated (80);---~- o i

capacity are 3.7 andq120 percent (256)”"' i
another of 7 hters -capacit; -,~W1th»central 1gn1- -
tion, they were a little Below 5 percent and

¥

somewhat a,bove 15 percent (60). G 'g

ETHYL CHLORIDE *'IN OXYGEN i T

The limits of- ethyl chlorrde ‘in oxygen,*mth
upward propagatlon ‘of ﬂame ~in & 2-inch- :
-diameter tube,; open at! the lower “end;

(163) L

Atmosphere of Nltrous Oxxde &The hrnlts of

ethyl chloride ‘in n1trqys “oxide; wrth‘“upward“ ‘
propagation of flame in"a 2—mch—dua,n*eter»tube,s;=
open at the lower, end are 2. JO and, 32.8 percent .

163).,
Atmospheres of Air and chhlorodlﬂuoro-
methane.——The limits with: downward prop
t1onr of §ﬂame i, -1k crn-— 1ameter tube are»
* given in & diagram (84 )

ETHYL BROMID
. [¢3 l“i “?’f_‘.u{l‘}"
VETHYL BROMIDE IN. AIR

SRERTL T

upward“ipropagatron of ﬂame nSeg, -
“diameter tube, open at its lower end ‘ate .
and 44 percent (234).

" 15.9'percent’at’ 100°

- diameter tube '“‘op’*en Ty
‘and-70 percent (234)?.u

R i 5 54 ,,:! AR
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ET;—IYLENE DICHLORIDE
TH{YLENE ';DICHLORIDE IN AIR

The lower"llrnlt of’ ethylene dichloride in air,
with upward _propagation of flame in a tube
2 inches in diameter and 4 feet in length, open
at the firing: endis 6.2 percent at room temper-
ature and: 5.8 t 100° C. ’%‘he higher limit is
(146

- The limits- with hor1zontal _propagation of
ﬂame in g closed tube 4:5 cm. in diameter and
75 .crn. in length are 6.2°and 16.0 percent (284),
.and, with-downward propagation of flame in a

95 percent - tube 1.6 cm. in-diameter and 30 cm. in length,

T6; 7 and” 12 4 pércTent (217y: - i

ETHYLENE DICHLORIDE IN OTHER ATMOSPHEBES

Atmospheres of “Air and Carbon Dioxide.—
The limits of. ethylene dichloride in mixtures of

air and carbon dioxide, with upward propaga-

- tionwof* ﬂamewm a 2-1nch diameter tube, open

Catb its lower; end at 100° C., are shown in

figure 54, Ethylene dichloride cannot form a
.- flammable-mixture with air at, 100° C. if 2.3 or
‘more volrlmes@of carbon dioxide: are present
* per ‘unit .volume - of the dlchlorlde or 1.02
--poundsizof.: ca,rbon» d10x1de per pound of the
+ dichloride (145):,

Atmospheres,fof Au‘ and Carbon Tetra-
chlorlde =-Tn'a horizontal. tube 4.5 cm. in di-

4. 0"" ”am ter'and-75 em. in length, ethylene dichlorid
and 62 percent (234) and 4 .05 and 67 2 ‘Pel' ‘;eﬂt"“‘ * i inis - g ] : c

is 1ncapable of- ;formmg a mlxture flammable
if_‘more than about 4.5 percent of
‘lorlde is present (284).

DICHLQROTETRAFLUOROETHAN E

“‘Thls substance was nonflammable when

4
xed il fany proport}?ns wrth arr, even at

43 '(256)‘ 3§ { w:

D open at 1ts
4 X T e

“f(‘fb"b’)"—" _

The l1m1ts of. vmyl chlorrde n’ 7oxygen'7—with

upward propag%tlon -0f . ﬂamewm 8" 2-inch-

i oweriend are 4.0
THAT

A

“DICH.L_NO ETHYLE 3
' DICHLORIDE).—,:,,“‘
) faDICHLOROETHYLENE‘IN :AIR
#THex hmlts of ¢ dlchloroethylene in-air, with

upward spropagation  of flarme ‘in*a - 2-inch-
diameter tube, open at its lower end, are 9.7
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and 12:8 percent (71 )

In a closed tube 2%

inches'in diainetér they dre grven as 5.6 and

11.4 percent; (256)..
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DICHLOROETHYLENE IN OXYGEN e ity
" The limits of d1chloroethylene in oxygen Wlth'

upward propaga‘mon of flame ih' 4 2-inch-

diameter tube,-open at its lower end are 10'

and 26 percent (234)

- TRICHLOROETHYLENE =~ " "

y

TRICHLOROETHYLENE IN AIR TR

Trlchloroethylene vapor does not form ﬂam- ,

mable” ixtures -Wlth air at ordlnary temper-
atures and pressufes (173). .

TRICHLOROETHYLENE.'IN-OXYGEN ,
' The -limits. of; trichloroethylene in,-oxygen,

ot

Wlbh upward propagamon of flame, k1n a 1-1nch— :
o g o :::-_" EEECIPN Y

Vs D e ]

deaag !

dlameter tube open’ at the upper end are
Lower 10.3 ‘percent (at, 25. 5°1C) h1gher 64 5
percent (at 72° C ) (173) E

TRICHLOROETHYLENE IN OTHER ATMOSPHERES

Atmospheres of Composmon Between rAlI'
and Pure Oxygen —Oxygen—alr mixtures con-‘
taining upward of 33 percent of oxygen can
form ﬂammable mixtures with the yapor'of
trlchloroethylene« The liquid must, however,
be sultably warmed, for below 25, 5° C: 1ts’
vapor pressure is too low to .enable. it to form
flammable miXtures (at atmospherlc pressure)
with oxygen or with any mixture of air and
oxygen. Ddta showing thé composition of all
flammable-mixtures, obtained as; stated in the
prev1ou§, paragraph are reproduced in: ﬁgure
55:(178 R Do

«
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ETHYLENECHLOROHYDRIN

" The limits of ethylenechlcrohydr1n in air, -
with upward propagation of flame in a tube 1
inch in diameter and 18 inches in.Jength, open
vaporize, the substance, are . 4. 84 and 15.90 .
percent (138) e :, R P

i
: [

PROPYL CHLORIDE

The 11m1ts of- n—propyl chlorlde in’ air, Wlth
upward propagatmn of flame in & closed bomb

4 inches in diameter and 38. irches in- length T
at a temperature sufficient “to; vaporize. the -

propyl chlorrde, are 2.60 .and . 11 10 percent
(188). gt
' PROPYL BROMIDE N

No mrxture of propyl bromlde and air couId
propagate. flame downward in & burette 16 to-
17 mm. m dlameter (190) T TR

PROPYLENE DICHLORIDE

The lower hmlt of. ‘propylene_dichloride in v_" N
air, with ;upward propagatlon of flame in a .

closed tube 4 inches:.in diameter and.38.inches.

in length, is 3.4 percent. The higher limit} -

with upward propagation-in a tube 2.5 1nches“

_.in dlameter and 36-inches-in length, opén at. the ‘

top, is 14 5 percent at; 100° C. (166).

ALLYL CHLORIDE ALLYL BBOMIDE

The lumts of. allyl chlorlde and allyl bromlde
in air, with aupward propagatlon of flame in a.
-1nch drameter ‘tube, open “at the firing end,

“are 3.28 -and 1115 percent and 4. 36 and 7. 25;-':

percent, respectlvely (138) R e
2 CHLOROPROPENE

-y by
T

.17

' The llmlts of 2 chloropropene (a) ‘in air. and ‘

(b) in oxygen,. with_supward propagation.’ of

. flame in-a 2-inch-diameter tube, open at.its
~lower end “are (a)-4.5-and -16.0- percent and-
() 4. 5 and 54 percent (234) Lo R

o rBUTYL CHLORIDE

The hmlts of normal and 1sobutyl chlorldes

‘in air, with upward propagation of flame in a
closed bomb 4 inches in diameter and 38 1nchese ‘

in length, at temperatures sufficient to vaporize
the chlorldes are:1.85 .and 10.10 percent and.

" 2.05 and 8. 75 percent, respectively (138).

The limits of 1s0buty1 chloride in air, with
downward propagation of flame in a burette 16
or 17 mm. in diameter, are 4.1 and 14.2 percent
(190, 1 95) i .

BUTYL BROMIDE

“The limits of n—butylrbromide in air, with
downward, propagation of flame in a tube 1.5
.cm, in dlameter are 5.2 and 5.6 percent (228).

CHLOROBUTENE

The hmlts of 2« chlorobutene-2 in air, with
~upward propegatlon of flamé in a %-inch-
“*diameter tube; openat the lower end, are 2.25

s

: and 9. 25 percent 138).

ISOCROTYL CHLORIDE

The hmlts of. 1socr0tyl chlorlde in (a) air and
(b);’oxygen with upward. propagation of flame
in.’a 2-inch-diametert tube, open at its lower

: end» are (a)- 4.2 and 19 percent and (b) 4.2 and
- 66 percent (234).
-The limits* of 1s0croty1 chloride in’ air are

. “apparently about double” those ‘of its isomer,
“chlorobutene. Small differences between the
. lirnits of 1s0mers arc not unusual, but such a
l&rge dlﬁ'erence is unique.

;=§ . ISOCROTYL 'BROMIDE

The hmrts of. 1socrotyl bromlde in (@) air
and. (b):-oxygen, ‘with .upward. propagation ‘of
> flame :in: a 2-inch-diameter tube, open at its
- lowerrend; are- (a) 6.4 and 12 percent and (b)
- 6. 4 and 50 percent (234).

" AMYL CHLORIDE

e

upward propagation of flame in a closed bomb
‘4 inches in diameter and 38 inches in length,
‘at a temperature sufficient to volatilize the
amyl chloride, are 1.60 and 8.63 percent (188).
The -limits* of tertiary amyl chloride in air,
‘with upward:- propagatlon of flame in a 1-inch’
- 'diameter jtube open-at its upper.end and at
i sufﬁ01ent ‘temperature to- volatilize the amyl
chlorlde, are 1.50'and 7.40 percent (138).

CHLOROBEN ZENE DICHLOROBENZENE -

"~ The’ hmlts of chlorobenzene and o- dlchloro- )
benzene in air, with upward propagation of
ﬂamc in'a tube 1 inch.in diameter and 18 inches
in length, open at the top and at a temperature
sufficient .to wolatilize the substances, are 1.35. -
and 7.05 percent, and 2.23 and 9.19 percent,

) respectlvely (188).

'DIMETHYL SULFIDE

! The hrmts of dimethyl sulfide in air, with
upward propagation of flame in . a 2-inch-
diameter tube, open at the lower end, are 2.25
and 19.70 percent (138).

The- hmlts -of n-amyl chioride in air, with -
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ETHYL MERCAPTAN e METHYLCHLOROSILANES
The limits of ethyl mercaptan in’/air; - w1th LOWGF hmltS with UPW&Td propagation of
upward propagation of ‘flame: in a. 2-inch- _ flame in a tube 5.7. cm. in diameter and open

are 2.80  at the lower end, are: Dimethyldichlorosilane,
i+ 7.3.4 percent; methyltrlchlorosﬂane 7.6 percent.
" Thé lower hmlt of one mixture of the two silanes
‘agreed with- Le Chateher s formula (4).

ti

diameter tube, open at the lower’ end
and 18.0- percent (156).. RN

DIETHYL SELENIDE

' . s TIN TETRAMETHYL LEAD TETRAMETHYL
The lower hmlt dlethyl sélenide in- alr,
w1th downward _propagationiof flanie in a:tube : The lower. fimits of ‘tin tetramethyl and lead
i75.fem. in: diameter and 65 “¢iit fin length;, was tetramethyl in‘air; -with downward propagatlon
2.81 percent Wlth the tube: partlyiopened during --of flame in a. closed-tube 5 cm. in diameter and
propegatlon (313) end 25 percent W1th the 65 cm: in length, were- 1 90 and 180 percent,
tube closed (247) Sl respectlvely (315) S
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- PART'IV, LIMITS OF MIXED FLAMMABLE GASES AND VAPORS - -

I EaEN et '

Part 'III has covered the limits of ﬂarﬁmabﬂity

of individual flammable gases and ‘vapors. In’

part. IV the limits of mixtures of:two or) more
flammable 'gases or. vapors -are;given.  The

_chief. question- is. the possibility, of using ;Le

.Chatelier’si law of mixtures (p: 5)! to calculate

reliable figures for- the various mixtures. from
the ‘ascertained figures for the individual com-
ponents. This is dealt with in detail in the
following pages, but it may. be said here that,

in general, the law is fairly closely followed by

mixtures such as the common fuel gases, and -

‘that gross exceptions are observed -in many

mixtures that contain hydrogen sulfide, carbon
disulfide, or vapors such as ether which may
give rise to “cool flames.”

HYDROGEN AND CARBON MONOXIDE '
HYDROGEN AND CARBON MONOXIDE IN AIR

The lower limits of wvarious mixtures of

hydrogen and carbon monoxide in air, with -

upward propagation of flame in a vessel 6 feet
high and 12 inches square in section, open at
the firing end (64), were as follows:

Lower limits of flammability in a large vessel

Carbon

Lower limit, percent

Hydrogen

monoxide

Observed

Calculated

Difference

4.10
4.70
6.05
8.20
10,80

12,50

In a small vessel 4 cm. in diameter and 25 cm.
in length, presumably with downward propa-
. gation of flame, the lower limits- were as

follows (220):

Lower limits of ﬂammabiliiy in a small vessel

) c "Lower limit, percent
Hydrogen mo?lrtggge : ) T
Observed | Calculated | Difference
100 0 10 | cen | e
63.9 36.1 1.8 115 +0.4
41.5 58.5 13.25 12.8 +.45
18.4 8.6 . 14.7 14.4 +.3
0 100 159 . | oocoaom | aoeaaiil

_ Other obser\fexjé obtained similar results in a
Bunte burette 19-mm. in.diameter, with down-

wward propagation of flame; using~a. mixture
wof equal | volumes .of hydrogen. ‘and carbon
_monoxide, (95, 270, 823).. .~ i r el

" - Thé higher. limit 4n .air of .a 50 50 -mixture

of hydrogen and carbon monoxide, withiupward
propagation .of flame in a tube 2 inches in
diameter and 5 feet in length, open at the firing:
end; was 71.8 percent, which is 0.7 percent less
than the calculated value (64). : '

For both limits the differences between the
observed figures and those calculated from
Le Chatelier’s law just exceed the experimental
errors., _ ,

The limits with downward propagation of

.flame in a tube 1.6 ¢m. in diameter have been

recorded (217).

Influence of Pressure.—The limits of a mix-
ture containing 51 percent carbon monoxide
and 46 to 47 percent hydrogen, in air, were
10.4 and.63 percent at atmospheric pressure
and 11 and 78 percent at 800 atmospheres (10).

HYDROGEN AND CARBON MONOXIDE IN OTHER
) ATMOSPHERES

Atmospheres of Composition Between Air

" and Pure Oxygen.—The limits of, lammability

of almost equal volumes of hydrogen and
carbon monoxide in atmospheres of nitrogen
and oxygen ranging from air to almost pure
'oxygen have been determined with downward .
propagation in a burette 19 mm. in width.
The lower limit rose slightly from 12.4 percent
of the mixture in air to 12.6 percent in oxygen;
the higher limit rose from 66.1 percent in air
to 92 percent in 98 percent oxygen (323).

. Atmospheres of Nitrous and Nitric Oxides.—

. The limits of mixtures of hydrogen and carbon

monoxide in nitrous oxide and in mixtures of
nitrous and nitric oxides with downward propa-

- gation of flame in a 15-mm. burette (339), are

plotted in triangular and tetrahedral diagrams,
respectively. .

Atmosphere of Chlorine.—The limits of cer-
tain mixtures of hydrogen and carbon monoxide
in chlorine are plotted in a triangular diagram
(228).

WATER GAS

_ The limits of water gas in air, calculated from
its chemical composition with the aid of Le
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Chateher s .formula for. mlxtures (p5), are in
fair agreement with! experlmental results (367).

In some -old experunents “the hmlts in air,
with upward propagatwn ‘of flame.in a 3-1nch-
diameter tube,openat its’ Tower end were 9 and
55 percent (55) - - -

The limits .of another sample of water- gas
with downward propagation of flame in a small
tube, were 11.9 and 65.4 percent (30)..

Stl]l another sample. had . 11m1ts of 6.9 and

69.5 percent in a small bulb compared with 6.1

and 65.4 percent, calculated- by Le Chatelier’s

formula but based on liinits of the individual. ~ )

gases obtained in large apparatus. A- carbu-
reted water gas under similar ‘conditions had
limits of 6.4 and 37.7 percent (367).

"The limits of various sampleés of seml—water
gas and Mond gas have been determined in a
Bunte burette with both upward and downward
propagation. of flanie:
are given in the original papers (26‘.9 270).

HYDROGEN AND AMMONIA

The limits of mixtures of hydrogen and am-

monia in air and in oxygen, with downward -

propagation of flame, have been determined:in
small tubes. Apparently the hlgher—hmlt mix-
tures in oxygen give results.in fair agreement
with Le Chateher s law (203) S

HYDROGEN AND HYDROGEN SULFIDE

Both. the lower and hlgher limits of mlxtures
of hydrogen and hydrogen sulfide in air diverge
widely from Le Chatelier’ s law: throughout the
whole range of mixtures.
rower than those calculated, herice limit
mixtures of thé individual gases when blended
produce nonﬂammable mixtures. The results,
obtained in closed tubes:5 cm: in-diameter, are
plotted in figure 56 for.both limits and with up-
ward and downward propagation -of flame; the
curves calculated from the law are also shown
(357). . ; !

The results that Would be obtalned if experi-
ments were so condiicted that atmospheric pres-
sure was maintained throtghotit-are not known,
but it seems unhkely that the wide differences
between-observed and calculated” results would
dlsappear v 4

HYDRO GEN AND METHANE

The lower hmlts of various mlxtures of hydro-
gen and methane in air, with upward propaga-
tion of flame, in a vessel 6feet high and 12 inches
square in section (64), were as follows:

Analyses and results’

‘and those -calculated from Le

The liniits-are nar-.

109

.~ Lower - limits- of --flammability of mixtures of

5 A hydrogen and methane

i

. i Lower limit, percent
Hydrogen Methane .
‘Observed | Calculated | Difference
100 . 0 41 | .
90 10 4.1 © 4.2 —-0.1
75 25 4.1 4.4 -.3
50 50 4.6 4.7 -1
25 75 4.7 5.0 .3
0 100 56 | .. | L.

The higher limit of a mixture of nearly equal
volumes of hydrogen and methane in air, with
upward propagation of ﬁame in a tube 2 inches
in diameter and 5 feet 'in length, open at the
firing end, was '22.6 percent (64), which is 0.1
percent Tess than the calculated value based on
a corrected higher-limit value (13.8 percent)

for methane in the same vessel.

The differences ‘between the observed values
Chatelier’s
law are just- beyond the experimental error in
two instarices. Rather greater dlfferences were
observed in. closed tubes.5 cm. in diameter
with upward and downward -propagation of
flame (357).

The approximate limits for mixtures of
hydrogen and methane have been determined in

. a 5-liter bomb with central ignition (347) and,
" for mixtures.of equal volumes only, in narrow

tubes 09 t6°0.2 cm. in diameter (276).

Influence of Pressure.—The higher limits of
mixtures of. hydrogen and methane have been
determmed up to about 50 atmospheres pres-
sure in narrow tubes. The results are un-
doubtedly ‘low, as those for the two gases
separately ~‘ate low - (51)

HYDROGEN ACARBON MONOXIDE, AND
- METHANE

* The limits of mixtures of hydrogen carbon
monoxide, and methane in air can be calculated
as accurately as those for mixtures of any two
of these combustible gases (64). -

HYDROGEN; CARBON MONOXIDE, AND
' "ETHYLENE “ _
The hmlts of mlxtures of hydrogen carbon
monox1de, and’ ethylene in air, with downward

propaga‘mon of flame’ in a tube 1.6 em. in
dlameter have been determmed (217)

HYDROGEN METHANE "AND ETHANE

- The Nimits " of .all’ mlxtures ‘of hydrogen

methane, and ethane in air can be calculated
with approximate accuracy by means of Le
Chatelier’s law (146).
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. oxygen)
- accuracy

©or from
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) Accordmg to an old observation, the hlgher
limit of a mixture of equal volumes of hydrogen
and ethane in oxygen, with downward propaga-

~ tion of- ﬁame in. a eudiometer, tube 2 :cm. in

~ dlameter is between 56 and 57 percent (243)

can be “calculated “with "approximate
from curves glven in ﬁgures 1"and 2
tabulated re%ults (146)

et
P
s A L s .-"';,“ [ - . t, ,' ' ’ e - [
FRT i . v
0t . i . R R P RS PN
-




LIMITS: OF £ MIXED:: rLAMMABLn GASES‘EAND VAPORS . 111

HYDROGEI\{“AND PENTANE““’” = r“—j‘

- i
The limits- for la mixtureof

pentane and 2 volumes s of - hydrogen it

in a horizontal glass* tube- 275" cmIn” dign :

with the ﬁrmglend open -are 2.4 and~8 7 per-,

cent (272). . R i ‘

HYDROGEN AND ETHYLENE
HYDROGEN AND ETHYLENE@IN AIR

The lnmts of the entire- range of mixtures* of-
hydrogen . and -ethylene: in air,’ with. upward..
and downward ‘propagation of ﬂame in closed:
tubes 5 cm. in diameter, Were rathér narrower
than those caléulated by Le Chatelier’s law;. -
the differences were a few -tenths of 1 percent
at the lower limits and a few percent at the
higher limits (357).

The limits with downward propagatmn of
flame in & tube 1.6 cm. in-diameter have been
determined (217). - ‘ S

HYDROGEN AND ETHYLENE" IN" OXYGEN

The limits of m1xtures of hydrogen and
ethylene in oxygen have been determmed in
small apparatus (202). - : :

OTHER ATMOSPHERES

HYDROGEN AND ETHYLENE :

Atmospheres of Air and Carbon“D10x1de—‘»w

The limits of hvdrogen and ethylenie in_various
mixtures of air and carbon dioxide-have been '
determmed with - downward propagation of
ﬂame in a tube 1.6 cm 1n dlameter (217).

HYDROGEN AND ACETYLENE

f’,‘m1xtures of hydrogen and
ave been .determined -with -
upward- ‘and: down: propay ation. of .flame
in closed glass tubés;5and 7.57cm. in ‘diameter.
With -upward. propagatron and up.to about 43
percent acetylené sin the hydrogen-acetylene j

acetylene 1n

mixture, the lower limits were markédly: greater ;- -

than_ these: calculated -with 43.to 50:percent :
acetvlene the lower hmrts K
and ~ thereafter the rhrn1t
with -the calculate_ valu
propagatlon the lo
a httle :

almost commded

The hlghe Flimit|in - ngen of - !
pared for thelcommercial. svnthes1s of- ammonia

is 92.2 percent at atmospherlc pressure ‘and--

ecreased- suddenly, :

94.5, percent at 400 atmospheres When 5
percent méthane is added.the limits are 83.7 and
92.8. percent respectrvely No analysis of the
contact 'gas is given (10).

The l1m1tSf of the" mNture 3H,+N; in a
500-cc. ﬂask with central” 1gn1t10n are given as
- 6 and-87- pelcent—m air-and 5 -and 90 percent in
ooxygen :(328)... These figures do not agree with
other results on the;ﬁammablhty of mixtures of
hydroven n1trogen and oxygen.

HYDROGEN AND OTHER GASES OR VAPORS

The limits™ of a series of binary mixtures of

hydrogen -and- various gases and vapors have .

-been determiried: with downward propagation
of flame in a- tube 5 cm. in diameter and 65 cm.
‘in length: The résults for each pair of mixtures

" were of the samé-general type as those for mix-

“tures. of hydrogen and éthyl bromide, which
“ have been. .quoted on page 22, where their
s1gn1ﬁcance is discussed.

The gases and vapors used were ethyl bro-
mlde (811); methyl iodide, methylene bromide,
“bromoform; ethyl iodide, and ethylene bromide
(312) hydrogen selenide  and diethyl selenide
© (318); dinfethyl selenide and dimethyl telluride
(314), ‘tinZtetramethyl and. lead - tetramethyl
(315); ethyl:-alcohol, ether, -acetone, benzene,

" 'pentane,- cyclohexane, methyl cycloh(\mne and

a hydrocarhon mixture (316).

~Irom a study of the dew point, density, and
“range of-flammability of such-mixtures of hydro-
gen and: small- quantities - of other gases and
‘vapors, it was conclided that tin-tetramethyl
is the best suppressor of explosions for hydrogen
_to" be used in"balloons or airships; followed by
“dimethyl _selenide. and ethyl bromide (317).
However, the~only” practlcal importance of
theése: experiments seems to be. the proof that
-none of ‘the additions is effective in destroying
the> ﬂammablhty of-hydrogen when it is mixed
with=air; with 0.90 percent of lead tetramethyl

. the range of flammability i§9 to- 54 percent com-

pared with -97t6-71 percent for pire hydrogen,

Moreover, the permeabﬂlty of arballoon fabric
to the explosmn suppressors 1s not considered.

> AMMONIA AND ETHYL BROMIDE

1xture ‘ot 4 ammoma and ethyl
f -oxygensand nitrogen
iy small tubes.” A

rigingl’ papeér shows. the limits
nd«'ethyl brom1de vapor singly

.and. mixed;; neither gas propagates flame down-
;W&rd when mlxed w1th air, but each will burn
in oxygen (204)

(See p. 20.) .
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FigurE 57.—Limits of Flammability of Mi

xtures of Hyd}'ogen Sulfide and Methane in Air.
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HYDROGEN SULFIDE AND METHANE
Both the lower and hlghep lumts of mrxtures
of ‘hydrogen sulfide -and methanecin air, with
upward.and downward propagation of ﬂame in
closed glass tubes 5 cm. in diameter, -deviate
widely from those calculated. :The.lower limits

~ are:markedly high. The higher limits, on_the

other hand, are very high for: mlxtures rich in
hydrogen sulfide and low for- otherimixtures of
“the series, so that the curves (with both direc-
tions of propagatlon) for - experimental -and
calculated figures cut. -across one another.

These curves are reproduced in ﬁgure 57 (357) :

HYDROGEN: SULFIDE AND ACETYLENE

The lower limits of m1xtures of hydrogen
sulfide and acetylene in air have been-deter-
mined with upward.and downward:propagation
of flame in closed glass tubes 5 em. 1n diameter.
The maximum deviation from the calculated
limit was 0.3 percent (357)

CARBON DISULFIDE AND VARIOUS GASES
AND VAPORS ,

Neither lower nor jhrgher hnnts* of 'mlx_tu‘res

of carbon disulfide with ether; banzene; acetone, - !
' nitrous oxide, with. downward -propagation of

and acetaldehyde; with ‘downward 'p‘ropagatiOn
of flame in closeéd tubes 5 cm. in diameter and
150 cm. in length, agreed with Le Chateher s
law. It has been suggested' that ‘the propaga-
tion of flame in mixtures of carbon disulfide and

air may 'be catalyzed by ‘some product of .its

- combustion and that the catalytic effect may be
_inhibited by ether, benzene, acetone;.. and
acetaldehyde (355). - -

Mixtures- of - carbon - drsulﬁde w1th» ethyl‘l“

bromide,-diethyl selenide, tin- tetramethyl lead:. -
- tetramethyl, pentane, and a. gasoline . fraction

" boiling at 91.6° C. give abnormal results.; The
lower 11m1t is raised by the first 'small add1t10ns
of these! substances then decreased by larger.
amounts: The hlgher limits afe’at. ﬁrst Tapidly ™

reduced, jbut futther additions of- some “of these’

substances causé thé fhlgher dirnit- to-rise (250)
The abrormal effect “of small quant1t1es “of

certain ﬂammable ‘substances on’ the lower

limit of carb0n~d1sulﬁde has already been dls-
cussed (p 29) n__;, n; .

. e -

CARBON MONOXIDE AND METHANE

“The lower hrmts of var1ous nuxtures of carbon .
monoxide and methane in fair in a:vessel 6 feet, .

high and- 12 inches square in .section, with

upward propagation of flame at atmospherlc

pressure (6’4), were as follows ‘ ‘

i
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Lower lmmts of ‘fAammability of carbon monomde
S and methane wm air.

;C b : VI -+ Lower limit, percent
arbon
monoxide Methane -
il - i | Observed | Calculated | Difference
100 0 12.5 - -
90 10 11,0 | 11.1 —-0.1
75 25 . 9.5, 9.6 —.1
50 50- 7.7 7.7 0
40 60 7.2 7.1 +.1
25 75 6.4 6.5 ~.1
0. 100 5.6

The higher limit of a mixture of equal volumes
of carbon; monoxide and methane in air, with
upward propagation of flame in a tube 2 inches
in diameter and 5 feet in length, open at the
firing end, was 22.8 percent (64), which is 0.4
percent less than the calculated value based on
a'corrected higher-limit value (13.8 percent) for
methane in the same vessel. :
Experiments with: downward propagation of
flame in a Hempel pipette showed fair agree-
ment with the calculated values for the lower
~ limits' of miktures of carbon monoxide and
methane, but for the higher limits the observed

- values were always low, sometrmes as much as
: 10 percent’ (46).

Atmospheres of Nitrous Oxide.—The limits of
mrxtures -of  carbon monoxide and methane in

flame in a. 15-mm. burette, have been plotted

“in a tr1angular diagram (339).

- CARBON MONOXIDE AND ETHYLENE

The hmlts of m1xtures of carbon monoxide
and' ethylene in air, with downward propaga-
“tion of flame in a tube 1.6 cm. in d1ameter have
been detgermmed (217) o

CARBON_ MONOXIDE AND ACETYLENE

The lower l1m1t of* a ‘mixture containing 84
percent ‘carbon monoxide and 16 percent acety-
7 lene-has. been~determ1ned in a vessel 4 em. 1n
dlameter ‘and -25- em. -in ‘height, presumably

y.wrth downward propagation.-of. flame-from an

open .end.... It was 9.1 .percent in Air,; agreeing
closely: with the figure calculated:from the limits
of - carbon monox1de and "acetylene observed

. individuglly under the same conditions (222).

R -

r‘ME’l‘HANEwAND HIGHER PARAFFIN
- HYDROCARBGNS

. METHANE AND ETHANE “METHANE AND PROPANE.

{METHANE AND BUTANE AND ETHANE AND BUTANE
"IN AR ° - '

The lower lumts of methane-ethane methane-
.propané, methane-butane, and ethane-butane
‘mlxtures in a1r w1th upward propagation of
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ﬂame in, avtube 5 cm. in. diameter &ndopen - at
the firing end;.agreed:closely:with the values
caleulated from Le Chatelier’s law; the higher
limits were. 'shghtly less than those oalculatod
(74 - e
'lhe rerrularlty of therlower hm1ts of such
mlxtures 18 dlscussed on, ,page 115.

EE
Yoo

( !

METHANE AND ETHANE IN MIXTUBES OF AIB
NITROGEN AND CARBON DIOXIDE

The limits  of mlxtures of' methane and
‘ethané in mixtires of air, nitrogen, and carbon
dioxide can:be’ calculated (,loselv byithe-method
given on- pages 5 to '8, with the a1d of ﬁgures
1 and 2 (147) N SRS ok

LTS ST n“ Poooid LR a3
METHANE AND PEN'IANE IN AIR

Throughout the, range of, Imxtures of nfe‘charle
and pentane the lower Jimits, with, upward or
downward propagatlon of ﬁame ina, tube 5.cm.

L5 z‘,',,v. . , [

et ey

" Le -

"usually less, by a.few tenths-of-1: percenb than

‘~"‘LIMITS -OFs FLAMMABIL’ITYT OF; :GASESAND' VAPORS

in digthetér agrée: with the limits. dalculited by
Chatelier’s formula from the limits of

Tnethane and pentane; Sopalatelyu (367): . ~The

* lower limitiof a:50- 1 50! mixture, w1th houzontal

propagatlon of flame:in & tube 2 5 ém. in-diams
eter;»opén’iat. the ﬁrmg end, was olose to. the
loalculated wvallie (272). - Dos s LaE
The higher -limits -in" the: 5 -CIN. . tube \wére
'those calculated (357) ok At

‘;,‘..I LI
PARAFFIN HYDROCARBONS IN
‘7 GENERAL /'

AT [N | Decpoalte

Tho lower hmlts but not the higher hmlts

MIXED

. of th& sihipler’ paraﬂin hydrocarbons. and- ‘their

mixtures exhibit an interesting and useful
regulamty (74); they are 'iappromm&tely a
function of the analytical Tatio Ot 4,0 belng
the contr al:tlon observed oni explodmg the rnix*
tuw w1th excess mr and A the volume of carbon

! L PR . LRI H".

s

: ¢ : . o
o - - , E" , . ' et R ] )..'11..
N 6 b kb e e i
R i’. HE )," ] s il . N .~
Sty ! e i A :
1 : R S A .
H P l T o T B - 1 B ] );
. L b 3
) 4+ fi 1Y 1 ! ' - j' i > ¢
: v ! ) s 120"' ;! e i
) . N E r Nt o
O 4 : t “', - F. 0 7 ‘45‘ t
ml - 7 T 3 ~ N .
B B ol 77X ¢ + o
‘{f,,E. R \ F : . ] I“A":-’L
~ - oAby fe
<_ - g ’i
w 3 A ST
1, N
[ 5 ; T o
LT . st ! . ORI L LI AN |
-y '3 - g i P I . : ‘ ! 4
. . » & . B . . ] ] B
,1 :L‘a, ; -_§ = T ; R O Y e : N R
O S e R e
R, SEEEA LT o Pure hydrocarbons . =1
ﬁ‘ ol s s & ! +{ x Methane ethane mixtures |+ . ..
' D == S 4 o 0. Other bmary .mixtures -
A i NS S A +Natural gns O .
RN i bl P et . N
RE 7 ‘,",‘ - 7 »L. e hslg
ol | ‘:‘,- U Z o i ved
7 (’.l-.‘ - o .
. i - A
¢ a J‘? L=vd “ e -l .t - Dl RIS
-1 AT
IS0 R crn O ) : B ! .
ya (15 I B (e KUY ST N Aot spa e e e
Pite 0.5¢ HEESEERE S S IPRNCTRE AL B BN LA RAERY A S G S e Il 1.5 LRI G 2.01 G (L
Vs TR ] R f’.’. H N 1, 1. i ol _,;I RN [ \"‘}
¥ i ',;::,' Lj\ C ARA“O‘

“:JL

FIGURE 58 —Variation of Lower Lumh of Paraffin Hydrocarbons w1th C: A Ratlo
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.dioxide,. produced The . lower 1hm1t"0 *fany

.mixture.of paraffin hydrocarbons 1canntherefore

be deduced without exact: knowledge P
composition;all that is requlred is ajdet
.t10n of. the 0 A ratmxof B xture

of the ;curve may be used to supp .
limits , of .heavy. parafﬁn hydrocarbons and« of-
.their. mixtures. ' T TR
i1 . Recent =ﬁgures for,:the”hlghel hydrocarbons
~conﬁrm the./curve,.but;tﬁo"ures for:: ethane )and

supward!propagétion of' flamiéHin &' ‘tube 7, feet in
height' and 12 inches*inl ‘digimetér and with the
firing eénd 6pen, was' 4:91 percent.. *The' mmture

contained about 2 percent water vapor The
percentageicomposition ¥lof -the:? gas’ was:
Methane, 87.4; ethane, 6.8;. propane, } 55;
Butane, ~0:81;: pentane, trace n1trogen' 2

'oxygeit; 0.1; and carbon’ d10x1de 010, The- ur'ut
figiire represents for” coriveniénces; the propor-
‘tion® of "‘the flainmable con: '
‘matiral’gas in’ the-limit mixture

3

with#air, ¥ 1f

the nitrogen and_oxygen _were “included, the

limit would ‘be nearly 5.1 percént: For propa-
gation of flame upward from closed to open end ™

1n the same-tube, the lower: limit- was 4.74 per~' -

cent (ﬂammable constltuents) S

The  limits of the same . natural gas w1th
upward propagatmn of flime in & tube 2 inches
- in diameter, open at the firing: end; very neatly .

obey Le- Chatehers law:: Hor, &dry gases *thew-

limits of thé flammable part of-the:natural gas .
were 4.80 and '13.46 :pércent.- The figures . cal-
culated from the correspondmg *hm1ts Aor the
individual ~cor stltuents—-methane: 5‘24 and

propane. 2. 37 and 9; 50 percent -and.
and 8:41-pércen 4:85°'8
‘The lower 1i tappréciablyjaffected by .
the mtrogen .the atural gas,-but the-higher-
limit is (cOmpare' X showmg the influence*
of nltrogen on__the limits_of ethane in. air).

An estimateof the; ﬂuence of. mtlogen on the

higher! lurut mgy! be *made thus *1£:0.4 percent
- 1 .~ have been madeto. determme ‘whether the lower

0.1 percent oxygen found ing the natural gas)
there remamsﬂ ‘8- percent mtrogen- which is

brought - to ‘the’ ‘mixture- wi ural gas.
As this amount s present w1th‘ the 137 percent

hydrocarbons~ inf-the-wholé it mlxture, it :

represents aboutlo 4. percent« add1t1onzrlA nitro---
‘gen”” in théoriginal “atmosphere’” F1gure420
shows that this- depresses the higher ‘limit-of™

=FLAMMABLE GASESA AND bVAPORS

P
- »tube 2 1nches in digmeter a
_~with upward: propagation-of/flame, the- l1m1ts

~50.mm. (154). 4 - PR
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-effect.on; the h10her hmlt of natural gas is:about
rthe same. (74)z.1riam e
.. Further; -evidence. chat the‘ hmlts of na,tural
:gas may-.be- calculated fairly accurately: from
sthelimits of uts,‘varwus constituentsiis prov1ded
by data.showing that: ‘Le Chatelier’s law is fol-
lowed when certain.pairs of the constituents are
‘taken together:%;(See:the sections- on-methane-
:ethane, i« methane-propane, smethane-butane,
methane-pen tane;and: ethane—butane mixtures. )
{Thelimits, of 22 sa,mples of “natiral gas,” of
widely. Varylngycompos1t1ons from many States,
haveibeen. calculated on-the basis of analytlcal
figuresiexpressing theiflammable const1tuents as
methane:and; ethane only (154). - -
". Influence:of Pressure:—In . expernnents in.a
closed tube;2.inches in diameter and;12.inches
in length;<with aipward: propagation of..flame
and. withsinitial -pressures. from 1 to about 24
atmospheres; . the lower limit of. a:natural gas
-(analysis:iMethane, 79.6; ethane, 19.2 percent)
remaineds- nearlynconstant ‘the - hlgher limit rose
from -14.0- to+.37!5: pércent (154). In an:ex-
tension. of thesenexperlments but with a:tube
15 dinches;dong ‘and &-natural gas giving by
analysis methane around 85 percent and ethane
around: 15 percent; the following figures may be
<read from plotted 1esults (1 6‘0)

a0,

Initial pressure, | Atmos- | .
~e Ib. per in:2— -{- pheric- | — ;500 i 1,000 | 2,000 3,000
- 1 i | .
R her B s tL
Lower limlt ....... s 4.50 P 4.45 4.00° 3.60 3.15
ngher lumt ______ w7142 ) - 442 | 52,9 .59.0 60.0
" Ll N

, In narrow tubes (3 or 5 mm. in diameter)
with downward propagation of flame, the higher
“limit of,«a“‘natural méthane” (methane 80.3;
higher paraﬂins 11-1'percent) rose from 14. 25
. .percent_¥ methane at: atmospherlc pressure to
39 percent at 12: atmospheres and: 52 percent at
50 atmospheres:(281). TS
“A pressures: ‘below atmosphenc in_a closed
6. feet i m length,

., remained rfearly constant. as th 1n1t1alspressure
- WAS uced “from*+ tmospherlc. ¢--about 200

Fmms At lowé pressures the’ lithits converged

and - propagatlonr FWasHnot obta!,med below
B

Influence of”- Turbulence Causedf by Fans or

by the Detonatlon of: Explosxves Experlments

g

- limit-of. n&tural gas-in -air-is -affected by turbu-
lence such<as:that. produced by.ifans or by the
detonation: of exploswes (76).. The use of
explosives necessitated ekpenments on a rather
large .scale.; therefore -a.-20=foot "section of a

- IOO-foot steel ‘tube-614 feet an-diameter was used.

The exploswes ‘were firéd near one'end of the
<1 hotizontal axis of the tube. The tube had

methane -about:0i1 ipercent}iand: doubtless its" «paper-covéred rehef vents-along the top, and
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the'end opposﬂ:e the source of ignition: was closed
by a paper cover.
‘the various orifices enabled the extent of an
inflammation “to* be' ‘roughly judged.» The
observations . were aided by noting -the: eﬁ"ect
~of an experiment on tufts of guncotton placed

at various points in the tube. -
- The results were conveniently classed as (1)

.explosions, when the paper ‘covers were blown
out violently andflame appeared from the-

vents;.(2) inflammations, when it was evident
that some gas had: been 1gn1ted but no gréat
violence - was "observed; and (3) nonignitions.

A small electric 1gn1ter of. black -blasting
powder gave a lower limit of explosion of about

5.6. percent natural -gas and a lower. limit of
~inflammation of about 4.6 percent. :
‘Black blasting powder (50 or 200 grams),
burning with a long flame, gave limits of 5.1
fpercent and less than 4.7 percent, respectively.
‘A straight nitroglycerin dynamite (50 or
200 grams) gave a lower limit of explosion of 5.6
percent; “inflammation” could not be.observed
with certainty at lower percentages on account

of the violent effects of the detonatlon on the

paper covers.
Turbulence induced by a fan run at appropn—

ate speeds reduced the limit of explosion to 5.0 -

The appearance of flame at :

slightly at moderate ‘speeds; at higher speeds -
mﬂammatlon apart from exploswn could not

" be observed.

-The term 1nﬁammat1on as used inthe
preceding’ ‘paragraphs, apparently covered the
range of mixtures capable of propagiting flame
from the -source of ignition for some distance

'upward spreadlng moré or less laterally;: the
" term ¢ explosmn -was used to designate enough

inflammagtion at sufficiént speed to cause the

* effects described. The reduction -of the limit
of explosion by the long flamés of gunpowder

was due ‘to the greater burning induced by
them; a s1mllar effect was produced by turbu-
lence.

The natural gas used in these experiments
contained' 87.8 percent methane,- 6.9 percent

" ethane, 2.6 percent propane, 0.8 percent butane,

1.9 percent nitrogen, and no oxygen or. carbon
dioxide. The percentages of natural gas in the

limit mixtures refer to “nitrogen-free’” gas (75)

NATURAL GAS IN OTHER ATMOSPHERES

Atmospheres of Air, N1trogen and Carbon

Dioxide.—An extensive series of experiments in

a 100-cc. Hempel pipette and in a short steel
cylinder- of . 2.8-liter capacity has been made ~

percent. The limit of 1nﬂamma,t10n was reduced. ‘with one;sample of natural gas (Plttsburgh)
.20 N
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and-atmospheres that contained: oxygen sitret

gen;iand .carboni.dioxide! Thei compos1tlon of
‘the ‘mixtures, tested, 1nclud1ng the ‘natural gas,
ranged: from':119.9. to‘ 114 :percent:oxygen, and
from -0 to 61: percent&carbon ~dioxide:rl"The
results” are. plotted An’, comprehenswe; curves
in the original paper (64).:" [rGRE T TAue . A

-i'The’; limits..of ~any: sample Sof >natural ‘gas
contammg methane, cthanéi .propane, /butane,

nitrogen; and carbon dioxide; can bé. calculated \

with.[reasonable--decurdey ,from the (limits of
the individual’ combustiblé constitutentsirin
.dtmospheres * of - differerit oxygen :and carbon
dioxide content <(147). ./The:experithénts: were
made in a tube-2:inches: insdiameter. and;6 feet
in-length, 'with upward.. propagation;: of‘ ﬂame
at atmospheric pressure. . G

. Atmospheres:ofi Air and:N itfogen at Elevated
Pressures.—<The limits of & natural: gas:(meth-
ane, 85 percent; ethane,. 15 percent) in saif-
nitrogen ‘mixtures ‘at. elevated pressures-have
been..determined,. with upward ;propagatioi: of
flamey i in a. tube "9 inches in: diameter.;and: ‘15
inches- in-length.  The: ‘resultsiare’ summar1zed

in figure 59;i from. which:, mayabe:ascertained |

whether- any such: mixture, of. knownonatural
gas; and oxygen ‘content,:is: flammable’ .t the
various -pressures- indicated (160). ::Interpola-
tion,i.or reférence; to ".other: diagrams:.in<the
original paper, will glve the same information
for other .pressures : Craaier ovng o F

. METHANE BND. ETV VLENEV

The l1m1ts of Tixtiires st ‘ethane and e hyl~
ene in- air, Wlth upward and'downward propa—

gatlon of' ﬂame in closed’ tubes 5 cni. in diameter, -

those

- wére generally- shghtly narrower than
calculate(l @s7y. "
METHANE, AND %ACETYLENE .

y LI 'i l % j}.’ - l{ ' i }’ i

The hmlts off mlxtures vof:. methane

.&

: propavatlon of, ﬂame havé beenpdetermmed n

closed glass tubes 5 ‘em.,in . .diameter:;;. The

lower. lnmts,{vnth both. directions ,of, propaga-
tion, weré slightly high

were a little less than{those.calculated cbut
with, : upward ~propagation . they;iwere . ;much
greater The, greatest difference. was shown by:
the ; 40,:.60 acetylenre-methane mlxture, wofor,
which: the observed; higher, limift,was 47 percent

compared with 21; ,,percent fOI'g the ;,calculated’

hlgher l1m1t (357) N u\i y ,m,;n Lib
METHANE _END” CERTAIN\ HALOGENAT

tl SEBAELEET L b o F S ha b

e HYDROCARBONS% Bo0d R

For the hmlts of m1xtures of m hane wi “h

certain 'halogenated hydrocarbons, Whj h Jare

_either flammable separately; or: become "atn-
939350°~-52—9

;itha,n ‘those; calculated =

The. zhlgherrlu'nws with,downwardi propagation -
-percent oxygen and~ 28.6

- oXygen (323),y

4chlor1de must be, \edded

117

~ ‘mable when! m1xeduw1th*metha,ne see pp 51 to
B4n 0N i e e 1 o
"

METHANE AND VARIOUS VAPORS

The completg ranges “of ﬂammabrhty of
methane and ‘the  vapors of various substances
have been determined individually i In_air with
downward spropagation of flame''in narrow
tibes.:! These substances are: Isobutyl chlotide,

propyl: bromlde, ethyl-iodide, sulfuryl chlorlde

silicon 'tetrachleride and silicochloroform (1 95),
and isoamyl bromide (196)." -

Atmosphere of _Oxygen. ———Representatwe se-
ries of expellments on the limits of mixtures of
methane -and; /Tethyl’ chloride in oxygen have
been made at-pressures from 600 mm. down
to the po1nt of c01nc1dence of the limits (89).

BUTANE AND ETHYL CHLORIDE

.The, limits, of mixtures of butane; and.ethyl

flame insa 1.6 e, -dmmeter tube, are glven in
curves (340) 4 or . -

chlor1de in’ an',,v&pth .downward; prop&gatlon of

rf( by

BENZINE NAR .. . 4

The lower llmlt Bf benzme in air with upwmd
propagatmn of ﬂame il "a - ‘tube. 6.2 °cm!
diametérs open<at: the- ﬁrlng end, was 1.1° per—
cent: -~ The! limits for’ propagamon downward
in a closed pipette 1.9 em. in diameter were
2.4.and 4.9 percent. . All.the benzine distilled
below 1052 C; (95). In similar experiments to
the last named; a second-observer found limits
of 1.9 and 5.1 percent for benzme havmg a boil-
ing range of 67° to 94° C.(323)..

. BENZINE N OTHER ATMOSPHERES :

Atmospheres of Composrtlon Between A1r

in all atmospheres of composition.: between‘ air
_and” pure oxygen, with;downward: spropagation
of flame in a Bunte burette 19, mm. indiameter,

was about 2.0 percent »the hlgher Jimit : rose
from; 5.1.-percent . in :air, .to, 19; percent in: 60
‘cent, in. 94 percent

."53’);“ ! Thye "‘435' .

Atmospheres T of Air,. and Carbon Tetra—
) i

CthI‘ld —-—Large 'amounts ; ofhcarbon tetra-

‘benzine-in,. order .

PN AR Y S ]

that, the vapors ar1s1ng from: the hquld ghall =
be 1ncapable of ;formlngsa ﬂammable mixture

Wlth air (0.1 5
BENZINE_ AND.:BENZENE)

‘ 3 Gty T I-Al.
=% BT In i et FRCAE

Inﬁuen\ f essure —Curves showmg the
1nﬂuence of pressure {up to 500 atmospheres on
the limits “of"d ‘60740 'mixture of benzine

»
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(bmhng, range,m,78 25820 uand~benzene mhalr

have been given (11), but the range of ﬁamma-- :

blhty seems 1mposs1bly wide. -
BECOIAY SUOQIEAY 90 AL

- GASOLINE (PETROL) pore
oy : vl' lf!‘ﬂx‘!‘.jk 10 Ee “\r N SR [ l ot 4
UYL ;‘:lna SO ’GASOLINErIN AR Durg edindt s
Vot ceEs, 4 e hre ot e epiabrege T
we’Fhe. limits of- three gasohnes, with upward
propagation;of. flame in a.-2-inch- dlameter tube
at approximately, - atmospheric . pressure;, have
been determmed.;(.741 ).

(TR S NP t{, ',""’,: IR 8N

."'Tests of 1thét ﬁammablhty ‘of mlxtures were

‘made ! alternatlvely' By applymg an alcoli 51
ﬂame ‘dt the open’ lower'énd” of th’e’tub or' by

.passing a spark ]ust within the lower: end of ‘the

tube without removing: thé;ground-glass cover-
plate. When the latter procedure was used;
the mixture was originally*at‘8 reduced pressure
but .the passage of flame, raised. the pressure to

.approx1mately»ratmospherrc .:: The , results,, ob-

tained by, the two methods, were,, nearly, the

sande ds s shown by, the followm'7 ﬁgures. ’

vH“'.;‘.-. PR

i l! Y ]
R Sa. L]

bas ",:‘“

V-!‘)“ "'J T':U ! T " uc, ;:z by
= 3 - Tube open; flameryi il 4y Tubesclosed spark -
. (HSample1 ! ' 1gn.t10n i A ’!1gmt10n Sy
SR s RV AT R P L S‘
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Lower t **} ngher Lower Higher -
LGB e Frlet Y
1. 50 7.6
- 5 5
) ! 1 M8 kA i
o i ;.:“ afin Ly 7 B - ')‘
R The Afriits i din ey ¢ therefore be'! put as
*4=and 7y t‘npercent"(lﬂ)”X LA YA R

- inr@r2:8-liter! glass jariwefe 1.45 and 6.2 per cenit |

: nat
vapop intairdre as follows:

Other:determmatlons of the limits of gasohne

; ceved 4)\ oL Lw"

{4 Thie limitstwith upward propagatlon of ﬂgrne
gasoline vapor_ (by volume), Thelimits With
downwardupropagatlon in & Hempel *p_lpette
of '100-cg¢ pamty were“l 95 afid -5:25 percent
withs upward propagation' the lower ‘limit " yas

s percentN”The r}lgasohne had‘*’a spec1ﬁc

gravityl oft0:689a% B5YCFand 'y b0111n<r Yange
of 50° to.140° C.; at 140° C. there was”27
percent residue. (41

The limit&/in®s
capacity were 1 4 and 6.0 percent (256’)
DCThEIower limits, of, ﬁxfe‘“gas slifies; 0 K small

; GRS ‘n’ st
tést tube! Fang éd. fr‘or'rij 1 2410’1 64‘perc nt; the
IR LA L) Jd' A SO0 & EEEAR AR AN

‘determined in'a 2.3-liter bottle: *
2 The gasohnes had:the

' hmlts' converged;and.":

'-wrth downward ‘propagation - ‘of - flam!

, range, 58°‘t0°131° C )*w1th'
.of flame in-a cylitider:30:6-¢il.5in diameter and

1 A42).
cyl dr1callbomb‘ of 1.2 liters -
-39.cm, in-length, yented atits , Upper end, care

LIMITS OF FLAMMABILITY: JOF, GASES JAND: VAPORS

. L

bh1gher;hm1ts»from 5f42 to 7:88 percent (334)

i» The lower.-limits, by-:wéight,*lof' the :more-
volatlle;parts of a series.of cracked.and’ stralght'

run gasolines are equal- (296).>.. Thig is- explamed
bytthe:-observation that the: 11m1ts of ‘n-hexane;:

n-heptane,-n-octane, -cyclohexane, and benzene ~

are equal, 57 mg. per. Liter ofcair (86): i s
~The limits ‘of gasolmes' obtéined by the ‘dis-
tlllatlon of raw..oils up'ito+180?:C. have:been
‘described a5 Irak, +Pechelbroni: Kettleman
Hillsi: Equateur, Saxet‘

tmeters of:liquid periliter.of dir at+100° C”fand

“-the maximum differences were*d11 percent rin -

thehlowervhrmt .t 14 percent)inithe, higher limi
(231) : BRI FT A

e 10T

- Influérce : of. Pressure ——AtwpressuresﬁbeIOW'

.atmospheric; +in: a -closed: tube 12 -inches»in
diameteriaiid -6 feet,rins: Jength; with upward
propagation of flaine,:!the limits*of<a igasoline
{100-0ctane) : reinained. nearly ! constant as.the
initial: pressuretlwas reduced from .atmospheric

toxabouts 300 smin . AL Ioweripressures fthe

obtained-below 135 mm . pressure (180).1In 4

l tank iof-11257cubic - feets: -capacity;ithe limiting
pressure, at which no propagation-of-flame Was‘-

obtainedtin’ any. mixture- ofJgasohne and. air,
wassabout 33 mm. (257). (P e
In another series of experunents ‘whlch Seem
to have been tests of the, incendlyity of various
sparks ratheithan detérminatiéns6f limits.of
flammability, ignition . was not .obtalned,_ in a
4, 19—11ter spherlcal»vessel below 100 mm. (259),
Inﬂuence of, Temperature, —At.4009 C::the
lower llmllt w1th upward propagatron of ﬂeme
in"a Heripel pipette of 100 ce.. capacxty!‘was
1.1 percent compared with 1.55 Dercent at
room temperature (41).i1:. i 100
. Other experiments mdlcate that temperature
has a‘greater ‘effect; but-the results’seem unre-

hable because Hin & parallel Serids Of tostsi'the

- lowerlimiit -of*alcohol ‘4t room ter'nperat)ure was’

fo s .&‘

undoubtedly -too. hlgh“(QO)
-+ The- *lower imits' '6f some I rench’’

214iliter ottle, at' temperatures - from“100°"to

250° Clare given ifi‘table '41(p. 126)i} °f o

Experrments in! at4.194iter" Spherical. vessel

at 15000 ‘v pressure;’ gave the- hmrts of*'an

87-octane ‘gésolines'as’ 1.1 and '7.6 ‘perceént “at -

°5.@9¢ 1335 dnd 7.1 peréent"at 46,51
Other*‘results are’ represented in‘ 4 geries'of
diagrams (259). . oL e
mThe lower limits of..a gasohne‘ (dlstlllatlon
wa,rd propagation’

-‘.

C 094 at 100 C and

[r 51‘: !}

107 percent at 21

.5.) Py

0.77,00'200° €, (B8 i

A D, 4050

‘Theoils are .

-and. Santa-Fé*L “The -
results are: expressedun-'terms of ‘cubicreenti~ . -

propagatlon was' ot .
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GASOLINE*\IN OTHER ATMOSPHERES ’Lrt ,.""‘

W \J v sﬁ ‘Yﬁ‘i‘—\ i}{x oy .x“)fghu* E )
Atmospheres of - Air- and- ~N1trogen~—(Aut—~De-

ficient.in Oxygen).—The.limitsiof the. three gas-

olines -defined: -above- ' (s¢é ~Gasoline: -in- -Alr,
samples 1,,2,‘and 3);. w1th upward*propa a ti
of. flame . in _a..2-inch ‘tube..at. Mapproxxmately
atmospherlc pressure, - are: glvenu by a:.single
curve: (Ng) infigire 60. mlxture of gasoline

vapor, air, and’ "nltrogen 1s ﬂammable “if 1t

TRy W VIAELY

J&faw‘iﬂﬁéfdi'ﬁff{“;

LAMMABLE GASES ND v 1’0Rs

Ca i 3,
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”’At méé” ”f"es’f of ‘Air“and (a) Trichlororiono-

tharne ™ ® y A ’ chhlorodlﬂuoromethane,

60 also shows the results of ‘similar eXpétinietnts
, three-halogen-substituted methanes.
e ¢,effects are considerably greater
than' those of nitrogen and. carbon dioxide, and
no-mixture- of-gasoline vapor, air, and-any-of
them: Whlch contmns less: than 17.2 percent of

o e
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iy
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.a,blhty of Gasolinc Va,por inYarious: 1'15‘-Inei" ! m,cg%nhere
Ly 2‘2‘;' 3 i
3 ) ?1 w}(n 3
‘c‘ Bt syl i o Eai. cet i
contams‘less oy n (141). "’At’m spheéres. -
JgF 47 4 - g

i b By
;jAt’ %ﬁhéres o arbon:onx1de—T

- and

N f
-$IA ?gwépedf f’i
- k) $3a

'Atmosph o

eres

Ff.("fh *¢

t

h a Thixturelcontaining

, and T5iperedifiot carbon
t atals’vé’n'““*xhausti‘g” Gt

engine’ Srith the TERS1 T PGB ad]iEted It

give a maximum o0f carbon dioxide and a-

minimum of carben monoxide and oxygen (141).

petrol ’

hth R(dlstlllatlon -Tange,
, ; 1th upward propaga-
@ lt’ub &l
(ﬁi@ﬁh’f"op entat ‘th’" top-an
temper‘at}ilre*suiﬁdi t*‘t‘é”vaﬁor e the
are 083 and 4:854perdent (138). 1 1577
Influence of Temperatures.—The lower hmlts
of three types of naphtha in air at various
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temperatures, ¢ with : upward:. propagation z of
flame in-a steel cyhnder 30.6, inch es in; dlameter
and 39 cm. in length, Vented Jatb: 'its. upper end
are. glven below (239) ; :

. BRI ingb‘-solvency
T .. petroleum
et B naphtha -

No 10 mlneral

R N
spirits 1., | VMG-Z.P.!

Dlstlllatlon range_... 104° to 187° C.| 155° to° 196° C. 97° to 146° C'
0

Specifie gravity__.._. 08129_____..__ 7816 ... ,-0.748

Flash point__________ 2.5° C__o._ 30| 40.0° CLaiooaf't 25°‘o ERAL

Lower. limits at the :

followmg texnpera- :
0.92, '+ P
0.76. I
067. . T
1 Preflame -com-

hustion.

Do,

.| NAPHTHA IN OTHER ATMOSPHERES. .. .

¢
; 4

Atmospheres of A1r. and Carbon Tetrochlor- 7

l

-

!1de—Seep 68. . . ’_i L L
oy KEROSINE e

o

- . rs.‘. R T

The hnnts of- ke1 osine- in - air, w1th upward
propagation of flame in-a tube-1 inch:in dianieter .
and 18 inches in length, open at the top and; at=
a- temperature- fsufﬁment to vaporlze the kero—
sme, are O 70 and- 4 80 percent (1 88) L

PETROLEUM‘ VAPORS L

i The hm1ts of the vapors arlsmg f1 om.a.crude-
jpetroléum (ﬂash .point —21°.C., Boiling range..
- 61° t0,-313° C.) were 1,3 .and. 4, 9 percent with .
downward propagatlon “of-.flame _in ‘a. small
gvessel “Above: 5% C. air saturated’ with the"
Vapors was above the h1gher l1m1t of ﬂamma-
!blhty (229).

AThe limits; for the higher' fractlons of petro-'

+
i
4
1
L

fleum (that;is; Diesél oils)-lie in airange;up to:

about. 56 mg. . per. liter even WhenftheI oll is.
suspenidéd as .. fine mist' at ordmary tem-
peratiures (36)+. o )

Atmospheres. of Air and Carbon Dloxxde ST
“The addition of carbon d10x1de to the atmosphere
narrowed the'limits until 'they ~coincided; “at’
5°.C., 61 percent carbon dioxide was necessary,
-at 20° 51.percent; at 307, 44 percent,,and at
40°, 37 percent (229) o v.,g_,:,_ o alalei

Fieoo o

CYCLOPROPAN E-AND ETHYLENE

CYCLOPROPANE AND ETHYLENE IN OXYGEN
—‘n B BOR SR BRI
. The hlgher lnnlts of m1xtu1 e of cyclopropane
and ethylene i 1n(0xygen, with, upward propaga-
tion';of. flame in,.a 2-inch- diameter,. tube open
- at the lower end are glve m‘table 39 o 63)
Dot T Son
SASFEL {;.{', 1’«3 "Hj“f,:’ T Y

)L'l‘l‘ ”jl el

Ui A T

" percent of hiydrogen had littleeffect. (163)..

LIMITS OF,,FLAMMABILITY, ,OF | GASES ,AND, VAPORS+

TaBLE 39:=:Higher: limits. of *mixtures of cyclo-
propa,ne and ethylene zn oxygen :

_.rt'x-e b

- Composition, percent by volume Compositlon, percent by volume

! *lj‘Cygé%rérQ~ . :Ethyl‘ex'ie . Ofygen: "p?g;;%ef \Ethylen‘ef Ox'yge'n” .
\ LTRSS L LY LA Lty iy i
30060.008 [ : 0., - | 400 10.205 ] 54.8 | 26050 0k
5.4 w| 151 39.5 1.0 | _i66.6 2.4
i "392 “l 253 " 36.5 S0 | IM9.9 20,1
o8l 0T 308 | B —

CYCLOPROPANE AND ETHYLENE IN OTHER
* . ATMOSPHERES'

The addltlon of 10 percent of hehum to cyclo-
propane féthylene-oxygen mixtures. affects ' the
 inihimtim oXygen content for flame propaga-
“tion onlyslightly” Similarly, the addition of 1110
The

addition of nitrogen, up to 20 percent, ‘‘is of no
part1cular ‘advantage in reducmg ﬂammablhty,
‘nor does;such -addition permit’ mixtures of &
hlgher oxygen content to-be used in anesthes1a
’1f nonﬂammnblhty is requ1re( ” (1 6’3)

DIMETHYL CYCLOPENTANE AND & :.
‘ISOHEPTANE . -~ .

r,)

.t
1

The lower limit- of a mlxtule of 43 percent
dlmethyl cyclopentane and 57-percent. isohep-
- tane, with downward. propagation of flame in &
~titbe 5 cmi- in' diamheter and .65:.cm. in length'
Open at the ﬁrmg end;is 1. 12 percent (250) -

TURPENTINE “ ;

':vlhc lower hnnt of turpentme in 'air, condl—
1008 not *Specified, i5:0.8: percent-(101),
. Influence of Tempeérature. —The lower hm1ts

’of turpentine (distillation range, 153° to 197°

%) with ! ‘upward - - propagation - of ﬂame in a
cyhnder 30.6 cm. in’ diameter and 39.0%cm. in.
length, vented; at its upper end, are 0. 69 percent

Zat 100° C and 0, 54 at 200° C.7(239).

" COAL GAS AND COKE-OVEN GAS
"COAL GAS AND COKEOVEN GAS IN AIR

The lower limit, of a “town .gas” (64), with
upward -propagation: of ﬂame in a vessel 6. feet
hlgh and;12 inches square in section, opén at, the -~
firing, end wis 5.35. percent The; ﬁgure calcu—
laged, from an analys1s given below i in, conjuncs
tion Wlth the. hmlts ‘of the. 1nd1v1dual const1tu-
ents of the gas:is 5.36 percent. ..

. The. higher limit of & coal gas 64); Wlth up-
Ward propagation of ﬂame in.a;tube 5 feet in-
helght and 2 inches. i, dlameter open af. the
ﬁnng end was 30.9 percent The calculated

T A & SRR IEY R

IatiL ot atreT
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LIMITS OF 'MIXED,; FLAMMABLE: GASES, AND VAPORS

figure is 28.8 percent, ,uncorrected for inert_con-..
stituents of the gas. " 1 l N -

The limits ofi coke-oven gag, w1th"‘upward
propagation of flame inla 6- cm- d1ameter‘ tube),
loosely stoppered “Were 44 and’ 34 0; percent

(280). A

The composrtlons of Ethe town gas coal gas,

121

Inﬂuence of LTemperature.———In a 35-cc. bulb,
~ with side 1gn1t1on,, {the Tower limit fell gradually
from 6.9 to 6.3 percent, land the higher limit
rose from 22.8 to 28.7 percent as the tempera-
“ture” was increased -from~15° to 300° C. The
compos1t10n of the gas used is given under the
heading Coal Gasiin Oxygen (297).

and coke-oven ghs used 'in the- foregomg»experl—ww --Influence of Impurltxes (Nitrogen and Carbon

ments were glven as follows in percentages )
i L \' i
—

T()wn-‘gas
K

Coal gas
(6’4) e

Reference

gas (280),

Benzene, ete....... o 1:'2‘
Carbon dioxide . L1
Oxygen.___...._ _he 1.
Ethylene, ete_ . ___ - 9
Carbon monoxide i

Hydrogen__..__...

Methane. ..

X

10 © W & et 00 e G 00
-

The recorded:limits - of ‘town' and coal-gag

s

smaller vessels and for other drrectlons of.propa-

gation are such as mlght be; expected “from

mixtures containing a large proport1on of hydro-__
of

gen and differént amo *heevy’ * hydro-
-carbons (9, 24,. 28, 30“45" ‘55' 952187 241
270, 276, 281, 2.97 323 367 36’8) Thus for
the lower limit the ﬁgures range from 5 percent
for upward to 10 percent for downward propa-
,gation; the higher-limit, figures range from 18.5
pe'ré‘er’lt for’ downward to'31 ipercen -fort
propagatlon '
percent ,thr ;
t tild (9)' ¢ f‘(}‘
r An old set of comparatlve experlments showed
a1 inereage’ from'8. ,’to 8.7 percent in'‘the’ lower
11m1t ‘of & ¢oal gas as the dlameter of the' experi-
mental “tube’ w‘as decreased1 fromi” 30'tol 10'min.
(218)’ ‘More3 recent’ expernﬁents Showed " that
ﬂame‘would stlll travelf‘apparently ndé ﬁmtely,
i’ 8" fube, 3 m. 'in” diameter when ’one"of
[ Thost’ _e)’rf)l'o’si X Wot ld
ray ‘2 i m"dlameter 276)."
Influe ,r’;’ge of Pressure e The*hlgher limit:c of'a
“Erenchz Town” gasﬂ rése rap1dly w1th ‘iticreasing
pressure! VAL atmosphemc pressure“the' higher
lmut was: 18 5 at"lO atmospheres 37.5; and at
i 22, atmospheres 51‘percent URvrther'i 1ncrease in
‘; pr ssuit’e Ha'd' less ‘effect: zisl’aft 54'“tmospheres ‘the
’ l(lmrt ‘wasj 56 5% percent‘ gas ! The“experiments
. were made Wlth{ as*compressed into tubes of
"’5“’mm"dlame$er wrth downwdid piopa-

“'Ur
3.

Heluding th‘fitmh'e’ FeSiilEs Would “he the’sante"in
wider .~ vessels (281‘)."-‘}However 53¢ similar
experiments(61).cave low. results for hydrogen
and for'‘methané these resuls also are probably

titoozlowisn Moreover, for upward propagation of

~flaméthe resultsigwould pprobably;. be; chigher.

«/Thesobservatioiis.are of;importancesin. relation
to the use of compressed 288+ (281 )apsrl g b

‘\
Coke: oven i

R a»—-.,;,“.l‘ )

at1on of flame;‘énd Teasons ire given* for- ‘con-

‘,hydrogen 51.0; andimtrogen 4. 0

Dibxide) ——Two curves in figure 61 show the
- limits of-a: coalrgas polluted with nitrogen and
_carbon d1qx1de :with downward propagation of
ﬂame in 'a Bunte burette The abscissas
represent the composition of the gas in terms
of iits calorific value (30). :These can readily

- <be converted to perccntage composmon as the

calor1ﬁchvalue of ieach mlxture i1s proportional
to xts coalt: ges"content g

. s ol COAL GAS IN OXYGEN

" The l1m1ts of coal gas in oxygen in a 35-cc.

- “biilb’ _with -side -ignition; “were 7.4 and 69.7

percent (297) > The percentage composition

of ithe coal gas was: Heayy hydrocarbons, 5.3;

carbon ,dlo\lde,‘»20 carbon monoxide, 64

methane,,34 5, hydlooen 494 and nltrogen
24

Inﬂuence of Temperature.—-ln the same series
of experiments it was found that, as the temper-
ature. was raised to 300° C., the lower limit
el gradually 1o, 6. 9 percent and the hlgher
rose to 72apercent " faas

Inﬂuence of Pressure —The“hlgher limit of ‘a
French town gfyxss m oxygen was 78.6 percent at

tmospherlc pressure, 85 percent ‘46,10 atiios-
pheres Yand '89.1 percent at 43 atmospheres
The, experlments were’ performed as* described
Ju der Coal Gas in’ Aff. At 74 atmosphéres
‘pre'ssure 8, mlxture of 89: 6 percent gds and, 1074
. bercent, owgen ‘could” not be exploded:" It was
concluded that mlxturespof town gas and’ oxygen
ompr esseédin” ttenks‘, Up*'to+ 200 atmospheres
_pressure, could not explode' ’lfl ‘they“conta_med
less ‘than ‘10, perclent oxygen bt that it would
“be’ prudent ot to _exceed 5 or 6 percent OXygen.
Moreover such' mixtures ‘must: bé" compressed

in such g 4. fay as 1o evmd undue Tise ‘in théir
' tempEfature, Whlch; would' widen “the - limits.
U'“ . however,” ‘the’ highef 11m1t 1s not

‘M-_I’j REepder

app ,recmbly altered (50 ggp) "

' "COAL GAS N’ OTHER ATMOSPHERES
a7, 110 '{; A P R I TeE

ﬂfﬁwAtmospheres ‘of- *Composmon Between A1r
ifamdiPurerygen‘ The Timits of;atsynthetlc il-

- lumingting "gas-in’ air. in a° :Bunte ‘burette were

937 and’25.1. pércent; 'they rosest0r9.9vand 73.7
4éin afmixture’of:96 ;percent oxygensand: 4 percent
“oHitrogent '(323). VDhe  percentage; composition
- .ofithe; gas.used was: Carbon dioxide, 2.0; ethyl—
sqene;;3:8;;carbon monox1de, 9.0 methane 30 2:
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EsIRes
Speog,) - B M r o -
"A‘tmospheres of Al and Nxtrogeﬁ‘_(’A ,’pé-
ﬁc1entr1n Oxygen)r and, LJA1r “and” ‘Carbon "Di-.
ox1de
ma)q ‘be

Feroatjroaed Q;.v’.

be, he )é'o'rnpos'i n »{6f»' (thé‘?t""
~,pher§ Whlch in & small burette, 1s ]us in,
' pable of formlng a ﬂafnmable mlxture Wlth (oal
.gas:, If, the-air: conta,lns less than 115 percent
.ioxygen 3t cannot form' g ,ﬂemmafb
e with; coel“gas,, the 'oxygen conte 18 reduced
. tht the;addltron' ofj ¢ car" i d10x1d the”') whien
-t egmlxture contams more than 31 percent cak-
d10x1de,} and, ,consequently, less than 14’4'
1oxygen it. cannot form“fa’ ﬂa, 1M
. (1 h, coal ga's These results hfé ‘in
,!close agreement Wlth the analy
‘pan; “old observatlon (95) o
_ay; be, fairly, lepresentatlvegof a nor
_ “g&s,J ;but they, are, based on, observat
travelmg downwgrd in- a

vg,

These7 conclusmps'

il

w, bur.
wider "vessels, especmlly when 1gn1t10n loccurs
_near the.;lowkeripalt of cthe, vessel,\the oxygen
hgures would doubtless be several percent less.
, {ﬁ Atmospherew iof: Airzafid ‘Water>Vapor.—5The
=Uimits’ of«mlxtures of aatyplcalwcoal gasyand-air

- ¥standingiover water in ai350:ce:;
8
hbeent'determlned at varlouSrtemperatures . rAs

v"’ h’é' tempera,ture“mses agnd conseguently;ithe’

51»‘ I}

<spheéricaly

sl wly and “‘the hlgher"‘lnmt‘ falls ‘rapidly;icas’

Ll
i B o 10
R g A ol )

N B i f
T i‘)“ . . S '
YOI PR LA m rh ';':‘! Clirioae s

AL ;

500 - 400, 1. - 100

[} e dett AT IR
: .Fronr- the 'dats in figure 61" cz‘zl”c’u‘l'gtlons_ :

le’. mlx e .

mable

cal ﬁgures of .

1,1 and*'nlgmted ‘near: the water. “surface;; haye

%
ater-vapor content also, *the Jowerdimitirises -

:.ff‘“ 'H
of végt)e"
about 84" percent ;coal gas (36’8) m

Atpospheres of A1r and Methyl Brom e
The addition of i lncreasmg amounts of meth 1

éjpor is present the lnmts comc1de a,t

Gl G

: ;bromlde,,to the air _causes, the hm1ts of a coal

4 a8 i(composmon given in’ the. orlgmal) to" ap-
proach.’ and, ina 2- 1nch—d1ame er tube to ’meet
‘when ]1 Onpercent of L,,thex‘m 3 ture 1s{n|11ethyl
A3 ,.'~T,,IITor g..comment, compare\\the
paragraph fl. ;'ydrogen (p ?2)d
ir an
{Jwethyl bromlde have‘.been calculated byﬂ the
method , giyen: on;: ‘page .5, ‘from ,he lim 1ts'of‘
4,1ts components air, andam rglxtu’reég\ of alr
‘and methyl lbroml . . ith,
‘experlmental results: 1s: good “for . lower f;gn!lts
m 'derately 80 for hlgher lnmts (38). . L
“ii nAtmospheres, of . Oxygen Ii and”C rbo ¥
omde.fThe limits. of. coal 888 in’ ian atmosph re
.. composed.of :21 percent oxygenaand ;
ycarbon d10x1de, in g ‘355ce, .bu}h Wlth :§}de ,1 nl—’
;tions,; were, 7.6, a,nd 25 2, pe‘rcent nﬁ&,tc 3Qp° C.
1ts.{Were 9.3, and,(1182 percent ;The

el

~yreomposition.of :the gas, used is given }under the:-
. ),'

headmg,Coal Gas in Oxygen (2

BHE GGl . ‘hﬁx L’L{v
s *'Theﬂlewem lirnits jof mlxtures “of coal - gasrand

meth ne‘ w1th»*downwardo:propagatlon~of flatie,

alartd 2o

r . ”‘can!‘beﬂcalculatedffrom -thezlimits’ of« coal’i@as
with other dlluent’s“”When about 42y "ji‘éféént

and methane'separately (818)o F0 vt il 63




LIMITS ¢

COAL ‘GAS “AND: WATER ’GA

tureSxof a typical- coal-gas-and a water gas»w1th
downward - propagatlon fof . flame, m-n‘a Bunte
burette (30). The:abscissas
position of the gas m terms of'its cal'
The &ddltl()fn of ! waterfgas to coa

T S RS N S I o s

e o e w0l TABLE 40

\-FLAMMABLE feoxs'm s’»z'ANTD""sthORs

amples,of mme ﬁre atmospheres‘m‘ coal‘ mmes

123

MINEFIREhGASESmAND GASES FROM. MINE
s uioeddall do ERPEOSIONS'+ v v bl

L.‘”‘"? {,{ y( ;;H', P“"'« ,;’\;'., RS T SL‘
AlthouLgh mmAé-ﬁre gases and atmospheres
afterexplosions ,vary; greatly:.in composition
their limits of ﬂammablhty may,, be-calculated
with approxunate accuracy by the method given

on' page 5 Examples (133) are glven in table

40! ‘

If the atmospheres contain methane and
negligible. quantltles of hydrogen and carbon
monoxidée; approx1mate limits can be- obtamed
from ﬁgure 22 (p 47)."

IS St

Caffresdt e oant o) oo ey to

WY i

‘Htmo sphere, percent, by, ; volume WG [

IO EENTA IR S S THITANE £ 13 B STt

lelts of ﬂammablhty

\..»I.f w6
O

=) ViR 4

{1 "H} gher

CH, . Lower
i A TR

'70. 4

é{ Y" 1o W&R’if' ‘i Tigﬁfi
“The usual ad]ustment of an. automoblle car-

buretor gives an air:fuel ratio of about-12.5:1 -

by weighty,and: the--exhaust:is. nonflammable.
I, howev r,‘theJ

and- 35r-and 73 :5rpercer
TR ANS L0128 DE
approx1mately “with
quantltlesw' ¢ lmnt
by, the.method: given
;. Thej llmlts‘,of fiS
tube 3 t‘mches ~m* fdlametemand S}mmChes An
length, with central ignition, -are 45 “and 65
percent (43). In a Bunte burette the limits
were 35.8 and 71.9 percent with upward

calculategi from

: uel ratlo,‘l I;educed ,below .

‘the— engme —
/;The hmlts o

. ‘ bu;ette ‘wWere 5~.an

These figires agree

a . 018
P thermethod;g1ven»0n1.page~5 but based’on:limits
‘ofr, they,indiyidual; gases; in largerl«,apparatus

’,.‘!\hL

TOOESY WRRE rou PRI TERNS e
propagation ;and 43. 9. ands- 267. 8f percent Wlth
downward propagation. of flarie :(269). . S
The composition of the gases used in the
preceding experiments was;in percentages:

‘-. ""(!6"9)
s ee

The hmltsgofﬂ}producerg I;ga ;m “a Bunte
1d '80: ‘perceht "W_lth up-

'per ent,calcu ated by/

o

(367 ). A sample.of nearlysthe same; composiy
tion, tested at a later date in a similar apparatus,
gave similar figures: 19.9 and 72.5 percent
(368).
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;})

mThe Hlimits of» 3 “theoretrcaljproducer ‘gas)
with downward: propagation; of flame in a
Bunte burette, were 39. 8 and 696 percent
(270) 14 - N I IVLE R :
~The" compos1t1ons of the varlous samples of :
producer gas used were:. crom

77777

Reference‘ -

T 3‘
g |

The very marked d1ﬂ"erences in_the lower
limits are partly due to the differences in’

expernnental methods, but’ mainly to the

samples
Ry Mot

ODUCER GAS IN OTHER ATMOSPHERES o

A

Atmospheres of Air and Water: Vapor —~The
hm1ts of m1xtpres of producer gas (composrtlon
givén in previous table, under reference. '368)
and. air, standing over water'in a 350-cc. spher-
jcal’ vessel and: ignited near the water surface,
have been determined at'various temperatures.
As the. temperature rises, and.consequently-the -
water-vapor content also, the lower limit rises
slowly and the higher limit .falls rapidly.
When about 43 percent of water vapor is
presentsthe limits ¥001nc1de at about 27 percent
of produceér gas (36‘8) T A T

RS ST TTRN PR Rt iff» ol

“OIL GAS - an

The l1m1ts of a gas of unspecrﬁed compos1t1on,
perhaps in a eudrometer tube, are given as 6
and 13 4 percent (120).

'
s -

20 JOIL GAS AND ACETYLENE
&

" The l1m1ts of a m1xture of 75" percent 011 gas
'and 25 percent acetylene in-air, observed par-
haps-in -a eudiometer tube, are given as 4-and
15.5 percent (120) R R L
a lf' '{\

Hi l). :-" N ai“\ 3
. Thenhm1ts Of““OXplOSlblllty” ofwvarious!fuel
gases.in ‘air were:determined”inas tube 4emm
in-diameter “and79.6 - cm. +in' lerigth;"one { end
being permanently closed and the- other Sealed
W1th o’ diaphragm of. varnished: paper Ign1t10n
was ‘obtained: by: a "coll of iron swire'-that. was
caused: to-glow-by a 10-to, 15-ampdre curf'ent
Thie- results Were (103) : L

R L AN

VARIOUS FUEL GASES

e

{ fa

- LIMITS '-OE:\ FLAMMABILITYa:

i j’il ey

' CYCLOHEXANE 'BENZENE ETHYL ALCOHOL

OET GASES {'AND! 1 VAPORS!

Jrud T FEEC T | 7 I 8 Vi

o
’ . Semi- | Pro-
! Coal Coal | Town | Water
- ;;g?mg%?ﬂ@ s ) | Eas (1) | gas (2) | eas )i aten| dueer

gaS‘(?>

Carbon dioxide ..... .7, 8.2
Unsaturated hydro
carbons ______

Carbon monox1de
Hydrogen_ kIR
Methane. .
vNitrogen

Lower llmlt ‘ X
Hieher llmit Do}t

COKE-OVEN GAS AND AMMONIA "

The limits of some mixtures, of coke-oven gas

< and 'amm?nln were found*to’ be nearly in ac-
.cordance-iwith: Le -

vidiation Of By drogen con ten v be tween the- _.,.mixture used as synthesis gas for the productlon :

Chatelier’s -law;-but--the .

‘of HCN had s somewhat greater h_lgher ]1m1t

'.than the calculated ﬁgure (280).

ETHYLENE AND (1) ETHYLENE DICHLORIDE'
(2) ETHYLENE DIBROMIDE (3) n-BUTYL
BROMIDE . :’ . L E

The hrmts ‘of these pairs of m1xtures in air;
for .downward propaoatlon of flame in a tubé
116 em. 1n diameter, have been deterrmned
- (217):

SOME HYDROCARBONS; ETHER; ETHYL
CHLORIDE, AND BROMIDE; DIETHYL SELE-
NIDE; TIN TETRAMETHYL LEAD TETRA-
"METHYL' - ’ G

Lnnrts of the followrng pairs ‘of "mlxtures .
in"'varous’ proportions, have*been: determ]ned
with downward propagation of flame. in a tubé
5 em. wide ‘and ' 65 cm”long"Meth 1'cyclo-
hexane “and “ethyl “ichloride™! (246)s “hydro-
carbon”- (isoheptane and dimethyl cyclohexane)

H.,

~and ethyl bromide’ (246); “‘hydrocarbon‘” ' (iso-

heptane and dlmethyl ¢ yclopentane) and diethyl
selenide, also” with 'tin tetramiethyl “and -lead
tetramethyl (247); ethyl ether -and ethyl

* bromidé (2463~ ethylsether!-and’ methyl iodide -

(246); ethyl ether and tin tetramethyl (247

. and ethyl” ether and lead tetramethyl (247)
"+ The: results_are foftthe! general type: shown!in

figure4 : (p 13) and Were 1nterpreted 51m1larlyf

B H‘.; Y

'."Lu: ; nl

“Thie-lower: hmrtsJ of mixtufes of cyclohe‘(ane,
benzene and 'ethiyl aléoliol - (in pairs’or’together)
agree farrly iwell with- T <Chatelier’s . Jaw " at
tempetatures -of- 100°"t0"‘750° . C' (21“ 23)
IEA N ERR S B !P"l“"r!. NERNTAE .'\. ol
T P LY 0) s

15 ¢ N . . . . . .
N U CUR A7, SN S FY I NSO S & RV UL PSR I




LIMITS ‘OF “MIXEDA FPLAMMABLE GASESl *AND VAPORS 125

TOLUENE ETHYL: ALCOHO = BENZOLE;* METHYL !ALCOHOL; ETHYL AL-

ACETATE ! COHOL; - BENZOLE; ETHYL -ALCOHOL;
“Tlies lower” lithits of i mxxtures zofﬂtoluene, ESSENCE, TOURISME
ethyl alcohol, and ethyl= ‘acetate tin® ‘pairs or- - CFves A B h Britt figire 62 show the lower

together), W1th upward; propaga‘uond of' flame 11m1ts of thése mixtures, respectively, with
in a closed tube 10.2 cm. in. diameter .and 96 _ downward propagatlon of flame in a 2%-liter
cm. in Tength; agree fairly well with the ﬁgures " bottle at various. temperatures (866). The ab-

calculated bv Le -Chatelier’s- law- (139):: s geissas represent cubic centimeters. of liquid

-Influence .of Temperature.—Under, the same  vaporized per: liter of gaseous mixture at the
cond1t10ns the lower limit of a mixture contain- . - temperatures: of the experiments. From the
ing 39 percent toluene, 6 percent ethyl alcohol,  density of the liquid mixtures it would be possi-
and 55 percent ethyl acetate fell from™1.76 per— ble to calculite the volumetric composition in
cent at 24° C to 1 44 percent at*200° (189) the gaseous:state. The curves for limits drawn

RS

from the calculated figures ' would be more nearly.
METHYL CYCLOHEXANE ALCOHOL ElHER vértical ; that is, the' lower limit would. be less
affected by change.of temperature than the
The - lower - limits- of mlxtures of - methyl curves might. suggest at first sight. These
cyclohenane, ethyl alcohol, "and-ethyl ether, curves help to explain why it is ‘more difficult
in pairs and together, have been- determlned to start a cold internal-combustion engine when
with downward _propagation . of flame in 4. tube _ . the fuel.is mainly— alcoholicythan when it is
5 cm. in diameter and 70 ¢m. in Jlength, The  mainly a'light hydrocarbon mixture.

results agree, with ; those calculated by Le The benzole used in the above experiments
Chatelier’s law (319).. —._.. . i o o distilled -between 78° ‘and 110° C. (86 percent
© below 90°); 87 percent was ‘benzene. The es-

GASOLINE ALCOHOLS ETHER / sence distilléd Between 58° and 179° C.; 92.35

- percent-was- saturated - hydrocarbons and the
Series of observations with ethyl alcohol- rémainder - aromatic hydrocarbons

lgasohne-alr and ethyl alcohol-gasolme”—'ether- // The lower limits of a mixture of benzene

air mixtures in a 2,300-cc! _vessel at: 50_°_cand wmethyl alcohol -and- ethyl’”alcohol at 100° to
o

90° C. showed ,ﬁfm' agreement Wlthd Le /250° C., with- -downward propagation of flame

Chatelier’s law. The results -expresse 1175 / in a 2% —hter bottle agreed Wltll the limits cal-

cubic centimeters of., liquid! VapOI‘IZGd..lIl_.l 000. /c lat Ei Tie _
cc. of air, are probably too high throughout, / ,(égnai ?21;) y e !Chate 16T’ laW ‘within 11 per

as tlﬁe ffs% for Purf‘?l‘?Oh‘OI waq'undoubtedly ] The lower: limits (expressed as cubic centi-
tO(in }0 " éanle . p;ratu?thghr;n_; ofis 0‘p ‘I‘_‘(‘)“p Vi;“‘ / ‘meters of’ hquldT evaporated in 100 liters of the
Leohol o pmlxtures ¥ earlt obe rod /Lo ' mixture) “lof varlous French gasohnes and mix-
alconol-gasoline jnearly. 5 / / tures, with downward; | propagation of flame in

Chatelier’s law- (231) T T ?, ' ;‘" 8}' "R 2}2-11ter bottle (21) iare glven m table 41.
g/ /
BENZENE AND TQLUENE i}" METHYL ALCOH‘Q‘L“ AND- ETHYJ.'. ALCOHOL
"The lower and hl;lgr”hrhlts of mixtures of% Lower and: hlgher llmlts of mlxtures of methyl

benzene and foluéné in air in' g cloéed ‘tubel and ‘ethyl alcohol in air, w1tht downward propa- -
5 cm. in diameter- and-150icm.<in' length, .vv1thL.~.gat10n -ofl ﬂame%1n~a~2-hter~cylmder at 75° C.-
upward, horlzqntal and downward ﬁropagatloni - agreed with the valies calculated by Le Chate-r
of flame, sgréeed closely with the values cgal-c Jier’s formula +(230)-; however, all the valiles are
culated by Le Chateherw —formula (355) 'M—%——

BENZENE AND‘ ETHYL{{ALCOHOL l - of: sthe’ tWoz lcohols ~Were 0. 7 10 0 3 less than -

o g

The lower. flxm of mlxture% -of benzene; under similaf, coriditipns, A : {

and ethyl alcohol i ‘air; withfupward pr opaga- Inﬂuence of Water.=—The l(;)wer llmlts of fnix-
tion of flame in. ﬂ—ﬁUbe -5_cmi.zn.diaméter<andi— -tyres 6f water and the:two alcohols rise steadily
150 cm. in léngth; jopen at” the - firing end,| ag the-quafitity Gf-water imcreases from 0, to 60

. deviate somewhat. from the, values calculated bV‘ -peticent *by * weight, ‘but the| quantity of the

Le Chatelier’ q[}formulaw(l 6;4) ~mixed-alcoholsdszapproximately constant in the

Influence of Temperature ——The;lower»llmlts ol llmlt mlxture 4 Wlth 80-percent, of water it was

of mixtures of benzene and. ethyl alcohol agree, difficult to, 1nﬂame .any mixture of, the vaporized

fairly well with-Tie' Chatélier’s law at? ‘temperas O lighid and; aitat 105° C>"dnd with 85 percent
tures from 100° to 250° C. (21, 23) ‘ inflammation was vrrtually 1mp0331ble (230).

) _obably f00" hlgh ~Another observer - (365)
ound“ thatithe Jowertlimits of a 50.: 50 fixture -

uhose FealculatedZoverkthe ; range 50°"t0" 250° C L
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LIMITS. OF MIXED. FLAMMABLE - GASES:"AND VAPORS

5 Curve.C(fig. 62)

Inﬂuence of Teriperature:

shows the influence of temperature on the lower

limit of a mixture of equal-parts (presuiiiably
by weight)of imethyl:and: ethiylialcohols! (366
The.curve would beless: steep if the resiilts'were
based on-abscissas representing!’ the volumetiic
composm{?n of the gas. Toixture R

SRRt i v’ 10
METHYI{*%ALCOHOLA ‘AND’ ETHER D
"ALCOHOL" AND" ACETONE; ,ET‘ YL
" "TATE AND' BENZENE; ACETALDEHYDE AND
. TOLUENE; ETHYL NITRITE AND ETHER.. ,x;

xH

The lower hrmts of’ m'ethyl gl Ii l—etheli,'

methyl alcohol: acetone ethyl acetate:Benzene,
acetaldehyde- toluene, ' a,nd ethyl n1tr1te—ether

mlxtures 1Y air were determmed in €loded tubes

5 cm. in diameter and 150 em. in length. - The
results agreed, closely with Le Chatelier’s-law.
No ﬁgures are guoted in‘the orlglnal cominni-
cation (359).

'--.

“For m1xtures of methyl alcohol acetone, and-

air the law. has been’ Qhown o apply to, hlgher
as Well as’ lower hmlts by experlments mn a

127

closed: 2-literspherical flask with 1gn1t10n in the
lower. part of the flask- (76) : ;

Zoid FRER A PRA SIS P
ETHYL JALCOHOL AND‘ ETHER ACETONE
ot AND ETHER P

- The- lovlver“ unlts “of ethyl alcohol-ether-air
and -acetone-ethéraii- mixtures in closed tubes
5'¢mi’in’diaméter and '150 cm! in length agreed
well'with® the” values calculated by Le Chatelier’s
formula-fwith upward, horizontal, and down-:
ward- propagatlon -0f flare. ~ The’ hlgher limits
agréed’ closely witli‘downward propagation, but
with’“upwhard:, or horizontal propagation they
dlﬂered”greatly ‘from the' calculated values;

g

these diffetences ‘are ascribed’ to' “the 1rregular
intervention' of “‘the "‘cool ﬂame of éther.
Details 6f the'résults are given in the orlgmal
refelences (319‘355 36’1)‘ e

Large—scale experlments Have been made with
a 'thixtire Fof” 6thyl' alcohol and ‘éther in- the
ploportlon of 1% 3 by Welght vaporized into
air and into mixtures of air with carbon dioxide
and v‘v1’ch nitrogen. " The experlmental Vessel
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128 LIMITS OF FLAMMABILITY;’ OF. ‘GASES iAND VAPORS:

was s section;. 3.8 metersrrmlengthr .at-thevend . Ui ETHER AND- ACETALDEHYDE mlu { 0
v oo Bl

of a horizontal tubular steel gallery 20.meters . 7.! : L bt oA
in length and 1.68 meters in diameter. Various~ - ?Thellower 1111111384 Of; mlxtures of ; ether and

© types yof signition. were' employed, all ‘at.the . 3cetaldehydel i, air, in closed,‘tubes 5f.cm: i
‘center of the expenmental section. One end  diameter.-and. 150, em.. in length. showed .good
. of the section -(the~énd of the gallery) was ~ agreement with: thie values calculated:: by, Le
closed. permanently ;- the other was .closed by a Chatelier’s formula, -with .upward .and..down-
paper diaphragm. ., The: nature: of an ignition  ward propagation of - flame; also -the hlgher
. was_judged by, the ‘sound, appearance of flame,  limits;-; with > :downward propagatlon “The
- bursting.and burning of the paper diaphragm,  higher l1m1ts with-. upward .propagation . are

- pressure recorded .on. a manometer, and aldes - - definitely: . lower. than. those: calculated Both
hydic odor that was sometlmes developed s ethér - and acetaldehyde glve rise’ tO"“COOI
. The nature of the results recorded when. gun- flames’”-in-the' richer mixtures, and the' h1gher

’ cotton was used .as the source of ignitionof the  limits r reported are those of the “cool flames.”
vapor in, mixtures of air and carbon dibxideis  The' propagation of the “cool flame’’ by, éither
~ shown in figure 63. - When, nitrogen was used ‘constituent, is not assisted by that of the other
o in place of ca,rbon ledee, the hmlt curve was to the extent that an, additive law WOllld 1nd1cate
less steep and met the axis.at.about, 38 percent '(350) .54:,' P ,‘
n1trogen With other means of ignition. (ful-
minate, induction-coil spark, and fusion, of a ACETONE AND METHYL ETHYL KETONE
tungsten filament) the limits for weak combus- :
- tions differed cons1derably from those iin. the
: ﬁgure Tt is ev1dent that, in sp1te of the large
volumes of .mixture used the limits for self-
propagation of flame were "not obtained, doubt-
less because the local effects of the 1gn1ters could.. .
not be distinguished, by any available means,
from self-propagating inflammation. However
as a general description of the phenomena in.
relation to the experimental conditions, the -
results are of value (40).
. The lower limit of a 1 :2 mixture of ethyl:

Observatlons with .mixtures of acetone and
'methyl ethyl Ketoneé in a1r in’ closed ‘tubes 5
crn. in diameter and' 150 e, in length showed
close agreement with the*values'calculated by
Le - Chatelier’s formula for both limits, . with
horizontal and downward propagation of flame.
With upward propagation, the lower limits were
slightly higher than those calculated; the

- higher-limits were. several tenths of 1 percent
hlgher than those calculated (855)

alcohol and ethyl ether; with. horizontal propa-i . P ARA-F FIN HYDROCARBON HALIDES

gation of flame throughout a pipeline about. .-

100 meters in length and 45 cm. in d1ameter,,g o *The 11m1ts of the. followmg mixtures have been
- is 43 grams per; cublc meter (289). “~ " determined in air in a 2¥%-liter bell jar, with

S — e electrlc-spark ignition:—Methyl chloride and -

ALCOHOL CHL@ROFQRM; tAND ETHER . ethyl ‘chloride, methyl chlorde. and methyl
REGEARp \ e “bromlde, and methyl" bromlde -and ethyl” chlo—_

. .7 The- mlxture of' alcohol chloroform, and’ 7" tide.} Allmixtures of each pail are capable of: .
ether ‘commonly used to" induce anesthes1a gives — v1olent explos1on when mixed with' appropriate

- _vapors that form explosive ‘mlxtures w1th amounts of air. The observed limits differ ap-

» .-"su1table proportions of air (60).” | ! prec1ably from 1those . calculated by Le Chate-
S P l I / 11er s' formula (132)... o
ETHYL ALCOHOL AND FURFURAL ‘/",

e

« The lower llmlts of two m1xtures (3» - and SOME MIXED SOLVENTS F@R LACQUERS

1:3) of ethyl alcohol and, furfural;m-alr with. i glof! g

d ; 1 Zidbe 5 Table 49 gives. lower;; hmlts in grams per
" upward propagation of flathe iniatube 5 em. in hterlof m1xtures‘of hydrocarbons, esters, (active

diameter and 150 cm. inf le}lgth open& atPithign e awsy)
firing end, deviate somewhdt from the values’ :

calculated by Le Chateher & formula ( 64 ”—;—-—‘:;;;:“:tlon*'of«ﬂame in a clésed tube 25 cm. in length

1)1.
:

1/ et SN and 2 5. cm.in- dlameter Wlth central 1gn1t10n
i 24 RN *n«'f R I SV . -1

, e .
* "+ The lower. l1m1t of af4 0 mlxture of eth l
alcohol and -acetone in {alr with upward propa-l MISCELLANEOUS MIXTURES CONTAINING _

“gation of flame in a tube 5 cm. In dlameter and, FLAMMABLE GASES

'.;

" 150.cm. in length~—open~at~thezﬁr1ng~end wasl -
nearly in agreetnient with theValue, cal(%ulateLd‘ﬁy a +Lable 43 mcludes mixtures not ment1oned
: by Le Chateher s formula (164). SRR elsewhere in thls bulletm and contamlng various

Fufzaifl g '&. Vobnor sl sounnaddh ol L0 St ».L Vo rlem b P RYRTPINTIE BEIEINS ETICA SR ST ST

nit rocellulose solvents)fs=gnd alcohols. . The-. |
limits_ were determmed with .upward propaga- - -
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proportions of flammable. constltuents The1r whether they‘ can- form flammable mixtures
compositions are stated, together with the  with air, and if so'in what proportions the mix-
results of calculations (p ;5). which show  tures are ﬂammable (187).

ztwn and,lzmzter ofimned*solvmtsr o

2 3 4 5 6 7 8

5 N -y .
TR T T S N R ST T S R

U"h2OJ:

Ethyl* acetate
Butylacetate =
.Butyl. proplonate
.Ethyl alecohol _

§ N

Butyl ‘aleohol™ *

vohn Oyl e 36 e . :
0,008/, 082 0. 062 | ‘0 05910, 077

Lower‘ l1m1t grams perlllter v
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TABLE 43 —Oomposztwnland limits of _ﬂammabzlzty of’mwcellaneous gases S
4 ive ias *‘4».1.!‘(‘\1,:1 TN ‘jﬁ'(Jf'l f/e: (A l( ‘ e
R N v ‘3 N ’%' : dtere L ¥
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; s fun 4 ,4 C percent
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Tk gt e el i ot o | tile .
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160 03] 10| 02/ 0 8,210 |77 (M, | O
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. 8 .7 6.0 0 0 10. 5 0 76.0 | 49.0 55. 0
N ?0’1 S"‘.\.'v_z; ”r\;‘~.5.. 9, |4 -:_‘O;u)\f w0 e 118 4 e 5.0 ..62: 5 | 20.°0 39! 0
o600 6.7 0 0 1525 121|281 7.0 22.0
- Sewage gas__ - 2527 0 .1 010 |67.8]| 0 6.9 7.5 19.0
7 | Fermentation ga% cellulose _____ 79.1 170 0 6. 2 0 14. 7 0 0 26. 5 38. 5
138 | Féfmentation gas, grain_______.1'65.4 1.0 0 32.5 0 1 0 2.0 {130 66. 0
“19°'Ggfes*from heated insul n___ - 1911741 0 1285, 2,2, 453 3| 44| 45| 215
10 |" Gases from burnifig woeod” * .|+ 4 |- L6 9.4 0 3’5 .38 0 79. 8 (O]
117} Gases from- burmng paper:._._ |6 L2 7] 0 6.2(.0 | 0 |773 ™ )
12 -[“Soiltf coal gas. - 301121122 | 7.1 4.4 1 11.8 2.2 581|180 66. 5
Gases from- explosxve S =3 b | I 0 ) 26.9 ["53.2 772 0 “13.3 9.5 72.0
_____ do_____ .1 __- 1:5.] 10 0 19.9 1 60.7| 231 0~ 15.6 | 10.0 | 67.0
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~normal pressure is maintained during " the
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'PART V' 'SUMMARY" OF LIMITS OF EL?&’MMABILITY_ |

R . . ' i
Tables 44 and 45 contain selected values for
the limits of flammability of single gases and
-vapors and of some industrial mixtures in air
-and in oxygen at ordinary temperatures and -
pressures. Table 46 contains selected limits
n nitrous and nitric oxides. ,
The last two columns of tables 44 and 45 -
‘give the oxygen percentage, in' mixtures of
“flammable gas. (or. vapor) and air with. (a) Further, - information . about . the - limits. of
nltrogen and (b) carbon d10x1de _below. which 'gases and vapors will be found in the text; the
no mixture is flammable. ~ data are not suitable for inclusion in the tables
The values in boldface observed with upward ~ but may be useful if the conditions of determina-
propagationof flame in large vessels, open at their. . tion are kept in mind. C
lower ends, are chosen as those most useful for ... Information on limits in other atmospheres
reasonsglven earher The Otherﬁguresrepresent and on the lnﬂuence of pressure and tempera_
experiments with mixtures contained in closed
or small vessels: they. are therefore not appli-
cable with certamty to. conditions in which

lower limits, of the vapors of liquids- could only
sbe determined by raising the temperature
sufficiently to raise the vapor pressure. to, the
extent necessary to reach the limit’ composmon
"The limit given, therefore, apphes to-the rexperi-
mental - temperature, which is quoted ,in’ the

“text if it is stated in the original source of the
information.

found in the text.
-The limit figures in table 45 apply only ‘to

.passage of flame. Reference to the text will par_‘olcl}lar samples; analytical = data w111_ be

define more exactly the conditions of observa- - found in the text. By the use of Le Chatelier’s

tion. - law the limits of similar mixtures . can be
Many of the higher, hmlts and a few of the - calculated.

<

|TABLE 44 —Summary of hmzts of ﬂammabzlzty of mdzmdual gases and vapors in air and W oxygen

’ : . : O\ygen per- .
- centage below
which no
mixture is
ﬂamma,ble

B T . t R PN .
Limits in air, percent - Limits in oxygen, percent

S

Gas or vapor

ture and the effect of turbulence will also be'

Lower

Higﬁer .

Lower

Higher

Nitro--

gen as

“| diluent

of air.

Carbon
dioxide
as dilu-
ent
of air

INORGANIC

Hydrogen
Deuterium

Hydrazine

-Hydrogen sulfide____________

Hydrogen cyanide
Cyanogen. .__...____________
Carbon disulfide.._.____.___
Carbon .oxysulfide._.________
Carbon monoxide_____ [

Chlorine monoxide__________ . __.___ 23.

130
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TaBLe 44.-Summary:of: lzmzts of ﬂammabzlzty of individual gases and" vapors in air and in. oxygen—

_ I*Continued

Oxygen per-

e A ! centage below
. Wit g e -~ Limits in air,’ percent .- Limits: in oxygen, percent which no
. St T mixture is
R t flammable
- Gas Or vapor- - - e T m———— —
Nitro- | Carbon
. . : gen as| ioxide
, 1 " Lower. * ' Higher Lower . . Higher diluent | as dilu-
. . ) of air ent,
. of air
HYDROCARBONS
Methane__________.-_______ 5.3¢ 14 | 15 ) B.Y ___s. 61 ______ 12.1 . 146
Ethane_____._.___________.___ 3.0 12.5 15 - 3.0 [____s_f 66 |______ 1.0} .13 4
Propane__ . _ _______________ 2.2 9.5 ___ .. 2.8 |._-_z. 3 B L_____ 11. 4 14. 3
Butane __________________._ 1.9 8.5 _____.f 1.8l 49 I _____ 12.1 14. 5
| 1.8 8.4 _____4 1.8 |...____| 48 | _____ 12. 0 14. 8
| L5 R (O . 7 RN SR ISR Sy PN PR 12.1 14.4
Isopentane___________._____ R T T I o6 | | |t
2-2 Dimethyl propane_.__.__| L4 | ______ 7.8 |__________. RO JERURUNS NN RPN [N
Hexane... ... ._________ L2 | ___ .. B 3% SR JERIUUUNS IR R 11. 9 4.5
Dimethyl butane____________ L2 .. 7.0 sl __.. - [EUEDRNS NIURINUUS SEUNUURSII SIP
2-Methyl pentane_________._ 1.2 | ... A % | I PR IR T30 FAUURUPRUpON SUSIEpRpR FEPUPPORI [EPRR JEOURPI
Heptane__________________ - L2 1.1 6.7 | | e e L
2-3 Dimethyl pentane___.___ B V0 N IR . T A ISR ISR FRNRURtpy NNEPRUU RSN IPSISPRNIO SN
Octane.______________.___. P O | 2 S HUERUU INNNPURR) (RSN NS J) FRPUOUpe) FSRRPORPRpNY FEpUPpENUN NN PR ISt
Iso-octane. ________________ 1.1 1.0 ______ 6.0 | |||
Nonane. - - oeeceecce| e - 2 (NN SRR SRR SOV IRt RUURPPIPES USRI [
Tetramethyl pentane_._._._____ .8 o __ U %5 ' T VAU IO PRV IR FN IR
Diethyl pentane _ ... ._____| __.____ B ) 00 T IR IR PRI ORI
Decane____________________ 5.4
Ethylene___________________
Propylene__________________
Butylene. . ... _._._._____
Butene-1_ .. _____________
Butene-2________ . ________
Isobutylene._._____.._______
bn-Amylene_._______._____
Butadiene
Acetylene__________________
Benzene_____________-____.
Toluene_____ 7. _.
o-Xylene_.___:.

. Ethyl benzene..

Styrene ... ___.__

Butyl benzene
_Naphthalene___.___________
_Cyclopropane. _______.__-__| 2.4

. Ethyl cyclobutane._ . __ 42
Ethyl eyclopentane. __._Z___ d.1
Cyclohexane___._.______.__.{ 1.8~
Methyl cyclohéxane_ 1.2
" Ethyl cyclohexane_ - 9

ALCOHOLS_ o

Methy! alcohol . __._._. 6.7
Ethyl alcohol _~._ __. .. 3.3

" n-Propyl alcohol __ 2.1
“Isopropyl alcohol 2.0
n-Butyl alcohol. SRR I 1.4
Amyl alcohol_“______”_T _________ o L2
Furfuryl aleohol .~ __________|.______ 1.8 1.
Allyl aleohol - _____________| ______ 2.5
Propylene glyeol._...______.|._...___| 2.6,

Triethylene glycol




BN Methyl ether__,
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TABLE 44 —Summary, of<l Limiits f. ﬂammabzlzty of mdw@duﬂl gases: and wapors YR EE tmd iRt ozygeﬁj—

»Contmued
1 ) | O=xygen per-
) : G : centage below
EDENITRLEN AL ’f + Limits if air, percenti+:»' |14 Limits in oxygen, percent which no
“, ) . ! mixture is
codpraaelt ¢ ) : ) . o ) ' flammable
— -—— ‘ Gas Or vapor S - ,I‘v - —~ . - PP B gy Py P Rt ) . PrRE by
- " i . .
. Nitro- | Carbon
o ) . i R gen as | dioxide
il Lower «I | - Highes: ‘{ Lower: - Higher- diluent | as dilu-
. i : of air | ‘ent
Lo e . t : . of air -
- - e - ) - e s ——— — - = Ko -
ETHERS ) : L : AURRTI YN NPT

< Ethyl ether.i o
L Ethyl n-propyl ether.
“Isopropyl ether. «.—__.__
*Vlnyl ether___ .. S, -
#Ethylene oxide_ - ._z__.._ —ol- 3
Propylene oxide_-____ v isao | 2
= Dloxa,ne ____________ R S

Methyl cellosolve_ PR
. Ethyl- P S -
~ Butyl cellosolvese. oo __
Dlethyl peroxide. . ____ U

ALDEHYDES

Acetaldehyde______________
Paraldehyde___ . _____ SN
. Butyraldeliyde ;
JAcroleinf_ i ___ . __.____
Croton aldehyde
“Burfural__l:i ___________. -

KETONES

Acetone_ - __.________._____
* Méethyl ethyl ketone_ . _____|.__.___
Methyl. propyl ketone_______|_______

o Methyl butyl ketone_._____________
- Methyl isobutyl ketone-__ |-
;. Oyclohexanone. ... R I
Isophorone_ SR I P

T ACID; ANHYDRIDES

" Acetic’ amd__________h_;,:‘ R
i Acetic anhydride_________ L
Phthahc anhydride_ . ______|.______ .

LSTERS

Methyl formate___.___-_f___ 5.9 . 0.
Ethyl formate____________._ 2.7 | ..
Butyl formate____ . _________|______. S L
Methyl acetate. - __._._____ 3.
Ethyl acetate_ . ____________ R 2.
. Vihyl acetate. - _ _.._ : . e
Propyliacetate_ .. __. - . 1.8
Isopropyl.acetate 1.8
Butyl.acetate_ . _______ S ‘1. - 1.4
11

1.7

[
o

_Amyl acetate_ _ . _______|.______
Methyl cellosolve acetate_ . __|______. - L7 -
Methyl.propionate.__._____:| ~2.45 j_._:_-_|

. Ethyl. proplonate- ez L85 ||
-Methyl lactate ...l - 2.2
Ethyl lactate. _______ S RO B I
Ethyl nitrate._ ... _______ 4.0 |______ -
Ethyl nitrite_ ... __._____ 4.1 3.0
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TABLE 44. —Summaryxof‘ umts“of ﬂammabzl@ty of mdwzdual‘ gdses® and vapors in air and in oxygen—-

R ALY @ontlnued‘

W ﬁ

Gl o Vapbi

[ENEAR]

Hlasiag Lt Alatinn b

Limits in air, percent

AN Y CH AT i Al ]

Llrmts in oxygen percent

centag

mixt

Oxygen per-

¢ below

which no

ure is

‘flammable

Nitro-
gen as

diluent
of air

Carbon
dioxide
as dilu- -
..ent 7
ovof air

'P'HENO_LS; )

AMINES AND I‘\IINES

Methylamine_ - _ _________
Dimethylamine._ . __.___
Trimethylamine____._____
Ethylamine_____. SRS

Diethylamine. ___ .- SR
Trlethylamme ____________
Propylamine:_~__ R
n-Butyl amine_ . _________

Allylamine__________.__
Ethylene imine

| OTHER NITROGEN com-" |

POUNDS. .

Acrylonitrile.._ . ___.__._.

Pyrldlne_
Nicotinet .

~ ‘HALOGEN DERI‘VATIV’ES R

Methyl chloride. __._z_:
Methyl bromide____-
Methylene ehloride_
Ethyl chloride. - E
Ethyl bromide____ .-
Ethylene. dichiorid
Vinyl ehloride__
lechloroethylene

Trlchloroethylene__ [T

Ethylene chlorohydrm
Propyl chloride: -
Propylene dichlo
Allyl chloride..- -
Allyl bromid
2-Chloropropene
n-Butyl ehloride:
Isobutyl chloride.

“Butyl bromide_
Chlorobutene -
Isocrotyl: chlorlde_
Isocrotylwbromlde
n-Amyl chloride
tert.-Amyl chlorlde_
-Chldrobenzené__ -
ichhlorobenzene

MISCELL ovU

Dlmethyl sulfide. -
Ethyl mercaptan._ .
Diethyl selenide.__-_Z

Dimethyldichlorosilane____
Methyltrichlorosilane. - ___
Tin tetramethyl__________
Lead tetramethyl_ ________

_______ 19
_______ 12
1.6 |
T
173 |
BRI E
P 19.7
8. |7} 18.0
S BN I
S I Y I S
A T 2 T U
_________ 19|l
_________ 1.8 .l

939350°—52——10
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LIMITS - OF, FLAMMABILITY: ,OF GASES, AND VAPORS

-TA13‘L,113-‘45.1—;f1pp71()ximate‘l?;mit_s of flammability of .someicomplex. indusirial mirtures. of gases and

vapors in awr and 4w oxygen

Limits in air, percernit

" Limits in oxygen, percent

Oxygen percentage be-
low which no mix-
ture is flammable

Coke-oven gas

Gas ‘or vapor
. o P . I K Nitrogen | Carbon di-
i Lower, Higher Lower . Higher as diluent |oxide as dil-
‘ of air uent of air
1 3t ' t -
Water gas_ ... _____ 7.0 | . £¢ 2 SR R SRS N SO A
Carbureted water gas__ 5.6 |___..__ 36 ||| T
Pittsburgh natural gas._ 4.8 | -___ 18. 5 || 12,0
Other natural gases___|3.8-6.5|_______ 18-17 | : |l .
Benzine_.. ._____.____ 1. :
Gasoline...._________
. Naphtha____________
Kerosine. __________
Coalgas_..______.___

Blast furnace gas

Producer gas_________
Oilgas..____________ .

- TaBLE 46.—Limits of flammability in nitrous and nitric oxides

Nitrous oxide Nitric oxide

-... . . Gas or vapor

Lower limit Higher limit. Lower limit Higher limit -

Hydrogen

Carbon disulfide___________________ i

sulfide____._.__ N

Carbon monoxide

Propylene

Cyclopropane

. Ethyl ether

Vinylether______________________._
Methyl chloride___________________
Ethyl chloride. . _____.________ R

T
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- tables :

third substs

939350°—52——11

. st table.__

Bl Chlorme monoxxde—oxygen mrx@qres, flam blhty hml‘
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.mability. limits__ .
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Coal gas; ;'composition, tables .
) 1n air, flammability limits, tables__
“in air—carbor dioxide mlxtures flammability limits.

graph

+rin axr—methyl bromlde mixtures, flamm

K 3 in air-nitrogen mlxtures, ﬁammab111ty hmlts, -
1 .

*" in air-water vapor mixtures, ﬂammablhty hmlts‘
‘» in atmogpheres between. alr and pure ‘oxygen, ﬂammab\hty
"" - hmxts
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,':
temper. -
in oxygen—carbon dioxide mix
"Coal-gas-coke-oven-gas mlxtures, in axr, ﬂammablhty ]1m1 S
1mpurmcs mﬂuence
pressure, influence’:
©  -temperature, influence.
Coal-gas-methane mixtures, flammability:lim
Coal-gas—soil-gas mixtares, composmon table

129

! flammability limits) table~_ s i 129
Coal-gas-water-gas mlxtures in air, ﬂammabi]ity lumts i 123
Coke-oven gas, composition, table_ 121
in air, lammability limits, table o134
Coke—oven-gas—ammoma mxxtures flammab: 124
Coke-oven-gas-coal-gas mlxtures, ﬂammablllty llmlts- 120
impurities, influence_ 121
pressure, influence __ 121

. temperature, -influenc, 121
Combustibles, lammability hmlts, lower, table 12
Cresol 1n alr, ﬂammablhty limit.. lgg
13¢
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132

,Cyanogen ﬂammablhty lxmlts . 29
in air, ﬂammablhty limits, tables_ ~ 29,130
pressure, influence..___________ - 29
Cyclohexane, in air, ﬁammabxlxtyl 82
- pressure,’ infldence_o " 83
table 131
temperature; mﬂuence 82
air-methyl bromide mixtures, ﬂammablhty limits_ 83
Cyclohexane-benzene-ethyl aleohol mixtures, lammability limit 124
-Cyclohexane-hydrogen mixtures, aﬂammabxllty limits. . 111
Cyclohexanone, in air, ﬂammabxlity limits__ 98

. table . ‘- ... 132

<Cyclohexene, in air, flammability limits 84
Cyclopropane, in air, ﬂammablllty hmn;s 80
table 131

in air—carbon dxox1de i ‘81
graph_. : T8l

a 120
Cyclopropane ethylene—oxvgen mlxtures addmon of helium, eﬁ'ecL 120
. “addition of hydrogen, effect :
i addition of nitrogen, effect ... 120

Deuterium-hydrogen mixtures, in air, ﬂammablhty llmlts table.
» Deuteriums;0xygen mixtures, eﬁect of diluents on ﬂammabxhty ¥

- limits, table 20
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chhlorodlﬂuoromethane, b 1102
chhloroethylene in air, ammability limits_ 103

: table . . 133
in oxygen,; ﬂammablhty limits:_ 104

. .7 table 133
.. chhlorotctraﬂuoroethane nonflammability . _ 103
Diethylamine, in air, ﬂammablllty limits, table. 133
Diethyl benzene, in air, lammability limits 80
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Dxethyl selemde—carbon dlsulﬁde mlxtures, flammability
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Diethyl-selenide-hydrogen mixtures, ﬂammablllty limit.
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131

Dxmethyl cyclohexane—lsoheptane—ethyl bromxde mlvtures ﬁam»
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Dxmethyl ceyclopentane-iso
B - flammability limits - -
Dimethv] cyclopentane—xsoheptane—lead tetramethyl mixtures,
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Dxmethy clyclopentane~isoheptane mixtures, ‘fla
-Dlmethyl

mabxlltyhmlts_ ""120
cyclonent1ne—150heptane—tm tetramethyl mlxtures S b

flammability limits i 124
Dlmethyldlch]orosﬂane, in air, ﬂammablhty lim 107
! - 133
Dimethyl pentane, in air, ﬂammabxhty limits._ - 67
Dimethyl selenlde—hydmgen mixtires, ﬂammablhty ]1m1t 111
Dimethyl sulﬁde, in air, ﬂammablhty llmlts L 106
! - 133

Dimethyl tellunde—hydrogen mm;ures ﬁa mabili ylum S

Dioxane, in air, ﬂammablhty llmltS ...... : :
table__-_.

Dodecane,*m air, ﬂammablhty limlts

“Essence tourlsme”—benzole—ethyl alcohol m)xtures, ﬂammabxhty

»
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See also ‘Tourisme gasoline,
Esters, in air, lammability limits, table
Ester—hydrocarbon-alcohol mixtures, lammability limits
Ethane, in air, flammability limits
pressure, influence-_.___

tables

temperature, uence.. . . . 56
in air-carbon ledee mixtures, - 57
graph__._ . _ oo - B7
in air deﬁment in oxygen flammability hmlts. 57
graph. . toaoeoo_.__ il 57
in alr mtrogen mxxtures, flammability limits. 7
rap. R

in atrlnospheres Jbetween: air and pure oxygen, ﬂammablhty
Amits ..o e lxl 57
© in carbon dioxide-nitrogen mixtures, ﬂammablhty limits, graph 7
" in oxygen, flammability Hmits . ... oo s . 56
table_.._- 131
Ethane—butane xtures, am: imits_________ 113
Ethane-carbon dioxide letllI‘eS, ﬂamm’mbxhty limits, graph 7
Ethane-hydrogen-methane mixtures, in ‘air, ﬁammablhty limits 109
in air deficient in oxygen, ﬂammablhty limits_ 110
' in air-nitrogen mixtures, ﬂammablhty limits. 110
Ethane-hydrogen mixtures, in oxygen, flammability limits 110
Ethane-methane mlxtures, in air, flammability llmlts - 113
graph_...‘_‘ ________________________________________ 114
. in air-nitrogen-carbon dxoxlde mixtures, ﬂammabﬂxty limits. 114
= Ethane—mtrogen mixtures, fammability timits graph. .. 7

Ethers, in air, ﬁammabﬂlty limits, in oxygen, ﬂammablhty llmlts,
. 132
128
Ether-acetone-air mixtures, ﬂammabxl]ty limits __:_<_ 127
Ether-alcohol-chloroform mixtures, flammability hmlts 128
Ether-carbon disulflde mixtures, ﬂammabxhty limits_. 113
. Ether-ethy! alcohol-air mixtures, fiammability limits______ 127
" Ether-ethyl alcohol-gasoline-air mixtures, flammability limits 125
'Ether-ethyl aleohol mixtures, in air, ﬂammablllty limits__.__ 127
in air-carbon dioxide-nitrogen mixtures, flammability hrmts 127,

Ether—ethyl nitfite mixtures, lammability limits___
Ether-hydrogen mixtures, ﬂammabmty limits__
Ether-methyl alcohol mixtures, flammability limits._ .
Ether-methyl eyclohexane-alcohol mixtures, iammability 1i
Ether-methyl cyclohexane mixtures, lammability limits
Ethyl acetate, in air, flammability limits. .
tables. .. . e
temperature, influence.
in air-carbon dioxide mixtures, ﬁammabﬂlty limits.
Ethyl acetate-benzene-er,hyl aloohol mlxtures composmon table__ <129

129
Ethyl acetate—benzene mlxtures, oomposmon table 129
. flammability limits_._ 127
129
Ethyl acetate—benzene—to]uene—butyl acetate-butyl
butyl alcohol mlxtures, composmon table. 129
lower limit, table -

Fthyl acetate—benzene toluene-butyl acetate—ethyl alcohol—butyl'
alcobol mixtures, composition, tablé.

lower limit, table
Ethyl acetate ethyl alcohol mixtures, ﬁammabxhty limits__
! ‘Ethyl acetate-cthyl alcohol-toluene mwtures ﬂammablhtylxmlts. 125
temperature, infiuence. _.._______._________.__________ . 125




Ethyl acetate-toluene mlxtuxes ﬂammablllty limits:
Ethyl aleohol, in air, ﬁamma.bxhty‘hmxts_

temperature, influence. 86
water mﬁuence 86
¢ 86
¢ -in afr—carbon 'dioxide rhixtures, 26
._in air~trichlofoethylefie mlxtures, flammability limit: 86"
_ Ethylalcohol-acetone mixtures, in air, Bammability limits 128
Ethyl alcohol-benzene-cyclohexane, mixtures, flammability limits. 124
Ethylalcohol-benzene—ethyl acetat; tures -ecomposition; table. 129
“lower limit, table._________.... ©129

Ethyl aleohoi-benzene mixtures, in_air, lammability limits: -

Ethyl aleohol- benezene—toluene—ethyl acetate—buty! acetate-butyl

: aleohol rmxtures composxtlon“table

. lower Hmit, table_.__2: . e . ol -

Ethyl alecohol- benzole—“essence tounsme"
: ‘limits.

-grap
Ethyl alcohol-ether—air mixtures, flammability limit
Ethyl alcohol-ether mixtures, in air, lammability. limits

"in air-carbon dloxxde—mtrogen mlxtures,vﬂammablllty limits 127
Ethyl alcohol-ethy! acetate mixtures, flammability limits.__ 125
Ethyl aleohol-furfural mixtures, in.air, lammability limits. 128

Ethyl alcohol-gasoliné-air mixtures, ﬂammablhty limits. .
Ethy) alcohol-gasoline-ether-air‘mixtures, flamiability. Hmits__
Ethyl alecohol-hydrogen mixtures, ﬂammablhty limits.
Ethyl alcohol—methvl alcohol benzole mlxtures, flam

graph
temperature, 1nﬁuence
water, influence
Ethyl alcohol -toluente-butyl propionaté-ethyl aloohol—butyl aloo-
hol mixtures mposmon table_
“Jower limit, table_ [ |
Ethyl alcohol toluene—ethyl acetate—butyl proplonate—butyl aloo-

hol mixtures, composmon table._ 129

lower limit, table.___: -~ 129
Ethyl alooho]—toluene-ethyl acetate mxxture 5 125
temperature, influence 125
Ethyl alcohol- toluene mixtures, flammability limits_ 125
Ethylamine, in air, ﬂammablhtv limits, table_ 133
Ethy] benzene. in-air, lammability limits =79
131
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133

103

133

Ethyl bromi m ; flam: vy 111
Ethyl bromide-carbon disulfide mlxtures flammability I -113
Ethyl bromide-ethyl ether. mlxtures, ﬂammablllty limits: o= 124

Ethyl bromide-*‘hydrocarbon’’ mixtures, lammability limits.
Ethyl bromide-hydrogen mlxtures ﬂammablhty limits.
in alr flammm bxhty hmlts_
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Ethy] bromxde—xsohepta.ne—mmethyl cyclohexa.ne mixtures, flam- .
mability limits .

Ethyl celgosolve, in air, ﬂammablhty llmltS

103

133

"in air-dichlorodifluoromethane mixtures, ﬂammablht 103

in nitrous oxlde, ﬂammablhty limits_. . 103

134

103

- 133

Ethyl chlonde—butane mixtures, in alr, ﬂammablhty limits.______ 117
Ethyl chlonde—methy] bromide mlxtures, -in alr, flammability

128

Ethyl chlomde—methy] cyclohexa.ne mixtures,- ﬁammabxhty hmlts. 124

_____ 82

Ethyl C}lf)(lzlobutane in axr ﬁammabxhty hmlts____
t.

Ethyl ether “in air, ﬂammabllxty limits.
impurities, influence.
pressure, influence__

streaming movement, influence. .89
tables.____:_ - _ 88,132

- temperature, influence: _ - 89
+in air deflcient in*oxygen,. ﬂammabxhty limits 89
in air-niitrogen mixtures, ﬂammablhty limits_ - .89,

in air-nitrous‘oxide mixtures, flammability Jim
in nitrous oxxde ﬂammabxhty llmlts_- i
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Ethyl ether-lead tetramethyl mixtures, flammability limits 124
Ethyl ether-methyl iodide. mixtures, lammability limits.. . . 124
Ethyl ether-tin tetramethyl mixtures, ﬂammabxhty limits._ 124
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Ethyl nltrlté:é%h_éf —rﬁiifﬁ}ééiﬁa_fn—r_rx_zil—)i]—{t&_ imits.
Ethyl proplouate in air,. ﬁammablhty l'mlts_ .

Ethylene, dlluents eﬁect on ﬂammablhty_
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impurities, influence__
pressure, influence__
tables._____

'm air-carbon dioxide mixtures, ity im
in air deficient in oxygen,rﬂammablllty hrmts._.

graph. o ei_eozooo
in air-methyl bromideimixtures! flammability hmlt
xtrogen—carbon dioxide mlxtures flammability limits____

in air-nitrogen mxxtures flammability limits
graph
in atlflospheres .between air and pure oxygen ﬂammablhty
imits._

in carbon dio;

‘in oxygen, ﬂammablllty Ilml S_
t  impurities, influence
pressure; influence
tables._ .. _.______
in oxygen-helium mixtures, lammability limits.
~in oxygeg—mtrogen mlxtures ﬂdmmablhty limits.
grap. -
in oxygen-nitrous oxide. mlxtures ﬂammablhty “limits
Ethylene—carbon dioxide mistures,’ ﬂumrmblllty lithits, g'raph
Ethylene-carbon monoxide mixtures, in air, ﬂammablllty limits.__
Ethy]ene—cyclopropane mixtures, in- oxygen ﬂammablhty limits_

Ethy]ene—cyclopropane—oxygen mixtures, -addition of " helium,
effect. .

a.ddmon of. hydrogeu,‘eﬁect
addition of nitrogen, effect__
Ethylene-ethylene dibromide mixtures, flammability limits :
Ethylene-ethylene dichloride mixtures; flammability limits__..___
Ethylene-hydrogen -mixtures, *in " alr—carbon dioxide mixtures,
flammability limits. - ¢ N
Ethylene—hydrogen—carbonk monoxide mlxtures,
imi
Ethylene—hydrogen mlxtures in
in oxygen, flammability hmlts ________________________
Ethylene~methane mixtures, in air, ﬂammablhtv limits. _
Ethylene-n-butyl bromide mlxtures flamrmability limits.
Ethylene-nitrogen mixtures, ﬂammablhty limits, graph__
Ethylene. brormdchhydrogen mixtures; ﬂammablhty limits.
Ethylene chlorohydrm ﬂammablhty llmlts in air-.
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Ethylene, dlbromlde—ethy Iene mlxtures ﬂammablhty limits.
Ethylene dichloride, in:air, ﬂammablhty limits..2il .
tin au‘—carbon dioxide mlxtures ﬁammablhty hmlts
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“in aﬁ”r—carbon tetrachlonde mlxtures flamm
Ethylene dlchlonde—ethylene mlxtures ﬁammabmty hmms
Ethylene imine; in air, flammability llmlts tab]e_
Ethylene oxlde, in air, flammability hmlts

I
Exhaust gas, auto
Experiments, conditions- for, choice-- ___.
Exploslves gases-from; composition, tabl

ﬂammablhty lmuts, tab]e

~flammability limits, table .
Flame, propagation,. direction__
in gas mixtures, conditions Tor-
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* .chemically inert substances, effect.

p definitions. .
5% determmatxon
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" turbulence, eﬁect _________
Fuel gases, ﬁammab111ty lim ts
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Furfury] aleohol, in air, flammability, limits.
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Gas-vapor mixtures, effection flammability. limits-
(Gas mixtures, ﬁame propagation in, conditions for.}
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pressure, mﬂuence_
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o temperature, inﬂuence.--

. in air-carbon dioxide mixtures,
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il impurities lnﬂuence_
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“in. atmospheres. between air -and pure oxygen, ﬂamma ?
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Hydrogen-ethyl alcohol mutures flammabilit
Hydrogen-ethyl bromide mlx(:ures, flammability limits
66 {1n air, ﬁammabﬂlty limits
67 # graph... :
.66 Hydrogen—ethyl indide mixtures, ﬂammﬁblhty lifnits
67 Hydrogen—ethylene bromide mlxtures flammabilitylimits
Hydrogen-ethylene: mixtures, in air, ﬂammabrhty limit;
<11 air-carbon-.dioxide mixtures, flammability limits
-in oxygen, flammability llmlts
Hydrogen-hydrogen selenide mix
Hydrogen-! hydrogen sulﬁde mlxmres m alr -ﬂammabrllty
" 68 5 graph

s . temperature, influence._
in air-carbon_ dioxide mixtures, ﬂammabrlrty limits
+ - graph._.

.:  grap
m arr—halogenated hydrocarbon mixtures, flamma
m air-nitrogen mixtures, lammability - lmuts_
§ graph___.__.________.__._.
.in oxygen, | flammability limits.
. =y pressure, influence, graph.__
Hexane—-carbon tetrachlorlde mixtures, flammabili v limits, table.
Humidity, effect on flammability.
Hydrazine, in air, flammability limits_

Hydrogen methane—ethane mntures. in air, ﬂammabllrty lumts 109
‘in air-deficient it oxygen, flammability Timits: ! ! .

‘in air-nitrogen mixtures, lammability limits. 110-

Hydrogen—methane mixtures, in air, lammability limits. 109

Hydrocarbons flammability limits, tables_ ; U pressure,-influence. . . 109
-+halogenated, in.air, flammability limits N (. ) 109
sparaffin, ﬂamma‘mllty limits_... Hydrogen-methyl cyclohex'me mixtures, ﬂammoblhtv limits. 111
“Hydrotarbon"—drethyl selenide , 1l ity - Hydrogen-methyl iodide mixtures, ﬁammablllty limits.___ 111
Hydrocarbon—esfer—alcohol mixtures, ﬁammabﬂlty hm1ts _______ 128 Hydrogen-methylene bromide mixtures, flammability limi 111




INDEX:.cOF- SUBJECTS : 153

vantl Page .
Hydrngen-nitrogen mixtures, lummability limits, graph -3
Hydrogen-pentane mixtures, flammabilit v limitsrt _<u:¢
:in air, flammability limits. .. - KRR E Y N3
Hydroaon-[m tetramethyl m:xturee ﬂammablhty llmlts.
Hydrogen cyanide, lammability. hmltS'
i pressure, influence._
.in ajr, flammability lintits, tal
Hydrogen selemde—hydrogen mixtures, ﬂammablhty 1111
Hydrogen sulfide, inairsflammability limits
+ 7 tables...
.in air~carbon dioxidé:miixt
in nitric oxide, ﬂammabﬂrty lumf

in mtrogen—oxygen mix ures,
Hydrogen sulfide-acetylene" mrxtures,
Hydrogen sulﬁde—hydroge mlxture

Ignition, souree___________ ... ___ . __l._____. _ 1

Imine, i{)llair, flammability limits. )
table

Insulation, heated, gases from, composxtlon table.
ﬂammabxhty limits

Isoamy! br omlde—methane mixtures,

Isobutane, m air, ﬂammablhty hmlt .

in alr—carbon dioxide mixtures ﬂammabrhty limits~ !
in air-nitrogen mixtures, flamm:
in oxygén, lammability limits_!

Isobutyl chloride, in air, lammability limits, table
Isobutyl chloride-methane mixtures, inair; ﬁammablllty limits
Isobutylene, in air, flammability limits, table
Isocrotyl bromide, in air, ﬂammabrhty hmlts‘

in oxygen, flammability limits, tal
Isocrogyll) 1chlorlde, in air, ﬁammablhty Tlimits.
able -

in oxygen, flammability limits, table
Isoheptane-dimethyl cyclohexane-ethyl bromide mlxtures, “flam- -
mability limits

Isoheptane—dlmethyl cyclopenta —dethyl’
flammability limits____:_~
Isoheptane—dxmethy] cyclopentane-] —lead,

flammability limits
Isoheptene—dlmethyl tcyclopentam—)
Isoheptane—dlmethy] cyc]opentane—tm tet )
: ﬂammablhty limits_____~

Isopentane, ﬂammablllty h
, temperature. influenc:
in’ air, flammabilitylimits, table

Isoph(zr({ﬁe, in &ir, ﬂam abﬂ

Is: propy] alcoho -in air, ﬂamm y
Isopropyl alcohol—ga.sohne mixtuares, b ity;!
Isopropyl ‘ether, in alr ﬂammablhty limits; table~

!’H« R
Lacquers, 50 vents tor compo:
Ayflammability;
21 table 7l
Lead tetriamethyl

L1l e o
SRALIEI T

thane in air; ﬂammablhty(
ﬂame, all’ drrect' ns

upward propaga '38
impurities, influenc 44

.> pressure, mﬂuence 40, 44
- graphs___" 1,42
. streaming movément, influence._ - 40
table________ 131

LS bility: limits %

. Methane=hydrogen. mixtures,;in air; ﬁammablhty Himit:

“al
‘Methane=silicochloroform. mixtures, in air, flammabijlit

Methane, in dir, ﬂa'rhms.bilityflimij:s, temperature, influence-
Inidin : - ealo .

turbulence,. mﬁuenoe_ -
vessels, tsu‘[r)all testsi m, result

. 44
phs 5,46, 47,48
in alr—halogenated-hydrocarbon mixtures, ﬂammabllxty ljmlts. .- 51
in air-helium mrxtures, ﬂammabihty llmxts.._

graph :

in air in which nitrogen is replaced by argon, ﬂammabrllty Iumts_ 55
Dby carbon dioxide; flammability limits._ 55
by helium, ﬂammabrllty limits

in air—nitrogen—carbon‘dioxide'mixtures, flammabi

in axr—phosphorus oxychlorlde mlxtures ﬂammab ty Timits. . 51
in air-silicochloroform mixtures, ﬂammabrhtyllmrts _______ 51
in air-silicon tetrachloride mrxtures flammability limits. 51
in air-sulfuryl chloride. mixtures; ﬂammablhty limits__ 51
in alr—wzli]ter-vapor mrxtures, ﬂammablllty llmrts ;tg
in argon- 3 55
in atmospheres between air and - pure oxygen, flammability “
)
in mxscellaneous atmospheres, flammability limits. _ 44
‘“‘promoters,”” influence_: 55
temperature, influence_. 49, 55
in nitric oxide, ﬂammabrlrty limits y 355
- 4
55
134
in nitrous oxide—carbo; dxoxrde mixtures, ﬂammabllity limits___" ‘55
in nitrous oxide-nitric oxide mixtures, lammability limits. _ . 55.
‘in nitrous oxide-sulfur dioxide mlxtures ﬂammablhty limits_ 85
‘in oxygen; 'ﬂammabrlltyflrmlts. : 44
pressure, influence__ - 44
t tables______...__.T.._. 44,131
temperature, influence 44 .
‘In oxygen-argon mixtures; flammability limits 1 .55
in oxygen-nitrogen mlxtures flammability limits. 48

‘in oxygen-~carbon dioxide mlxtures flammability limits.__
‘in oxygen-nitrous oxide mixtures, ﬂammablhty slimits.
in oxygen-sulfur dioxide mlxtures flainmability limits_
‘industrial mixtures containing, ﬂammabrhty limits_ _
Meéthane-acetylene. mrxtures in air; flammability limit
Méthane-butane niixturesitin air; flammability limits_
Meéthane-carbon dioxide mrxtu_res‘ flammability limits, grap
Methane—carbon monoxrdexm’ tures m air, ﬂammabrhty limits_

“ifi nitrous oxide, ﬂammabrhty limit:
Methane-coal-gas. mlxtures, fammab:

«in arr—mtrogen—carbon ioxidé mixtures*\ﬂammabrhtyshmrts_
Methane-ethyl.iodide’ mrxtures, in air, flammability. limits
Methane-ethylene-mixtures;tin'air;-flammabilitylimits.
Methane—halogenated-hydrocarbon mixtures, flammabj
Methane—hydrogeu—c rborl mo‘noxige mrxtures -=m ai
3y 2 4deiRs b
Methane—hydrogen—ethane ‘mixtiires,.in’air, flam ablllty limits.
in air: itrogen: mlxtures,,ﬂammabillty limits»é
‘in-air. deficient in.oXygen, flammability limits..

¥ pressure,.influénce,
<A1 Ltable_- R

R ap
Metharie-isobut; S,
Methane-methy] chloride'mixtures, in’ oxygen‘»ﬂammab ty: ]umts
Methane=nitrogen- mntures, ﬂammabrllty limits,; graph_.._____ -
Methane-oxygen -mixtures,:-fi: mmablhty -limits,'¢dilution fwith.
gases, influence
Methane-pentane mixtures; in air, —ﬂammabrhty limits. -
Methane-propane mlxtures, inair, ammabrht
Methane-propyl bromide; inixtures; in‘ait

limits!
ability il
ability 11m1

Meéthane-silicon tetrachloride mlxtures in air
Methane—sulfuryl ‘chloridé Tixtures;’in air, fl:
Methyl acetate m arr ﬂammabrhty llmlts-

»; table_
Methyl alcohol
;1 pressure,
~.1 ‘tables_ :
¥ temperature; infl 84
1T water, 1nﬂuence 84
i 85
Bi 85
m mtrogen—oxygen mlxtures ﬂammablhty hmlts, 8

b




154

Methyl aleohol-acetone: mlxtures, flammability. limits:i. . <!
Methyl alcohol -benzole-ethyl alcohol mixtures, flammability

D = 4+ 126
Methy] alcohol-ether mixtures, w127
Methyl alcohol-ethyl alcohol mixtures, in air, ﬂammabll ylimits_. 126

graph 126

127
125

temperature, influence
water, influence________ e
Methylamine, in air, flammabil imits, table.
Methyl bromide, in air, ﬂammabrhty limits.

in oxygen, lammability lmutsr_
Methyl - brom1de4ﬂthyl chloride. mmtures, in air, ﬂa,mmfxbrhty

in air-dichlorodifl

m air-methyl bromide mixtures, ﬁammablhty hmlt © 101
m nitrous oxide,. ﬂdmmablhty hmrtu 101
table .. ..o ool L 2,134
in oxygen, ﬁammabrhty hrmts_. - 133
Mcthyl chlonde—ethyl ch]onde mlxturcs, ‘in arr, ﬂammabl]lty it
Methyl chlorlde—methane mlvtures, m oxygen, ﬂ%mmablhty
]28
Methylchlorosﬂanes ﬂammablhty Jimits_ . . 107
Methyl cyclohex'me in air, lammability limits, oot 83
« table 131
\lethyl cyclohexane-alcohol-ether mixtures, ﬂamma 125

Methyl cyclohexane—alcohol mixtures, ﬂammabvhty llmlts
Methyl.cyclohexane-ether mixtures, ﬂammahlhtv limits_.

Methyl cyclohexane-ethyl chloride mrxtur(\: flammability limitss. . 124
Methyl cyclohexane-hydrogen mixtures,. ﬂammdblhty limits___.. .111
Methyl ether, in alr ﬁammablhty hmlts - 87
table__- 132
in a1r—d1chlorodrﬂuoromcthane mlxtures, flammability. limits .87
in oxygen, flammability limits______.____ - 87
‘table. __________ N 132
Mothyl ethyl ether, in air, fla; . 87
Methyl ethyl ketone, m arr flammability lumts v 97
- tables.o..___ . ___:..__z_. 97,132
- temperature; mﬂuence .98
Methyl.ethyl ketone mixtures, in air, ﬂammablhty Timits 128
Methyl formate, in arr, ﬂammabrhty limits_ 08
table_ - . . _ce_siio i 132

‘in air-carbon dloxlde mrxtures, flammability: ;<0847
Methvl.iodide-cthyl ethér mixtures, flammability limits. - A2
Methyl iodide-hydrogen mixtures; flammability limits : 1117
Methyl isobuty] ketone, in air; ﬂammablhty.hmrfs, table 132,
Meéthyl lactate;.in air, ﬂammabllxty llmlts 100
table . ..l il ~132
Methyl pentane, in air, ﬁammablhty hm Selivd

Methyl proplonnte, in air, flammability, limits
:

Methylene bromxde—hydrogen mlxtures ﬂammabmty limits
Methylene chloride; in air, ﬂammablhty hmlts..

Hn' oxygen—mtmgen mlxtures, flammability. 1m
Mine-explosion gases, flammability limits.

Mine-fire atmosphere, analysi
Mine-fire gases,- ﬂammabxhty lrmlts__

graph

pressure, influence’

table .. _._____.

turbuléince, influénc

-in air-nitrogen mlxtures, at hlgh pressures, flamnability 1i
graph

in air- mtrogen—carbon

INDEX OF SUBJECTS

Natural-gas-soil-gas mixtires, composition; table
flammability limits, table. . §. .. ...z
7n~Butyl alcohol,, malr flammability limits, table__
n-Butyl amine, in air, ﬁammablhty limits, table:
n-Butyl bromlde—ethy]ene mixtures, ﬁammablhty
n-Butyl chloride, flammability. llrmts table :
Nicotine, in air, ﬂammablhty lumts

11337
effect 120
industrial mixtures containing, flammability limits - 6
Nitrogen—benzene mixtures, flamnmabilitylimits, graph '3
Nitrogen—carbon monoxide mlxtures flammability. limits, graph - 7
Nitrogen compounds, in air, ﬂammabrhty limits; table.. 133
Nitrogen—ethane mixtures, ﬂammability limits, graph. 7
Nitrogen—ethylene mixtures, lammability limits; graph: 7
Nitrogen-hydrogen mixtures, flammability limits, graph 7

Nitrogen-methane mixtures} flammability limits, graph_ 47
\Ton’me m air, ﬁammabrhty limits: 68
131
131
67 -
. 131
Octane—carbon tetrachlorlde mixtures. ﬁammabrhty hmlts table 68
Oxygen flammability limits : .
table_ ... ... R 1
Oxygen—e{%h%lene—cyclopropane mixtutes, &ddition of hehum, s
_________________________________ 120
addrtlon of hydrogen, effect 120
addition of nitrogen, efiect_ 120,
Qil gas, in air, ﬂammqb]hty.hm 134 7
0il gas-acetylene mixtures, ﬁammablhty limi 124 .
Orthoxylene, in air, ﬂammab)hty litnits 79
a .
- P ;.
Paper, burnmg, gases from, composition, table_._._=: 1 ________ 129
Paraffin hydrocarbons flammability limits_." 114
Pentane, in air, flammability limits_.__.. .. 68
in air-carbon tetrachloride mixture, ﬂammabrhty limit. ' 68 -
- 68

Paraﬂm—hydrocarbo alide,
Para:hydrogen; in air, flammability limits.__
Paraldehyde, in air, flammability llmrt_,_
table_ . __._____
Pentane, in air, ﬂammablhty limits.
pressure, influence._. ...
tables_._._l.________.
temperature, influence_=.

graph:.

5+ graph
Pentane—carbon drsulﬁde mrxtures ﬂammab:hty Tmiits.-
Pentanc—carbon tetrachloride mr‘(tures flammability limits, table
Pentane—hydrogen mlxtures ﬂammabmty limits - 11
in air, lammability limits.
Pentane-methane mixtures, in air, ﬂammabmty limits:
Petrol, in air, flammability limits.
pressure, infiuence_. . . -118 -

temperature, 118
in air-carbon dlox1de mixtures, 119
-+ graph 119
in' air-carbon- tetrachlorlde mixtures, ﬂammabrhcy hml 3, 68
m‘an deficlent in oxygen ﬂammablhty hmxts 00119

graph + 119
in’ alr—dlchlorodrﬂuoromethane mlxtures ﬂammablllty limit 119

in air-exhaust-gas m)xturcs ﬂammablhty limit:

Petroleum vapors ﬂammablllty limits

in air-carbon dioxide mixtures, lammability limits 120
Phenol, in air, flammability limits, table_____ 133 .
Phthahc anhydride; in air, lammability limitsZ 98 *
Pressure, effect on ﬂammabrhty limits’_ 3
Producer gas, composition, table 124

in-air, flammability limits__ - 123

-. tables.__.... 124,134

in alr—water-vapor 1

Propane, in air, flammability llmlts ...... R 58
pressure, mﬂuence ......... E 58
Jtable : 58
“‘temperature, influence 58

in alr—carbon d10x1de mxxtures ﬂammabxhty lim: 58

NE PSS-S PR J- Y S SO WE S SRR 59

in‘air contammg “promoters,” ﬁammabrlrty lumts‘ 59




INDEX OF

graph
in air-dichlorodifluoromethane mixtures, flammability limits. .
in air-nitrogen mixtures, flammability 1imits o
graph
in air-nitrogen peroxide mixtures, flammability limits_
graph
in nitrogen peroxide, flam. ity
in oxygen, lammability limits_________

Propane-methane mixtures, in air, flammability limits_
Propyl acetate, in air, flammability limits__________

temperature, influence._
water, influence______ .
Propylamine, in air, lammability limits, table.__
Propyl bromide, nonflammability
Propyl bromide-methane mixtures, 'in air, flammability limi
Propyl %Iiloride, flammability limits, in air
table_ ___ ...
Propyl ether, in air, lammability limits_.
in oxygen, flammability limits______.
Propylene, in air. flammability limits__
tables. . . ..

in air-carbon dioxide mixtures, flammability limits_

[22 61 1) VA G SR

in air deficient in oxygen, flammability limits
graph .

in air-nitrogen mixtures, flammability limits_

in air-carbon dioxide mixtures, lammability limits
Prussic acid, flammability limits_ ... _______
pressure, influence . _..._________
Pyridine, in air, flammability limits.
D) - e

S

Semiwater gas, composition, table
flammability limits, table_____.__
Sewage gas, composition, table.
flammability limits, table___..______
Silichloroform-methane mixtures, in air,
Silicon tetrachloride-methane mixtures, in

Soil gas, composition, table_.
flammability limits, table
Soil-gas-coal-gas mixtures, compos

flammability limits, table________.____.__.._.____
Soil-gas-natural-gas mixtures, composition, table
flammability limits, table_ __________ PR
Solvents, for lacquers, composition, table_
flammability Yimits. -
table. L ... ...

table_ ... mmeeaeen --
Substances, chemically inert, effect on flammability Ii -

Sulfuryl] chloride-methane mixtures, in air,

flammability limits___

Temperature, effect on flammability. limits
Test observations, vessels for, diameter:

Tin tetramethyl-carbon disulfide mistures, lamm mits
Tin tetramethyl-ethyl ether mixtures, fiammability limits_.___ ...
Tin tetramethyl-“hydrocarbon’’ mixtures, lammability limits
Tin tetramethyl-hydrogen mixtures, lammability limits..____ _
TNT, gases from, composition, table_ ... .......... -

flammability limits, table

O

SUBJECTS

temperature, influence.. )
Toluene-acetaldehyde mixtures, flammability limits. ..
Toluene-benzene—ethyl acetate-butyl acetate-butyl propionate-
butyl aleohol mixtures, composition, table__.
lower limit, table
Toluene-benzene—ethyl acetate-butyl acetate-ethyl alcohol-buty’
alcohol mixtures, composition, table_
lower limit, table______________.________________
Toluene-benzene mixtures, in air, lammability limits
Toluene~butyl acetate-butyl propionate-butyl
tures, composition, table
lower limit, table
Toluene—bﬁtyl propionate-butyl alecohol mixt
table___ -
lower limit, table
Toluene-ethyl acetate-butyl propionate-ethyl alcohol-butyl alco-
hol mixtures, composition, table__
lower limit, table_ .. ____ ..
Toluene-ethyl acetate mixtures, lammability limits_
Toluene-ethyl alcohol-ethyl acetate mixtures, flammability limits_
temperature, influenee________ ... ____________________
Toluene-ethyl alcohol mixtures, flammability limits -
Toluene-V. M. P. naphtha-butyl propionate-butyl aleohol mix-
tures, composition, table____
lower limit, table____________ ... ___________
“Tourisme” gasoline, lammability limits, table___.
See also “Essence tourisme.”
Town gas, composition, tables

flammability limits, table. . 124
Trichloroethylene, in air, flammability limits__ 104 .
133
in atmospheres between air and pure oxygen, flammabil 104
in oxygen, flammability limits 104
table 133
in oxygen-nitrogen mixtures, flammability limits, graph__ 105
Trichlorofluoromethane, nonflammable character _.________ 102
Triethylamine, in air, flammability limits, table_ 133
Triethylene glycol, in air, flammability limits. __ 87
table .ol 131
Trimethylamine, in air, flammability limits, table. 133
Trioxane, in air, flammability limits._ o4
table . 132
Turbulence, effect on flammability limits 4
Turpentine, in air, flammability limits. 120
pressure, influence. ... __.__.__ 120
2-Chloropropene, in air, flammability limits...__ 106
table 133
2-Methyl pentane, flammabi limits, - 131
2,2-Dimethyl propane, flammability limits._._ 65
table .. ... e eooeo 131
2,3-Dimethyl pentane, lammability limits, table_.__._____..______ 131
A
Vapors, in air, flammability limits, table . _.__________.___________ 131
in nitric oxide, flammability limits, table_ 134
. in nitrous oxide, flammability limits, table. 134
in oxygen, flammability limits, table .3
Vapor-gas mixtures, flammable, effect on flammability limits_.___ 5
Vessels, for test observations, diameter 2
length oo 2
Vinyl acetate, in air, flammability limits, table 132
Viny! chloride, in air, flammability limits__.__.. 103
table. . ___..___- sy 133
103
RIITRLTT 133
Vinyl ether, in air, flammability limits_ 93
impurity, effect 03
table_ _ ... 132
in nitrous oxide, flammability limi 93
table R 134
in oxygen, flammability limits 93
impurity, effect.- 93
table 132
Water gas, carbureted, flammability limits, table_.____._.__.___.. 134
composition, table.__ 124
flammability limits, in air, __ 124,134
in air, flammability limits 108
. Water-gas—coal-gas mixtures, in air, flamy o 123
Wood, burning, gases from, eomposition,-table.._. ... 129




	- Ethyl alcohol and acetone-= _---_ -
	- Ethyl alcohol and acetone-= _---_ - ____-____-_----_-___----------------------------' ____

	' Ether and acetaldehyde------------------------------------------------------------- ________
	3 Apparatus for determining limits of flammability of gases and vapors- - ___ _____________________
	5 Effect of pressures"above normal on limits of hydrogen in air _______-________
	6 InfluBnce of temperature on limits of flammability of hydrogen in air (downward propagation of flame)
	oftube
	11 Effect of pressures above normal on limits of carbon monoxide in air ____________-__________________
	13 Limits of flammability of carbon monoxide in air and carbon dioxide or nitrogen _____________________
	15 Lower limit of methane for various directions of propagation of flame in a tube 2.25 cm in diameter_--
	16 Effect of pressures above normal on limits of methane in air ______-_______________________________
	normal) and temperature___----_-_____________________----------_-------------------_------

	19 Limits of flammability of methane in air (downward propagation showing influence of temperature- -
	20 Limits of flammability of methane in mixtures of air and nitrogen (experiments in large vessels) __ -
	22: Relation between quantitative composition and flammability of mixtures of methane air and nitrogen-
	gen helium and argon__________-__________--______----__------------_---------------------

	25 Limit; of flam'mability of methane in mixtures of air and carbon dioxide (experiments in large veesels)
	smaller vessels_____________________-____--_____------------------------------------- ___

	28 Limits of flammability of methane in mixtures of air and blackdamp ___________________________^___
	4 carbon dioxide__-_------------------------_------------_---------_---------------_--------
	31 Limits of flammability of ethane in mixtures of air and nitrogen and of air and carbon dioxide- ______
	37 Inflcence of pressure on flammable ranges of hexane-oxygen mixtures- _____________________________
	41 Limits of flammability of propylene in mixtures of air and added nitrogen and carbon dioxide ________
	42 LLimits of flammability of butadiene in mixtures of air and nitrogen and of air and carbon dioxide-----
	43 !Limits of flammability of benzene in mixtures of air and nitrogen and of air and carbon dioxide----_--
	4:9



