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FOREWORD 
This bulletin is the fourth edition of one of a series of publications issued 

as 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 specific 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 mines 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 April 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 the study and prevention of mine explosions. Likewise, a 
knowledge of the flammable limits 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 explosions 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 being used on a large scale as anesthetics, insecticides, solvents 
for lacquers and resins, etc., and some of them form dangerously explosive 
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 flammability 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 a number of results that have not hitherto been published. 
There are now 155 substances in the summary of flammability limits in air 
and in oxygen as against 26 in the first edition. 

. 

A. C. FIELDNER, 
Chief Fuels Technologist. 
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DEFINITIIONS 
1 ,  1 ,  I 

e results of a critical review of .all 
figures publi’shed onr the limits of flammability 

2 of combustible gas.es !and vapors when admixed 
.with air,ioxygen, or-other “atmos~here.” Sus- 
lpended :dustsG and liquid, mists are not consid- 

‘nione or two instances in which 

I -  

de with vapors., 
$ 1  I 

es refer t_O Bibhograpby at end of this 

1 



2 LIMITS O F  FLAMMABILITY O F  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? gavd the appearLanCe, ’of genzral 
inflammation or such weak sources that flame 
was not started in mixtures which were, in fact, 
flammable. Under these conditions they were 
determining the limits of ignitibility by . th8 
particular sources of ignition they used, not the 
limits of flammabilitv of the mixture itself 

. 

available energy will affect the limits. Hence, 
it is 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 
increiiged,  rapidly at  *first and more slowly 
iifterwartl, so that -increase ‘of diam‘eth above 
5 cm. rarely shows more than a few tenths of 
1 percent, increase in the range of flammability; 
manv- examples of this may be found in the 

(63, 227). 

DIRECTION OF FLAME PROPAGATION 

When a source of ignition, such as an electric 
spark or a flame, is introduced into a flammable 
mixture, flame tends to travel away from-the 
source in all directions. &In a very large volume 
of mixture the form of the zone of combustion 
would be a spherical shell of increasing radi+us 
were it not that the hot expandFd products ‘of 

-*combustion tend to rise and hence to introduce 
convection currents. Flame ,cannot travel 

-downward when the upward movement of the 
-gases, due to convection, is fasterl’than the 
speed ’of flame in’a still mixture, aslhappens in 
weak mixtures neap1 the dimits of dammability. 
Hence, near each limit there is a range of mix- 
t;ures tliat will propagate flame,upward but-not 
downward. ,These 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 
higher confines. The gentle convection current 

* set up by ‘the, flame increases ’ the ,apparent 
speed of flame but, as far as is known, does not 
enable flame to travel when in the absence of 
convection effects it would not be propagated 

It seems cofrect, therefore, to observe 
upwakd propagating ’flames when defining the 

ility of, gas mixtures; but, for 
some purposes, it is desirable to know the limits 

. of flammability for propagation ’of flame in 
other directions (33) : ’Such limits when  de- 
termined are included in the experimental 
$esults given in this bulletin. 

For“” safgty in industrial operatioqk it is 
generally wisest to consider the limits for up- 
ward pFogagation as the danger line, Finbe 
these limits ,are wider than those, for horizontal 

. (63). 

or downward propagation of ‘flame. 
a ,  

DIAMETER OF VESSEL 

The propagation of flame depends ,upon, tKe 
‘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 enough to maintain flame propa- 
gation; therefore, anything that reduces the 

. .  

tabdated results in the following pages, but 
there are a few notable exceptions. For 
example, while the higher limit (downward or 
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. 

: ‘Mo‘reovGr, the-abnormal “cool flame” in higher- 
limit acetone-air mixtures appeam to be able 
to  travel upward in certain mixtures in a 
2.5-cm. tube but not in 5, .or 7.5-em. tubes. 
With few exceptions, however, the general 
rule,holds. ‘ .  

* ‘ .  - LENGTH OF VESSEL 

When flame travels from the open end of a 
tube toward the ’closed end,’its spee‘d is uniform 
over a distitnce that depends on ’the composi- 
tion of the’mixture’and the dimensions of -the 
tube; ‘the inflammation of one ldyer of ‘gas re- 
peats the inflammation of any other lazer in 
the “uniform- movement” of flame. Sooner or 
later vibratory movemen! of the flame may re- 
place the uniform movement; but this is rarely 
observed in-limit mixtures. When it lias hap- 
pened‘; however, the simple expedient of hold- 

*ing a pad of cotton wool loosely‘against the 
open end of the tube has suppressed any tend- 
ency toe vibration without sensibly hindering 
maintenance of constant pressure conditions. 
The flame then travels throughout the‘tube a t  
uniform speed; and variation in length of the 
tube, provided i t  is long enough (say: 4 feet) 
for the initial impulse of the source of ignition 
to be dissipated, has no effect, on the limits 
observed therein. 

In  experiments with closed tubes, howeSer, 
it is untrue that the length of tube does not 
affect the results. The longer the tube the 
smaller must be the pressure attained during 
propagation of a limit flame, because in longer 
tubes the gases behind the flame have time to 
cool more before‘ the flame reaches the end of 
its journey. Schutzenberger (303) showed %long 
ago that ’the observed limits in closed tubes are 
affected by the length of tube. In  experiments 
witki mixtures of 10 percent hydrogen and 90 
percent oxygen he found that there was’ “a 
maximum length of column of gas, beyond 

I *  

* l  * I  f ! I  , 



.DETERMINATION OF LIMITS I 

Thus, the lower li+t,of m\$thane in air, in cer- 
tain comparative expierimen&, was found to be 

1, 

calcium chlori 
percent (70). S u c h a  large $difference is excep- 
tional, perhaps unique, as I .moderate drying 
of "arbon' mo$oxide;air mixtures affects their 
ignhion: temperatures ana 
than' it affects -these prop 
gas hitherto'examined. L" 
' Oxygen Content.-The 

ane-air 'mixtur& and of 
other mixtures is not appreciably affected by 

3 

small changes tin theiroxygen content of, the air. 
The liigher limit, is-noticeably depressed by a 
small' rdduction 'in dqxygen content, because a 
correspondingly smaller amount of the com- 
bustible-( gas,wani;l burn. Thus, reduction of 
theroxygen-content of the air from 20.9 to 20.6 
percent~,depressed the- higher limit of methane 
about.0.3 percknt:,. (See fig. 20.) 

u 

; ; PRESSURE 

atmospheric pres- 
affect the limits of 
en shown both by 

deduction 5 from the 
e variation 'of limits 

of messure than 

' The)& ekt of' laI;ge_r' variations in pressuie:e"is 
rieitherisimple' 'nor uniform but is specific for 
each flammablekm&ture. So far as is known, 
reducti6n' ;'a4 pressure below 7BO mm. generally 
narrows 'the 'rhnge( of flammability by. raising 
the lbf%'er limit' -and ' aecreasing the higher 
limit. This':clihnge"iK 'often- imperc'eptible for 

t is so low' that'%he 

course'*of such cyrves, the diffic$ty of main- 
taining .constant pfessure *during. th'e ~ inflam- 
mati have to bei surmounted. However, 
it is certain that whatever may be the 
exact:"curse* of the es they-'do approach 
and ulthately-meet pressure is decreased. 



4 LIMITS O F  FLAMMABILIX 

&,Increase of pressure above that of thk at: 
mosphere does not' always widen the$ limiC4: 
On the contrary,. the range of, flammability of 
some mixtures is narrdwed by,.< increase -of 
pressure, so%hat 'a mixFure' that can propagate 
flame at; atmospheric presimre. may, not be able 
to do so at higher pressures: .For such mix- 
tures the lower limit may pass through a mini- 
mum and the higher limit through a maximum 
at pressures (not riecessarily the same) equal 

'Y :OF'~GA'SES'IAND VAPORS 

propagation of flame. iThe argument was;sup- 
ported by ithe discovery: that for !horizontal 
pfopagatioq; in which the flames could, not be' 
retarded .'by convection and might even be 
assisted, the lower limitrof methane in air re- 
mained unaltered between 760 and 5,000 mm. 
pressuke, and the 'higher limit was -incre&sed 
even more than for ::downward propagation 
($77). ' 

e exiepiion known to the &item 
urements of limits at ,presiures 

w apmospheric have been made in 
,,,hence the results relate to pfey 

eased at' an unknown :ate and 
to an, snkqown amount during the experiment. 
The rate, and amount would xary with the size 
and shap.e of the container. 

The same; criticjsm applies io, experim&&s i& 
&%ed ;vessels when; I the ~ pressure is initialli 
atmospheric;!the -Tesults obtained ar 
bf the l?ngth,of the vessels used, as t 
inF par:,, the rat? and ampunt, 
de$YFh? (63s). 
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in the series;t'tpsyieffect is enhanced in the 
narrower-tubesLbecause dof the greater readiness 
withe which itheliumi Iconducts 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 showing the effect of an inert 
diluent on the limits of flammable gas in air, 
it iseasy to deducef(1) the minimum percentage 

will support inflammation of 
the  maximum permissible if 
ake a. .nonflammable mixture, 

(2) the minimum percentage of inert diluent 
that must be 'mixed with, a combustible gas 

ts possible mixtures 
Many example? 
raphical method 

s been put forward 
s-Leir (39), with 
se, with the add- 

ts in air, it is 
possible :to >make a more or less accurate re- 
construction of the flammability-limit curves. 

MIXTURES OF FLAh4IfABLE GASES AND VAPORS 

chloride, carbon dioxide,'.nitiogen, helium, and 
argon, dec,q,I;e;asi$.,in the o 

f 3  
f 1 I  

:separately and nl 
of each1 gas in 1 any 
two) in air.,, ' 1 



I 

' 
Constituent 

Carbon Oxygen dioxide 

Carbon monoxide 

6 LIMITS O F  FLAMMABIL1TY:OF 'GASES AND VAPORS 

Per- ~ u f r e e ,  Pdr- ~ r f r e e ,  
cent percent cent percent 

15 9 Methane - . . 3 3 3 8 Tr' *Hydrogen ...._.__ 4 9 6 7 
4 3 5.0 Nitrogen _______.. 70 9& 69.6 

-- 

i 

.A J Small. !algebraic . tfBnsformation\.- gives .a 
mopei $useful. formula for; calculatiag .the:.limits 
ofi any:mixturei of combustible gases that- obeys 
it (@);ias.follo'ws,:.. . ( a .  . ' .. 

! . . , . , J  ' I 3  .Io.o' ,.,,II 

L= , + ,  i 

in which L.  is the: limit' :of i the mixture;of;:.coml 
bustible gases and,-plf, ;pz, pa, . . :. i are1,the .pro- 
portions ;of .each; combustible gas,present in the 
original, .mixture, free from, air.iand ;inert gases; 
s0:thit ' , .  ' 8  . ' .  ' 8  ',.; ':I:. L.:4 

, . . .  ,;,,;, . . P l + P 2 + , P 3 + .  :',.r=1.00.~:! ! * -  i f  - '  

. _  . .  
. ' < I . ,  . , . , i  

. .  . 
. f ~ i .  . ,  e . . .  > 
. .  , , ,  , 

, ,.,  ;E+&+???+ ,?? , y2 N 3 .  !i . . . ' f?' I '  

, r  
I (  . 

, : I  ' ,  . * , , , 1 -  8 :  ' .  .: ' . 1 . .  

. .  

is given by 
100 1 "  Z=,, 15 =4.55perbent. 2 

5.3 +3.22+2.37 + 1.86 r I '  

', I 
, 1 %  . 

, The-accuracy of the formula 'has been .tested 
carefully for many mixtures.. The results are 
discussed separately in the appropriate sections 
later. In  general, it may 'be said that, while 
the formula is often correct or very nearly so, 
there are :some marked exceptions. It seems 
that the limits (lower and {higher) of mixtures 
of hydrogen, carbon monoxide, and methane, 
taken two a t  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, see figures 56 and 57, Many of the 
greater discrepancies are found Fith upward- 
propagating flames, especially when one of the 
constituents is a vapor, such as ether or acetone, 
capable of'giving rise to the phenomenon known 
as a '!cool flame" (355). , Le Chatelier's law is 
useful when its applicability has, ,been proved, 
but it should not be applied indiscriminately. , 

~ Limits of I Industrial , 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 (95, 3271, 272) is that, when limit 
mixtures are mixed, the result is a limit mixture, 
provided that all constituent mixtures are of the 
same type; that is, all are lower-limit mixtures 
or all are higher-limit mixtures. This law holds, 
for example, for methane in a ran e of oxygen- 
nitrogen mixtures and 111 an-car % on dioxide, 

air;argon, and air-helium mixtures, except .near 
the point a t  which lower, and higher., limits 
meet, where therproportion of inert gas is large. 
It holds also for mixtures of hydrogen, methane, 
and carbon monoxide, in a wide range of 
mixtures of air, nitrogen, and carbon dioxide, 
and may therefore be used to calculate the 
lifnits of flammability of mine-fire gas mixtures 

is expressed as,'a percentage 0:' the 

2. 'A 'somewhat arbitrary "dissection of the 
air-free ,mixture 'is made' inCo simpler mixtures, 
each of whi& contains only one" flammaBle 
gas and part or all of the nitrogen or carbon 
dioqde., . i  .'i 

3. The limits'of each mtxture t&?s dGs8cted 
are read,,from tables, or icuqves. tT;(8ee figs. 1 
and 2.) , br I jj :. l 3 , : J  < 1 1 1  s l r l  / J  . ,  7 '  t 

4. The +limits of the airifree ,,Iplxture ,,are 
calculated from the figures for ,the dissected 
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7 -  I _- _-_ 
by 86.6 a@d,-mul~i$ied by 100, Ithi “&-free” 
percentages are-obtained. ThF nitrogen figure * ‘‘the inert gages separately, to 
is the. difference between -100 and th? -sum of a -,dissected-’mixtures, a‘s- shown 

, 2. The ,flammable- gases i re  

i these percentages.: 4 , -  ~ --table. ‘ - - I  ‘ 1 
_r_ . - - 



9 , ‘q t <I /-JDETERMINATION OF LIMITS 4 j 5’; t , , I  

or automobile exhaust gas or specially prepared 
inert mixtures of low oxygen content can be 
controlled by applying similarly deduced data. 
A full description is given in reference 329. 
Data for purging with steam are given in 
reference 368. 

SUPPRESSION OF FLAMMABILITY 

A flammable mixture may be rendered non- 
flammable by (a) a suitable increase in the 
amount of either constituent, (b) the addition 
of a suitable amount of chemically inert sub- 
stance, and (e )  the addition of a flammable 
substance in sufficient amount to exceed 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 lo 
bility. For example, 
and air containing ju 
the liyclrogen compl 
gen) becomes nonfl 
containing 86 perce 
hydrogen, or 67 per 
cent of methane. 

CHOICE OF EXPERIMENTAL CONDITIONS 

In  the light ‘of the preceding discussion, it 
seems that limits of flammability are ‘physico- 
chemical constants (at defined tempeqatures 
and pressures) of gases;and vapors that can be 
determined when observations are made with 

- -  
vapor. ’The mercury seal is then ’removed, the 

via some suitable mixing device. sure as that of the mixture under test (104). 
Effective ignition usually can be. obtained Most of our information about pressure effects 

equally well by passing an electric spark from on limits relates only to the pressure of the 
an induction coil (say, from “2-inch” to “12- mixture before inflammation. 
inch” as convenient) across a gap several The limits of turbulent mixtures have us- 

millimeters ,long- or by drawing the flame of a 
small spirit’lamp or a jet of burning hydrogen 
across an, apirture in the observation vessel. 
This aeerturt .is conveniently made at  the 
moment; preceding ignition by gently sliding 

glass plate that previously had 
el. When gases of small solu- 

water seal may be used for 
a few gases a small tuft 

by a spark or heated platinum 
rtain means of ignition (353, 
thers, an electric spark suc- 

ceeds in firing the mixture when a flame fails 
ttempted by an electrically 
not always be reliable with 
limits. 
s Apparatus.-An apparatus 

,used for many of the determinations made in 

repeatedly for. 10; to 30 minutqs, depending 
upon the density -of- the- added: combustible 

J 
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I Pump tower 
1 .  . '  ' 'FIGURE 3:-Apparatus for Determining Limits of Flammability of Gases and Vapors. c 

ually 'bben determined in small vessels fitted 
with fans, and the criterion of 
agation of flame has not be 
though for testing the effect of 
to the detonation of solid e 
sections of a cylindrical metal gallery of 6.3 
fget diameter have been used. * 

Stationary Flame in a Flowing Mixture.- 
Quite recently (986) an apparatus has bien de- 
vi'sed from which a cylindrical columh'of gaseous 

. r  

I I 1  ..$ * I 

2 3  ' . 

r 

, * . I  

i I .  i i .  

1 ,  

I. 

t '  - 

myxture rises into the air in a uniform stream, 
('jacketed" by a layer of nitrogen which helps 
$0 maintain the strict uniformity of motion of 
the mixture. The success of this device is 
shown by the fact thqt flat,'statiopary, hori- 
zontal flames have been maintained in 'mixtures 
of composition slightly below the lower limits 
determined ih tubes. 
determined by means of this device 
available (see under Propane and Butane). 

Only two figures, o 

i 

$ 1  I i i  i i f  
1 . .  

j I r' 

i t  1 
5 :  1 r 

' < +  '^. * 7  'I 1 + - - $  



I 
. I  

? 

t 

ascribed! to theidifferent 
of thejmixtures (699). I 1 

heatsof reaction and specifi 

11 
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Hydrogen. -: :- : _ _ _ _ _  __:___ - _ _ _ _ _ _  
Cartion disulfide:.: ____: _ _ _ _ _ _ _ _ _ _  
Hydrogen sulfide _ _ _ _  2-12 _ _ _ _ _ _ _ _ _  
Acetylene- _ _ _ _ _ _  r: ________.______ 
Ethylene oxide-l:!---??---'~ _ _ _ _ _ _  
Ethylene- ___. .. 
Methane. ___. I_._ _ _  _ _  ---:: ____. 'L 

Methyl  alcohol..^..^-^-^^^^--^^^^^ 
Methyl acetate ._..: ______._______ 
Methyl c h l o ~ i d e . ~ . ~ - . ~ ~ - - - ' ~ ~  _ _ _ _ _  
Methyl,b!'omide: . ' < .  L . 1  , _,,>. . . .~ . - -~ -~-~-~~- .~-  . >  . . 

_ _ _ _ _  1 _ _ _ _ _  

dered highly probable by the observation that 
particles of finely divided platinum or palladium 
may be maintained red hot by suspension in a 
mixture of 4 percent hydrogen and air. Com- 
bustion of the mixture produces a temperature 
of less than 350' Ct, butlthe liigh rate of diffu,, 
sion of the hydrogen enables a far higher tem- 
perature to be maintained a t  the metallic sur- 

so, a 6-percent h 
5.6-percent methane-air mixture would be 
described as nonflammable. Both these mix- 
turgs 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 windows and burn men. 
It- is inconceivablel 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  fails to. propagate flame 
'downward. 

Mallard (232) and others (29) have attempted 
to deduce limits of flammability from curves 
showing the speed of propagation of flame, for 
example, in a series of mixtures of methane and 
air. I. By ' extrapolating 'to' zero speed they 
thought to find the compositions of the limit 
mixtures, but-in a limit mixture the speed of 
flame'is by no means zero. 

A few regularities, set forth in the following 
paragraphs,' have been discovered ; occasionally 
they may give a useful indication of limits 
whicki have not been experimentally determined. 
- '  1. Le Chatelier and Boudouard (221) 222) 
d:etermined the lower limits of some 31 gases 
and vapors for d o h w a r d  Fiopaga'tion of 
flame,' With the exception of hydrogen and 
carbon disulfide, which gave low figures, the 
heats -of combustion lay between 9 and 13 
large calorjes per unit volume (23.5, liters at 
15O C.) of 'the limit mixture;'for most of them, 
the range was 12 to 13 large calories. 

'2; Burgess and Wheeler (32) found that, 'for 
e members of the paraffin series of 

om, I thAC calorific values of the bwer- 
res (propagation of flame'throughout 

Th4 agreement is a globe) -were nearly equal. 
not so good for limits for upward 

ame for -tfiese' hydrocarbons 
th  curfe 'can be idrawn to "represent t 

r'elsti'on betwe'en the calorific ,values of the first' 
eight members' of the .par 
lbwer lihi&.(94)i. c- - 

k >  

' 

3. White (353) 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 
3iqerrent:' directions of -propagation of flame. 
Carbon disulfide was the exception. For the 
others, the products of combustion were similar 
(nitrogen, carbon dioxide,! teq vapor, etc.), 
and' the temperatures att d were approxi- 
mately equal. 
Cemperature for propagation of'flame in 
mixtures 'seems to be approximately constant ' 

n of propagation of flame. 
tion temperaturd 0: thesg 
wer;' presumably because, in 
, a- much longei. ' 'time 'is 

tion than is availalj!e,' w$en 
flamer is self-propagating, through a mixture. 
The effective ignition, te-mperature for down- 
ward,propagation for the 11 solven for the 

PYlene, 
buAylene, and varbon monoxide is about 1,40qO 
C., uncoFected for radiation'" losses."' The 
figures are much less' (3t6)' for hydrog 
gen sulfide, and acetylene. 

When the1 initial tempdrature of t 
was e increased several hundred degrees (310, 
358) the ranges were widened, and therefore the 
heat of combustion at  each limit was less; but" 
the two factors usually balanced each other so 
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 hjgher limits of hydrogen 
and carbon monoxide. Thelower-limit temp+ 
atures se nearly loo', and those 
of car fell nearly 100' as the 
initial temperature,of the +xture,was,increased.* 

A straight-line relationship between temper- 
ature and limits (lower and higher) has also 
been indicated for several other compounds (3) .  

Although the calorific values bf lower-limit 
mixtures of chemically closely related.- com- 
pounds are often nearly equal, this rule does 
not dpplygenerally, as is shown by the following 

Hence, the 'effective ignit 

first 5 paraffins and fo: 'etliylen 

selected samples (134). I i  1 .  - t i  

, '  

I .57.8 
-. 246:6 

122: 5 
301.5 
2 8 1 . 0 ' : :  

, ;  310.9 
191. 7 

. i 1.149.'8 
349.4 
-153.7- 

X I ,  173.qi: 

i 

1 1  

Combustible 

' 1  . 1 

4.0  

4 .3  
2. 5 
3.0 

. 2.,75: 
5.0' - 

. 3.15, 
: '. 8.'25> 

, : 13.5; 

' . ' 1.25 

...: -' 6.72 

r :  . I- I ' I- 
231 

.* "308 
527 . 754 -'!-I 1843 -. j i ; ir855 

,958 
.: I  I i 1,007 

1,101 
11268 
2,342 

I '  



I -  

# ’ SOME THEORETICAL’ CONSIDERATIONSrJ 2 ’ ~ 13 

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 a straight line, as required by Le Chatelier’s 

I 

I 

H 

FIGURE 4.-Limits ofj Flammability of Mixtures of Hydrogen and Ethyl Bromide in Air. 

I 
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law, ,because the flame ~ temperatures are equal. 
Extrapolation' of this line cuts the X axis. at  
X=56. The TFPT of the mixtures is therefore 
equal to that of a 56-percent hydrogen-air 
mixture, which can be calculated. Moreover, 
the position of any point on the straight part 
of the higher-limit curve can be calculated on 
the ,assumption that the effective limit of 
hydrogen is 56 percent and that of ethyl 

, Although Nagai has adduced many instances 
of pairs of gases or vapors that appear to  sup- 
port his views ' (246,, 24.42, 250, 252, Si l l  Si4, 
:31,5, S l S ) ,  others .do not. For example, mix- 
tures ,of hydrogen and methane follow the. law 
of Le Chateliqr ,fairly well, but their TFPT's 
are far apart. I Moreover, mixtures of hydrogen 
sulfide ,and ,hydrogen (fig. 56) and of hydrogen 
sulfide and methane .*(fig. 57) present such 
results asnannot-be interpreted by Nagai's ideas. 

Another , purely empirical relationship be; 
tween, lower and higher limits of hydrocarbons 
and some of their derivatives has been advanced 

bromide 7.6 percent. I I  

) 

. . . .  

by M. Aubert (S), for downward propagation 
of flame. The agreement between calculated 
and observed values is less satisfactory fpr the 
simpler compounds than for the more complex 

6. W. Pi. Jorissen (191) and J. van Heiningen 
(342;) 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 higher limits of two gas$s have in 
some, but not all, instances a linear ,relation- 
ship to the pressure (90). J. J .  Valkenburg 
has developed this argument further '(SS6). 

'It is apparent t h t  the theor 
of 1imits.pf flammability is me 
qualitative; it is  bound^ up with the unsolved 
problem of the theory of, flame propagation 
in general. 1 ,  

and breaks down with acetylene. I '  

- 

- ,  
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INDIVIDUAL - L  GFSES AND 'VAPORS 
, i I . '  * I  

In  awo"rdance with the! prec 
the ' results collected for indiv 
arranged as follows: 9 

(1) The results of exper ation 
of flame upward in large scent 
gas which are a t  atmosp uring 
the passage of the flame. 

(2). The results for other directions of'propa- 
gation in similar circumstance:. 

(3) The results observed in 
open a t  one end (so that the pressure is constant 
during the experiment) or totally closed (so 
that pressure varies a t , a  rate, and,to an,.extent ~ 

which depends on the dimensions of the, yessel 
used). 

The first results may be-considered the h i &  
of flammability of the components named,, a 
physicochemical property iadependent of exter- 
nal.conditions, a t  atmospheric; temperature-aIid 
pressure ; the second are the limits .under * re- 
stricting conditions of direction of propagation; 
the third are the limits under still more re- 
stricted conditions, such as: the dimensions of 
the vessel used for observation. 

. 

f r  

HYDROGEN - , _ .  
HYDROGEN IN AIR 1 

Flames in mixtures of hydrogen and air are 
exceedingly- pale; the flame in a limit mixture 
is almost or quite invisible, even in a' completely 
darkened room. Ignition by a "fat" electric 
spark gives rise to a ?cry pale' flpme, but a 
"thin" blue- spark gives an invisible flame. 
Proof that an invisible flame has traveled to the 
top of a vertical Cube may Eeobtained 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.. explosion is 
observed. --Analysis of11 a limit -mixture after 
the passage of a flame wourd'not prove whether 
flame had- traveled- tkopgliout thk length of 
the tube, for the flames in'weak mixtures burn 
only-a- fraction of thG'lii35ogen -in th? tube. 

When a spark was passed near'.the lower 
confines- of- a weak hydrogen-air -mixture stand- 

expanded for about 16 inches, then broke and disappeared. (1 / 

- -  - * 1 , '  

I '  
1 ,  

4.9 percent hydrogen.-A similar ring of flame 
was formed. On breaking, it resolved itself 
into an exceedingly' faint cloud or collection of 
small balls -of flame, which traveled steadily to 
the top of the containing vessel-a distance of 
more than 5 feet. - 

4.4, 4.6, 4.8; 5.6, and 5.6 percent hydrogen.- 
In  each mixture a vortex ring of flame rose 
about 16 inches, then broke into segments 
which subdivided. into I balls of flame that 
traveled to the top of the vessel. An increasing 
fraction of the hydrogen present was burned as 

t was-increased; the strongest 
mixture,, 5.6 percent hydrogen, showed about 
50 percent qom-bFstion. 

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 a t  uniform 
speed the length of the tube. There seems to 
be no doubt, therefore, that these flames were 
self-propagating 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 i 0.1 
percent. - ' 

The hydrogen was not wholly burned in an 
upward-propagating flame in a tube 2 inches in 
diameter.unti1 1-0 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 
nthin thread of flame shooting upward and ex- 
panding into: a .flame cloud. As the hydrogen 
was consumed the thin flame gradually short- 
ened until it  disappeared. 

Complete,combustion of a layer of the limit 
mixture, 4.1 percent hydrogen, would heat the 
products to a temperature o,f \ess than 350' C. 
The ignition temperat-ure of hydrogen in air is 
about 585' C. FAT ingenious explanation of this 
anomaly has been given. (See pp. 11 and 12.) 

The-higher-limit of flammability has-not been 
determinsd in large vessels, but experiments in 
a wide, short vessel and. in a long, narrow-vessel 
have indicated (64) that the-higher limit in a 
large volume is about .r74.2 percent Kydfogen. 
A more recent determination in a tube 7 cm. in 
diameter and 150 cm. in length gave the higher 
limit as 74.4 " *  . percent . hydrogen (115). 

15 
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The foregoing figures, for both limits, refer The actual lower limits of dry and saturated 
to gases saturated with water vapor at  room gases at  room temperature are therefore equal. 
temperature. Some recent experiments with, The actual higher limit is reduced from 75.0 

ercent iby saturation with 
It  th'at is abdut what, would 

from the known effects of incom- 
om the higherilimits,,of hxdroken 

es., It willbe noted, alsd;,thatdie 
oxygen <in. ,the idryi and 

?res& 5:2%andi'5.3 .per- 
7 Idifferencel,Being due 
capacity of t h B  ,water 

, See footnotes at end of table. 
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yldrogen in air-in fmaller vessels-Cqn tinued 
ahon of Flame-Continued 1 

i 

I Dimensions of 

Diameter 

5. 0 
5. 0 
4. 5 
4. 0, 
2. 5 
2. 5 
2. 2 
2. 2 
1. 9 
1. 9 
1. 6 
1. 4 

I 
- !  , i- - ' 

i '  
'$ 8 i 'Propagation in a Spherical VesTel or a Birnb, 

1 

1 
9. 2 , 
8. 5 

5. 0 
4. 6 
9. 4 - 
8. 7 ' 

! 

Reference 
No. 

75::5 
73: 5 
70. &3 
64. 8 

271 .. . ~ 

82 
95 

349 
368 
297 

., I . I 
I.. 

, I  
._ - .--r -: :~~ _ .  . . -. .. , . .. -_ 

4 This 6gure would probably have been increased had a stronger spark 
been used; a spark strong enough to ignite a lower-limit mixture may <,j ~. 

1 Walls of tube b,lackeiied: 
2 Walls of tube sllvered. 
J At 400 mm. pressure. . .  '. , ' *  &? *\ . : , be too weak to i@te a higher-limit  mixture^ (64). 

! 
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LIMITS OF FLAMMABILITY OF GASES .'AND VAPORS 

10 I 
I 1 " t  ' HYDRO .. 

I ,  , I f  

Influence of Te,mperature.-Thre& sets of ob- 
servations have been made 'on $he influence of 
temperature on the limits of hydrogen in air 
(12,297, $58). Table-2 and figure 6 give those 
that are probably most reliable c(358). They 
were determined in a closed tube 2.5 em. in 
diameter and 150 cm. in length, with' downward 
propagationofflame. * '  -.'J L 1 1  ' 

At '540'~ C. a 90.45-perc 
flamed (287). ' * 

' The flame temperature (t 
insure propagation of  flame 
above .the. ignition temperature of hydrogen in 
air, 585' C. Moreover, increase ;t bitial tem- 
perature 'of the mixture does noti cayse the 
calculated flame temperature to fall toward' the 
ignition temperatureJbut has the opposite effect 
foF lower-limit mixiures; this observation awaits 
explanation. 

I ,  

I <  

FIGURE 5.-Effect of ,Pressures Above Normal on Limits, of Hydrogen in Air. 

TABLE 2.-Influence of temperature on5 the limits 
of $flammability of hydrogen in air, downward 
propagation of$ame 

Limits of flamma- Calculated ' 
bility, percent flame tempera- 

hydrogen tures, O C. 
Temperature, C. ! I 

9 4  7 1 5  815 980 
9 2 __._______ 820 _____: _.__ 
8 8  7 3 5  835 I 970 
8 3 ._........ 830 1 ____.__._ 
7 9  ' 7 6 0  845 ' 975 
7 5 ._______._ ,860 _ _ _ _ _ _ _ _ _ _  
7 1  7 9 0  875 970 
6 7 ___.____._ 890 .-I, _ _ _ _ _ _ _  
6.3 81 5 800 980 , 

Influence of' Impurities.-The lower limit' of 
hyaroged $ air, with downward propagation' of 
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HYDROGEN, PERCENT 
FIGURE 6.-Influence of Temperature on Li s of Flammability of Hydrogen in Air (Downward Propagation of Flame). L * I .  

4- . , .^ -r- --- 

flame, was raised a!fraction of 1 percent by the 
addition of 'iron carbonyl (0.028 and 0.056 cc. 
liquid vaporized 'per liter). TEe higher limit 
was reduced from 68 to 52 percent by the addi- 
tion of iron carbonyl (0.024 cc. liquid vaporized : 

(297); for @ammation in a closed bomb of 
810-cc. capacity, 5 and 94.3 percent (349). 

Influence of Presstie.-Experiments in a steel 
cylinder 3 inches in diameter and 5 inches in 
length, axis ver.tica1, indicated that the lower 

materiallx.by increase of pressure to 122 atmos- 
pheres but lay between 8 and 9 percent through- 
out thiz range -Of Pressure- -Ignition Was by 
spark or hoT-wire, and the-direction of ProPaga- 
tiontof flame Was Presumably downward (254). 

m e n  the Pressure is reduced below a t ~ ~ o s -  
Pheric; the-higher !limit falls slightly but does 
not reach 90 Percent hydrogen (central ignition 
in aiglobe) until the pressure is about 100 mm., 
at-.which i to insure an adequate 
source of i prerful source of ignition 
might on' of flame indefinitely 

xygen-mixture of 90 percent or 
drogen a t  pressuFes below 100 

g_eg.!-~La the-pr_essure is below 

nts in a burette indicated the exist- 

bout 409 and 420 mm. pressure, 
a'iapi'd rise between 120 and 80 

per liter) (325). - - - - ' limit of hydfogen in oxygen was. not altered 
1 

, HYDROGEN INIOXYGq 

The limits__of yisible .flame-_of hydr-ogen in 
oxygen with upward propagation of flame in a 
tube 2 incdes in diameter, open: a t  the firing 
end, are 4!65 and. 93.90, percent (150). , In 
closed tubes the-extremes /recorded are 3.9 and 
95.8 percen! (58, 57, 78, 97, 27%, 333). The, 
lower-limit ,figures/ refer to the same &type of I 

flame as that-of weak-mixtures of hydrogen-in 
air, and the lower limit in open vessels m'ay 
prove to be as low as in1 closed; vessels ?hen 
special means ,l are - taken to det 
flame. 

an invisiblej -in- alhS;̂ d 

er limit ddes not :rise above 11 

! I' 

e3f-a  @-@ j?y-$ri%- of the lower limit be- 

r 
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Influency-of Te,mpprature.-In ,a 35-cc. closed 
bulb the limits we~e~9.6 and 90.9 percent at  15"- 
C. and 9.1 and 94 percent a t  3PO" C.I(297).' 

HYDROGEN' IN OTHER' ATMOSPHERES 

are shown-in figure 7.- The detcrminations were 
made-in a tube 6 feet in lengtb.,and 2 inches in 
diameter, with upward propagation of flame at 

.A _ _ _ _ -  * & . - - - I  ~ atmospheric pressure during Bropagation (133). ' 1 From the ordinates of tlie,"nose" of this curve 
All Atmospheres of dxygen and QTitrogen.- ' it may be calculated th@ no mixture of hydro- 

The limits 'of hydrogen' in; vkyious-mstfiTes -& - - -  gen, nitrogen, and air at -atmospheric pressure 
oxygen and .nitrogen have: been determined at  - and temperature can Propagate flame if it 
600 mm. and ,lower pressures, with'downwa$d contains less than 4.9 Percent oxygen (167). 
propagation of flame in a tube 3 2mT in-diametqf , %or somg Purposes the results are more useful 
(88). (See alqo Ammonia Contact Gak.) i + -When exPryssed-(62) as in figure 8. 

Atmospheres of Composition BetwyenbAir ana ' This figure shows, for example, that a mixture 
Pure OxygenTFWith downwakl propagation of , containing'20 tpercent H a ,  6 percent 02, and 74 
flame in a/Buntd .bp-ette, the lower l?mit fefl I percent!N,/is flammable; but if 2 percent.of the 
gradually from 9.45 pe<cent hydrogen in,air to I oxygen were replaced by nitrogen the mixture 
9.15 perce,gt-, in; figarly pure oxxgen. \,,The A -  would not Ibe'flammable but )would become so 
higher limit rose ;from-65 percent hydrogen in -by admixture< with a suitable amount of air. 
air to 81 percent m a 40-percent oxygen mix- In  figu<e 8, '(impossible mixtures': 'cannot be 
ture, 86 percent in a 56-percent oxygen mixture, --$reduced by mixing ak, aitrogen, and hydrogen. 
and 91.6 percent in nearly pure oxygen -(323). L q o r  more, detailed explanations; compare the 

In  a mixture of equal volumes of oxygen and corresponding section on methane limits in 
nitrogen, 91.35 p!ercent kiydrogen inflamed-& mixture: of air and nitrogen (pp. 44 to 48). 

Atmospheres of Air and Nitrogen (Air De- flame in the same series of mixtures have been 
ficient in Oxygen).-The limits-of hyd&jg&i in- - determined in a closed tube 5 cm. in diameter 
all mixtures-of air and nitrogen, or- air from and 65 cm. in length. The lower limits are 5 

percent greater and the higher - 1 to + 10 

i 

* i  - _  - 
' I  . .  _I --_ 

I 537" c. (216). .L + The limits with aownward propagation of 

. ,  - /  t 

I I y )  

' x , & * I  . 1 

. 
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that the lower limit of-hydrogen is-reduced from- -- mixture to-burn yhen-issuing into air from a jet 
6.5 percent in ai: to 3 percent in an atmosphere 15 mm. in diameter, ignition by a gas flame, was 

dioxide. ~ - ._ - - -+_ 1- -" - -  -- - Atmospheres-of Air-and,-Argon.-The limits of 
Atmospheres of Air and Helium.lWhed thin , hydrogen in mixtures of air and argon, with 

rubber balloons' 2.5 inches in diameter were I downward propagation of flame in a closed tube 
filled with various mixtures of .hydrogen and * 2:2 '-=i:-i? -diameter, have been determined 
helium and a lighted! match or a white-hot (341). 
Platinum spiral was to burn a in the ' _-Atmospheres'of,.Air and Certain Halogenated 
fabric, the hydrogen 'CCidd raigd to *26 Hy$rocarbo+ns.-A series of results showillg the 
percent before the mixture became' flammable, ! lower andthlgher limits of hydrogen in air con- 

mixture woiild burn. {Hence, it was.concluded at 1 p ,  2 C. have been reported. 
that to dilute the helium used for airships with They' we n S - m d  burettes 15 mm. 
more than about. 26-.p_Ercent_ of-b.d~Og~n-'(@9) , .in ited -valqe (200). Sim- 

y temperatures were of the gas. 
Experiments by .the present writers show reported - in -an cqm$u*~cation (199). 

that homogeneous mixtures Of hyd?o- The a~dition_pf,-ncreasing amounts of methyl 
gen, and air ~ o ~ ~ d  propagate flame the bromide to the air causes thc @its of hydrogen 
proportion of hqdrogen-to he1iUm-k much less- -tb- appr&b,- &hd--ih a 2-i&fi$iameter tube, to 
than that indicated above. When ap'little as meet wheri 13.7 percent of the mixture is methyl 
8.7 percent hydrogen is present in ,admixture ' bromide. The lower limit iof hydrogen is, howT- 
with helium, it is possible to m&e, J w i t h  ,N&, ap@reciabry redbced (,jqiVirn to 2.4 percent 
mixture, a blend with pir that will Propagate a with 12 pe&cnt; of methyl bromidc) , shon ing 

bromide takes some'part in the com- 
tube 2 inches inFliameter p d  6.fekt-h length. I ). The results are of doubLfu1 app]i- 

wide spaces, for with a sufficicntly 
table 3 .  I - - ,  - -powerful source I of ignition some mixtures of 

methyl bromide; alone 'and air can be inflamed 

I . The. additionLpf increasing amounts of di- 
chlorodifluoromethane ("freon") to the air causes 
the limits of, hydrogen to approach and, in a 
2-inrh-diameter tube. to meet when 35 Dercent 

composed of airjand 3, or 4 percent of carbon 14 percent (22S).b . :  

3 .  

but if the hydrogen- exceeded 2% percept the - taining ,increasi 

would not insure safety against inflammation , 

unts -of:trichloroethylene 

vapors of other chloro- , 

weal< flame up through tlletccntr+ Part of a 

The complete set of obs_ervations is s$ 

TABLE 3 ,-Lzmits of jlammability of mzxtures of (p. 101). hydrogen and I helium $n air, u p w ~ ~ $  pops- 
gation of -flame in 'tube 2 inches .vn diameter 
and 6feet  in length, open at its lower end 

I t i ' *  I >  
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mixtures ,ofthydrogen, oxygenj and each of these 
substances 

I 

Influence of Temperatuie.&SomeJ irregular 
results ,haye been: obtaine'd~for;lthe influence of 

n the: limits of, hxclrogpit in an 
2l,,percent,oxygen and fW!Eercent 

carobon dioxide.. They ,need,,confirmation (2q7). 
rvation is &h$t +a',mixture fcon- hydrogeri 
rLcentn ,hydrogen. ,,inflamed i rat propaga,tio 

t~~b-;: 6 :IZK i. r ' J  5.2 and about 76 percent (285); in a 15-mm. 
n ,  Which. Nitpgenr ofi,Air Is tube,;,5!6i and.79.7 .percent* (SS9) .  The effect 

Replaced byl Argon,, %Neon; or t Helium.-The of -a. ,diluent I in+:narrou;ingi the limits increases 
limit3 .of hydrogen<, in r:atmospheres. in which in? the, following,order: Argon;anitrogen, carbon 
the nitrogen of the air is replaced.,.by. (a) dioxide;helium (285J. $1: 

argon or ( b )  helium, with upward propagation Atmosphere of Nitric Oxide.-The limits of 
of flame in a 5.3-cm.-diameter tube open a t  ip oxide (wrongly called nitrous 
the loivdr end, are (a ) ,  3'117 di?d1'76.'4' percent ' th ah?', a Netherlands' chemist 
and ( b )  7.72 and 75.7 percent. For downward writing in-English) with downward propagation 
propagation in the same tube, the upper# end of flame in a tube 15 mm. in diameter arc 13.5 
being open, the lower limits &:re (u) 7.0 and and {?.%percent (228).- 
( b )  8.7 percent (94). Atmospheres of Nitrous and Nitric Oxides.- 

In; a clo6ed 2.5-cm.-diameter tube, with The region of flammability of mixtures of 
upw+i-d" propagation of flame, the limits are hydrogenK,,njth mixtures of nitrous and nitric 
(a)  2.71 and 75.3 percent and ( b )  5.9 and 71.8 oxides is plofted'in artriangiilar diagram ($S9), 

ranges are narrower in narrower but the spark used was too weak to ignite any 
mixture of hydrogen and nitric oxide alone 

re of 20.9 percent oxygen and (228). 
argon, 89.10 percent hydrogen osplieres-in Which Oxygen of Air Is Re- 

bp!Nitrous Oxide.-The limits of 'hy; 
in a.mixture'of $21 percent nitrous oxide 
percent nitrogen, with upward propaga- 
flame .in a 5.3-cm.-diameter tube open 
lower end, are 4.19 and 29.0 percent. 

i$ chlorine, apparently for-downward When the mixture contains 42 percent nitrous 
propagatibn'of flame, were 8.1 and 85.7 percent. oxide and, the amo.uqt of combined oxygen 
Radiation from buping magnesium - ignited therefore kquals the. amount of free oxygen in 
mixtures containing between 9.8 and 52.5 air, the limits are 4.38 and 65.8 percent in the 
percent hydrogen (237). same -elipeTjm ental donditions, in comparison 

The limits with downward p 
flame in a tube 1.5 cm. in i3ia-m Influence 'of - Small Amounts of, , "Pro- 
in lcngth are 10.4 Lnd +33:9iiperc en"-The addition: of about 0.5 percent 
Reasons are given for- preferrijl arious possible "promoters'-' (die thyL;p$ox, 
to those, given-abov'e ~(228): -':- e thy1 nitrate , nitrogen- peroxide , rbe t1ij.l 

In  an iron bomb of SlO;~c.,,s, ,: ozone) had little effect on-hhe lower 
limits of hfdrogen in chlorine ar f hydrogen in air and little more: effect 
percent (549). higher limit-than that due-to the 

With a spark discharge-or a heated plathium * "Wt"cts of their,reactions (93). 
spiral in a'half-liter cylinder 4 Em: in diam&er,' 

I .  

inflamed at  545' C. ($16). 

t$,4.19 a,nd 74.6 percent in air'(9S)':" 

- 

Dilution of Electrolytic Gas (2H,f 
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Davy's, 'Turnerls, 1 and Bunse 
probably were rmade with upw 
of flame. (Davy land Turner 
fairly wide vessels .and Bunse 
spark as tlie source bf ignition. Regnault and 
Reiset,, Yon ' Meyerj Tanatar, Misteli; Eitner, 
and Jorissen observed wnward propagation 
of flame. I 1 .  

1Jncertainty:as to some of the methods used 
and the small scale of the experiments make i t  
impossible to draw6 exact conclusions from the 
results in table 4. In general, however, i t  is 
I .  1 I 

evident i th'at the .inert -gases of higher - heat 
capacity are more effective' tpan those of lower 
heat capacity ' in rendering electrolytic gas 
nonexplosive.* Helium is 1 more effective. tlian 
argon, presumably because of its I .  greater 
thermal conductivity. : Moreover,' when1 the 
diluent is. itself flammable1 and 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 -I uniting 
with oxygen. '. h 

( 1  

TABLE 4-Perce'ntage 03 electrolytic gas which, with diluent named, i s  at limit of Jlammability 
. .  

. " 1 Percentage and $authority 

Turner : 
(333) I (  

I " 

, I  

Payman and 
Titman 

(274, 875Y 
: I  I 

' I ward up-* I =Own-- ward 

I - * I- I 

1 Of 2 figures the lower represents a nonflammable mixture and th'e higher a flammable mixture. 
2 In a closed h b e  2.2 cm. IU diameter and 45 cm. in length. 
a At 85' C. and 380 mm. pressure. 

1 
? 1 

1 - 1  7 

- -  

1.- 
DEUTERIUM r ,  PARA-HYDROGEN , . 1  

The lower limit of para-hydrogen in' air ,with DEUTERIUM IN AIR AND IN OXYGEN 
gation of flame in a tube 7 cm. in The limits of deuteriufn, which have been 
120 cm. in length is between' 4.3 observed 'only in closed vessels, are given in 
nt. Under the' same conditions, table 5,, with 'those for hydrogen obtained by 

the lower limit of ordinary hydrogen is-between the same observers in parallel experiments. 
4.3 and 4 4  percent.' The ,higher limi't of a The ratio of figures (66) with upward propa- 
mixture of equal parts p f  :ortho- and, para_ gation (deyterium$and hydrogen in air) is'alrnost 
hydrogen was not less th that of ordinary equal to the inverse -ratio of the. diffusion 

coefficients of the two gases, a fact that agrees hydrogen (114). I 
\ :  
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* I  

In air 

-Lower Higher - 
~~~~ 

4 . 1  
3. 9 73. 0 
3 . 9  - - - - - _ _ _  

with the explanation given (p: r \ l  li)~~2for~LkLe I +'?The 'three 'tlast-named gases have equal 
peculiar nature of the lower-limit flame of 
hvdrozen. S?fS,>Ji. .,ti: 

In oxygen 

-Lower Higher 

- - - - - _ _ - - - _ ' _ - - - - - - - - - - -  

3. 9 94. 2 
3 . 9  _ - - - - _ _ _  

. .. . .  . . .. -. U "  

I flame' 
Atmosphere 

Nitrogen 80 percent 
Helium. bo percent. 
Neon, 80 percent--. 
Argon, 80 percent ... 

specific heats but different densities and thermal 
conductivities.- In --the helium- mixtures  the 
convection is least and the dissj 
energy of-'the flame front by 
greatest i correspondingly, the limit is the highest 
and the difference in the 'limits 'with upward 

j-ab c . 2 * P E k . I  

i i *  F 

d propagation of flame the ~ 

tion of flame i g a  c h s d  tube 2.2 cm. in diam- 

Percentage of SDI+.OI 
which with dauent 
n a m h ,  is at limit 

9.6 Diluent: of flammability 
_ _ _ _ _ _ _  15. 9 

7 . -  , L. 7.2 - - _ _ _ _ - - - _ _ _ _ _ _ _ . . 1 6 .  8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  15 .3  

, TABLE 5.--Limitd ojCJEammability of deuterium and hydrbgen in air 
f .  - Upward Propagation of Flame 

Refer- 
ence No. 

56 
274 
57 

which the only m 
that, could be .inflamed 
contained 21.9 percent 
16 atmospheres were, 
ammonia, and at 36 1 .comblistion (364). 

f 
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. .  . . . 

Propagation Throughout a Spherical Vessel or a Bomb ,, * , 
I h:,' . i 

.! . , '  
. .  

26..8 1 501 
25.0 - - - - - - - - - _ _ _  ..I . . , ,.:256 
-____.__-.--~_____ , :, 107 

__ .... 
. , . '  .~ , ,  

\ 

" 1  

/ 

,I 

. " 
t 

, AMMONIA,PERCENT < , >  
' I  

 FIGURE 9.LLimitss of Flammability of AmmonialAir Mixtures; Influelice' of Temperature and of 
, , Propagation ofj Flame. 1 I I I 
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':)If.( the' mixture of iammoniar and. airaistands 
over ,an* aqueous solutidn d f  ammonidl(strength 
not stdted) the limits are rapidlymapowed !by 
rise of temperature until a t  about 44' C. 'they 
meet. Above this temperature the amount of 
water vapor, islsufficierit: to render' all 'mixtures 
of ammonia \and air aonflammtxble (i3sOO). 

present writers are1 those1 for ammoiiia jri oiy- 
gen. - I n  1809 W. Henry wrote-"With a greater 
prop'ortion of**Apuri? 'oriyg'en I gas to ammonia 
than- that of ,<3 :-h, or of ammo5iS to Ogygen 
than ,that of 3 : b.4, thd'mixtures cease to  be 
combustiblk" (121). These proportions -cor- 

hrin arglassrbulb,400~cc.4n .capacity the limits 
at1~85od3 ,and~380 :mm. ipressures are -21 and 

!5 !perdenti 
In  a 50-lit 
mmatiom ,ignition was central de- 

p.endedridnrthe nature ,of,,the, source of. ignition, 
The lower limit, ignition by electric spark or 
guncotton,:was-,l5:9rpewent; 'by a mixt-ure of 
sulfur and,potassium ,chlorate,: 
~Wi').-b;~> , i ;  .is;#) * s ~  v t ! ~  ; f; 1 1 1  , i t  

From, obseryations,Kith,a split 
the lower limit of a 'a in oxygen was 
estimated as som%Gh than 1.5 Dement 

b tber limit for comple 

and the higher gmigia!,.s2me;hat greater than 
80 percent. (293). 
'"Irifluenkedf Preis'ui.e'.-'Ih' af'5O-liter41omb the 

as 
lo: 

Influencs'of Ternperature.-In';a '4losed tube 

iia mi these mix? 
tures hav6 been determined 
propagation rof~. flame+ in 1.5- 
diameter .tubes< t(203p2?45),. . 
-I Atmosphere ,oft NitroussOx 
determination gave .the limit 
nitrous oxide, conditions not 
217 and * 67.f percent -(121):. ~~RBcently,.,:tliese 
,limits 9 have been Ideducedt ,by .small< 'extrapola- 
:tionsrof ,the limits found;in,series:of mixtures of 
nitrous oxide and air. They were determined 
for upward, horizontal, and downward propa- 

gation of flame in closed 2- and 3-inch-diameter 
tubes, as follows: - -- - - - 

Limits of ammonia in nitrous oxide (closed tube) 
[ I > ? ' .  ' x ' 

us Oxide.-The 
limits of ammonia in various mixtures of air 
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Diluent 

I - 

ghdt ditr<;us oxide;'with upw downward,fand 
horizontal[.propagation of lfl ,' have' been deL differ 
termined in a 2-inch-diameter closedltube. They taini 
accord /fairly 'closely 1 with-Le Ghatelier's rde,  (356 
thBt fs; mixtures iof-limit ,mixtu?es of7the same . !4*  

sort I(1ower prlhighe:) i themselves ilimit mixi Lim 
tures (130). J r  2  si^' I ff.4 1 f;: ft-*\  vapor) in cloked tubes, rpetcefit L b f t b $  1 - i  

: ' Atmosphefei df Nit 
ammonia in nitric okide, wit 
agation of flame in a tube 1. 

mately; 20~and 6 

':Ian tcloiedl tubesr1.5zmeters in! lengtht and: of 

8 . [ I .  

2 1  i L * :  ' r  i fi+Df&-NE IN AI 

thermically, and its vapor' 
down to l2 mm. pressure 
the assistance of air or 0th - . , - - .  

Hydraaine limits, 
percent 

Lower 1 Higher 
- 

-_-- 

bustion ($04). 
The limits of 85 percent hydrazine hydrate in, , 

air. determined similarlv- and_calculated on the . 

With a spark which gave a pressure !imit of 35 
mm. for pure hydrazine, the followmi results 
were obtained. At 185 mm. (and 100' .C.) the 
lower limit in nitrogen is 48.6 percent; at  147 
mm. in ammonia it is 61.2 percent;.at 332,mm. 
in 5Nz + NO, it,is 27.1 percent (5) .  1 

3 ,  I 
'HYDROGEN SULFIDE,. , L1 2 '  

ds the limits of %hydrogen sulfide 
and 27.2'percent ( 1 8 2 ) ~  

-1 1 . I  i s  

_ _  - r -  

i HYDROGEN SULFIDE IN OTHER I ATMOSPHERES 

Atmospheres of Nitrogen and Oxygen.-The 
lower limit of hydrogen sulfide, with downward 
propagation of flame in a closed glass tube 
150 cm. in length,and 5 cm. in diameter, fell 
steadily' from 6.60 percent in 15.6 percent 
oxygen to 4.93 in 66.6 percent oxygen (360).' 

Atmospheres of Air and Carbon Dioxide.- 
With increasing amounts of carbon 'dioxide 
added to air, the limits of hydrogen sulfide 
approach and ultimately meet. In  a closed 
horizontal tube 4.5 cm. wide and 75 cm. long 
with 'spark ignition a t -  the; center, about <25 
percent .of carbon dioxide in the mixture is 
sufficient to prevent any mixture inflaming 
completely, and about 36 percent prevents 

Atmosphere of Nitric Oxide.-The limits 
hydrogen sulfide innitric oxide, with downward 
propagation of :,flame in a tube. 18 mm. in 
diameter, are approximately 20 and 55 per- 
cent (339). ~- , 

::+ The- limits 6f hydrogen cyanide fin ak-were 
said toe bel 12.75 and 27 percent, but the experi- 
mental conditions were not stated (52). Later 
.reports give 5.6 and 40.0 percent (255) and,, 
in a 50-cc. pipette, 7 and 41 ,percent* (279) as 
'the limits.. A figure of "around 8 percent" is 
quoted fdc, the lower limit in unstated con- 
ditions (16) .{ "+ 

-. Influence of Pressure.-In a 50-cc. pipette the 
-range* of flammability narrows with reduction 
of J pressure, the. limits 1 meeting a t  about 

partial inflammation (283). I t  

1 

~, HYDROGEN CYPNIDE (PRUSSIC ACID) 

I 3 

amm. (279). + , I  1 ' : . , / Ir li 

I ,. I I . _  > .L* 



.- . . . . . - .  

bu t  -a-brightly -red-hot tungsten- filament in 
the Xi-cm.-diameter tube ignitedwmiitures- - d-:flammabiliCy, has been examined (8). 

standard spark; rather -than on the limits of- 
-_ - - _  I.--. . -1- _ -  - 

T$B%E,g.--LimitS . .r ojJlammability < I >  oj cyanogen - - . . I . O  in' air 

Dimensions of tube, cm. _ _  
' f  

8~ 1 Length Diameter 

60 
: , < I  
t , ? .  3 .5  

2. 5 60 
-2. 0- 60 

2. 0 60 
1. 5 60 

- -- - 

- -.Upward Propagation of Flame - * - ': 
- 

Limits;< percent 

. 1 . . 

. .  
830.r 1-30. 6 Nearly:saturate&, . T 
*,28. 2-28, 7 . :.-. ,DO.: , ,  ; ; , , 

. , &  
27.' 3z27. 9 DO. 

18. 5. 25. 35-25. 8 Dry. 
26. 2-26. 7 Nea ated. 

I. ? . . 
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~ , TARLE 9.-Summary of other determinations of limits of carbon disulfide in air 

Dimensions of tube, cm. 

Diameter Length 
'- I ! 

* . %  8 ; %  ' 
7. 5 150 

~ 5.0 . 8 150 
150 2. 5 

I !  I f ',- r L  

I , a  Upwyrd 3 Propagation of Flame. 
I I I (  1 

Limits, percent 

Firing end Far end  
Lower Higher 

Closed _ _ _ _ _ _ _  Closed_:--- ' 1.06 _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _  d o - - - $ _ _  -__.--do _ _ _ _ _  1. 41 , . '50. 0 

(1. 71 _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ d o _ _ - - _ _ _ _ _ _ - d o _ _ _ _ _  
I J  . ,  

1. 91 
2. 03 
1. 90 
2. 08 
1.94 

'aqueous 

I .  

35. 0 
34. 0 
37. 0 
31. 0 

_ _ _ _ _  1---_-- 
1 1 ,  

Horizontal ,Propagation of Flame J I 1 .  

. .  . 

7. 5 
5. 0 
5. 0 
2. 5 

150 
150 
65 

, 150 

Downward Propagation of Flame 

555 
353 
650 
353 
,221 

5 5  

, , 1  

1 A t  60' C. 

Influence of Pressure.lThe effect of reduced 
pF6ssurBon the limits of ignitibility by a weak 
standard spark of carbon disulfide in air, rather , 
than -on its limits of flammability, have been 
examined (8). Higher limits at  90 to 210 mm. 

(downward< propkgation of flame) (i96). 
other result seems impossibly small (282). 

An- 

* Air and Other Substances.-All mixtures of 

pressure have been given for a -50-cc. pipette 
(279). 

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. +,diameter 
ana, 150 cm. in lthgtft, fell,st+'dily from 2.63 
percent in 11.8 per'cent oxygen to 2.00 i 
and 1.24 in 93 percent oxygen (360). 

L A i ~  and'Carbon Dioxide.-One volume of car- 
bon disulfide needs 22.2 vylumes of carbon 
dioxide to make a mixture, that is,nonflamm?ble 
in &air (185). The ,higher limits at  :educed 
pressures have ~ .been given for some mixtures 
in a 50-cc. pipette (279). 
I Air and Carbon ,Tetrachloride.-One ?volume 
of carbon disulfide needs 5.2 volumes .of carbon 
tetrachloride lto make a mixture. that ,is non- 
flammable in air. This figureris much reduced 
by adding to the carbon disulfide 5 to 20 percent 
ethyl bromide, 3 tin tetramethyl, I or gasoline 
(boiling sTpoint, 45' to 50') (251). I Another 
observation is that I volume of carbon disulfide 
needs 7 to 9 kolumes of carbon tetrachloride 
to make a mixture that is nonflammable in air 

. 

air and carbon disulfide are rendered nonflam- 
mable (downward propagation of flame) by 55 
percent of la mixture of 23.6 percent carbon 
dioxide and 76.4 percent nitrogen, by 20 percent 
ammonia, or by 45 percent sulfur dioxide (290). 

Nitrous Oxide, 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- 
mable (3449.* The limits iq nitric oxide under 
the 'same conditions are 4.5 and 59 66rcent at  
400 mm. piessure; below 3'0 mm. n: ,mixtuie 
is fla,mmable (343). 
' The'limit's of carbon disulfide in any mixture 
of nitrous and nitric oxides. at  .150 mm. Dres- 
surd, can be read from curves in the orkina1 
bylletin (344). 1 

Limits'of ignitibility by a weak spark (rather 
limits of flammability ' as claimed) of 

carbon disulfide in nitric oxide andi in ,n 
ReToxide. haye been recorded (8). 

, The-limits of carbon oxysuifide in2 air, ob- 
served, perhaps,. in , a I eudiometer.: tube, were 
11.9 and 28.5 percent (120). 

I, . t  
- 

r J  

1 .  - '  J ,CARBON OXYSULFIDE ' ~ . 



7 LIMITSrOF INDIVIDUAL ,GASES:,AND: VAPORS 31. 
CARBON- MONOXIDE .tube. *The limits .for propagation "throughout 

a closed 35-cc..globe with side ignition are 14.2 
and,-74.7 percent (297), and for propagation in a 
350kc: globe: with -ignition $-near the lowest 

In round figures, thkrefOre,--t,he limits for 
c ~ r ~ o ~ - m o n o x i ~ ~  in air saturated with T\,ater 
vapor. a t  laboratory, temperature and pressure 

-are 12.5 and 74 percent CO-for upward propa- 

zontal propagation, /and 15 and 71 percent CO 
for downward I propagation. The figures for 

undbf variable pressure during 

CARBON MONOXIDE- IN AIR 

lower confines of a-carbon monoxide-air-mixture 
standing over wate7- in a vessel. 6 feet high and 
l2 inches 'quare in the- 
observations were made (63): 

not travel the whole length of the vessel. 

filled the upper pa 
of flame. the experiment: 

wide as the vessel 

a spark was passed near the point, 12.7 and 75.4 percent (368). ' 

12.3 and 12.33 p_erc!nt gation, 13.5 percent CO flower limit) for hori- ring Of flame was formed, but flame did 

1 2 a 5  and 12.7 percent mon Oxide.- &ofizontal an$ downwarcl_ propagation are A ring of flame fir 

16.9 percent car 

rmed,- then broke and 

'ame as 
y* curved 

baked oh pbservations in closed tubes in which 

dnfluence of Pressure.-Figure 11 shows the 
l+its of carbon'monoxide in air under pressures 

the vessel- with striae - th&'gases 

convex front, ' passed slowly and'rsteadily - greater than atmospheric (17, 18,, 324). The 

C. and of saturati0-p with water vapor at  100' 
effect of raising. the $initial temperature to 100' 

c. is shown :for pressures of 32 and 64 atmos- 
pheres. The range of flammability of dry mix- 

is-narrowed,by increase of pres&re. 
than those in  figure 11 

through the, whole mixtur'e. rc' I 

In a wide %'ace, therefore, it 'vas conbluded 
that the lower limit of carbon monoxide in air 
was 12.5 percent carbon monoxide. +'' 

determined in large ivessels,..but experiments! 
The higher limit of flammability has not been -- 

At- higher in a wide, short vessel and'-m a long, narrow 
vessel have indicated (64) tEat.the highEr limit, 
in a large volume is akout' 74.2 -percent, car- 

the range of flammability widens somewhat, 
until at  800 a$mospheres- the limits are 19.2 
and 57 percent carbon monoxide (10). 

1 -- bon monoxide. Some old experiments. below atmospheric 

saturated with -water- va t-lgO to-.19,'- c .  of flammabiiity, +th downward propagation 
When wa$er vapor 'is removed as'comPleteb as of"flame in several mixtures of carbon monoxide 
is possible in laboratory exp:riments,$h'e -most, - a 
explosive mixtures of carbon monoxider.. and, 

ressures .for downward propagation of 
powerful electric sparks,. b'ut passage , o,ver8, monorideair mixtures 
calcium chloride raises the lower limit of 
carbon monoxide in air, in 
diameter; from' 13.1 t6 ' 
Other experiments with 'rdu 
gave tlie limits '15.8 and 

diameter tube, 14 

The figures! fo"f ' 60th refer to- gases pressure gave; $he- following limiting pressures 

o*ygen can ,be I ignited only by unusually 

Pressure Pressure 
<, atwhich atwhich 

Observations in Small Vess 
limit" With upward ProPaga 
closed vessels 'rose some'wh 
of the container wa 
12.8, 13.1, and: 13.2 
tubes, respebtitely. 
limits were"72, 72,-a 

kservations have been made (1.2, 220, 297, 358) 
on the infldence of temperature. . Probably the 
most reliable results are those (358) in table 10, 
determined)in a crosed tube 2.5 cm. in diameter 
and 150 km. in l&gth, with downward propa- 
gation of flame.- These results are plotted in 
figure 12 with two older approximate values 
indic'atea By stars' (290) that extend the lower 
limit kesults'to nearly ,600' e. 
' > t i l : *  3 !u .i>: '* I II :. 
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- -I- ---* CARBON MONOXID 

The second e2rliee.t r k o  

- -1nfluFnFe of Temperat&:.--In a 35-cC. closed 
bulb."th'e.limits were 15.5 and 93.9 percent a t  
15' C. ana 14.2 and 95.3 at 200' C. (297). 

the present writers are- those for carbon monox- - 
ide in oxygen. 1 In  1810 John Dalton mote  ~CARBON MONOXIDE IN OTHER ATMOSPHERES 
" * * * unless the carbonic oxide amount to 
a t  least one-fifth-of- the mixture, it will -not ex--- - - AAtmospheres of Composition Between Air 
lode; and the 'oxygen must be at' least one- and Pure; Oxygen.-With dopward  propaga- 

gfteenth of the mixture:' ( 7 6 ~ ) :  tion of flame in a Bunte Gure$$e 1.9 cm. in diam- 
The limits of -carbon monoxide I in'-oxygen,_ et?'_ the pwer- limit rose .grTdually from 15.6 

with downward propagation of flame in a Bunte percent carbon monoxid6 in _air to 16.7 percent 
burette 19 mm. in diameter, w&e 16.7:and 93.5 inc nearly1 pure oxygen. The higher limit rose 
percent in nearly p-ure oxygen ($28) ; monoxide in air to 
tube 17 mm. in diam&Ce,r,- 16:7 hCa-9 mixture, 9 1 percent 
(345). For propagation throughout -pkrcpt oxygen mixture, and 93.5 per- 
globe with side ignition ,the. limits w~e~et a$y pure oxygen (S,fW. 
93.9 percent (297): - -Earlier 'observa spheres-of Air ana Nitrogen (Air De- 
consistent with these. figures; ex xygen).--The limits of flammability 
Wagner's low-limit figure was too hig jmonoxide in all mixtures of air and 
he used a weak source-of i nitton-(243,-348);-~-- --nitrogen, or air-fiomwhich part of the oxygen 

hds been removed, are shown in figure 13. The 
appreciably narrowed u determinations were made in a tube 6 feet in 
reduced below 11506mm length-and 2:?iinc$es,in ,diameter, with upward 
strong igniting sparkJ was used. ropslgation of flame from an open end (183). 

tion becomes dif€icul - .  khn' tfie ordinates of the "nose" of this curve 
' 3  it may be. calc'ulated that! no mixture of carbon 

- -  

* 
a 

Influence of Pressure.- $r he limits were nqt 
the pressure was 

hen. a moderately, 

1 ; '1) s. ' 1 1  1 s-1 

' ' i- _ _  L - ; - '  ' 
~ ~ - - -  -* ---+ -. L * ,- - ' , T  --_. - -.. --. --_.--- 

I ., -1- - -  - *  
I 

-, ~ 1 .J  CARBON DIOXFE OR ADD-VONAL .. NITROGEN I IN . I  O ~ G I N A L  ATMOSPHERE, PERCENT, 1 

FIGURE 13.-Limits of Flammability of Carbon Monox'idd in Air and Carbon Dioxide or Nitrogen. 



Icarbonpmonoxide; ,8 percent,ioxygem; ;and ,*the 
cemainderbnitrogen'is explosirve.: .If the! oxygen 
.is1) reduced ;to 4. percent, and-ithe ,carbon 'mon- 
:oxide remai,nsr at' 20 percent; rtlie?mixture istIno 
longerc:explosive*-but ,will, become tsot on. admix- 
*tiireiwith;suitableramounts*of~air:,i&f theLCarbon 
monoxide is less 'than ZO!percent-andr oxygen, is 
absent, no mj+x@e air izgamTable. 

In  figureW4;.L% sible .*mixtures" cannot 
be produced bymixing air,,nitrogen, and carbon 
monoxide. "-For 'Lde"CailkC~'explanations 
comparel thet correspondiiigJ 'section.on7'meth'ane 
limits> inpmixtures of air hnd i n j  trogen. 12-t 
d G h e  limits &with .downyard ,propagati 
-flam'e in a closed tube.Z:Z cm. 
also been determined (341.): i 

. at:,various4,em"pe_rLitures!q-& 
e &ises; 'land cons'equent.ly,-the 

water-vapor +ontent )also,f.the lower, l i m t  rises 
slowly andithe h ighr  1imit:falls rapidly, as-with 
other dildents.,I+When.54'percent o 
is:pr&ent theilhnits 
carbon ,monoxide ( 3  
' !!Earlier eqerimen 

show similar. effects; but %he :range.of flamma- 

rying,by, calcium ch has an appreciable 
.effect on the lo,wer;lhgit of carbon monoxide in 
air,(p. 31): i ,  I 8 I , , 

is narrower (95). > _. ) I 7  +i;, 
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Atmospheres ro_-A~r~a.nd~_rC_ar~n_D_i~xi~e._ ---Ka,rd-proEagation of flame inT a Y .7-cm.-diameter 
The limits of flammability of carbbn moqoxidel tube (345).1 1 

in all mixtures cjf air and carbon di'oxide can be Atmospheres1 of Oxygen and Chlorine.-The 
read from one ?f the curves:in figure-l3.'--The: limits of barbon:monoxide in mixtures of oxygen 
determinations were made in a tube 6 feet inT--ana chlorine, with d'ownward propagation of 
length and 2 inches in diameter, with upward1 flame in a tube115 mm. in diameter, are plotted 
propagation of flame 'at  -atmospheric-pressureb- -in ,a-triangular diagram;- -No'mixture of carbon 
during propagation (133, 167). ' monoxide and chlorine was flammable (228). 

Earlier observations (95) ishow, ;as might be; Atmospheres of Nitrous apd Nitric Oxides.- 
expected, more rapid narrowing of Ithe-limits-+- - The limits of, -carbon--m+qnoxide in nitrous 
Bunte burette experiments. ' , ., I oxide, wit$ downward propagation of flame in 

The limits with downward pr ation m ai a 15-mm. burette, are 18.7 and 83.6 percent 
closed tube 2.2 Em: ZGdiametei. Kave aliobeeii-- rid +oxide--(ivrongly called nitrous 

Atmospheres of Air land- Argon--or .Helium.-. i'sh),30.9 and. 48.4 percent (228). 
The limits of carbon monoxide in mixtures of air ,*The region of flammability of mixtures of carbon 
with argon and with helium, with downward monoxide Withi mixtures of! niirous and nitric 
propagation of flame in a closed tube 2.2 cm..in - oxides has been plotted in a'tnr+ngular diagram 
diameter, have been determined (341). (339),,but$he spark used w$ too weak to ignite 

Atmospheres ,of Air Mixed with Vapors of. mixtihe Of cprbon monoBide and nitric 
Halogenated Hydrocarbons.=The- -"t~eoreti----oxide- (248). . -. - -- .- _ -  - t' 
cal" mixture of ;carbon monoxide qd.'air (29.6 Dilution' of 2COil-Oz.-The following results 
percent CO) was rendered nonflammable in a Were obtained with downward Propagation of 
4.4-cm.-diameter tub&, opeh at  -the firkg-e&,4+---flame diluted 2CO+-O2 @I a Bunte burette 
by (a)  2.05 perqent of carbdn t"dr/i,chloride for, 19jmm. in diameteb (95): 

upward percent for propagg&ti_on. dowhward' ' o_f--flam-e propagatiqn: and On-,red$cr @)- 1,16 
ing the percentage of ,nitrogen, more carbon, 

less was requir$d,,but the ratio of (a)  'to (b) :  

higher limits of carbon monoxide inti air-icon? i' *'>A*- 

'di'khloroethylke -and ' tri'chloroethyl'h'e ~ I$Fe 
been reported; they were observed in small 
burettes 15 mm. in diameter, so have limited 

, 

determined (341,). 1 I authpr-a Netherlands chemist 

j + / /  

f 
dilue~~~-upon-~ammabilitll of 2CO+ O2 

*, 1 Percentage o f d ~ O + O r  
whtch with dilllent 
namei, is at Zimt 

t _ _ _ _ _ _ _ _ _  23. 4 

c -- d- of flammability 

.,,#, .., , 
tetrachloride was required, and-on tincreasing it 

remained constrqnt (91). I I 

taini?g-,inFreasingj ?%OPtS& Pf, +$ vaP?rs, r of 

Series of rtyidts -,showidg -the:--lowery -and+ - - - - 35.3 

Nitgbgen evidently has a slightly greater 
extinctive action !.than .omgen:* although~l it, has 

value (199). Similar experiments have been 

Weplaced by Carbon tDioxide.-;-In a closed 35- 
~ c :  glob e i wi thl side !ignition the limits #were 2 1:8 
:ana 72.8 percent carbon monoxide in, a mixture 
6f 20.9 percent orjrgeniand 79.B percent carbon 
*dioxide, cornparedstwith 14.2 and 74 
respecti?ely, in air in the same appar 

figures (346)~may-be 
Sy ithose( just, quoted. , 
influence ,of temperature! 

in this series are irregular: ; , . t 

3 :i.Atm&ph&es 
&-id ''of Oxyg'eii 
atmospheres have been determined with down- 

-4ess heat capacity; carbon dioxide, which has 
much greaFer heat capacity, also has a greater 
extinctive action. 

? f  1 t l ' ' + : L I C  i l l  ; : .,,eHLoRINE.; 6 c .  "I 1 i x , , t i : 1  

1 

,tt 

s6arked tini a>-smalL cylindricaldu 
re'd flame smeaa through Itbettub 

orine andyfluorine; was 

orine monoxidedand oxygen 
23.5 percent of $the former 

flame upw'ard when 
tubel3.4i'cm. in diam- 
i(48). 1 i vi m>J:  
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LIMITS- OF2ItNDIVIDUAL' GASESI: rANp WAPORS 37. .. 
I Hence; honclusion 4s that,;-int: a +wide 

space;the lowerknit of m'ethane in.air-saturated 
with .water vapor JatJlaboratory temperature lis 

e,l but that; .if the dame is 
om the closed t o  the open 

as which is therefore ;P mo- 
t least 6 feet Iwhen the pro- 

portioncof.imethane- is not less 4han.5 percent. 
Fur thermor'e . h u  cer t ain circumstances "the 
flamcsiof rnktures.contahing 5.3 to 5.6 percent 
of methane .arenmem:sensitive to extinction by 

ethane in air usaturated 
een. determined in a 

gtli and 10 inches in 
ercent methane (68). 

13.6 Dercent methane: when the box was closed 
'1tiZ-3 ments h a vessel similar toA that first described. 

939350"-52---4 
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flammability,;* ini'a third ~(432):  the i f l  .- ds for both limits (dokn%afd~..~propagation) and 
iai a sei..iesl:~of-.Bammablel.mixtu'ces o ne? for the higher limit (upward propagation). It 

t 
;e;; , c I ? I t i  . 
I .:Horizontal Propagation :in I Small 'Ve 
Table 12 shows the.limits with horizontal prop- 
agation inc, tlie smaller vessels. The1 limitsl-for 
closed tubesi;are,aarrowed' apprediab1y;l by re- 
ducingtthe,diameter of the'tube to  2.5 cm. , I n  
,open .tubes! the ,limits. meet when the,diameter 
.of the tube is mduced to '0!45i cm.1 F1ame;is 
not prophgated, cxcept I for a short distance 
,from$he soprce, of, ignition, 1 along 
em. in diameter.$, . t  4 5  ,' ," I 

.-- 

, I  , I  ' ' * A i  :, ', > I  i t i f . '  . ) * .  

,; Downward )'Propagation in, Small' Vessels,., 
Table 13 shows the3imits with downward DroD- 
agation of,flame ia the ,smaller ,vessels. The 
limits throughout are somewhat narrower than 
those:found in the largest vessel for the same 

1 Propagation in Spherical Vessels.;-Table 14 
shows r the, limits for. 1 propagation of! Iflame 
throughout mixtures of. methane and\ air i n  
closed spherical vessels jof,:various. sizes: The 

direction!of propagation. * I  ' I , :  : I  



Diameter 

'*.'~JLIMITS OF' INDIVIDUAL 'GASES ANID VAPORS # 39 

7. 5 
6. 0 
5. 0 
5. 0 
4. 0 
2. 7 
2. 5 
2. 5 
2. 25 
2. 0 
. 9 0  
. 81 
. 72 
. 56 
. 4 5  
.36 

856 
33 

856 
277 
21 0 
225 
271 
356 
110 
277 
276 
276 
876 
276 
276 
276 
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. - . - . . . -. . 

j ' 
5.4 . .. ._ .. -. . __ . 

E OF ANGLE OF INCLINATION - f l  '1: La t 

URE 15.-Lower L Various Directions of P 
i Diameter. 

I 
1 
f t s  

Influence of StreaZijg cumstances 
y.-When& air; (p. 115). 
gh but not Tnfluenc 
s contaifie! change in 

it,gf&methaqe was discovered 
percent-observed between 7 

quiescent mixtures in the same pessel. 'If ithe 
bulence fwas too 6$en6, howeiver, even 'p 
percent mixture did ,not propagate more - 

-propagation of flame; when 
varied from 1 to 2.9 atmos- 

:of J1.3 liters capacity (211). 
,than a >short- tongue of &me (33,350). comparison has been made of 

. - -~-  -A streaming .-. movement of the-gas mixture_-. nge b-pressure from 1 to 6 
produces similar effects on the lower limit. A t  the limits with downward 
a speedqf.35 t0,65 cm. a seFond (69 128 feet 'and horizontal,,propagatio 
'a' minute) flame was' propagated' in, :02-p&- 
cent mixture but not a t  any ;peed 
in a. mixtpre (236),,> Hence, under 
aPPr i'iions o$movement of the gas 
mixture, the lower limit of methane is 5.0 per- 
cent. The same, figure was obtained when mained. nearly.coTistanf 
movement .'of the -mixture wasf: produced ',by 
expansion. caused by its, own combustion in 

propagation-of flame from 'In these 
f adarge vessel. (pf 137):' the lower 'limit with 
ma'de to observatiqnsof the *horizo was unbhange'd, but 
in'.Gomewhat "different cir- that ' 'propagation' $creased 
t 

p 

-diq.m,et&: (235,' $77). I ppit 
agntion,' t@3, @@'"change s 
and 13.40 pbrcent a t  1 atmo 
14.05 percent a t  about 6 a t  
horizontal propagatibn, ~ 

range of pressur&; the hig 
from 13.31 *percent Lat ;1 
percent& at about ' 6.5 atmospheres. 
exp eri 

I >  - i  1 i , '  i -- - - - _ _  



AL. GASES’ XND w h o  4 1- 
steadily with increasing Experimenfs in a wider tube, 5 cm. in diame- 
limit with horizohtal ter and 50 cm’. in length, compare the limits for 
more rapidly than Ithat; with downward prop- different f propagation of flame at 
agation. (For an-$itefptet&ion see, p. 4). atmospheric (277). The 

The limits observFd under very high pTessures curves for s are plotted in figure 18. 
(14, i7, 324) are shown in figure 16. One series Data werk tained for upward propagation 
of higher limits -(51)-$- omitted,.,..because it- at  the lo t-because, ‘in the rather short 
starts with too low !a figure (10,65 percent) for‘ vessel us sue was confused by the large 
1 atmosphere pressure: T1i.e- r increase in “caps” oIfYl,ame above the igniting spark. A 
the higher limit is remarkable. differences complete Icurs’e for horizontal propagation in a 
in the three series of r e ascribedi tube 4r5 cm. in-diameter and 120 cm. in length 
.to differences in exper d and in- has, however;:beenl obtained (125). I t  shows 
terpretation. Experime ost of necessity a small abnqrmality on the higher-limit side 
had to be condqcted in vessels, but the at 150 to-200 mm: pressure, where “green flames” 
results doubtless al;e a dicationc of the werp observed. A complete c b v e  for propa- 
possibilities of explosion in’larg vessels holding gation in,a bhe t te  has also been obtained (86). 
mixtures of compressed gases.;- 

Figure 17 shows limi$s 
pressure and at yarious 
2 cm. in diameter and% 
downward propagation 
curve for 20’ C. shows m 
low pressures and extends 
sures than those:observed 

. - - _ _  ---_- 

FIGURE 16.-Effect of Pressu& Above‘NormHI on Limits of Methane in Air. 
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8001 I 

FIQURE 17.-Limits of Flammability of Methane in Air (Downward Propagat.ion) , Showing ___. . Influence ~ of Pressure 
.. . . 8 (.Below -Normal);and~'lemperature:-~ -.-; - - -. -. 

FIGURE 
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Dimeniion!! of - Limits, percent 

Lower Higher 

Open --..-- ?.-- 5 4 .------- 

tube, cm. ' Firingend - 

---I- 2 5  

. 

and, Pure 0xygen.AThe 1imif;s of methane in 
I: mixtures+f.nitrogen and oxygen richer in oxygen 

rdinary air have been found as follows: 
globe 2.5 liters in capacity the 

Reference ' 
~ - 'No: 

F 

j nt 3 lower e regularly from- 5:8 percent in 
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, % a  

' /  

i 
. .  

FIGURE 20.-Limits of Flammability! of Methane in 
-_ ._ - 

are more useful 
fe 22. For ex- 

Percent 

J 
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cannot form an explosive mixture; with. air air, .and nitrogen must'fall below it. The line 
whatever the proportions -,used, -whereas_: ith pT.is,the_l@g-of lowg limits of flammability of 
mixture _ _  ._-  - - - - - --- -,- methhne and-CE-the line of higher limits. As 

Percent ' the oxygen content falls, 'BE and CE approach 
each otheriuntil they meet at  E. No mixture 
which contains less oxygp than that corre- 
$ondingwith E is explosite per se, but all mix- 

although not itself explosive, may form a series tures in the area BEC are within the limits of 
of explosive mixtures with air. Figure 22 gives flammability and are therefore explosive. 
this information at  a glance'. I -- - r- -- ---- Next consider any mixture to the right of the 

Explanation of Figure %-Figure 23 explains line CEF; for example, the mixture represented 
figure 22. The straight line AD (fig. 23) repre- by the point sG. Join GA. Then G A  repre- 
sents the composition of all mixtures of-methane sents -the-mixtures formed, in succession, as G , 
and pure air that contain up to 20 percent is diluted-with air.: Because G A  passes through 
methane. No mixcure of methane and air can the arFa'BEC the mixture, as it is diluted with 
fall above this line, and all mixtures of methane, ,_ .air, becomes explosive and- remains so as long 

M e t h a n e _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - -  9 
Oxygen____ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
Nitrogen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 _ _ _ _ _ _  '79-.. - 

112 I '  

I 1 F 
r /  

~ -- 0 2  - IN -_ - OFtiCINAL - - ATMOSPHERE, PERCENT . ._ I ,  I 

I r' 
- - _  

i 20 19 18 ,17 16 15 14 < '  13 

ADDITIONAL NITROGEN IN ORIGINAL ATMOSPHERE; PERCENT I 

FIGURE 2l.-Limits of Flammability of in Mixtur& of 'Air'and' Nitrogen; Comparison of Results Obtained 
n Smaller Vessels. L L 1 4  * I  
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FIGURE 22.-Relation Between Quan$ilative Composition and Flammability of Rhxtures of Methane, Air, and 
i Nitrogen. - _ -  --- _- - - -- - --"_- - _.- - -__ _ _  - - --I-- 

on HJ. 

is exactly defined by drawing a tangent from 
BECtand extending the tangent 
is of abscissas 'in' F;$eca$se the 

$ne joiijing'&y point' above 'and to the right 
of FE to .%!must pass'tlirough'~EC;'while the 

I t  will now be clear that the pos 

r 

as its _- - composition is represented by any':point - . tions are-and if therc is a wide range of pos- 
sible e-qlosive mixtures the danger is so much 
the ereater-then they can be found from the 
follokng considerations: 
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All Atmospheres of Oxygen and Nitrogen.- 
Limits of methane in these atmospheres have 
'been determined with ilownward propagation 
of flame in a '1.7-cm.diameter tube (545). 

Atmospheres 'of Air and Water yapor;.-bb/- 
serpa'tions that show the small differencejn the 
limits of methane iri dry air and in air sqturated 
with -water' vapor at  laboratory temperatures 
are quoted under. Effect of Smal 

Composition (p. .3).  
of large kmounts of 

s of methane in air is shown An 
in'ations were made in a 

pagation- of flame at 'at 
d 2 inches in,diam? 

ring propagation (62).  For* 
6 tube,was heated, to,$he 

to'maintain ,the rpquired 
or., ,~Henc&,,,'mo,st~'of- the 

' ,  

.__ . . ... 4 , ' 

i a 

observations were made at  temperatures above 
normal. Had it been possible to experiment 
at  normal temperature, the curve probably 
would haye been a little to the right of, the 

dioxide curve over tlie lower-limit* range 
the-nose, bvt the two curves would have 
ed over most of the higheq-liqit range. 

Similar experiments have been ~ made in 
closed 350-c~. spherical vessel with "natural 
gas" containing 97 percent methane, 3 percent 
,ethane. Similar results were obtained, with 
somewhat smaller limits, which met at  about 
6,.3 percent g?s i n , a  mixture containing about 
30 percend'of water vapor (568). 

Atmospheres of Air and Carbon .Dioxide:- 
Figure 25 phows the limits of methane in mix; 
tures of, air and carbon dioxide saturated with 
water, 
7 feet th and 10 inches in diameter, with 

= 

The tests were,made ip a tube ~ 
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FIGURE 24.-Limits of Flammability of 'Methane in S6parate Mixtures of with Carbon Dioxide, Water Vapor, 
-Nitrogen, Helium, and Argon. 

L .  1 . 
- 

. t  - . 
upward propagation +-of:'flame from the open 
end-of the tube. JIn/these;circumstapces'no 

observations were made in a horizontal glass 
tube 2 cm. in diameter and 100 cm. in length. 
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tion. . Thgse. curves show that the lower limit 
fof:firedamp is increased only slightly by the 
presence of blackdamp and that the danger of 
an explosion of 'firedamp.is not removed by the 

a presence of blackdamp, unless the amount of 
blacgdamp is so high that the atmosphere is 
,not fit to-\work in even-if gas masks are worn. 
'An artificial supply'of oxygen or air would be 

r work @an atmosphere of black- 
air incgpablg of propagating an 
firedamp -(SS>. , , 
mav be 'used to determine whether 

, ,I '- . ,:A , ,' . , , _  . ~ .  . I  

-,., I 

FIGURE. 25.-Limits of .,IFlamrp 

.' ' in- Large Vessels). '., : 

: I  ' * , I , < >  . _ ' _  ,' . I  

.. Mixtures of. Air and Carbon , 

, 
I .  . I ,  ~ 

r ,  .. , 

, out, aje. narrqver and the, extinctive. a-mounts 
lo'f inert ghs are much less than those quoted 
above (309). 

Atmospheres of Air and Argon or Helium.- 
Figgre 24 shows the influence of nitrogen, water 
vapor, and carbon dioxide on a the limits of 
flammability of methane in<. air, ,with upward 
propagationcof flame in a tube'2 inches i n  diamS 
eter, with the firing end open., , The differcnt 
effects of 'the three gascs are ,ascl:ibed .to, their 
different {heat, capacities; as carbon dioxidethas 
the ,greatest heat capacity, it: has the ,greatest 

effect on flame. The sorresponding 
argon iq theisame figure agxees with 

this,supposition, as argon- has smaller, heat 
capacity, than nitrogen. The,curve for helium, 
a-,gas oft heat capacity ,equal to, argqn,.,+hows 
that this is not $he,only factor dctermbing the 

ect of-an inert gas; app 
conclpctiyity of,helj 

morc efficient flame. extingpishq& 
It seems, ,however, -that th? effect 
thermal conductivities is. insignific 
differencq is gqeat (e9). 

according1 to figure 24; is. A, He, 
periments with similar series of mixtufes: in 
narrdw tube8 c1.6 andr2.2 cqwiri diameter); for 

d propagation .-of ?flame,, showed 1;tlie 
err of'efficacy, except &hat' the,q.ositiori 

of helium@ the series .saried.:with,lthe &di&met,er 
of( the tube land, perhaps, with the-,strength ,of 

,Th'er drder I of 1 increasin 
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.. ._. 

02 IN ORIGINAL ATMOSPHERE, PERCENT 
20- 19 18 17 16 16 

P . . . I . . . .  I . . . .  1 ' . . ' , . . . ' 1 ' .  . . , " " l  

\ 1 1 I 1 I 

FIGURE ZS.-Limits of F1 

I 

:carbon dioxide 

(186,195). 
No mixture of methane and air containing 

more than 1.2 percent of phosphorus oxychlo- 
ride was flammable in a 14.4-mm.-diameter 
tube, by a spark passed a t  the upper end of the 
tube, but mixtures containing up to 3.9 percent 

The curves for trichloroethylene and tetra- 
chloroethylene are incomplete; the experiments 
were carried to the point at  which the atmos- 
phere was saturated with these vapors at  labo- 
ratory temperature. Tetrachloroethane and 
pentachloroethane, up to the saturation point, 
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LIMITS-OF *FLAMMABILITY OF GASES AND VAPORS 

i 
FIGURE 29.-Limits of Flammability of Methane in Mixtures of Air with Certain Chlorinated Hydrocarbons and 

with Carbon Dioxide. 

I behave like’ inert diluents whose effect is to be bromide to the air causes the limits of methane 
attributed ‘to their thermal capacities. ’ -The to approach -and, in a 2-inch-diameter tube, 
ethylene derivptives, however, contribute to  the to meet d t  about 6 percent methane when 4.7 
flammability df, the mixture, hence the lower percent of the mixture is methyl bromide (38). 
limit of methane falls with an increase in the For a comment, compare the corresponding 
proportion of vapor;’the higher limit also faUs paragrapli on hydrogen (p. 22). An older 
rapidly for ;the same reason. series of experiments (WCO), made in almost 
creasing combustibility is C2C14-C2HC1 identical :circumstances, suggested higher re- 
CzHzClz; tbe las t  vapor form’s flammable mi;r- sults for b9th limits. throughout the whole 
tures with air without the help of any methpne. ~ range ‘of methyl bromide concentrations; these 

The extinctive effcct of carbon tetrachloride are partly explained by the criterion of “flam- 
B mability”. adopted ,for the .older‘ experiments, 

which was propagation of flame for a t  least 
18 inches. not for the whole length of the tube. 

The‘ order 

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. 

The addition of increasing amounts of methyl 

The extinctive effect of &chlorodifluoro- 
methane on methane flames (168) is almost 
exactly equal to that of carbon tetrachloride 
vapor, volume for volume. 

Series of experiments with halogen deriva- 
tives, in narrow vessels with downward propa- 
gation of flame, have been reported (195, 197, 
188, 199, WOO) and discussed (71). , 
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Atmospheres in Whichx.thes Nitrogen of the 
gon,,or 

gation of flame in a closed tube 15 mm. in 
Air .Is Replaced by Carbon Dioxide, 
Helium.-The limits of methane in at  Atmospheres-of Nitrous and Nitric Oxides.- 
in which the nitrogen of the air is replaced by The region of flammability of mixtures of 
(a) carbon dioxide, ( b )  argon, (e) helium, with f methane with mixtures of nitrous and nitric 
upward ‘ propagation of>-flame in- a 5.3-cm.- oxides is plotted in a triangular diagram (339). 
diameter tube open a t  the lower end, are (a) , Influence of Small Amounts of “Pro- 
coincident a t  ,9.0 percent, ( b )  4.01’ >‘and 17.3 2moters.”-The addition of about 0.5 percent 
percent, and ( c )  4.83 and 16.1 percent, respec- of various possible “promoters” (diethyl perox- 
tively, in comparison with 5>.26> and 14.3 per- . ide, ethyl nitrate, ozone,t ether, ethyl alcohol) 
cent in air. When the diameter of the tube had little more effect on the limits of methane 
is increased to 10 cm., the layer limit i n  the in air (upward propagation) than that due to 
argon mixture is unaffected, but in *the-h?lium the thermal effect of their reaction. With 
mixture- it is reduced to 4.5 percent, showing nitrogen peroxide, 0.5 percent reduced the 
that with helium mixtures ,in 5-cm. tubes the lower limit by 0.33 percent (93) and 0.2 percent 
effect of the loss of heat’ to. tEe is not by 0.26 percent (70). The lower limit with 
negligible (94). l “ i . l A +  c) I downward .propagation was not appreciably 

I n  a horizontal tube, 2.5 cm. in meter, affected by up_-to 1.0 percent of nitrogen 
open at the firing end, the correspondigg results peroxide (70). With methyl iodide, 0.5 percent 
are (a) 4.40 and 15.80 percent and ( b )  5.55 reduced-the range from 5.26 to 14.3 percent to 
and 14.25 percent (73). 1 6.29 to 12.3 percent (.93),. 

In  a closed globe of 35-cc. caikcity, with side Dilution of CHI+202 With Gases;Inert or 
ignition, a corresponding res is t(c)~:8.9 and I Otherwise.-The following results were obtained 
11.7 percent methane (297):- ’ with downward propagation of flame in a Bunte 

Influence of Temperature.-In an atmos- - burette .1.9 Cm. in diameter. 

s ijdiluents uponjlammability of CH, +- 20, phere of 20.9 percent oxygen and 79.1 percent . 

carbon dioxide,-the limits in a closed 35-cc. 
globe were slightly widened by increase of 
temperature to  300’ c. (297). 

Atmospheres of Oxygen and ,Carbon Dioxide, Oxygen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  19. 3 
and of Oxygen and Argon.-Limits of methane Nitrogen _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  23. 3 ~ 

in these atmospheres have- Teen determined Carbon dioxide _.____ _ _ _ _ _  _ _ _ _  31. 9 
with downwar$-- pjopagstio 
1.7-cm.-diameter tube (345). 

,,diameter,.are 8.6 and 21.7 percent (339). 

Amouni of CH+20, which, 
wzth dzluent named Z Y  present 
at ltmtt of flammabzhy, percent i t  

Diluent : 



LIMITS, O F  FLAMMABILITY ,OF GASES ~IAND VAPORS 

FIGURE 30.-Influence of Pressure on Limits of Some Pal 

Influence of Turbulence.-In ai'4-liter..globe 
the lower, limit for a quiescent mixture was 
3.10 percent ethane; with a fan running. a t  
high speed inside I the vessel a 3.2-percent 
mixture did not ignite; but when the fan was 
run at armoderate speed a 3.0-percent mixture 
explpded, 'producing, a pressure of 4.3 atmos- 
pheres (350). s ! I' 

,Influence of Pressure.-Obsei-vations (277) 
in a closed tube 2 cm. in diameter ahdi4O cm.i 

8 '-', 8 , r ,  
*affin: Hydrocarbons (Downward Propagation of Flame), 

$with downward propagation'of flame) 
(For a discussion*of are plotted in 'figure 30. 

these, see p.! 3.) 

4 ETHANE IN OXYGEN 

%<>The limits of ethane in o'xygen with upward 
propagation of flame in a tube 2 cm. in diameter, 
open1 a t  therfiring*end, ake3.05 and 66.0 percent 
(1~&$;~150): a J l  



DIYIDUAL GASES AND1 VAPORS I L+ 57 

.h . :- ' 

OXYGEN IN ORiGlNAL ATMOSPHERE, PERCENT 

ADDED INERT GAS IN ORIGINAL ATMOSPHERE, PERCENT 
FIGURE 31.-Limits of Flammability of Ethane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide. 
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Limits, qercent - -I Dimensions of 
tube, cm. 

Firing end 

Diameter Length Lower Higher 

Content of aqueous vapor 

- 3  

I *  

150 Open _ _ _ _ _ _ -  - - _ _ _ _ _ _ _ _  ’- = 2 . 4  7. 3 Saturated ____--__-----. 
Y 

I 2. 5 
7 
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Reference 
hl0. 

wi 

carbon dioxide are shown in ohe of the curves in 
figure 31. The determinations were madeJas 
described in the previous paragraph (146)! A’ 

1 ‘ -  1 

PROPANE -.. . =  

a The limits. of,propaneiin air, nearly, dry, with 
upward propagation of flame in’a tube 5’cm: in 
diameter, open at  the firing end, are 2.37 and 
9.50-percent (74); 2.15 and 9.05 percent (170). 

I The lower limit with a stationary horizontal 
flam-e (p. IO) in .a  mixture rising at  a rate,of 
about 5 cm. per,sec:, was, with-a small correction 
for preheating, 12.12 percent of propane (286). I 

Table 17 gives other determinations of the 
limits of propane in air. 

, Influence of Pressure and Temperature.-The 
limits of.propane in air, with horizontal propa- 
gation of flame in a bomb’3.8 cm.:in &meter 
and 15.3 cm. in length at 100’ C., are given in 
a diagraG ’ (127)-.. Th-e -range of flammability 
widens from about 2 to 9 percent at  atmospheric 
pressure to 2 to 17-percent at‘ 12 atmdspheres. 
“Cool” flames then make their appearance in 
rich mixtpres and extend the higher limit to 
23.4 percent at 19.3 atmospheres. 

0bsell;ations (277) in a closed !ube 2 cm. in 
diameter and 40 ‘cm. in length, with downward 
propagation of flame at atmospheric tempera- 
tufe and pressures up to about 6. atmospheres, 
are plotted in figure 30. (For a discussion of 
these, see p. 3.) 

‘ I  

8 

Downward Propagation of Flame 

I ,Propagation of Globes 

On reducing the pressure below atmospheric, 
the limits approach and ultimately meet at  

- 1 about 100 mm. pressure ($3’7, 125). 

one kfrthe curves in figure 32,. The determina- 
tions were made in a tube 2 inches in diameter 
and 6 fee? in length, with upward propagation 

this * -  curve it may be calculated that no mixture 

if it, contains less than 11.6 percent, oxygen 

’ PROPANE IN OTHER ATMOSPHERES - -- ‘-Atmospheres of Air and Carbon Dioxide.- 
-4 The limits of propane in all -mixtures of air 

Atmospheres of Air and Nitrogen (Air De-’ and carbon dioxidp I are shown in- figure 32. 
ficient in Oxygen).T-The-limits of propane in all , The determinations were made as described in 
mixtures of air and nilrogen can be readLfrom the previous paragraph (147). 

I of flame at  atmospheric pressure during propa- 
PROrPANE IN OXYGEN I _ -  ’ ~ gation. From the ordinates of the “nose” of 

* I  .I. 

The limits of propaiie in oxygen, ’with upward 
propagation of flame in a 2-jnch-diam‘et&r tube - -,Of. Propane, nitrogen, and a’ at atmospheric 
open at its lower end, afe 2.4-and 57 percent 3 Pressure and temperature can ProPagate flame 

I 

(147). ~ 

(234),-2.25 and 52.0 percent (138). * I 

2 -  

, , A -  

.“I ~ :- 

L ’  I ’ J ’  , I 
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Atmospheres of Air and Dichlorodifluoro- . Influence of Small Amounts of “Pro- 
moters;”-The addition of about 0.5 percent of 
various possible “promoters” (diethyl peroxide, 
acetaldehyde, ether, ethyl alcohol) had little 
more effect on the limits of “propagas” (96 

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 (170). 

OXYGEN IN ORIGINALATMOSPHERE, PERCENT 
20 19 18 17 16 15 14 13 12 11 10 

L ..i 
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I 

BUTANE 
BUTANE IN AIR 

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 (95). 

The lower limit with a ,stationary horizontal 
flame’ (p: lo),: in a mixture rising at  a rate’sof 
about 5 cm. {per second, was, with a small 
correction for preheating, 1.69 percent of 

_ _  
- - - *  

butane (286). 3 

Table 18 gives other determinations of the 
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. ‘in diameter 

and 15.3;’cm. in length, at  100: C., are‘given 
in a diagram-(l27). The range of flammability 
widens fromiabout 2 to 8 percent at,atmospheric 
pressure, to 2 to 16 percyt  at  10-atmospheres. 
“Cool” flames then make their appearance in 
richz mixtures and extend the higher limit to 
26 percent at  15.5 atmospheres, 

Observations (277) in a closed &be 2 cm. in 
diameter and 40 cm. in length, with downward 
propagation of flame a t  atmospheric tempera- 
ture sand pressure up to about ‘6 atmospheres, 
are plotted in figure 30. (For a discussion of 
these, see p.i3.) 

BUTANE ‘IN OXYGEN ’ 

The limits of ‘butanc’in oxygen with upward 
*propagation o f  flame in a tube 2 inches .in 
didmeter; open at  the firing end, are 1.85 and 
49.0 petcent ( ISS) . ’  ‘ 
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.i , *  . OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT 

ADDED INERT GAS IN ORIGINAL ATMOSPHERE, PERCENT 

FIGURE 34.-Limits of Flammability of Butane in Mixtures of Air and Nitrogen, and of Air and Carbon’ Dioxide, 

ISOBUTANE 

ISOBUTANE IN AIR 

,. The limits of isobutane in air with upward 
propagation of flame in a tube 2 inchcs in diam- 
eter and 6 feet in length a t  approximately 
atmospheric pressure are 1.83 and 8.43 percent 
(175). I * . L  

. x l  I ISOBUTANE IN OXYGEN I *  ‘ 
t f  

e limits ,of, isobucane in oxygen w 
propaga$ion of flame in a tube 2 i 

diameter, open a t  the firing end, are 
48.0 percent. 

ISOBUTANE IN OTHER ATMOSPHERES 

Atmospheres of Air and Nitrogen, and of 
Air and Carbon Dioxide.-The limits of iso- 

butane in atmospheres of air and nitrogen, and 
of air and carbon dioxide, are almost identical 
with the corresponding limits of butane (176). 

PENTANE 
‘ 1  

, PENTANEINAIR 

-The limits of pentane in air, with upward 
propagation of flame in a tube 5 cm. in diameter 
and open a t  sthe firing end, are 1.42 and 7.805 
percent (158) and in a similar tube 5.3 cm. in 
diameter the lower*limit is 1.62 percent (94). 

hese limits wa$supplied by 
I .~ 

The pentane udkb in the determinationof t 
tho American Petroleum Institute, Research Project 45, GI E. SBoord 
Director. Limits reported for n-hexane, cyelohexane, ethyl cyclobutane: 

.ethyl cyclopentane, n-heptane, methyl benzene (toluene), ethyl cyclo- 
hexane, 3,3 diethyl pentane 2 2 3 3 tet,ramethyl pentane, diethyl benzene 
n-butvl benzene. sec. .. but$ bhn’zenr. isobutvl benzene. and tert-hnt,vI 
benzene, by Bureau of Mi 
were obtained with samples o 
institute. 

nes (ref: f38j in vari& sections ofthis bulle%A- 
f high purity supplied by the abovl 
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TABLE 19.-Summary of other determinations of limits of pentane in air 

Upward  Propagation of Flame 

f ;48  
1 . 3  - 
1. 49 
1. 43 

. '. 1. 50 
. . 1. 75 

2 . 4  

7. 5 
6. 2 
5. 0 
5. 0 
5. 0 
2. 0 
1. 9 

. . . . . . .  -. 
, .  

, 4:- 63- 

. 4. 6 

_ - - - - - - -  
' : 4. 56- 

' 4..75 

- : - ,  4:9 . 
4. 68 

:: 

150 
33 

150 
65 
65 
40 

I 40 

.~ ... 

-- I I I -  I - - - ,  , -  A I 

, Propagation in Vessels Other T h a n  Tubes, - I 

I 

356 
95 

356 
31 6 
2s 

95 
%rr 
- 
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p
. 
4
8
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... . 

250' c. (21, 23). 

2,2 DIMETHYLPROP 

cm.-diameter tube 1.45 
all with upward propag 
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$00" C; and pressures below atmospheric, are 
given in a diagram (125). The effect of reduced 
pressure on the limits of ignitibility of .these 
'mixtures by a standard spark, rather than their 
limits of flammability, Kave been examined ( I S ) .  

HEXANE IN OXYGEN ' 
The limits of hexane in oxygen, withlhori- 

'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', 
,' : . $  . 

- . ,  '. . . .  

.. 1 

* 

'1. . . . . -. . . . . ., .- - . 

. .  

. .  

. , ,  . . .  

figure 38. The determinations were made in 
a tube 2,inches ,in diameter and 6 feet in length, 
wit,h ,upward propagation of flame a t  atmos- 
pheric pressure 'during' propagation. , From the 
ordinates of 'the "nose"'of the curve it may' be 
calculated that no mixture of hexane, nitrogen, 
and a?r at  atmospheric tempQrature and pressure 

propagate flame if it contains less than 11.9 
ent oxygen (149). 

The limits of hexane ;In' all mixtur'es of as-and 
Atmospheres of Air and Carbon Di0xi.d 

I J  L 

, -  HEXANE IN OXYGEN, PERCENT ' . I  

FIGURE 37.-Influence of Press& on Flammablk R$nges of Hexane-Oxygen Mixtures. " 

1 4  1 ,  
' j r  ' I  . .  . ! '  . . I ,  

. I  

are shown in figure'37 (127, 332). "Cool"- 
flame ranges are indicated by the shaded bianch 
curves. It will be seen that, a t  150' C., cool 
flames can be obtained in certain hexane-oxygen 
mixtures a t  pressures-from 0.9 atmosphere up: 
ward ; the corresponding figure for hexane-air 
Qixtures at  350' C. is 4.1 atmospheres. 

HEXANE IN OTHER ATMOSPHERES 

Atmospheres of Air and Nitrogen (Air ,De 
ficient in Oxygen).-The limits of hexane'in all 
mixtures of ,air and," nitrogen are shown 'in 

I 

'c'arbon dioxide are shown in figure 38. *The 
determinations were made as described in the 
previous pbragraph (149). 

j Atmocsplieres of Air and Certain Halogenated 
Hydrocarbons.2Thc addition of increasing 
amounts!'of methyl bromide to the air causes 
the limits ;of hexane to approach and, in1 a 
%inch tube, to meet when 7.05 percent of the 
mixture is methyl bromide; in a 4-inch tube, 
when) 6.0 percent is methyl bromide. With 
dichlorodifluoromethane ("freon-12") in similar 
experiments,' in a 2-inch-diamety tube, the 
corresponding figure is 13.5 percent of freon (58). 



D I M E m  BUTANES 
dimethyl butanes 
tion of flame in a 

,2:inch-diameter *tube, open at the, lower 
are,-the ,same, 1,20jand 2.0 

L" : > ! ' .  . . i  

propagation of flame in a 2-in~h-diameter-~tube, 
open at  theglower end, are 1.10 and 6.ZO percent 
( I % ) ,  and in.a similar,tube, 5.3 i 
the lower limittis ,1.26-pereent (94).r 

The limits of heptane in air (di 
vessel and, direction 'of flame propagation not 

t r  t I s i '  . -  
- 7  ' I L '  .i 1) t ¶  1 :  I 

1 and 6 percent Gi!ol~.>.L IAn oljserva- 
tion made in a ?-liter open bottle, apparently 
with downward propaga tio"n'1of flame, gave 1.1 

as the, lower limjt of  h 
-*J3f  L i S  * : J . * j > ' s i l ;  i J  I 

The limits of 2,3 dimethyl pentane' 
up-ward propagationfof flame in a 24nch-diam- 

f 3'heilower limit of octane.in1 air, with upward 
propagation of flame in a tube 2 inches in 
diameter,.open a$ the firing 

00 percent (I38), 4 
5.3 em. in diameter,'1:12 percent (94). The 
lower'limit in a 2-liter open bottle, apparently 
with. downward propagation of flame, .is 1.0 
percent ,(221). 
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ISO-OCTANE, _i zf 

7 ---+ -- 

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,dbscribed 

‘I ,onp.t114).’ I :  i I L (  I 

.‘. ’ Atmo ]Air * -and lCar6orii:Tetra’- 
‘chloride !shows#: thetminimum per- 
centages, by volume, of liquid , chrbonl :tetra- 

Cr ETHYLE 
LETHYLENEM AIR i- i i ,  i , ? S I  

*, , 7 1  1 0  

2 nf * I  , i f ,  ( L I  I , , I  1 L 

firing end, are 3.05 and 
kl.3t15 and 28 to 29 per-. 

wever, the limits are 
3.20 and 22.7 percent only (q8). 

t ,Table121 summarizes other determinations oi 
,the limitst of ethylene in air.. ’ I 
’ 

direction lof propagation of. flame. ,; :J’ ir 

The, h‘igher limit )depends very muc 

Influence of -Experiments~~:in a 
) I  showed thakipres- 
ect on *the ,limits of 
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,,315 I diameter$ t en\'at the firing end into a 
air which maintains almost 
during the experiment, the 
d- meet a t  about 90 mm. 
er-limit side of e the curve 

shows irregularities in that, in certain ranges 
of pressure,'there is a narrow range of composi- 
tion in which flame is not propagated (204). 

inations of limits ofkthylene in air 

ch- 

Firing end t >  

A 8 ,  

Dimensions of tube, 
cm. Limits, percent __ - - 

Content of aqueous Reference 
vapor No. 

Diameter I Length 
. %  

I 
--96 1 150 

6. 2 33 
5. 0 150 

. 2. 5 ,150 
2. 5 1 150 

"A . _ _ _  - I 

Upward Propagation of Flame - .  _ _ _ _  -r ~ 

183 
' 356 

95 
356 
356 
49 

I -  3 _,_Horizontal_Prppasc?tion ?!-fi_qm- - _- 

_ _ - _ _ _ - - - _ _ _ - - - _ _ _ - - - - - -  

I ! Downward PropagaFon of Flame : 

ethylene in air was scar 
quantities of iron carbon 

939350 " - 5 2 - 6  
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. , *  .:! T'ABLE 22.-Summary:oj'other. det2minations !of limits 6jrethylene in oxygen i . - i  .,. ~ e 

. -- -. . - .  . . 
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e of Impurities.'- of 8 Some. earlier observations (95) show, as 
might be expected, $morel rapid narrowing of 
the limits in a Bunte burette. 

The limits for ,+downward propagation of 
flame in a t ~ b e ~ l . 6  cm. in meter have been 
recorded (217).-l . .*LL L-. 

Atmospheres of, *Ai;, Nitrogen, and Carbon 
with downward propaga- 

e, 1.6icm. in diameter have 

Atmospheres of Air and Methyl Bromide.- 
The addition of increasing amounts of methyl 
bromide to the air causes the limits of ethylene 
to 4pproachf and, in a 2-inch-diameter tube, to  
meet wheri 11-.65 percent of methyl bromide is 
present. I -Th': :lower limit of ethylene is, how- 
ever;appreciably red,uced (dowp to l .95 percent 

ous 
the 

' with 10.5 percent of methyl bromide), showing 
-thatrthe: b'omide-takes- Some part in the corn- 

n a carbon dioxide- 
iven in some old 
Gacy (346). (See 

he following results were obtained 
with 'downward -propagation of flame in a 
Bunte burette! i:9rcm.i ~IJ diameter (95): 

z - 
: Atmospheres-of ;Ai 
The l+ts of ethylene-in all mi+tures:of- air and 
carbon dioxide are shown-in figure 40.. "The 
determinations were tmade as described in the 

' __ . previous paragraph. 

30 

'25 

20 
0 
W 
CL 

;15 
Z 
W 
-1 
2.- 
10 

5 

( 

Amount of CsHh+SO, 
whreh, with diluent 
named, $8 present at 
limtt of flammability, 
percent 

- -  

I - -  

* .  1 :: I 
, I  

30 ' 40 50. ' E 10 20 
CARBON DIOXIDE OR ADDITIONAL NITROGEN I N  

ORIGINAL ATMOSPHERE, PERCENT 

FIGURE 40.-Limits of Flammability of Ethylene 
in Air and Carbon Dioxide or Nitrogen. 

I ,.. & _  -, - - I s * - .  
i r  

es c$ Oxygen and Helium.-The 
*of4 all flammable mixtures of 

5 x ethylene, oxygen;. and, helium is given by a 
curve almost identical with that of figure 39, 
except that the "nose" of the curve is a t  8.5 
percent oxygen (163). 

Atmosphere of ANitroud Oxide.-The limits of 
ethylene in nitrous oxide, with upward propa- 
gation of flame in a '2-inch-diameter tube open 
a t  the lower end, are 1.90 and 40.2 percent (163). 
' Wit? domiward propagation of flame in a 
closed tube 4 Acm., in"diameter and 16 cin. in 
length; the' limits' aie. 5 and 35 percent. The 
presence of 10 percent of oxygen raises the 
higher limit to  47 percent (1.24). 

Atmospheres of Oxygen and Nitrous 0xide.- 
The lower limit of ethylene in mixtures of 
oxygen and nitrous oxide falls slightly as the 
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percentage, of nitrous oxide rises, to 
more rapidly as it rises*to 1 

- '. , 

' i  4 I 

.L 1 : 
,% - 

. 
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limits of “butylene.” 
The limits of the various butylenes in air, 

d, are 1.50 and 8.70 
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The lower limit of amylene in air, apparently 
with downward propagation of flame in a 2-liter 
bottle, is 1.6 percent (221). 

BUTADIENE 1 

BUTADIENE IN AIR 

The limits of butadiene in air, with upward 
propagation of flame in a 2-inch-diameter tube, 
open a t  the lower end, are 2.0 and 11.5 percent 
i(152, 155). 

BUTADIENE IN OTHER ATMOSPHERES 

Atmospheres of Air and Nitrogen _(Air De- 
ficient in Oxygen).--;The limits of butadiene in 
.all mixtures of air and nitrogen are shown by 
one of the curves of figure 42. The determina- 
tions were made in a 2-inch-diameter tube, 
open a t  the lower end, with upward propagation 
of flame. No mixture of butadiene, air, and 
nitrogen is flammable if it contains less than 
10.4 percent of oxygen (155). , 

Atmospheres of Air and Carbon Dioxide.- 
Figure 42 also shows the limits of butadiene in 
all mixtures of air and carbon dioxide, deter- 
mined as in the previous paragraph (153). 

I ‘  % ACETYLENE 
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 inches 
square in cross section the lower limit for 
propagation of flame upward toward the open 
top was 2.53 percent acetylene (44). I n  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 
limits. 

JVhere,a range is given for the higher-limit 
figures in table 2 5 ,  the experimental result de- 
pended 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 
(113); in a 2.8-liter bottle for central ignition, 

‘ I  

. 

. , .  . .  . , 
, ,  . . .  . 

ADDED INERT GAS IN ATMOSPHERE, PERCENT 

. .  

‘:FIGURE 42.-Limits of Flamm’abbity of Butadiene in Mixtures of Air and Kitrogen, and of Air and Carbon Dioxide. 



LIMITS OF INDIVIDUAL GASESi.'AND VAPORS 75 

Firing end 
2 

3.0 and 73 percent (&);.in a' 2-liter rubber-bal- 
loon with flame ignition; 75 percent' (higher 
limit) (95); in a lOO-cc.,Hempel ,pipette with 
downward propagation< ,of flame:-! 2.9 land. 51 
percent (44) and 2.45 and 57.05 percent (364); 
in a small vessel, 2.3 and 76.4 percent (9). 

A few' experiments 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 conditions for igni- 
tion. > 

> I  L ,  - I i J  f 

' _  .,\ ~ \ I  L-3 -  ~ 1 -  

TABLE 25.--Summary-of other determinations of limits ojJlammability of acetylene in air 
1 ,  Upward Propagation of Flame 

Limits, percent , 

Lower 1 Higher 
, I Content of aqueous vapor Regt .nce 

2. 60 
2. 60 
2.4 . 
2. 73 
3. 03 
3. 07 
3. 09 
._____ 

356 
356 
176 
356 
261 
261 
261 
261 

(; Horizontal Propagation of Flame 
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Influence'ofi pre&ure&T.he lower4imit in a Bunte iiburette. .1.9 cm. in diametpr,; was Iun- 
Hempel pipette was 'unchanged by increase ?of changed as the oxygenl in .the, atmosphere- was 
'pressure to 5 atm0,spheres (44). ' 1'. 2 1  - :increasedrto 97 pei-cent; the higher-limittirose 

shigher' limit, 'observed in a close'd 2-inch- gradually.!+om 52.4 -*percent iin air to. 82.2 in 
er tube a t  24' C.lwith,mixtures saturited 58 'percenteoxygen and ~to'89.7 in 96.8 !percent 

to 100 percent as the pressure was raised from Atmospheres of Air and Nitrogen (Air De- 
atmospheric to 7 pounds per square inch above ficient in Oxygen).-In an 84-liter bomb, the 
atmospheric (176)., ,The flammability of the lower limit of . acetylenq rose slightly with 
richer mixtures is evidently assisted by the increasing additions of nitrogen 'to tlie atmos- 
exothermic decomposition of much of the * phere while the higher limit fell rapidly. From 
acetylene that is not burned, and the 100 percent limits of 2.4 and 80-percent in pure air, -the 
acetylene transmits flame by this means entirely. limits met at 2.75 percent in an atmosphere 

e of ignition developed locally in a containing 69 percent of "added"'nitrogen. - At 
r may thus cause explosion of the gas this point-1about'6.5 percent of oxygen is pre- 

a t  pressures attainable in medium-pressure sent, in comparison with about 4, percent at,,the 
enerators, even in the absence of air (176). In  a Hempel pipette 

b h e  addition of water ,vapor raises proportion- the lower bruit rose fro? 2.45 percent. in air to 
,ately the minimum pressure for explosion of 3.3 percent in an atmosphere qontaining 8.7 per- 
acetylene and of rich acetylene-air mixtures. cent oxygen; at the higherJmit the oxygen in 
Propane, butane, and natural gas have similar, the mixture was constant at  [about 11 &percent 
'effects, in differing degrees (15S)t. Nitrogen,: except that close to the point where the limits 

8 hydrocarbons named, and- carbon dioxide IS Atmospheres of Air and Carbon Dioxide.-In 
intermediate in its effect (159). an 84-liter bomb, the lower limit of acetylene 

The effect of reduced pFeGsure on the-limits rose slightly with iiicfeasing additions of carbon 
of ignitibility of acetylene in air by l a  tweak .,[dioxide totthe atmosphere while the higher limit 
standard spark, rather -than on its limits of fell rapidly. - From limits-of 2.4 and 80 percent 
flammability, have been examined (8).;,, in pure air, the limits met at,3.75 percent in an 

Influence of Temperature.-The lower atmosphere containing 55 percent of carbon 
with downward propagation of flame in a dioxide. At this point about 9 percent of 
tube 2.5 cm. in diameter and 150 cm. in I oxygen isjpresent (113). In  a Bunte burette 

!decreased linearly from 2.90- percent1 at: no flammable mixture could be made in an 
t 1 7 O  C. to 2.19 percent at  3000 C. 'The  higher _ _  atmosphere containing 46 percent of {carbon 
limit-increased from 55 percent at  about 17.'.,c. . .dioxide .(11.3-percent of pxygen) (95). 
to somewhat over 81 percent at  200' C2c<Sc8). Atmospheres in Which Oxygen of the Air Is 

I n  an older observation (95) the higher limit).' X' 'Replaced 'by Carbon Dioxide.-A few experi- 
'with downward-prop8g&tic?n- of flame from the ments in a Bunte.burette show the narrowing 
open end of a cylinder 4.4Gcm.in diameter and of the range of flammable mixtures ,by the 

'26 cm. in length, yas  60 percent,,ayetylene at-  gradual replacement of the oxygen of the air by 
laboratory temperatbe and . '75.  qtrcent ~ at, carbon dioxide. No flammable mixture could 

be made when the oxygen' w'as reduced to 8 
I .  percent (carbon dioxide, 13 percent) (95). 

200° c. 
, T Atmospheres of Air and Certain Chlorinated 

limit' of' Hydrocarbons.-Limits of acetylene in air con- 
taining vapors of various cliloro-derivatives of 
hydrocarbons have been reported; they were 
observed in small burettes 15 mm. intdiameter, 
so are of limited value (198). 

with water vapor, rose almost linearly from-78 oxygen' (3bS). I I I * Y L  , -! 

. higher h i t - i n  air (118). 

:helium, and hydrogen have less effect4 than t$$ met it fell to 8 percent (364). 1 .  

/ I  , I - .  

( %  r ACETYLENE IN OXYGEN 

An old experiment gave the hig 
acetylene in oxygen, with ' downward Propaga-' 
\tion of flame, as 83 Percent acetylene (243)- 
An estimate for "an infinite mass'' (not cooled 
by the walls of a container) gave limits of 2.8 

argon (ass). ACETYLENE IN OTHER ATMOSPHERES , 
: I  Dilution of 2C,H2+5O2 With Gases, Inert or 

. *Atmospheres of Cdmposition Becween Air and 
Pure Oxygen.-The lower limit of acetylene+. 
with downward. propagation _of flame in a 

Otherwise!-The - following results were ob- 
tained with downward propagation ofI flame in 
a Bunte burette 1.9 cm. in diameter (95). 



other determinations of 

one end or the other. 
ere observed when the 

I - '  
Di 

tuoe, cm. 
I I J  ontent of aqueous vapor ontent of aqueous vapor 

30. 6 
7. 5 
5. 0 
5. 0 
2. 5 
2. 5 

Reference 
No. 

. .  
Horizontal Propagation of d a m e  i.. - 

. .  
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may be due more to the change in temperature 
than to that in pressure ( I J ) . ,  

.The effect of reduced pressure on the k i t s  
of ignitibility of benzene in air by a standard 
spark, rather than $its limits of inflammability, 
have been examined (13)., 

Influence bf Temperature.-The lower limit of 
benzene in air for upward propagation in a tube 
30.6.scm.lin diameter and 39 cm. in length, 
vented a t  its upper end,, mixture, undried, .is 
1.32 percent a t  21' C., 1.10 a t  100' ,C., 0.93 
a t  200° C:, and*;0:80 at.3000 C., (239). The 
limits of benzene in air for downward propaga- 
tion of flame in a vessel 9 cm: in diameter and 
45 em. in length widen 1inearly.from 1.37 and 
5.32 perkent a t  100' C. to 1.13 and 5.58 a t  
250' c. (21, 22). 

BENZENE IN OTHER ATMOSPHERES 
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 percent; 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 cm. in 

i 

I- 

0 a 
. w  a 

z 
w 
N 
Z 
w 

5 

w- 

m 

diameter, ignition b y q  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 
mixcures of air and nitrogen are shown by one 
of tfie curves of figure 43. -The determinations 
were made in a 2-inch-diameter tube, open a t  
the lower end, with upward propagation of 
flame. No mixture of benzene, air, and nitro- 
gen is flammable if it contains less than 11.2 
percent of oxygen (136). 

Atmospheres of Air and Carbon Dioxide.- 
Figure 43 also shows the limits of benzene in 
all mixtures of air and carbon dioxide, deter? 
mined as in the previous paragraph (136). 

Atmospheres of Air and Water Vapor.-The 
limits of benzme-air mixtures standing over 
water in a $50-cc. spherical vessel, and ignited 
near the water surface, have been determined 
at  various temperatures. -As the temperature 
rises (and consequently the water-vapor 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 a t  about 2.5 percent 
benzene vapor (368). 

L 

I 
I .  

ADDED INERT GAS IN ATMOSPHERE, PERCENT 
FIGURE 43.-Limits of Flammability of Benzene in Mixtures of Air and Nitrogen, a,nd of Air and Carbon Dioxide. 
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' . 'Atmospheres of.tAir and Methyl1 Bromide.- 
The addition of increasing amounts 'of methyl 
bromide to the_ air causesthe- limits of benzene 
to approach and, in a 2-inch-diameter tube, to 
meet when 7.75 percent of'the mix'ture is methyl 
bromide t(58).i For a comment,, compare the 
;corresponding paragraph on:.hydrogen (p. 22) .  

* The lower limit of tol'uene in air, with upward 
propagation of flame in a tube- 5 cm. in, diam- 
eter, open at  the firing end,. is 1.45 percent 
(158) or 1.49 percent (31). 

1 '  Table 27 summarizes other determinations 
of. the limits of toluene in-air. 
. Earlier experiments' gave approximately 1.3 
and 1.4 percent for the lower limit, probably 
with domTward propagation of flame.(WIS, 921 ). 

> _'. 

- - - .  . .; I I , . a .  , . . . .  . . . . . . . .  . ~ .I : 

Influence: of Temperature.-The limits of 
toluene in air'at 110' C., with upward propaga- 
-tion of flame in a closed tube 5.0 cm. in diam- 
eter and 18 inches in length, open at the top, 
are 1.20:and 7.20-percent; respectivelyJ(138). 

The lower limit with upward,propagation of 
flame in a cylinder 30.6' cm. 'in' diameter and 
39 gm. in length, v $ sat the upper end, is 
ol.99 percent 'at ,100 , 0.82 a t  200' C., and 
0.72 at:30O0 C. +(WS9). 

The lower limit of toluene 'in air with upward 
propagation of flame in a closed tube 10.2 cm. 
in diameter and 96 cm. in length fell from 1.27 
percent a t  26' C: t'o 1.12 at 200' C. (139). The 
limits for downward propagation of flame m a 
vessel 9 cm. in diameter and 45 cm. in length 
widen linearly from 1.26 and 4.44 percent a t  
looo C. to 1.03 and 4.61 a t  200' (21, 22). 

TABLE 27.-Sum'mary 'of other determinations of limits of fEammability of toluene in air 
_ _ _  Upward Propagation of Fl-ame 

Dimensions of 
tube, cm. 

Diameter I Length 

30. 6 39 
10. 2 96 
7. 5 150 
5. 0 1 150 
2. 5 25 

Conieent of 
I .. aqueous vapor 

Limits, percent 
Firing end 

1 Lower 1 Higher I , . -  

I I I 

Reference 
N O .  

239 
139 
353 
353 
294 

~- Horizontal Propagation of Flame ~ 

The limits of o o?j%Ge in air, conditions .- --  The limits-of styrene. id-air, with upward 
propagation of flame in a tuibe 1 inch in diameter 
and open at the upper.,,end, are: Lower, 1.10 

c _  _- , - - _ _ _  - - ____. - percent (at '29.3' -C.) ; higher, 6.10 percent (at 
not specified, are reported as l.o and 6.0 
percent (101). 

ETHYL BENZENE + 65.2' C.) (177).  I 

BUTYL BENZENE The lower limit of ethyl-benz ne.in air, with __ . . .  -. - 
upward propagation of flame in - a  %inch- The limit,s of &butyl benzene in air, with 
diameter tube, open at the lower e .is 0.99 upward pr ion of flame in a 2-inch- 
percent (158). I ' ,? - diameter %u en 'a t  its upper end and at  a 
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sufficient temperature .to volatilize? the butyl 
benzene, are 0.82 and '5.75, percent (138) ; 
isobutyl 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 (13S)r 
_ I  ' i 

upper. end and at  a -  teniperature' 'of 110' C., 
are 0.80 and 6.10 percent (138). . 

1 f ,  .._ 
'NAPHTHALENE 

its of naphthalene in 'air, with upward 
propagation of flame in a tube 1 inch in diameter 
and open at  its upper end, are: Lower, 0.88 
percent (at 77.8" C.) ; higher, 5.9 percent (at 
121.8' C.) (174). The lower limit of a cloud of 
naphthalene dust is about 50 . mg. per liter, 

which ,is equivalent-*to -about 0.9 percent of 
, r  I 

i CYCLOPAOPANE IN AIR, , 
The limits of cyclopropane in air 66 

propagation of flame in a %inch tube 6 feet in 
length, open at  the lower end, are 2.45 and 10.45 
percent (161), 2.40 and- 10.3 percent (163). 
,In ap, 8-ljter bomb with upward propagation of 
flame', the limits are 2.58 and 10.1 percent (161). 

The limits 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 perbent (161). 

' I  
. c CYCLOPROPANE IN OXYGEN 

CYCLOPROPANE IN OTHER ATMOSPHERES 

All Atmospheres of Oxygen and Nitrogen.- 
The compositions of all flammable mixtures of 

. .  . ._ 
. I .  
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0 

cyclopropane, oxygen 
figure 44. The deter 
2-inch-diameter I tube 

Atmospheres-of Air and Helium.-Figure 45 
also shows: the limits .of cyclopropane in all 
mixtures of air and helium (161). 

The relative effects of nitrogen, carbon di- 
oxide,-aiid-hkliiim.on the limits of cyclopropane 

e similar to their effects on the limits of 
mental conditions thane aqd,&pport the explanation given in 

the corresponding paragraphs on methane. 
percent oxygen. Atmospheses -of Oxygen1 and Helium.-The 

Atmospheres of Air and compqsition of all flammable mixtures of 
ficient in Oxygen).-The lim 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 curvck of figure 45. The determina- except that the “nose” of the curve is at 10 
tions were made in a 2-inch-diameter tube, open percent oxygen (161, 163). 
at the lower end; with upwardipropagation of - Atmosphere of-Nitrous Oxide.-The limits of 
flame. No mixture of cyclopropane, air, and cyclopropane in nitrous oxide, with upward 
nitrogen is flam>mable if it contains less *<than propagation of flame in a 2-inch-diameter tube, 
11.7 percent of oxygen (161); open a t  theJower end, are 1.60 and 30.3 percent 

Atmospheres of Air and Carbon Diox-id&- (163). 
Figure 45 also shows the limits of cyclopropane Atmospheres of Oxygen and Nitrous Oxide.- 
in all mixtures of air and carbon dioxide, The compositions of all flammable mixtures of 
determined as in the previous paragraph-(161). cycloprophne, oxygen, and nitrous oxide are 

.5 

- 5  

- -  
OXYGEN IN-ORIGINAL ATMOSPHERE, PERCENT 
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e 

- .  CYCLOPROPANE, PERCENT ' 

FIGURE 46.--Flammab@y of Cyclopropane-Oxygen-Nitrous Oxide Rl  ixtures I 
I )  
8 .  

shown in figure 46. The determinations yere- , - -  ,' , I  .- CYCLOHEXAPSE 1 '+ 
made with upward propagation of flame in a _  , - "  - :, I I -. 

2-inch-diameter tube, open at  the lower end, ' a 
CYCLOHEXANE IN AIR 

. ' 
The limits of qyclohcxane in ai:, with upward 

cm. in diameter, 

shown in figure 47 (1633). ' , (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 -downtvar'd 
:propagation-of flame in a closed tube 5 cm. in 
diam'eter and 65 cm. in length they were 1.31 
and 4.5 percent (316). 

InflueZce-of Pressure.-Curves showing thc 
influence .of 'pressure up to 500 atmospheres 

~ hAxe been given i l l ) ,  b-ut the rar;ge of flamma- 
I bilitvlshown seemsimpossiblv wide. The effect 

(1 63). r -  - x -  " - - -  
Atmospheres of Nitrous Oxide and Helium,, ' propagatipn of flame in a 

The compositions of a" 
cyclopropane, nitrous oxide, and 

mixtures Of open at, the firing end, are 1.33 and 8.35 percent 
( Y I ) ,  1,.26 and 7.75 percent (IS@, 1.50 percent) are.v 

, 

cycl&utaie in air, &th 
propagation of 'flame in a 2-inch- 

ETHYL CYCLOBUTANE f ,  

The limits of 

diameter tube, open at the lower end, are 1,.24 - 
and 7.74 percent (138). - 

ETHYL CYCLOPENTANE - -- 2 

The limits ,of ethyl cjclopmtaneiin air, with 1 -of .r<ducedLpressufe 0; the 1i"mits of ignitibility 
of these mixture? by a st,andard,spark, rat$eri 

;,(tLari on tlieir limits of flammability, has been 
examined ( I S ) .  

up,war$ propagation of fla 
dja&eter' fbbe, open a t  the 1 
and 6.70 percent (158). 
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FIGURE 47.--J; larnmabi'lity.,of Cyclopropane-Nitrous Oxide-Helium Mixtures. 

. .  

, .... 
. '  

I 

. I  

< &  ; 11. t.. t 
I 

Influence of Temperature.-The limits of ' METHYL, CYCL 
cyclohexane in air, *with I /  

of flame in a vessel 9 cm The lower limit ofimethyl. cyclohexane in air, 
in length, widen -line in a tube 5 cm. in,p.idth, is 1.25 percent with 
percent a t  looo C. to o upward prdpagation' "of flame ( S I ) ,  and 1.15 
(21, $9): - - _.-- - - _I - - _ _ .  - - percent with downward propagation (246). 

The lower limit in air with upward propaga- For Lhe-fdGmer observations the tube was open 
tion of flame in a-eylinder 30.6-cB. in diameter . a t  the fii-ing'end; for -the latter it was partly 
and 39 cm. in length, ve opened (by stopcocks$< a t  both ends. 
1.12 percent at 21' C. Influence of Impurities.-Thc lower limit was 
0.83 a t  200O C. (239). - "! unaffected by small'iidditions of diethyl selenide 

or lead tetraethyl. The effects of pyridine and 
de - agfeed with Le Chatelier's 

'fo 

I ,-< 

CYCLOHEXANE IN OTHER ATMOSPHERES - - di 
<?. ::, . > , : , , - z  

Atmosphere of Air and Methyl Bromide.- 
addition of increasing amcynts of methyl 

mide to the air causes the Iimits,Lof cvclq+ 
hgxane to approach and, in a-2 inch,diameter 1 

ETHYI; CYCLOHEXANE 
1 '  

tube, to meet when 7.4 percent of the mixture is * The limits-of ethyl cyclohkxane in air, with 
methyl bromide- (38). (For a comment, upward propagation of flame in a .  2-inch- 
compare the corresponding paragraph on hydro- diamcter tube, open a t  the lower end, are 0.95 
gen, p. 22.) and 6.60 percent (138). 
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* I  7. 5 150 Closed _ - - _ _ _ _  _ _ _ _ _ _ _ _ _  7145 _ _ _ _ _ _ _ _ _ _  D r y _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - -  
5. 0 150 _ . _ _ _ d o _ _ _ - _ ~ _ l _ _ _ - _ _ _ _ -  7. 65 1 26. 5 _ _ _ _ _ d o -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

91 _-__ .do . - - -__- - - - - -__- - - -  6. 80 _ _ _ _  A - _ L ' _ _ _  _ _ _ _  do _ _ _ _ _ _ _  i _ _ _ _ _ _ _ _ -  
I 2. 5 150  do__ do___-_____---___---- 8. 0  do__ do___-___ do____----^-------- 

5. 0 ., 
* .  

365 
555 
351 
3555 
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i ,  

Dimensions of l is, 
per‘cent 

- >  5 ,  . Content of 
tube, cm. 

Fiiing‘end Far end I , 1 1 - , aqueous vapor 

brought about by fusion of a platiinum wire in 
contact with 1 mg. of guncotton; certainmixtures 
propagated flames a t  as low as q26 mm. pressure 
(1 71 a). 

METHYL ALCOHOL IN OTHE 
I . ‘  9 ,  1 : *  ’ ,- 

~ Atmospheres of Nitrogen and Oxygen and of 
Carbon Dioxide and ,0xygen.7The limits of 
methyl alcohol in “atmospheres” of <ni 
and oxygen and of carbon dioxid 
containiqg 20.9 percent oc less ox 
,determined in a %liter flask, wit 
the base. Curves extenGkng as 
determined a t  laboratory . temperatures are 
given in the original paper. When sthe oxygen 
content of a nitrogen-oxygen “atm 
below 10.3 percent, no, mixture. 
alcohol would propagate flame (76 

2::;- 
No. 

I Atmospheres.’of, Air and Carbon Dioxide.- 
‘The limitst of methyl’ alcohol in mixtures of air 
and yarbon dioxide, with downward propagation 
of flame in a 2-liter cylinder, approach each 
otlier as the proportion of carbon dioxide is in- 
creased. I ,  With..more than 26 percent ‘carbon 
dioxide in the “atmosphere” no mixture with 
methyl a alcohol will propagate flame under 
these conditions (230). I 1 . 

2 . :  J’ 1 ; .  . ,  
’ETHYL ALCOHOL , 

. ETHYL ALCOHOL IN AIR 

The lower limit of ethyl alcohol in air, with 
upward .’propagation, of flame in a tube 5 cm. 
in diameter, open a t  the firing end, is 4.25 
(158) or 4:40, percent (31). 

Table 29 summarizes other determinations 
of the limits of ethyl alcohol in air. 

o I .  i : 1 .’> 

TABLE 29.-Summary. of ofher determinations of limits of Jlammabdity of ethyl alcohol in air 

Diame- 
’, ter 

30. 6 
15 
10. 2 
7. 5 
5 
5 
5 
2. 5 
2. 5 

Length l- 
39 (iron) _______.  

300 (iron) _ _ _  - -r  -. 
96 (iron) _______.  

150 (glass) -_____.  

150 (glass) ______.  

150 (glass) ______.  

91 (glass) _____- .  

150 (glass) - - - - - - 
25 (glass) - - - - - r .  

I f I  I 1 . 1  
* I  I ,I > ‘ : Horizontal Propagadon of-Flamet , 

239 
361 
139 
353 
361 . 
351 
359 
S61 
294 

. , . .  ~, . . . .  

939350”-52-7 
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11.80 
9.95 
E. 90 

7.55 
.... 

_ _ _ _  

LIMITS .OF FLAMMABILITY .OFIGASES AND1 VAPORS 

0 
'15:O 
26.0 

36.5 
.._. 

_ _ _ _  

The limits in a small xessele have lbeenqstated 
as 2.6. andi9'.0 percent (9) ; in an uprightxlosed 
tube;ofi 11;400~c.t capacity,. with 600 CC.~ ofiliquid 
a t  the bottom and central {ignition, ther-limits 
-were 3.2. percent (saturation ,of the Atmosphere 
tat 10:6O C:) ,,and 1.8.9 percent ' (saturation a t  

- I Influence of, Pressure. rves showing h e  
influence of pressures 500,; atmospheres 
have been given (11), range of flamma- 

The effect of reduced pressure on the limits 
of ignitibility-of,ethyl-alc6hol:in air' by a weak 
standard spyk,  rather than, on its limits, of 
'flammability, havk, b y n  exb$irie'd ' (8) .'I, ' *  ' Influ'knce of Temperature.LTK6 'lowe; limit 
of eth'yl 'alcohol 'ih kir, with upwar'd' pr6'pagaL 

f l a m ~  in a tube 5 cm.ljn*diam~t&l is 
cent ,at  ldbbratory temperature (138) 

and 3.85,percent at  '125'"e: (164). Pdur'ofher 
series of observations have. been recorded (20, 
23, '230, ,365):i ]The fourth 'set, .which seems 
reliable, shows that, with downward ., propa- , 

ation of flame .in a 2:$-liter bottle, the lower 
Emit falls steadily from 3.80 percent a t  50' to 
2.75 a t  225' C. At 250' C. the iower limit rose 
to 3.05 percent, but this incr,ease 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 series of experiments, 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, 
is 3.48 percent a t  21.0tC., 3.01 at  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 alcohol 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 a t  first with increase of temperature but 
narrows when preflame combustion becomes 
evident,' as was shown by chemical analysis of 

TABLE 30.-Limits of ethyl alcohol in air at 
increased pressures and temp-atures 

41.2"C:) (209). * .' I i L  r) 1 . t r '  

' bility shown seems*impos%il$x wide. 

I 

6s. 5 
78.5 

' 80.5 . ! . .  

I ' I LimitY(pe&nt by weight) 

_ _ _ _  _ _ _ _  
. 4.10 33.5 

4.90 41.0 

Pressure ! Lower , ~ Higher I Tempera- 
ture O C .  

I 

1 Spontaneous jnflammation. 

samples!::, The lbomb was-filledl a t  atmospheric 
temperature ,to.* an initial ,pressure of 5.8 

The lower-limit figures are unexpectedly high, 
when compared with the lower limit at  atmos- 
pheric'l'pressure 1 and. %em-perature.- :bThis is 

. perhaps due to, the us 
igni\ion, cas suggest'ed 
at  270' :C: 'violent' Gions ' fesulted from 
'spoiitaneous ignition oT mixtures containing 
%pward of 6.9 percent by weight of ethyl alcohol. 
' "  Tnfluence. of'1mpurities.-The lower-limit of 
Ethyl-'alcohol in air',was' unaffected" by '  small 

atmospheres (245). , I 1 )  .-I, 

pcrccnt by weight, but the amount of ethyl 
aicohol itself is approximately constant in the 
'limit1 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 virtually impossible (230). 

More recent results, with downivard propa- 
gation of flame in a closed bottle of 2)$ liters 
capacity at  150' c., are as follows (21): 

' 

Limits of mixtures qf ethyl alcohol and water in 
air, downward propagation offiame at 150' C. 

I 

liquid 
mixture, 

I I 

- 7  

Hipherilimit, percent 

Ethyl al- Water 
cohol vapor vapor 

. .  

I 

ETHYL ALCOHOL IN OTHER ATMOSPHERES 

, Atmospheres' of Air and Carbon 'Diohde.- 
The limits of ethyl alcohol ins mixtures of air 

'and carbon dioxide, with dowinward pl;opaga- 
tion of flame in a 2-liter cylinder, approacKeach 
qther as the proportion of carbon dioxide-is in- 

, creased. With more than 36 percent carbon 
dioxide in the '' atmosphere" no mixture with 
ethyl alcohol will propagate flame under _these 

Atmospheres of Air and Trichloroethylene.- 
;The limits of mixtures of - ethyl alcohol! and 

1 trichloroethylene in air, in a Hempel pipette, 
gradually approach each other as:,the propor- 
tion, of trichJoroethylene i s  iqcieased; when the 

:liquid (which ,is completely evaporated) , con- 
tains2more .than 75 percent by volume trichlo- 
roethylene no flammable mixture can be made 
(83) e , -  . t  ' 

' cchditions (230). d 
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FUREUFiYL ALCOHOL 

alcohol in air, with 
ame in a tube 1 inch 

(The constant8s given in the first reference an 
the name, in. the second indicatF.&hat&he ter 
‘,‘butyl alcohol” was used,,,by:mistake in,+ 
first reference.) I n  a 2.3-liter bottle, direction 
of flame unspecified, the limits of isopropyl 
alcohol were 2.02 -and 7.99:percent~’,at -700 C. 
and 1.73 and 7.35 percent at  130’ C. (251). 

gest that tkie lower limit of 3sopfo 
raised by the addition of water, v 

“ B U T k  ALCOHOL 

The limits of n-butyl alcghd in air, ‘Ath up- 
ward propagation*of flame in a closed bomb 4 
inches in diameter and 38 inches,@ length, at  
a temperature sufficient to vaporize the alcohol, 
are 1.45 and 11.25-percent (158). +. 

Influence of TemperatureLLThe lower limit 

30.6 cm. in diameter and .O c m . h  length, 

C., 1.27 at  200° C., and 1 at  225’ C. (239). 

1.68 percent isobutyl alcohol in a >&liter flask 
(221) and 1.70 percent butyl alcohol und 
unspecified conditions (1 

METHYL ETHER 

THYL ETHER IN AIR b :, - I  

Influence of Water.-some experimentS%ug- ’ ’  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 
18.1 percent. *When the firing end is closed 
and ignition is caused by a heated platinum 
spiral instead .of a flame, the higher limit 
becomes and the propagation is 
by ‘‘~001 

In  nar to 2.5 cm. in diameter), 
ory of the tube affected the 
st range was 3.93 to 16.6 

lbohol is 

I L I I , ,  L?.. - I 

with upward prohagation of flame in a cylinder 

vented a t  its upperzend; is 6 percent at  100’ * > I  If i - 
l i  

METHYL ETHER IN OXYGEN 

An old observation -placed the higher limit 
Older determinations of the lowernlimit are ,pf- ;methyP ether in oxygen, with downward 

propagation of-flame inba 2-cm. tube, between 
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ETHYL ETHER ,. 

r .  

ETHYL ETHER IN AIR 

Extraordinarily large differences are .to be 
found between the various figures recorded for 
the higher limit of ethyl ether in air. These are 
to be explained by the phenomenon of ((cool 
flames," by which rich mixtures suitably ig- 
nited can propagate partial combustion slowly, 
with a comparatively small rise of temperature 
but with the normal appearance of a flame, in 
the upward or horizontal direction. In  a 2-inch- 
diameter horizontal tube the higher limit of the 
('ordinary" flame merges with the lower limit of 
the "cool" flame at  atmospheric pressure but 
becomes separate a t  lower pressures (359). I n  
a 1-inch-diameter tube the ranges for the ordi- 
nary and cool flames are separate at  atmospheric 

pressure (353). (See below under Influence of 
Pressure. ) 

Two observations 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 
( S I ) ,  and 1.85 and 25.9 percent (183); in the 
latter tests the source of ignition was presum- 
ably unfavorable 4 to the initiation of a ((cool" 
flame. 

Table 31 summarizes other determinations 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 been re- 
ported (302). 

The lower limits in a 5-cm. glass tube closed 
at  both ends differed only in the second decima 

TABLE 3 1 .--Summary of other determinations of limits of Jlammability qf ethyl ether in air 

Dimensions of tube, cm. 
_- 

Diameter . Length 

15 300 
10. 2 96 
7. 5 ,150 
6. 0 120 
5 150 
5 150 
5 150 
5 91 
2. 5 150 
2. 5 1 25 

Horizontal Propaqation of Flame 

1 Cool flame range, separate from the ordinary flame range. 



, i t  LIlMITS'OF PNDIVIDUAL 'GASES AND VAPORS , 

cent. Similar differences ,were observed when 
Pressure the length of thel 

250 cm. and whe 

89 

Limits, percent by weight 

Lower I Higher 

N o t  stated-,. _.._. ~ ........ 
. . . . .dn. __. . -. - -. . . ......... 
..... do..: ....... I: _._. . ..... 

Influence of Pressure.-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 mm. the cool 
flame is no longer propagated. 1 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 cm. in 
diameter (332). 

The effect of reduced pressure on the limits of 
ignitibility of ethyl ether in air by a standard 
spark, rather than its limits of flammability, has 
been examined (8, 13). 

Increase of pressure above atmospheric 
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 the change 
of pressure (14). 

Influence of Temperature.-The higher limit 
of ether in air is appreciably increased by a rise 
of 40' C. (361). . (See aZso next paragraph.) 

Influence of Pressure and Temperature To- 
gether.-The limits of ether in air have been ob- 
served, with horizontal propagation of flame in 
a closed tube 2.5 cm. in diameter, a t  pressures 
up to  4,000 mm. and temperatures of 20°, 50') 
loo', and 150' C. The limits of both ordinary 
and cool flames are widened by an increase in 
temperature; therefore,'the two ranges meet a t  
lower Dressures as the temDerature ,'is raised. 

. 

I .  I I-- 
125 
140 
155 
170 
172.5 
175 

7 .8  
6.0 
5. 1 
4 . 3  
4 .0  
3 . 7  

32.0 
32.3 
32.3 
32. 1 
31. 5 

( 1 )  

1 Spontaneons 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 thk higher limit (361). The 
lower limit was unaffected by small additions 
of diethyl seienide or lead tetraethyl. The 
effect of pyridine (one experiment) accorded 
with 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 a t  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 lenzth. 
open a t  the upper end, is 82.0 percent (1837. 

' 

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 cm. in diameter is 65 percent; in the 
presence 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'(327)- 

A third type of flame, g r e e n h  color, is observ- 
able in certain circumstances (126, 331, 332). ' 

The relation between cool flames and normal 
flames is shown in diagrams and discussed, and 
conditions under which a Cool flame may become 

ETHYL ETHER IN OTHER ATMOSPHERES 

. Atmospheres of8 Air and I Nitrogen '(Air De- 
ficient in Oxygen).-The limits of ethyl ether in 

The limits ir; a rical -bombL of 700 cc. air deficient oxygen have been ,determined 
capacity, after heat under pressure for 30 to in la small b . As5the oxygen was reduced, 

flame. combustion-'to the lower' ,limit remained nearly constant, but 
32! ' The limits are the higher limit felt rapidly; the l k i t s  coincided 

by weight; the- range a t  30.7. percent !oxygen (13) .' 
increase of temperature bu: Atmospheyes of Oxygen' and sHelium.-The 

narrows when' prkflame combustion becomes limits of' ethyl ether in all mixtures of oxygen 
evident. The bomb'was filled! at  atmospheric and helium, ,with upward propagation of flame 
temperature to  a n '  initial': pre e * o f 1  5.8 in a 2-inch-diameter tube open at  the lower 
atmospheres (245). end, are shown in figure 48 (162, 163). 

a norpal flame are given (126). : . *  

'b 

I . ,  

4 .  
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FIGURE 48.-Flammability of Ethyl Ethef,Oxygen-Helium Mixtures. 

-- 
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Atmosphere of Nitrous Oxide.-The limits of 
ethyl ether ih nitrous oxid?, with upward propa- 
gat@ ,of flame in a 2-inch-diameter tube,> are 
1.50, and 24.2 percent (165). With do,wnward 
propagation of flame in-a narrow burette they 
+re 3.8 and 25.7 percent e,ther (205) ; in a vessel 

, 320 cc. in capacity, 1.5 and 16 percent, (60). 
Atmospheres of Air and Nitrous Oxide.-The 

limits of, ethxl ether &in a series of mixtures of, 
air and nitrous_oxide have been determined for 
downward propagation of flame in a narrow 

The higher limit, with downward propagation 
of flame in a closed tube 4 cm. in diameter, is 

burette ($05). . , r  

i. ' 

30 percent ether when oxygen forms410 percent 
of the w$ole mixture (124). 

Atmospheres of Oxygen and Nitrous 0xide.- 
The composition ,of all flammable mixtures of 
etllJrl ether, oxygen, and nitrous oxide, is shown 
in figure; 49. The determinations were made 
with upward propagation of flame in a 2-inch- 
diameter.tube open at  the loiyer end (163, 181). 
For downward propagation of flame in a narrow 
burette, ,8ee a-eference (205). 

Atmospheres of Nitrous Oxide and'He1ium.- 
The compositions of all flammable mixtures of 
ethyl ether, nitrous oxide, and helium are shown 
in figure 50 (163). 
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FIGURE 50.-Flammability of .Ethyl Ether-Nitrous Oxide-Helium Mixtures. 

ETHYL PROPYL ETHER PROPYL ETHER 
PROPYL ETHER IN AIR The limits of ethyl n-propyl ether in (a)  air and 

( b )  oxygen, with upward propagation of flame The limits of isopropyl ether in air, with 
in a 2-inch-diameter tube, open a t  its lower end, upward propagation of flame in a 2-inch- 
are (a)  1.9 and 24 percent and ( 6 )  2.0 and 78 diameter tube, open at  its lower end, have been 
percent (234). given as 1.35 and 7.90 percent (158) and 2.1 
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and 21 percent (234). ~ Presumably-- '''Cool In  a-Tlo&$ -tubye, '5 cm'? in diameter with hot- 
flames" were obtaiped in the 1,att:r experi- wire ignition, all mixtqi-es containing more than 
ments, not in the for&8r:'t'i r 7  '-' .- i - --, - 3.6 percent 'of--ethylefie oxide propagate flame 

Another observat.ion, maae in a! 2.3-liter upward. Above'68 :percent the flame is pale 
bottle, direction of 1 proppgation unspsee_cified, blue. At+l_d,O_percent a "decomposition flame," 
gave 1.17 and 4.9 percent as the limits of iso- still less luminous, is propagated with higher 

speed (37). ' 
In  a Hitdr-closed bqttle, mixtures containing 

propyl ether in air a t  ?OO? C. (231). ' 1 
PROPYL ETHER IN OXYGEN f~ between 80 I and 90 >percent' of ethylene oxide 

were inflamed after, seyeral seconds sparking 
(224). 

-- . - - _ _  

L -  
The limits of isopro 

and 69 percent (234). 

Propagation Of flame in[ " 2-inch- 
diameter tube, 'Pen at its lower end, are 2*2 

. The lower limit in ,aieudiometer tube 13 mm. 
in diam&te+-ig3.75 percent for upward propaga- 
tion of flamp and 3.25 for downward propaga- 

. + - tion (79). -Perhapsi these figures should be 

in a Hempel pipette 150 cc. 
- _..,* I 1 35 percent. In  a flask 6.5 

liters in capacity, the limits with downward 
propagation of flame-jn a-closed-tube--10:2 cm.--- propagationp;of-flame 'are 3.3 and 80 percent 
in diameter and 96 cm. in %ngth?,tFrfa 1.7,0, :r I e>hylene oxide (53). 
and 27.9 percent. The higher limit', 'witd' ' Effect of Pressure.-The effects of reduced 

\. ._  

VINYL ETHER IN AIR% 

The limits of vinyl ether in air, with upward 

"% I interchanged. F 
VINYL ETHER 

upward pr6pagation.L!i 
diameter and 6 feet in 1 
end, is 2 

Effect 
cent of 

ut: 
, s  

The lower limit of vinyl ether iin'oxfg&n, with 

propagation in,a,tubeJIl.75. inches in diameter 
and, 23.5 inches in; length, open$ a t  the top; is 
85.5 percent a t  a temperature sufficient .to 
maintain this propo of vapor (140). 

Effect of Impurity e. presence of 3.5 per- 
cent ethyl alcohol in ether does not affect 
the, lower llimit,d*but the higher limit is reduced 
from 85.5 t'o 80.5 percent (140).'! 

VINYL ETHER IN OTHER ATMOSPHERES 
~ f >,' r 

f Nipps .  Oxide.;;-The limits of 
nitrous oxide, with upward 

propagation of flame in a 2-inch tube, open a t  
the lower end, arg1.40 and 24.8 percent (163). 

1 , 1  . ' I e l  

I ETHYLENE OXIDE 

The limits of e'thylene 'oxide' in air, with 
upward propagatioq in tubes 5 and 
6 cm. in diameter an in length, open 
at  the firing end, are 0 percent (143). 
The richer mixtures in this'range bq-n 
ljottom of the explosion tube,, someti 
30 seconds, then a very pale blud,flamg passes 
slowly to the top'of the tube. 

pressure on the,-limits of ,ethylene oxide in air, 
with upward propagation of flame in a closed 
tube 5 cm. indjameLer, are shown i_n figure 
51 (37). Neither! the blue flame with 'rich 
mixtures nor the "decomposition flame" is 
propagated1 downivard, and the' higher limit 
then CorrespoiTds approximately to the broken 
line in the figure 51. 

In  a pipette of 50 cc. capacity, the lower limit 
fell from about -3.7 percent a t  atmospheric 
pressure to about 2.8.percent a t  550 mm. and 
then rose to 6.5 perqent, where i t  met the:upper 
limit a t  a' very- ,small pressure (apparently 
only a few mm. qflmercury) (279). 

j :  

ETHYLENE OXIDE IN OTHER ATMOSPHERES 

Atmosphere? of: Air ana Carbon Dioxid$.- 
The limits of ethylene oxjde in d l  mixture; of 
air an_d-carbon-dio_xid: -a:$ Shown in Ggul; 
The determinations were made as, describ 
the first paragraph under Ethylene Oxide' in 
Air. The upper part of the 'curve applies to 
the curious-type of pale blue flame mentioned 

figure 52 it can bekhown 
ssible mixtures of ethylene 

able a t  ordinary temper- 
atures and. pressures;- a t  least 7.15 -volumes of 
carbon.. dioxidedare required .per, slnit volume 

th? m?lYcular wyights of 
'are' equav 7.15 pounds 
ed with each pound of 
er it incapable of making 

deduced that a t  least i0 volumes of 
dioxide art: required, per unit volume of 

ethylene oxide; to render nonflammable all 
possible mixtures with air (224). 

- - _- * i' _ r  - - - t-- -- - 1  -% 

a fla;mmable mixture with air 
From experiments in a r l J  



94 LIMITS OF. YLAMMABILITX OF $GASES ;AND !VAPORS 

. <  . I  
FIGURE 5l.-Flammability of Ethylene Oxid&-Air Mixtures at Reduced Piessures. ' 

1 1  

I * o , ,  , lo 
CARBON DIOXIDI 

.I 

FIGUR~~52.-Llrnits of Flammability of Ethylene -1 

de in'Air and Carbon Dioxide. 2: 7 ; 
e.-The, limits -of a' series 
ylene oxide ,aqd carbon 

to*,l : 7)  a t  various pressbres 
have been deterniined in a 

t e, results'are'graphed; _ I  , 1 . I  (279): 
Li" 

. .  _ _ _ _  - -  . - 

8 PROPYLENE OXIDE t 

. (  

5 PROPYLENE OXIDE IN AIR 

The limits of propylene oxide in 'air, with 
upward propagation of flame in a tube 6 cm. 
in diameter, open a t  the firing end, are about 
2.1 and 21.5 percent (185). I 

ROPYLENE OXIDE IN OTHER ATMOSPHERES~ , 

mospheres 'of Air and Carbon Dioxide!- 
Onet Ivolume-. of propylene *oxide needs + 11 :O 
volumes of carbon dioxide to  make a mixture 
that is nonflammable in air (185). . 

I 1 _ '  

DIOXANE - I .  

1 1  

The lower limit of dioxane in air, with upwa 
propagation of flame in a closed tube 4 inches 
in diameter and 38 inches in length, is 1.97 
percent. The higher limit, with upward propa- 
gation in a tube 2.5 inches in diamety and 36 
ihches in length, open a t  the, top, is 22.5 percent 
at 100' C. :(179). , 
- , -  TRIOXANE * I  

The limits of trioxane in Lair, with upward 
propagation of flame in a tube 1 inch in diameter 
and 18 inches in length, open at '  the top, are 
3.57 and 28.70 percent (158). 

ACETqL r t  

,The 1o.wer limit of acetal in air, with upward 
propagatioh of flame in a 2-inch-diameter tube, 
open a t  the lower end, i s  1.58 percent (158). 
The higher'limit, with upward propagation of 
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Lower Higher 

Horizonthl Propagation of Flame 

Downward Propagation of Flame 

150' C. (138). 

BUTYL CELLOSOLVE'L 1 These limits are for the "ml flame." 

(GLYCOL- MONOBUTYL 
In  an atmosphere of 21 percent oxygen and The 'lower,.limit Of EUtYl ce air, 79 percent carbon dioxide no mixture with 

acetaldehyde could propagate flame downward th upward R"Eagation of fla be 
inches in diameter and 18 in gth, in a 1.7-cm.- 

'vented a t  its upper end, is 1.13 
0' C. Its higher limit is 10.6 percent at PARALDEHYDE 
0' C. (138). -' 

The lower limit of paraldehyde in air, condi- DIETHYL- PEROXIDE 
The lower limk of diethyl peroxide in air, 

with downward propagation of flame in a 

tions not specified, is 1.3 percent (101). 

BUTYRALDEHYDE 
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$ 

. % V 6  )ACETONE \ ' )  ~ stated adf.6 and 15r3 percent (9)'. T h e  agree- 

Unusual difficulties have arisen in the inter- 
';"i . '*  ment of the figuresin table 34 is poor. 

ACETONE IN AIR 

The limits 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 (138) or 3.1 and 11.15 percent (31). 

Table 34 summarizes other determinations of 
the limits of acetone in air. 
. The limits in a 2-liter flask and a 13-liter 

flask, with ignition near the base, are 2.5 and 
10.4 percent (76). Two older figures for the 
lower limit, pTobably. for downward propaga- 
tion of flame, are 2.9 and 2.7 percent (213, 221). 
The limits in a verx small vessel have been 

1 

- _  TABLE 34.-Summary of other determination 

pretation 1 of' observations of the nature and 
progress of flame in acetone-air mixtures. 
Thus, one observer writes (353):. 

The'' greatest difficulty was found with . acetone. * * * The (higher-limit) figures finally taken nere  
the highest values obtained in any bf a great number 
of ,trials.. iBelow the, values given an  ignition would 
often,occur and a flame only go halfway up the tube * * *. The fact that  a flame goes only halfwai.or 
less along a' tube is no proof that' the mixture i i  above 
the  'limit in that tube ' * * * I n  a 7.5-cm. tube 
near the upper limit upward a mivture which oiily 
propagated flame 50 cm. or less mould oftcii propagate 
flame much farther at the secoud trial and at the third 
all the way t o  the top. ' 

, _.t - 1  . 
s of limits of jiummability of acetone in air , 

30. 6 
15 

' I 10 .2  
10. 2 

12.55 
2. 64 

1 .  I .  

2. 15 
. , 2 .  89 

3. 80 
'2.'89 

239 
361 
14.2 

' 352 
353 

' 361 
361 

' 355 
352 
353 
352 
294 

1-42 

Horizontal Propagation of Name 

15 
10 

7. 5 
5 
5 
5 ,  
5 
2 5  
2. 5 

~ 

I 

. Downward Propagation of n a m e  . .  
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Influence of Pressure::The effect of reduced 
pressure on the limi 
of acetone and air by 

The limits with upwardipropagation of flame 
in a closed tube 10.2 cm.rin diameter and 96 
cm. in length widened from 2.55 and 12.80 
percent at  room temperature to' 2.17 'an'd. 13.05 
percent at  175' C. (14.2). 

In  a standard mackiine far-coating wire with 
cellulose acetate, the lower l{ 
ward propagat;on"of flame fell 
a t  65' C. to 2.8 atr150' C.; with middle ignition, 
horizontal and upward propagation;. from 2.9 
a t  650 to.2.5 at  150'1C.;1andi with propagation 
against a current produced by *a fan; 
at 65' to 3.0 at  150' C. (14Z)..  I 1 i: i. 

The dower. .limit with upward 'prop 
indor ,30.6 cm. tin, dia 

ixtures undried;rwentedb at' 
12.40 

Thet limits with n off 
at,100? G.,:and 2.00 : -! 

flame in a -2)&liter $2'.78 

and 8.70 percent at  100' (3. to 2.33 and 9.75 
percentxat 250' C. (21, 23). ' 

IN OTHER, ATMOSPHERES 

For atmospheres of nitrogen and oxygen, 
carbon diox?de 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 app:ars that, whenhhe oxygen 
content of a nitr'ogen-oxygen atmosphere is 
reduced ,below, ,13:5. percent, no mixture with 
acetone $will propsagate flame (76). 

Mixtures of acetone and sulfur diokide, 
evaporated into the air, can form flammable 
mixtuges only.when the ratio of sulfur dioxide 
to acetone is less than _I 1:9 by volume (liquid) 
(308). 

' ME* ETHYL KETONE 
,'r+ ' 1 -  f 8 f J  , . ~ io ' I  ' 
5rgivks tkiebobserved limits of flamma- 

bility of lmethyl*ethyl ketone in air. 
. The! loweplimit!bfigui.es i in this %able are 

moderately consistent. In  a large space, at 
atmospheric pi-essure,, thelower limit is probably 
about' 121 percent' andr*the ,higher noti greater 

* 

ent.. ' i 3 , -  
t *  L I 

7. 5 
5. 0 
5. 0 
2. 5 
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-Influencer of -,Temperature.,The following ,, , . z t ; ,  i t L  ACETIG ANHYDRIDE - I 

limits were obtained for; upwardr p-ropagationl 
of flame in a tube 3 inches in diameter, with a 
loosely fitting cap at, the ,top ((238) + 

vaporize the substance, percent (158). 1 c ,are3 1.4: b a n !  t ! $ <  s i i l  METfiYAFORhATE IN OTHER r i T M o s P H m s  
8 

-,i $. * .Atmospheres of Air and Carbon Dioxide.- 
_ -  - C Y C L O H E X ~ O ~  - One _volume of methyl formate needs 2.3 

volumes of carbon dioxide to make a mixtye The lower limit of cyclohexanone in,ajr with, , that is nonflammable in air (185). . 
ETHYL FORMATE 

ETHYL FORMATE IN AIR 

> .  agation of flame in a cylinder 30.6 
ter and 39.0 cm. inPl'ength,.vented UP? 

cm. 
at  its upper end, is 1.11 percent at,,10Qo C., 
0.96 a t  200' C., 0.94 a t  225O C., and 0.91 at 

ISOPHORONE 

sophorone in air, +t? upward; '5 and 1 3 e 5  p,ercent (la5). 
e in a tube inch In diameter, 

length, open at the top and at 
a -sufficient temperature to vaporize thp (is?; 
phorone, are 0.84 and 3.80 psrcent (138):. 

ACETIC ACID ' 

; xi+ 4 

The limlts of ethyl formate in air, with up- 
1 . ward-propagation of flnme in a tube 6'cm. in 

diameter, open a t  the4 firing end, are about 2.7 

Other determinations, made in a closed tube 
2 inches in diameter and 36 inches in-length, 
are: With, upward propagation, 3.5 and 16.4 

-percent; horizontal, 3.7 and 14.6 percent; and 
downward: 3.9 and 11.8 percent (351). 

: closed h o d  tube 4 inches in )diameter :and 38 
inches in length are, 2.75 ahd 16.40 ,percent 
(138). 

\ The limits with upward propagatioll in a 
I 

d propagation of flame in a closed bomb 

An old petermination 

lower limit of acetic,,acid 6 ik, with: 

4 inches in diameter and 38 inches in!-ength,'at - ,. :ETHYLtFORMATE IN OTHER ATMOSPHERES 
a suflicient temperature to vaporize the acid,'' - 1 -  

is- 5.40 'percent (158). Atmospheres of Air and Carbon Dioxide.- 
gave the lower limit in air in A 500-cc. flas One volume of.-ethyl formate requires 6.0 
apparently with downwafd propagation volumes of carbon dioxide to make a mikture 

- -  

f l e e ,  as 4i05 percent a t  3 6 O : C . .  (221).,~ 1: that is nodlammable in air (185). 4 -  

~ - --- - - .- - - _ _  - _ r _ _  - -  - - -- 



According to old experime 
in a Miter bottle, probably with downward 
propagation of flame, ipr,2.3 percen 

Influence of Ternperatu+e.'LTlie 

upward propagation of flame in a tube 6 cm. 

length, are 1.77 and (at 90" C.) 8.0 percent acetate, are 1.39 and 7.55 percent (138). 

1. 
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* I  I ,  AMYL,ACETATE , I t , r $ ' i . .  

The lower limit of amyl acetate in 'air, wit& 
upward propagation, of flame in a closed bomb, 
4 inches in diameter and 38 inches in length, is 
1.10 percent (158)I;iin conditions not stated, 1.1 
Rercent (101.). 1 . .  
' Znfluence pf Tempera;ture.-The limits of !so- 

kmyl acetate in air, with upward propagation of: 
flame in a plass tube 2 inches in'diameter and 18 
inclies i,n length, ;,open 'at the upper e'nd, a t  
100' C., are 1.22 and 7.4t percent Thb 
lower limit, with upward propagati'on of ,?lade 
in a cylinder 30.6 cm. in dianieter ana+39 cm. in 
length, ventdd at  the Yop, is 1.00' percent *ab 
looo C., 0.82 a t  200' C., and 0.76 at  250' C.(239). 

OF GLYCOL MONOMETHYL ETHER) 
METHYL CELLOSO~VE ACETATE ('ACETATE 

'Y! iOF GASES AND VAPORS 

initially but attaining , atqosphwic pressure 
during propagation of th6 flame, are 12.60 and 
11.05 percent, respectively c158).. 

1. ' I , 
METHYL LACTATE . ,  I, * <  s ,  

The loyer limit of methyl lactate in air, with 
upward propagation of flame in a cylinder 30.6 
cm. in diameter and 39 cm. in length, vented at  
its upper end, is 2.21 percent at.100' C., 1.86 a t  
200' C., 1.80 a t  225' C., and 1175 a t  250' C. 

, I  

- ,  The' lh&er'limit df ethyl lactaie' in air, with-; 
upward propagation of flame in a cylinder 30.6 
cm. in diameter and 39 cm. in length, vented a t  
its upper\,end, is 1:55 percent a t  100' C., 1.29 
a t  200' C., and 1.22 a t  250' C. (239). . 

ETHYL NITRATE , .  
. r 

' ' ) A  , :. . 
'The lower-limit of  methyl ckllosolv etate.. . . - - . .-I. , ., 5 , )  ..< 

in air, with upvard propagationt of flame in a The lower limit of, ethyl. nitrate. in air, :with 
tube '-2 inches' in diameter and' '18'"inches' in upward propagation'of 'flame in aa5.3-cm.-diam- 
length, vented a t  its upper end, is X75 percent. eter tube;:open a t  the lower end;ls-4.00 percent 
a t  1500 C:: ' -I tsf  higher-limit is' 8:2 percent a t  : .+'.(93). Ie a,2-liter bottle, apparent1y;with down- 

-. - -_ ward,. propagation of .flame, it is 3.8 percent 15OOC; (138). , 

'. / .  . .  
t .  

ETHYL : NITRITE * $IETHYL -PROPION ETHYL, PROsIONATE. . ,  
I 1  ,; f , , ,  !. ' c*: " '.i.i. 

:. The 1ower.limits 
ethyl propionate in air, with-.upward- propaga-'> .I 
tioh-of .flame 2-inch-diameter tube,:open a t  

ethyl propionate and.'': er limit of ethyl nitrite in air,-:with 
agation of flame in .a 5.3-cm.-'diam- 
en at the lower end,. is 4.11 percent 

. ._ 

. .,  . .. . 
V I ! ,  , % . , :  j .,. 

' . i..;. ; - ,  -, - -  I' , .A  .. .: " . , - ' t . > ;  , I.;' ' - . . . ,  
upward -through ,the. 15 em. betweey;tbe ylectr 
the .top of the tube. 

bability .the .high~r~.I~mit, with up- 
ation 'of flame" i s  m,uc!i more 2% . , ,:, , I . 

CREkOL: . ive,n.,. White-(?5?) SajT":'''! , 
: e . .  . < t  , " 'I. I ; , .  .:. 

That '  this compound is capable of" trammitting .two 
different .flames -throughi. the .same mixture ,was shown 
during an  attempted,downward %nition iri'ii 5-cm. tube 
ht ' the'..upper limit. This,: mixture,' which would' *have 

The lower limit ,of m-p-cresol ' with upwar 
propagation of .flame ?n a cylinder 30.6 cm. in 
diameter and 39.0, cm. in,,length, vented at  its 

' 

bu<.ed: d'6wnwii-d JioLelltly in, ,normal. Bircurnstances, :upper end, is 'l,;O6 percent: a t  l5O0 c*, , o.?? . .  ..at 
on sparlcing gave x pale-blue flame' en.tly . 200' ,C;,bW,Q:88 ac?5,Qi , . )  . . . , . , ! . .  

- .  
3 '  : 1 ,  ' r r_ 1 i : I  : j . s  f : 
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AMINES"ANDJ1MINES L 1 -  .1 

The limits of seyeral ,amines, and ,one 
with ,upward propagatibn ,ofda 
diameter tube, are giyen in tab!e, 
marked with , an  ,asherisk Fer 
igniting at, 450 to ,5001mm..,pr,essure, the pres- 
sure rising to atmospheric but not-exceeding it 
as the flame rose.! The. other limits were 
obtained with I the lower d- of ,  the tube open 

TABLE %.-Limits o j  Jlarnmability~ of amines 
(i58).  1 ' , j  

*See text,foreTplsna~ion.r 1 ,  !s r i  dj . ,7 I' .,a$ i t ' t  

,'k?( 1 8 ! I$ ' %.? 1 ,  The highel! 'limit' of trieth'yr -amine in air, 
with upward propagation of flame in a tube 1 
inch in diameter and 18 inches in length, open 

inches in diametec,and 6 feet in length, open at  
the firing) end, are 10.75 and 17.40 percent 
(ignition by a flame). The limits are wider 
when an induction.-coil spark is used in a 2$4- 
liter bell jar-8. and 18.70 percent (132). 
The widest 'range s obtained by the use of a 
15,000-yolt trgnsformer spark ~ in a 7.5-liter 
cylinder-7.6 and 19.1 percent with upward 
propagation of flame (562). ~ 

The limits, apparently in a,lO-liter vessel, of 
igpition by flame 0'; {spark, or white-hot wire, 
are 10 and 1.5. percent (298) ; in a spherical bomb 
(size not stated.), .spark ignition, 8;9,.and 15.5 
percent (92) ; ip a cylindr'ical bomb of 1.2 liters 
capacity, 8.11 and,,l7.l'percent (256); in a 7.5- 
liter cy1inder;"flame ignition, 8.0 and 18.9 per;,$ 
cent (562); in a 1.6-cm.-diameter tube with 
downward -prop_agation of flame, 9.7 end 14.1 
percent ($40) ; and in a Hempel pipette, 8.6 and 

dowXward-J propag$tion' of flame in a tube 3 
cm."in'diameter, a t  600 mm. pressure, are 8.2 
and 65.8 percent (89). 

METHYL CHLORIDE 1N OTHER ATMOSPHERES 

a t  the top and a t  
vaporize the amine 

nitrous oxide, with 
me in a tube 3 cm. 
sure, is 5.0 percent 

Mixtures con- 

__  [ I  

METHYL CHLORIDE ' 1 . - " _ "  - i . .  - _  
METHYL CHLOR~DE IN"~AIR *: 1' 

THYL BROMIDE 
YL B R O ~ D E  IN AIR 

i ' t  

- -All mix&& of methyl bromide and air appear 
to be incapable of ignition and propagation of 
flame-in a Hempel pipett;e (291) or in a tube 2 
inc$es in diameter ( IS?) ,  but mixtures contain- 
ing 131.5- to8 14.5 percent ,were inflamed by an 
inductionlcoil spark in a 2j(-liter bell jar (152). 

METHYL BROMIDE IN OXYGEN 
-.. ~ ~ - _. - 

"1 . I  -.T 1" i l j  - "  - :  ' *  
The limits of methyl chloride in air, with 

upward propagation of flamt?'in a'glass' tube 2 ' 
The limit; of methyl bromide in oxygen, with 

upward prop$git?hn of flame in a 2-inch-diame- 
939350"--52-8 
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ter: tube, o$en at5ts ilowei- end;, are 1'4 land .19 +i 
percentc(dS4). ' L * :. . a  t _ *  

I 

METHYLENE CHLORIDE ;INb,OTH 

mposition ' Betwedn +ir 
i.p miktures. con- 
ercent 'of oxygen i 
with methylene 

omposition ofjall ' 
as stated 'in' the ' 

previous <paragraph ,but withJsuitable tempera- 
tures to con'trol ithe'd amount of Ivapor f 
higher-limit experiments, are reprodu 
figurq 53 (157). 

$ 1  + + - . a -  c < /  

- - CHLOROFORM - --1- 

No -mixture of chloroform and oxygen or 
I ' d  . *  1 

nitrous oxide, or of all three together, is ca 
flame downward in ai - Y . i  

- _ - .  I 

........ ;.. ~ . . -  . ._ . .  . . . . .  
These substances formed no flammablecmix: 

tures _ .  with,ap, , I .  even.5$&0O0 , C:@S): . 5  . .3J;- 

. . .  
.I l .  , 
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DICHLORIDE 
ICHLORIDE IN AIR 

1 propagation of 
. in diameter and 
6.0 percent (284, 
ion of flame in a 
3,O cm. in length, 

CHLORIDE IN OTHER ATMOSPHERES 
arbon Dioxide.- 

in mixtures of 

and, Carbon Tetra- 

- - _._. &-. ~ - - 

“dDICHLOROETHSLENE 

1. 
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3 4 

and 12.8 perceitA'(71). In ai,closed tube 2 j i  
inches in diameter they are given as 5.6 and 
111.4 percent, (ass).. , I ,  r r  

- '  DICHLORGETHYLENE IN' OXYG $ 1  + 

The limits of dichloroethylene in.$xygen, 'with' 
upward propagation of flame in a 2-inch-' 
diameter tube, 6peS a t  its lower'ddd, are 10 

'A I 

and 26 percent (234). , '  
8 I '  TRICHLOROETHYLEN~ 

TRICHLOROETHYLENE IN AIR t i 1 . 
Trichloroethy1er;le vapor does not form flam- 

mable mixtures -with air a t  ordinary temper- 
atures and pressur& (178). 

TRICHLOROETHYLENE IN OXYGEN 
The limits of, ,trichloroethylene in, .oxygen, 

with upward. propagation of flame ,in.a 1-i 
r 

8 .  

. - ,  
* , l , & * ? , , *  

.' * ter: tube open 'at the upper end,<, 
r ' 10.3 percent (at 25.5O.C.') ; higher, 64'.5 

percent (at 72O C.) (173). ' >:  I 

TRICHLOROETE~Y~EN~ IN o l  
9 -  

fmosp-heres of Composition Between Air 
Pure 0Fygen.-Oxygen-air mixtures '&on, 

taining upward of 33 percent of oxygen can 
form flpmmable mixtures with the vapor"of 
tTichloroethylene: The liquid must, however, 
be suitably'warmed, for below 25.5' ,C. its 
vapo? pressure is too low to enable it to forrn 
flammable mixtures (at atmospheric pressure) 
with oxygen or with any mixture of air and 
oxygen. Data showing the composition of all 
flammable -mixtures, obtained as stated in the 
previpus paragraph, are reproduced in >fi 
5,5 ,(173). 1 , r  1 

'1 
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ETHYLENECHLOROHYDRIN BUTYL BROMIDE 

The limits of ethylenechlorohydrin in air, 
with upward propagation of flame in a tube 1 
inch in diameter and 18 inches in-length, open 
a t  the top, a t  a temperature sufficient to '  " 

vaporize, the substance, are 4.84 -and' 15.90. I _ _  
percent (138). 

The limits of n-butyl bromide in air, with 
downward Propagation of flame in a tube 1.5 
cmE in diameter, are 5.2 and 5.6 percent (228). 

The limits of 2-chlorobutene-2 in air, with 
I - upward propagation of flame in a 2-inch- 

PROPYL CHLOTE . .  . * 'diameter tube; open 'at the lower end, are 2.25 

CHLOROBUTENE I 

- _ -  
r l  

and, 9.25 percent (1 38). 
- The limits of n-piopyl 'chloFide 'in air, with- i 3 ,  

-- 
1 -  , ISOCROTYL, CHLORIDE upward propagation of flame in a closed bomb, 

metek-and 38 inches in length,- I 

ure sufficient ,to, vaporize the $be limits of isocrOtyl chloride in (a) air and 
propyl chloride, are 2.60 and * - l l l l O  percent (b),~oxygen,I with upwara ?propagation of flame 
(158). " - I  ' ~ in a *2-inch-diameter4btube, open at  its lower 

PROPh BROMIDE e end;- are (a), 4.2 and 19 percent and (b)  4.2 and 

No mixture of propyl bromide and air could The limits- of isocrotyl chloride in air are 
propagate flame downward in a - -  burette-16 - to apparently about double those of its isomer, 
17 mm. in diameter (190). , - - .  chlorobutkne. Small differences between the 

limits of- isomers arc. not unusual, but such a 
,PR~FYLENE-DICHLORIDE ' large difference IS unlque. I 

- 66 percent (234). 

_ _  

I 
The lower limit of propylene dichloride i n  ii ', ISOCROTYL BROMIDE 

air, with ,uj?ward propagation of flame in a 
closed tube 4 inches, in diameter andL38 inches The limits of- isocrotyl bromide -in (a) air 
in length,! is 3.4 percent. The higher limiti and (b)'-oxygen, with upward propagation of 
with upward propagation-in a tube 2.5 inches- p -  flame in a 2-inch-diameter tube, open at  its 
in diameter and 36 inches in length, open a t  the lower.*end; are (a) .6.4 and 12 percent and ( b )  

6.4 and 50 percent (234). 
1- - .  top, is 14.5 percent at,lOOo c. (166): ' _ _  - 

I 

j 'AMXLCHLORIDE A U Y ~  CHLORIDE; ~ Y L   BROMIDE‘-^ - 1  

The-limits of n-amyl chloride in air, with e and bromide 
ation Of flame in a 
at  the firing endl 

upward propagation of flame in a closed bomb 
4 inches in &mete: and 38 inches in length, 
at a temperature sufficient to volatilize the 

9 and 4*36 and 7*25 amyl chloride, are 1.60 and 8.63 percent (138). 
- 1 ' 1  The limits'of tertiary amyl chloride in air, 

with upward propagation of flame in a l-inch- 
2-CHLOROPROPF$E - -. 3 - 1 ' t i  . , I  'diameter :tube, open at  its upper end and a t  

f 2-c~~orop~9pene -(a) in air abd ma sufficient temperature to volatilize the amy1 
chloride, are 1.50 and 7.40 percent (138). (a) in oxygen,. with:upward propagation of , 

CHLOROBENZENE; DICHLOROBENZENE flame in a 2-inch-diameter tube, open a t  its 
lower eqd, are (a) 4.5 and-16.0-percent and - 
( b )  4.5 and 54 percent The- limits, of chlorobenzene and o-dichloro- 

- benzene- in air, with upward propagation of 
flame in a tube 1 inch-in diameter and 18 inches 
in length, open a t  the top and at a temperature 

respective,y '(138). 

i -  

- -  

The 1iFits of normal and isobutYl chlorides 
in air, with' upward pSoPagation of flame in a sufficicllt ,to volatilize the substances, are 1-35 

and 7.05 percent, and 2.23 and 9.19 percent, closed bomb 4 inches in diameter and 38 inches 
in length. a t  temperatures sufficient to vaporize 

DIMETHYL SULFIDE 2.05 and 8.75 percent, respectively (138). 
The limits of isobutyl chloride in air, with I The limits of dimethyl sulfide in air, with 

downward propagation of flame in a burette 16 upward propagation of flame in a 2-inch- 
or 17 mm. in diameter, are 4.1 and 14.2 percent diameter tube, open at  the lower end, are 2.25 
( I  90, 195). and 19.70 percent (158). 

the cuorides, ark i 1.85 +and 10.10 percent and -. 1 
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ETHYL MERCAPTAN METHYLCHLOROSILANES 
The limits of ethyl mercaptan +,.air, with 

upward propagation of flame in a 2-inch- 
diameter tube, open a t  the-lower end are 2.80 
and 18.0 percent*(I55);- 

with upward propagation of 
flame in a tube 5.7 cm. in diameter and open 
at  the lower end, are : Dimethyldichlorosilane, - 3.4 percent; m&hyltrichlorosilane, 7.6 percent. - The lower limit of one mixture of the two silanes 
agreed with Le Chatelier's formula (4). 

L; LEAD TETRAMETHn 
f tin tetramethyl and lead 

tetramethyl in'airjswith downward propagation 
of flame in asclosed tube 5 cm. in diameter and 
65 cm. in length, e 1.90 and 1.80 percent, 
respectivelyr ($15). 

i ' 4' 

' 1  
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PART’ IV. LIMITS O F  MIXED FLAMMABLE GASES AND VAPORS - 

\ . *r. , , 
3 1  ’ ,  $ I  I ‘  

, i  $ 1  t 

8 

Carbon 
monoxide 

3 .  , . I t /  1 ,  

Part 111 has covered the limits of flammability 
of individual- flamnlable ’gases and vapors. In 

, part IV  the limits of mixtures of two or’more 
I f  flammable ‘gases or A vapors are ; given. I The 

chief question is the possibility, of using :Le 
Chatelier’sr 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 thc common fuel gases, and 
that gross exceptions are observcd in many 
mixtures that contain hydrogen sulfide, carbon 
disulfidc, 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 various mixtures of 
hydrogen and carbon monoxide in air, with 
upward propagation of flame in a vessel 6 feet 
high and 12 inchcs square in section, open at  
the firing end (64), wcrc as follows: 
Lower limits of jlammability in a large vessel 

Lower limit, percent 

Observed Calculated ,Difference 
~ _ _ _ _ _ _ _ _ _ _  l i  

Hydrogen 

100 
75 
50 
25 
10 
0 

100 
63.9 
41. 5 
18.4 
0 

Lower limit, percent 

Observed 1 Calculated 1 Difference 

Carbon 
monoxide 

0 10 ................ 
36. 1 11.9 11.5 +o. 4 
58.5 13.25 12.8 +. 45 
81.6 14.7 14.4 +. 3 

100 15.9 _______. _ _ _ _ _ _ _ _  

0 
25 
50 
75 
90 

100 

4.10 
4. 70 
6.05 
8.20 

10.80 
12.50 

........ 
4.9 
6.2 
8.3 

10.4 
........ 

........ 
-0.20 -. 15 
-. 10 +. 40 

........ 

In  a small vessel 4 cm. in diameter and 25 cm. 
in length, presumably with downward propa- 

. gat,ion of flame, the lower limits were as 
follows (2.20) : 
Lower limits of jlainmabilily in a small vessel 

Hydrogen 

Othcr observers obt‘ained similar results in a 
Bunte Sburctte 19 rmm. in diameter, with down- 

i flame,, using a mixture 
of equal I volumes f hydrogen and carbon 

, The higher limit .in air of a 50 : 50 .mixture 
of hydrogen and carbon monoxide, withaupward 
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 cm. in diameter have been 

n a r d  pro pagat ion 

monoxide1 (95, 270,) 3.23). * I  t ‘ :  .. 

recorded (21 7 ) .  
Influence of Pressure.-The limits of a mix- 

ture containing 51 percent carbon monoxide 
and 46 t o  47 percent hydrogen, in air, were 
10.4 and 63 percent at  atmospheric pressure 
and 11 and 78 percent a t  800 atmospheres (10). 
HYDROGEN AND CARBON MONOXIDE IN OTHER 

ATMOSPHERES 

Atmospheres of Composition Between Air 
and Pure? Oxygen.-The limits of7 flammability 
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 flamc in a 1Ei-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 
108 

_ _  . . . . . . .  - *  . .  . .  
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Chatelier's ,formula for; mixtures (p.9) are in 
fair agreement with experimental-results (367). 

In  some old expeT*@s- the _limits in air, 
with upward- propagation'of flame in a 3-inch- 
diameter tube, open a t  its-lower 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 percen: (30). 

Still another sample had limits 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 limits 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 samples of semi-water 
gas and Mond gas have been determined in a 
Bunte burette with both upward and downward 
propagation of flam%: Analyses and results 
are given in the original'papers (269, 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 higher-limit mix- 
tures in oxygen give results in fair agreement 
with Le Chatelier's law (203). 

HYDROGEN AND HYDROGEN SULFIDE 

Both the lower and higher limits of mixtures 
of hydrogen and hydrogen sulfide in air diverge 
widely from Le Chatelier's law throughout the 

The limitsrare nar- 
rower than those calculated, hence limit 
mixtures of the 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 
(557). I 

The results that would be obtained if experi- 
ments were so conducted that atmospheric pres- 
sure was maintained throughobt are not known, 
but it seems un1ike;y that the wide differences 
between- ob&rved and calculated results would 
disappear. 

' whole range of mixtures. 

/ r  * .  

EN AND METHANE 
- I _  

The lower'limits'of various mixtures of hydro- 
gen and &ethane in air, with upward propaga- 
tion of flame, in a vessel 6 feet high and 12 inches 
square in section (64), were as follows: 

Lower l i y i t s  of jlammability of mixtures of 
hydrogen and methane I 

Hydrogen 

100 
90 
75 
50 
25 
0 

Methane 

0 
10 
25 
50 
75 

100 

Lower limit, percent 

4. 1 
4.1 ' 4.2 -0.1 
4.1 
4.6 
4. 7 

The higher limit of a mixture of nearly equal 
volumes of hydrogen 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 22.6 percent (64), which is 0.1 
percent less 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 
and those calculated from Le Chatelier's 
law are just beyond the experimental error in 
two instances. Rather greater differences were 
observed in closed tubes 5 cm. in diameter 
with upward and downward propagation of 
flame (357). 

The approximate limits for mixtures of 
hvdrogen and methane have been determined in 
a"5-liter bomb with central ignition (347) and, 
for mixtures of equal volumes only, in narrow 
tubes 0.9 to 0.2 cm. in diameter (276). 

Influence of Pressure.-The higher limits of 
mixtures of hydrogen and methane have been 
determined up to about 50 atmospheres pres- 
sure in narrow tubes. The results are un- 
doubtedly low, as those for the two gases 
separately 'are low (51) .  

HYDROGEN, CARBON MONOXIDEl 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). 

HYDROGENl CARBON MONOXIDE, AND 
ETHYLENE 

The limits of mixtures of hydrogen, carbon 
monoxide, and ethylene in air, with. downward 
propagation of flame in a tube 1.6 cm. in 
diameter, have been determined (217). 

- 1 '  

i; HYDROGEN, METHANE, AND ETHANE 
- The 'limits ' of' all ':mixtures of hydrogen, 
methane, and eth'ane in air can be calculated 
with approximate accuracy by means of Le 
Chatelier's law (146). 
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j .  

l e i  J -; .I 

Atmospheres of Air and Nitrogen (Air, De- 

of th&e thr6e constituents in air defidient in , HYDROGEN AND ETHANE IN.OXYGEN . ' 
oxygkn or of mixtures of the threc constituents ~ 

OXY.@$ ' can be cdculated with apPr&ximate 
accpracy from curves given in figures 1 and 2 
or from tabulated resdts ,(146). 

. HYDROGEN AND ETHANE 
, l l  _?( . 7 .  fidient in Oxygen).-The b i t s  of all mixtures j q i  

According to an old observation, ti;e with nitrogen in air (Or in air deficient in limit of a mixture of equal yolumes of hydrogen 
and ethane in oxygen, with downward propaga- 
tion of flame in a cu&ometer,tube 2 cm. in 
diameter, is between 56 and 57 percent (243). 

i ', t I 

r .I 4 
I 
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94.5 peEent' a,t-400 atm6spEeres. When 5 
percent,methane is added the limits are 83.7 and 
92.8-peycentl respectively. No analysis of the 
contact gas is given (10). 

500-cc. flaglr: with central ignition are given as 
6 and 87- percent-in air and 5 and 90 percent in 
oxygen (328).;_ .These figures do not agree with 
other results on _ _  theiflammability - - of mixtures of 

r -  hydrogen,'hitrogen, 5nd oxygen. (See p. 20.) 

The limitsf of the mixture 3H,+N, in a 
.7 Per-, 

~ R O G E N  AND ETHYLENE- 
HYDROGEN AND ETHYLENE~ IN AIR 7.- - 

..HYDROGEN AND O ~ H E R  GASES OR VAPORS 1 ,  
The limits of the entire-range of mixtures of- 

and downward propagation of flame in- closed 
tubes 5 cm. in diameter, we& rather narrower 
than those calculated by Le Chatelier's law; 
the differences were a few tenths of 1 percent 

highcr limits (357). 

flame in a tube 1.6 cm. in diameter have been 
determined (217).  

hydrogel1 and ethylene in air, with The limits bf a series of binary mixtures of 
hydrogen and--various gases and vapors have 
been determined with downward propagation 
of flame in a tpb& cm. in diameter and 65 cm. 
in lengXh. , The results for each of mixtures 

tures of hydrogen and ethyl bromide, which 

significanceeis discussed. 
The gases and vapors used mere ethyl bro- 

mide (311) ; methyl iodide, methylene bromide, 
bromoform, ethyl iodide, and cthylene bromide 
(312); hydrogen sclenide and diethyl selenide 
(313) ; diIiiiethyr selenide and dimethyl telluride 

small apparatus (202). - -. . -  (314) ; tin: tetramethyl and leud tetrainethyl 
(315) ; ethyl alcohol, ether, acetone, benzene, 

HYDROGEN AND ETHYLENE MOSPHERES pentane; cyclohexane, mcthyl cyclohcxane, and 

From a study of tlie dew point, density. and 
The limits of hydrogcn and ethylene in-various range of flammability of such-mixtures of hydro- 
mixtures of air and carbon dioxide have been gen and small- quantiti-c; of other gases and 
determined with downward Propagation of vapors, :it iGas concluded that tin tetramethyl 
flame in a tube 1.6 Cm. in diameter (217). is the best suppressor of explosions for hydrogen 

HYDROGEN AND* ACETYLENE 

at the lower limits and a Percent at  the were of-the Same general tvpe as those for mix- 

The limits with doWIIWard Propagation Of ~ have been -quoted on page 22, where their 

' HYDROGEN AND ETHYLENE IN OXYGEN 

The limits- of mixtures' of hydrogen and 
ethylene in oxygen have -been determined in 

a a hydrocarbon mixture ( S I G ) .  
Atmospheres of Air 

_ -  

each will burn 
is 92.2 percent a t  atmospheric pressure and - in oxygen (204). 

I *,* _ _  - - .  - - -  
a -  

r i  ~J * I  I , 
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100 
90 
75 
50 
40 
25 
0 

113 

- 

0 12 5 
10 11.0 
25 9.5. 
50 7.7 
60 7.2 
75 6.4 

100 5.6 

Lower limit, percent 

Observed I Calculated 1 Difference 

Carbon 1 ' 1 
monoxide Methane 

, HYDROGEN SULFIDE LAND METHANE Lower limits .ofRammabilitu of carbon monoxide 
I ,  

a Both the lower and higherl'limits of mixture; 
of hydrogen sulfide and methanetin air, with 
upward and downward propagation offlame 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 fors.mixtures rich in 
hydrogen sulfide and low for otherimixtures of 
the series, so that the curves (with both direc- 
tions of propagation) for experiqental and 

These curves are reproduced in figure 57 (357)- 
calculated figures cut across One another* The higher limit of a mixture of equal volumes 

of carbon' monoxide and methane in air. with 

.-.. 
11.1 
. ,9 .6  

7. 7 
7. 1 
6.5 
.___ 

- 
._.. 
-0.1 
-. 1 
0 +. 1 -. 1 _ _ _ _  

HYDROGEN SULFIDE AND ACETYLENE 

The lower limits of mixtures of hydrogen 
sulfide and acetylene in air have been deter- 
mined with upward and downward propagation 
of flame in closed glass tubes 5 cm. in diameter. 
The maximum deviation from the calculated 
limit was 0.3 percent (357). 

CARBON DISULFIDE AND V h O U S  GASES 
AND VAPORS 

I -  

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 mixtures of carbon monoxide and 
methane, but for the higher limits the observed 
values were always low, sometimes as much as 

, '  10 percent'(46). 
1 Neither lower nor higher limit& of mixtures 

of carbon disulfide with ether, benzene, acetone, 
and acetaldehyde; with downward propagation 
of flame in closed tubes 5 cm. in diameter and 
150 cm. in leng$h, agreed with Le Chat$iercs 
law. It has been suggested that the propaga-' 

combustion and that the catalytic effect may be 

acetaldehyde (355).  1 been determined (217). 

tetramethyl, pentane, and a- gasoline. fraction 
boiling at 91.6' C. give abnoimal results. The 
lower limit is raised by the first small additions, 

amountsr The higheir lfmitk a 

Atmospheres of Nitrous Oxide.-The limits of 
mixture?-of carbon monoxide and methane in 
nitrous oxi'de, with downward propagation of 
flame in a 15-mm. burette, have been plotted 
in a triangular diagram (339). 

tion of flame in mixtures of carbon disulfide and CARBON MONOXIDE AND ETHYLENE 
air may be Catalyzed by KOme Product of its 

inhibited by ether, benzene, acetone, and 
The limits of mixtures of carbon monoxide 

tion of flame in a tube 1.6 cm. ill diameter, have 
and ethylene in ab, with downward propaga- 

Mixtures of carbon disulfide , with- ethyl t A - 
bromide,,-diethyl selenide, tin- tetramethyl, leads CA~BON-  ONO OXIDE AND A C E ~ L E N E  

The lower -limit of a mixture containing 84 
perYent carbon monoxide and percent acety- 

diameter and -2,5 cm. in height, presumably 

acalculated:from the limits 
and acetylene observed 

of these !substances, then decreased by larger i lene-h,as been-determined in a in  

reduced, ,b-ut further additiohs of. 
substancks cause thZ$Egh 

-with downward ProPag!pion Qf flame from an 
as -9.; .percent in +-,,agreeing 

The abnormal effect 
certain flammable substances -gam& ($22). 
limit of carbon-'di -- . _ -  ~ 

GHER-PARAFFIN 
. H Y D R ~ C A R E ~ N S  

METHANE AND PROPANE 
, AND ETHANE AND BUTANE 

high ana. 12 inches square in section, with The low& limitcof methane-ethane, methane- 
upward propagation of flame a t  atmospheric , <propane, methane-butane, and ethane-butane 
pressure (64, were as follows: mixtures in air, with upward propagation of 

I -  
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flame in, a\ tube 5 cm:in diameter and 'open at  
the firing end;,agreed closely. with the values 
calculated from Le Chateljer2s law; the highFr 
limits were Islightly less than those calculptcd 
(74) * 

mixtures is discussed on, page 115. 

_- - 
The regularity' of 1 the' low 

METHANE ANb ETH IN MIXTURES OF AIR, 
' NITROGEN, AND CARBON~:DIOXIDE 

in diarhet'e'k, agree withithe limits c'alc%la'tea by 
Le Chatelier's formula from the limits of 
methane and pcntane kcpara tely4 (857) i :The 
lower 1imit.ofLa 50 : 50'mixture, with horizpntal 
propagation o€ flame in a tube .2.5 cm. in diamr 

thc firingsend, was close to, the 

r limits in the 5-cm. tube iwbre 
usually. less, by-a few tenths of Iripercent th'an 
'those, calculated (3571. , , ; I *  , I I , I  

llie (272).,' 8 b I .  I, 

!. :,. ! r - ,  ' I ,  ' . /  , : :, , .  

': J L ' j  .,. 1 1 . , ;<\j . . . 
ower Limit of Paraffin Hydrocarbons with C:A Ratio. 

. -  

. *  
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The lower liniit' o 

accurately from 
stituents is provided 
hatelier's law is fol- 
the constituents are 
ctions on methane- 

e-propane, methane-butane, 
sand ethane-butane mixtures.) 

The limits; of 22 samples of "natural gas," of 
widely,varying*compositions from many States, 
have: been calculated on the basis of analytical 
figur;es! expressing the !flammable constituents as 
methane and,'e$hane onlf (154). 

Influence*.of .Pr,essure.-In experiments in a 
closed tube.2,inches in diameter and 12. inches 
in 1ength;ifwith .upward* propagation of .flame 
and with cinitial -pressures from 1 to about 24 
atmosphgres, the lower limit of a $natural gas 
(analysis:I,Methane, 79.6; ethane, 19.2 percent) 

onstant; the higher limit rose 
percent (154). In an ex- 

periments, but with a tube 
15 inches3Jong and a J  natural gas giving by 
analysis methane around 85 percent and ethane 
around 15 ,percent,, the following figures may be 

Initial pressure, Atmos- the nitrogen and- oxygen_-uqe- d, $e - . , lb, per In,a- - pherlc- - 500 1,000 2,000 %OM) 
limit would ,be nearly 5.1 percen propa- ---__ ___ 1 1  ___ __ __ ___ 

* ,  

gation of flamq upward from+clog en end- Lower i i m l t . - L  - 4  50 4 45 4 00 3 60 3 15 

- - _ _ -  

methane 'aboGt>dkl :percent:> and *doubtless its I i,paper-covered relief: vents along the top, and 
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the end oppositelthe source of ignition was closed 
by a paper cover. The appearance of flame a t  

:the various orifices enabled the extent of an 
inflammation to be roughly judgcd. J The 
observations were aided by noting -the effect 
of an experiment on tufts of guncotton placed 

4 a t  various points in the tube. 
The results were conveniently classed as (I) 

explosions, when the paper covers were blown 
out violently and flame appeared from the 
vents; ( 2 )  inflammations, when it was evident 
that some gas had been ignited, but no great 
violence was observed; and (3) nonignitions. 

A small electric igniter 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 

-percent 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 detonation on the 
paper covers. 

Turbulence induced by a fan run a t  appropri- 
ate speeds reduced the limit of explosion to 5.0 
percent. The limit of inflammation was reduced 

. 

slightly a t  moderate speeds; at  higher, spekds 
inflammation, apart from explosion, could not 
be observed. 

The term “inflammation”, as used in ?the 
preceding paragraphs, apparently ’covered the 
range of mixtures capable of propagating flame 
from the source of ignition for some distance 
upward, spreading more or less laterally; the 
term “explosion” was used to designate enou h 

effects described. The reduction of the limit 
of explosion by the long flames of gunpowder 
was due to  the greater burning induced by 
them; a similar effect was produced by turbu- 
lence. 

The natural gas used in these experiments 
contained 87.8 percent methane,. 6.9 percent 
ethane, 2.6 perccnt propane, 0.8 percent butane, 
1.9 percent nitrogen, and no oxygen or carbon 
dioxide. ,The percentages of natural gas in the 
limit mixtjures refer to “nitrogen-free” gas (75). 

inflammation at sufficient speed to cause t a e 

I 

Atmospheres of Air, Nitrogen, and Carbon 
Dioxide.-An extensive series of experiments in 
a 100-cc. Hcmpel pipette and in a short steel 
cylinder of 2.8-liter capacity has been made 
with one 1 sample of natural gas (Pittsburgh) 

NATURAL GAS IN OTHER ATMOSPHERES 

. FIGURE 59.-Oxygen Content of Flammable Natural Gas-Air-Nitrogen Mixtures at High Pressures. 4 
I 
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an8 atmospheres that contained oxygeh;rnitro'- 
gen,i,and carbon. .dioxide. I The! compo'sition of 
the mixturesI tested, including the na$ural -gas, 
ranged fromt!19.9 $0; 14 .percent 
from 70 to 61 .-percentk,carbon - d  
results are plotted: in,.c 
in the original paper (54) .  

;'The limits, of any- SA 
containing methane, cthant$, -propane, -butane, 
nitrogen, and carbon dioxide$ can be calculate'd 
.with I reasonable abcuracy I from the 'limits of 
&the individual combustiblG constitutentsL in 
atmospheres of different 'oxygen 8 and carbon 
,dioxide content (~147). The .experimenta*were 
made in a tube 2 inches irdia'meter and;6 feet 
in length, 'with upwardqt propagatibn,lofl.flame 
at  atmospheric pressure. 
.. Atmospheres-ofs Air and;Nit'iogen a t  Ele 
pressures.-r;The limits of ,a natural, gas .(meth- 
ane, 85 percent;, ethane,, 15 pei-cent) -in iai& 
nitrogen mixtures a t  ,elevated pressures. have 
been..determined, with upwards propagation' of 
flame] in a tube ,2' inches in ,diameter ,abd 15 
inches in length. The- results tare- summasized 

om which mayibe ascertained 
whether any such mixture, 'of -kno+nbnatural 
gas, and oxygen content, is, flammable' at: the 
;various ,pressures indica,ted (160). (Interpola- 
tion, )or reference, to * other diagrams. in( the 
original paper, will give th 
for other ,pressures. 

METHANE AND'hCETYLENE 

For the Iir$i\s. 'of mixtures,p'f' metha'ne "with 
certain 'halogenated hydrocarbons': which :ake 
either flammable separately:'%r. 6edo"m;le' %ami 

939350"--62-9 

mable when1*miGedwitli'imethane, see pp. 51 to 

METHANE AND VARIOUS VAPORS 

54: '1 ' ! a t ,  , ; ~ i i i ,  I d J  
. * l L L 4  1 ' " I  

'-:L$t$; 2 > 

The complete rahges of flammability of 
methane and the- vapors of various substances 
have been determined individually in air with 
downward' rpropagation of flame ' in narrow 

hese substances are: Isdbutyl chloride, 
mide, ethyl iodide, sulfuryl chloride, 

silicon 'teti-achloride and silicochloroform (195) , 
and isoamyl bromide (196). 

Atmosphere of _Oxygen.-Representative se- 
rics of expel limits of mixtures of 
methane an ride in oxygen have 
been made- rom 600 mm. down 
to the point of coincidence of the limits (89). 

BUTANE 'AND ETHYL CHLORIDE 

res of butane and ethyl 
,wnward, propagation of 

meter, tube, are given in 
I j  

T i '  

The'lower limit'ofbenzine in air with upward 
e in" a tube 6.2 ' c d .  in 
e firing end, was 1.1 per- 
r Lpi-opagation downward 

in a closed pipette 1.9 cm. in diameter were 
2.4,and 4.9 percent. All the benzine distilled 
below 105' C. (95).  In similar experiments to 

8; a second observer found limits 
percent for benzine having a boil- 

ing range of 6 7 O  to 940 C.$ (323) .> , 
- -  L * r  

and Pure 0xygen.ATlie lower limit of benzine 
~ I J  91;. atmosEhe,qes: of composition betweenT'air 
and pure oxygen, with ?downward:lpropagation 

burett,eJ.lt9,,mm.lin diameter, 
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.(bo{ling, range1~,,,78?r;82fi)-t and:: benzene ini t air 
have been given ( I I ) ,  but the range of flamma- 
bility seems impossibly wide. 

3yy1,';y $[[o;F;\q $'p-,ac. : * " ' L . L I : I L  ". 

. , i I t  -cij?v - ~ ~ I ~ . ~ G A ~ o L I N E F I N ~ A I $ ~  I s 3  + - i i  i f '  t i l s  

-r'F:.The li-mits of- three gasolines, with upward 
propagation ,of. flame in a 2-inch-diameter tube 
ats j  approximately? atmospheric .lpressure', , have 
been de.terinined,>(l he:gasolines .haddie 
following propertie '< 1, t .Pi, ' ,' : ! 

' , t  . 
i + i i ~ ;  + I ,  t : ~  ,, i 1 1 1 j  .. :i i - 1 1 ,  r"! ' ' J  

~ t $  'of niixtu2q 
applying' 8 ,  an aldo&l 

wer' grid- df th'e.',tup$: orLby 
passing a spark just within the lower end of the 
tube without remo%ing, thgiground-glass cover- 
plate. When the. latter procedure was used, 
the mixture was originallyat a" rFduced pressure 

I 

igher ,limitst from, 5428 to  $7.88 percent ($94). 
er limits, bpweight,;tof the imore.- 
ts df a- seriestof cracked,andktraight'- 

'run gasolines are equal-(296). 1. This is-explained 
by1 the4obseruation that the*limits of n-hexane:- 
n-heptane, -n-octane, cycloliexane, and benzene 

e equal, 57 mg. per liter of-air (38): $ 4  ..:* 
The limits 'of gasolinesl obtained1 by' the ais- 
lation. of raw. oils up $to m O ?  C. have, been 

'deterrnirded8 in1 a 2:3-lit& bottle: I The toils are 
'described I as Hak, 31 Pechelbronn; 1' Kettleman 
1Hills::I Equateur, Saxet; and San'ta-F& t .Tlie 
results arer expressed fin* 1 terms' of rcubici,centiL 
.meters of.liquid per:'liter+of air ak+lOOO Q:,kzankl 

ences twerei+ill J percent :in 
percent! .in Ithe higher limit 

,' > > f  4 1 1 ' 1  I , 

:A _I Influsrice of Pressure t Ipressures *; below 
.atmospheric; in: a closed 1 tube 2 - inchesd-in 
diameter I land 6 
propagation of fla 
6100-octane) remaine 
initial pressurer lwas 
touabout 300 C r n m : .  
limits) a converged; %'a 
obtained -below !35 
tank {of +125wu(bic feetrpapacity;l? the >limiting 

t which no propagation.of*flame was 
nny mixture "of3 gRsoline and:irtir; 

In  another series of experiments;+which seem 
to have been test_s,of the incypdjhjtx of various 
sparks rather fth'iin determinatioi~s~of *limits of 

. 

b33 mm. (257). !I * - r l +  ' ' '5 -  I J 

room temperatpFe (hj). , l '~ ~k; ;~&;y .  :.$ 
Other experiments indicate that tempera$ure 

t:i, The 1 4 2 1 .  .lo&er-kmits, 'Ob;' 42 8 8  - of-, 3, gas$?e, (distillation( 
range,'58 to 13r1_0,.($)fwith, (qyard prop6gAtion 
of flame in a cvlinder:30:6-%m.-in diameter and 



ficient in Oxygen).s3;i;The.lim 
olines defined. -above (see -Gasoline -in -Air. 

no-mixture of gasoline vapor, air, and any of 
them which:contaig; less than 17.2 percent of 
oxygeii is flammable,l(141). 

give a maximum of carbon dioxide and a 
minimum of carbon monoxide and oxygen (141). of three types of naphtha in air at various 



CYCLOPROPANE AND ETHYLENE IN OTHER 
ATMOSPHERES 

The addition of 10 percent of helium to cyclo- 
propaneiethylene-oFygen mixtures affects ; the 
mihimum oxygen content for flame propaga- 

1 - i  ' -t 9 'Xion only 'slightly: Similarly, the addition of 10 
! : ,percent of hydrogen hadlittle-effect'(l63). ;The I 

; nor does,such addition permit' mixtures of a 

1 , 

IN OTHER ' 

j Atmospfieres of Airl and' Carbon Tetr&-hlor- ,: 1 addition of nitrogen, 

I 

to 2o percent, "is Of no 
ide.-see p. 68. , I I particular advantage- in reducing flammabitlity, 

4 ... I , higher oxygen content to be used in,anesthesia' t - KEROSINE 
if nonflnmmnbility is required" (163). 

The limits of kerosine in air, with upward" 

a temperature pufficiqnt to vaporize .the kero- 

1 , -  
propagation of flame in a tube 1 inch-in diameter I .  II 

sine, are 0.70 and 4.80 percent (138): , ?  ' The- lower limit of a mixture- of .43 percent 
dimethyl cyclopeiitane and 57 -percent isohep- 

i PETROLEUM ,VAPORS' - - tane, with downward propagation of flame in a 
-tube 5 cm:-in diameter and 65 cm. in length, 

,? TGe limits of the vapbrs aris&g from a crude open at  the 
Jpetrpleum (flash-point -21". C., boiling range 
;61° to, 313" C.) were 1.3 and 4.9 percent with, 
.downward.' propagation of-, flame -in a small, 
ivess'el./-. Above 5 4  C. air saturated with the '  
vapors was above the higher* limit of flamma- 
jbility (629). 

ileiun (,that is, Diesel oils) lie in 

DTMETHYL CY,CLOPENTANE AND : 

and 18 inches in length, open a t  the top and(, a t  c' . . I  ISOHEPTANE I 

1 .  

I '-* 
- .  $ 1  1 -  . , 

g end,is 1.12 percent (250). 
I 

4 
* I  i limit' of turpentine in lair, condi- 

ecified, is 0.8 percent-(101). ~ 

of Temperature.-The lowef limits 

ward propagation of flame- in a 
cm.' in diameter and 39.0 :cm. in 

ented1 at  its upper endl-are 0.69 percent 

i <The limits, for the higher ' fra (distillation range, 153" to $97' 

ne mis t ' a t  !or 

Air and Carbon 
The addition of carbon dioxide to the 
narrowed the limits until ' they coiricidetl; "at 
5" C., 61 percent carbon dioxide was necessary; 
a&T200, 5l,,percent; a t  30;, 44 perceyt; ,%and a t  

. and 0.54 at  200" C.-(239). ' *  

AND COKE-OVEN GAS 

COAL G A S  AND COKE-OVEN GAS IN AIR 
I .  

40°, 37 percent (229). ' . f t y r s  J )  ,>-3! 

E, AND ETHYLENE 

t ~ > ;  CYCLOPRzOPANE AND ETHYLENE IN PXYGE 
- i * l l ? ,  I ,  

[,,:The high& limi 
and ethyle3ne oxygen, 3with: up 
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Reference ' 

9.4; and nitrogen, 

for upward to 10 peGent for aownwardApropa- 

2.4. 
. Influence of ,Temperatuqe.-In the same series 

of experiments it was found that, as the temper- 
nt,iire was raised to 300' C., the lower limit 
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:GASES FROMMINF, 

after,! c~xplosiop,,var.y greatly, in composition 
their h i t s  of flammability map, be,-calculated 
with approximate accuracy by the method given 

Examples (133) are given in table 
t ; 3:+ --. 

contain methane and 
hydrogen and carbon 
limits can be obtaihed 

S I  

percent (43). In a Bunte burette the limits 
were 35.8 and 71.9 percent with upward 

downward propagation of fhme ,(d69). I 3 ! 
The composition of the gases used in the 

tion, tested at  a later date in a similar apparatus, 
gave similar figures: 19.9 and 72.5 percent 
(368). 
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Carbondioxide.::.. . . 3.2 
Urdurated hydro-. 
-.carbons _ _ _ _ _  '..'.*-.5 4.4 
Oxygen ___. .:.- . 1.0 
Cartjori monoxide-.:< ' 9.0 
Hydrogen.. -'--i*... . - 2  . -47.8 
Methane ... -...? _.__ .. 27.0 
Nitrogen'..-.. :Y:-,.-. ' : '  ,7.'6 

2.0 

! 3.'6 
.4 
8.8 
52r4 
27.0 
5.8 

- 
. I  , 

!!+3 6 

. * - 2 6  
1. 4 

17 6 
.45 4 
18 6 
11 8 

10'4 
:.30 5 

__ 

, I .:: .I . .. I . . I  . I . :I . t ..,.,. . ..., 1 ,  , .  .. , 
. ,  

*iL:<:'i 19'1 

, * ._  ' . . ,  

COJSE-OVEN GAS AND AMMONIA ' .  

The very marked cljfferences in the l o y ~ r ,  
limits are partly due to the- differences in 
experimental methods, but mainly to the 
variation r of hydrogen content 'between tWe 
samples. __  - _-."- - - _- - -"-- 

:Atmospheres of Air and Water Vapor.lThe 
of mixtpres of producer gas:: (composition 
in previous table under rleference 'S@) 

and air, standing over water in a 350-cc. spher- 
ical vessel and ignited near the water surface, 
have becn determined at'various Cemperatures. 
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 
presen4t:the limits +coincide at  aboutf27 percent 
of producer gas (3 ' I  - 8  ' . r  1 -' 
, i f  l I  ' I  I 

. >l ( I .  

GAS ' j '  

I 

The limits of a gas ,of unspecified composition, 
perhaps in a eudiometer tube, are given as 6 
and 13.4 percent (120). 

-2 OIL GAS ACETYLENE 

', The limits of a mixture of 75 percent pil, gai 
and 25 percent acetylene in air, observed p%r- 
haps in a eudiometer tube, are given as-4-and 
15.5 percent (1$8): ., T: jcj,-tr+q 

i 

, 

gasesIin air ,were 
int,diameter and 
bejng perm'anentl 
witGI a diaphragm 
was'obtained'by: a '  
caused: toAglow by a 

The limits of sqme mixtures of coke-oven gas 
and ammonia were found: to be nearly in ac- 
cordance /with= Le Chatelier's law; - but the 

, mixture, used as synthesis gas for the production 
_ -  of HCN had -a somewhat greater higher limit 
than the calculated figure (280). 

ETHYLENE AND (1) ETHYLENE DICHLORIDE, 
' 3  (2) ETHYLENE DIBROMIDE, (3) n-BUTYL 

' The limits of these'  airs o f  mixtures in air, 
f6r downward propagation of flame in a tube 
11.6 cm. in diameter, have been determined 
(217). - -  

. I  

' BROMIDE ' > 

SOME HYDROCARBONS: ETHER; ETHYL 
CHLO@DE,AND BROMIDE; DIETHYL SELE- 

,'*METHYL 1 1 :  t - . . I -  

NIDE; TIN TETRAMETHYL; LEAD TETRA- 

Limits of the following' pkirs 1 

in various proportions, havefsbeen I 

,., , I - I ' I  

selenide, also with 'tin tetrtimethyl" and lead 
tetramethyl (247) ; ethyl ether 2 and ethyl 

I 
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The lower limits of mixtures - of - methyl 
cyclohexane, et8hyl alcohol, and ethyl ether, 
in pairs and together, have been determined 
with downwar,d-propagation-of-flame in,a _tube 
5 cm. in diameter and 70 cm. in length. The 
results agree, with those calculated by Le 
Chatelicr's law (319). __ _. _ _ _  __-_- . - 

1 :  

GASOLINE; ALCOHOLS; {ETHER ; 

BENZOLE;;!MET~- WCOHQL; ETHYL AL- 
C 0 H 0 L; - BEN-Z-0 L E; ETHYL ALCOHOL; 
"ESSENCE TOURISME" 
Curves~d%~d:'B'iri figure 62 show the lower 

limits of these mixtures, respectively, with 
downward propagation of flame in a 2%-liter 
bottle a t  va$ousLjemperatures (366). The ab- 
scissas 'represent- cubic centimeters of liquid 
vaporized pefi liter of gaseous mixture a t  the 
temperatures: of the exp-eriments. From the 
density of the liquid mixtures it would be possi- 
ble to calculate the volumetric composition in 
the gaseous:state. The curves for limits drawn 
from the calculated figures would be more nearly 
vertical; that i?, the lower limit would be less 
affected by change of temperature than the 
curves might suggest a t  first sight. These 
curves help to explain why it is .more difficult 
to start a cold internal-combustion engine when 
the fuel+ -mainly--alcoholiF-dhan when it is 
mainly a light hydrocarbon mixture. 

The benzole *used in the above experiments 
distilled-between 78' and -110' C. (86 percent 
betlow 90.'); 87'perceqt was benzene. The es- 
sence distilled between 58' and 179' C.; 92.35 
percent 1 was -sa;turated hydrocarbons and the 
remainder aromatic hvdrocarbons. 

I ___ __I 

Series of observations with e 
gasoline-air and ethyl algohol-g 
air mixtures in a 2,3OO:cc.-_vesse 
90' C. showed fair agFeeme 
Chatelier's law. The results, 
cubic centimeters of liquid[-vapo 
cc. of air, are probably too hig 
as the result for pur& alcohol wa 

alcohol-gasoline mixtures ;ne 
Chatelier's law (,WI-). --- + - 
too hi h ($0). _- _I__'-..- 

111 t ? le same apparatus tqe li 

iven jp table 41. 



126 LIMITS OF -FLAMMABILITY. OF- GASES, AsND * VAPORS 



LIMITS ,OF *MIXED, ,FLAMMABLE GASES: AND VAPORS 127 

limit of a mixture 

5 em. in diameter and 150 cm. in length. 
results agreed closely with Le Chat 
No figures are auoted in tlie original 

The 

- 
cjttioc ($55). _ I  , , , , - 

For mixtyes of mgthyl a 
air ,the law has been show%,$ 
a? well as lower ,limits by 

closed a-liter :spherical-flask with ignition in the 
lower part of the flask (76). 

ETHYI: JALCOHOL' AND' ETHER; ACETONE 
/ , , J ; , < t f . : $  '; 

f ethyl alcohol-ether-air 
mixtures in closed tubes 
'150 cm. in length agreed 
lculated by Le Chatelier's 

formula!.'with' upwafd, horizontal, and down- 
e. The higher limits 
a d  propagation, but 
1 propagation they 

6m -'the calculated values; 
e ascribed to the irregular 
e "'coo1 flame" of eth&. 

en in the original 

e been made with 
yl"alkoho1 and ether in the 

pi-oportion' of 1 ': 3 6y'  weight, vaporized into 
air ana into mixtures of air with carbon dioxide 

The experimental vpsel 
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was ;a section; 3.8 metersi’inrlength; hat; .the )end 

minate, induction-coil spark, and fusion, of a 
tungten filament) the limits for wFak combus: 
tions ldiffered considerably from )those ,in the 
figure. It is evident, that, in spite of the large’ 
volumes of, mixture used, \he limits for self: 
propagation of flame were not obtained, doubt- 
less because the local effects of the igniters 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 ethvl 

1 1  , * e  , I  ‘ 1  * ; 1 p 4 : , * r  . .,; ! 
I lower limits, of, mixtures ,of7 ether and 

acetaldehyde, in ,  air, in, closed ,,tubes 5‘_cm. ins 
diameter and 150, cm. in length showed <good 
agreement with $ithe values calculated-, by, Le 
Chatelier’s formula, -with upward and down- 
ward propagation of flame; also the higher 

ith- : d_ownward ”propagation. The. 
mits with upwar$ propag 
.lower+ than those ..tal 

d- ”acetaldehyde giv4 
flames” in- the’ richer mixtures, a 
limiqs reported .are those of ,the “cool flames.” 
The pfopa;gation of the “cool flame’,’ by, either 
constituent is not assisted by that of the other 
to the extent that an,additive law would indicate 
(?56). i I , J  I 

ACETONE ANIj METHYL ETHYL KETONE 
Observations with mixtures of, acetone apd 

methyl ethyl k‘etone ,jn a i r ’ s  closed tubes 5 
cm. in diameter and‘ 150 c A  gth showed 
close agreement with the‘val lculated by 
Le Chatelier’s formula for both limits, with 
horizontal and downward prypagation of flame. 
With upward propagation, the lower limits were 
slightly higher than those calculated; the 
higher- limits were severarctenths of 1 percent 
higher than those calculated (355). 

PAR~FIN-HYDROCARBON _ _ _ _ _  HALIDES alcohol and ethyl _ether, with horizontal prop;- 

ixtures have been 
er bell jar, with 

ALCOHOL, CHLOROFO 
.sVAc*>. h,? 

% The lower limits of two 
1 : 3)  of ethyl alcohol and,  

ETHYL ALCOHO 
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whether they can form flammable mixtures 
with air, and if so in what proportions the mix- 

LIMITS O F  MIXED FLAMMABLE GASES AND VAPORS 

proportions of flammable constituents. Their 
compositions are stated, together with the 
results of calculations (p. 5) which show tures are flammable (IS?'). 

I' ,-~ 

. .  

. .  

L i  ." , 
I .  
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Tables 44 and 45 contain selected values for lower h i t s ,  of the vapors of liquids could only 
the limits of flammability of single gases and $:.be determined by raising the temperature 

,vapors and of some industrial mixtures in air 1 sufficiently to  raise the vapor pressuTe, to, tlie 
and in oxygen at  ordinary temperatures and extent necessary to reach the limit co'mposition. 
pressures. Table 46 contains selected limits The limit given, therefore, applies to thelexperi- 
,in nitrous and nitric oxides mental temperature, which is quoted in the 

The last two columns of tables 44 and 45 text if it is stated in the original sour 

flammable gas (or vapor) and air with (a )  Further, information about the limits of 
nitrogen and ( b )  carbon dioxide, 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- 
propagation of flame in large yessels, open at their I tion are kept in mind. . ' 
lower ends, are chosen as those most useful for - Information on limits in other atmospheres 
reasons given earlier. The other figures represent and on the influence of pressure and tempera- 
experiments with mixtures contained in closed ture and tile effect of turbulence \ ~ l l  also be 
or small vessels; they are therefore not appli- found in the text. 
cable with certainty to conditions in which The limit figures in table 45 apply only to normal pressure is maintained during the 
passage of flame. ~~f~~~~~~ to the text will' particular samples; analytical data will 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'highei limits. and a few of the calculated. 

'give the oxygen percentage, in' mixtures of information. - .  

,TABLE 44.-Summary of limits of jlammability of individual gases and vapors in air and in oxygen 

Higher 

I , 
% 1 Oxygen per- 

below 

Lower Higher 

centage 1 Limits in air, percekt 1 Limits in oxygen, percent 1 whicl- 

Gas or vapor ' I  I 
, mixture is I . , ' fla-mmable 

I '  

I 75 I 75 

1 no 

Carbon 
dioxide 
as dilu- 

ent 
of air 
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TABLE 44.'Summary of limits of$aqhability of individual gaies andvapors in air and in oxygen- 
PContinued 

Sitro- 
gen as 

3iluent 
of air 

_ -  - .  
ALCGHOLS 

Carbon 
ioxide 

as dilu- 
ent 

of air 

I 

.. , , Limits,in air, percent 

i 
_ _  - - -- 

Lower Higher 

- i  I- 
Lower ' 

- -  
." - I -  1 

Higher 

.__--_ 

36 ... 
19 
13. 5 
12 
11. 2 

16. 3 
18. 0 
12. 5 
9. 2 

.__-_- 

Limits in oxygen, percent 

._____ 

2.5 .. . 

-I I 

Oxygen per- 
centage below 

which no 
mixture is 
flammable 

I 

11. 7 13. 9 
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. .  

Nitro- 
gen as 
diluent 
of air 

L1MI;TS ,1OF, FBAM~MABI~LITIY?,OF GASES;!AND IVAPORS 

Carbon 
dioxide 
as dilu- 

ent 
of air 

TABLE 44.+3ummazy of&mits -of,$ammability ,of'&ndi.;dw;ll gades and tvapors <in ,aira%d in!oxygen>L 
!GontinUed 

Lower ' 

. . . . . . . .  -. .... ...... - __._-__I._I ~- . . . . . .  

I 

HigL6i.i 1 f 
i . .  

I Gas or vapor 

Lower 3 . f  

I , ; ."!, if,, ' 

'& ' (  . i i!  
I 

. . . . . . . . . . . . .  . . . . . .  - . . .  .......... I* . 
I I 

Higher 

ETHERS I I I I 

~ $ 6 ,  Limits id oxy&, percent 

I I I 

>,%. ; I 
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1 Gas or v a p b  
1 1  I : 

Ti,' 

. - - - - - - 

. . . .  

20.7 
14. 4 

. 11.6, 
14.0.  
10.1 

10. a 
9 . 8  

. - - - - - 

22 ', ' .46 I \ 
- .  

, .  ' t i ? ?  

- - - - - - 

4 . .  . , , h ,  L., i '  

-Higher. : Higher Lower-. 
- .  

19.7 
18.0 

I I I I 

Oxygen per- 
centage below 

which no 
mixture is 
flammable 

Carbon 
dioxide 
as dilu- 

,of air 

Nitro- 
gen as 
diluent 
of air ent . 

I - - - - - - -  - - - - - - - 

I - - - - - - -  - - - - - - - 

939350°-52-10 
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TAB,LE 45 -@ppyoximate, limits of jlammability of ,some.icomplex. industrial mixtures of gases and 
vapors in air and in oxygen 

I Lower limit _ _  

( 9  

. -  
. .  

Higher limit 1 Lower limit I Higher limit I 

. . .  , :  - . . . . .  -. . i 
. _ .  

. . . . .  

f 
. , .  . .  

. . .  . .  . . .  
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