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FOREWORD

This bulletin is 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, Department of Commerce, of the
United States of America. Under this cooperation, begun in 1924,
the exchange of personnel and data permits the intensive investiga-
tion of specific problems dealing with the prevention or abatement
of accidents in mines. The determination of constants such as
the limits of inflammability and explosibility of gases and dusts
encountered in mines and the mineral industries is part of the cooper-
ative program.

Dr. H. F. Coward, of Sheffield, England, was detailed by the
British Safety in Mines Research Board in April, 1925, to the experi-
mental station of the Bureau of Mines, at Pittsburgh, Pa., to make
a cooperative study of certain chemical and physical factors con-
nected 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 Doctor Coward and
other members of the staff of the Pittsburgh Experiment Station
under the supervision of its superintendent, A. C. Fieldner.

Unquestionably the results are of great value to industries han-
dling inflammable gas and are especially valuable in problems con-
cerning safety in coal mining, for they determine with some precision
the limits of inflammability of inflammable gas mixtures. Some of
the tests give new figures; others confirm former determinations.

Certain reports on cooperative investigations carried on in Great
Britain with the assistance of representatives from the United States
have been published by the Safety in Mines Research Board.!

GrorGE S. RIcE,
Chief Mining Engineer,
(Lraison Officer for Bureaw of Maines).

1 Rice, G. S., and Wheeler, R. V., Stone Dust as a Preventive of Coal Dust Explosions; Comparative
Tests: Paper 13, Safety in Mines Research Board, 1925.

Greenwald, H. P., and Wheeler, R. V., Coal Dust Explosions; Effect of Release of Pressure on Their
Development: Paper 14, Safety in Mines Research Board, 1925.

Ketz, S. H., and Grice, C. S. W., Mine Rescue Apparatus; the S. M. R. B. Gas Mask: Paper 57,
Safety in Mines Research Board, 1930,
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PREFACE

A knowledge of the limits of inflammability of methane, and
indeed of the products of distillation of coal, in air and in partly
vitiated atmosphere, is of fundamental importance in the study of
mine explosions and their prevention. Likewise, a knowledge of the
inflammable limits of gasoline and benzol vapors, natural and manu-
factured gas, blast-furnace gas, hydrogen, acetylene, and many other
gases is of equal importance in the prevention of gas explosions and
fires in the metallurgical, petroleum, gas-manufacturing, and related
industries.

The importance of such data is shown by the increasingly frequent
inquiries received at the Bureau of Mines for information on the
limits of inflammability of various gases and vapors when mixed
with air or other ‘‘atmosphere.”

Substances that a short time ago were found infrequently, even in
the laboratory, are being used on a large scale, and some of them
form dangerously explosive mixtures with air. Data concerning
their limits of inflammability are widely scattered in the literature,
and many of the figures seem contradictory. In the following pages
a comprehensive survey has been made which, it is hoped, includes all
available results; the latter have been arranged, coordinated, and
critically reviewed. The opportunity has been taken to include a
number of results that have not hitherto been published.

A. C. F1ELDNER,
Chief Engineer,
Experiment Stations Division.
VI



LIMITS OF INFLAMMABILITY OF GASES AND VAPORS*

By H. F. Cowarp® and G. W. JonNEs*

DEFINITIONS

An inflammable mixture of gases, such as methane and air, may be
diluted with one or another of its constituents or with other gases
until it is no longer inflammable. The dilution limit of inflamma-
bility, or simply the limit of inflammability, is the border-line com-
position; a slight change in one direction produces an inflammable
mixture, in the other direction a noninflammable mixture.

There are clearly two limits of inflammability, a higher and a
lower, for each pair of so-called combustible gas and supporter of
combustion. The lower limit corresponds to the minimum amount
of combustible gas, the higher or upper limit to the maximum amount
of gas capable of conferring inflammability on the mixture. For
example, for methane-air mixtures these limits under normal
conditions are approximately 5 and 14 per cent methane, respectively.
Mixtures within these limits liberate enough energy on combustion
of any one layer to ignite the neighboring layer of unburned gas and
are therefore capable of self-propagation of flame; others are not.
Mixtures richer than 14 per cent methane, however may burn on
contact with external air, for mixtures which contain less than 14
per cent methane are formed in the zone where the gases mingle.

The experimental determination of limits of inflammability is more
difficult than may be anticipated, as is shown by the contradictory
figures reported from time to time. It is the object of this paper to
present the results of a critical review of all figures published on the
limits of inflammability of combustible gases and vapors when in
admixture with air, oxygen, or other ‘atmosphere.” Suspended
dusts and liquid mists are not considered.

PROPAGATION OF FLANME IN INFLAMMABLE MIXTURES
SOURCE OF IGNITION

When a source of heat of sufficient size and intensity is introduced
into a weak mixture, some combustion occurs even when the mixture
is incapable of self-propagation of flame. This is usually visible as

‘cap” of flame which may be large if the source of heat is ample.
The flame cap may be fixed in relative position to the source of ignition,
as in a miner’s lamp burning in a gassy atmosphere, or may become
detached from the source and float for a limited distance in a moving
atmosphere, or may travel away for 2 or 3 feet from an initiating
spark or flame in a still atmosphere (72).® Such flames are not self-

2 Work on manuscript completed, February, 1930.

4 Assistant director, Safety in Mines Research Board, Sheffield, England.
4 Chemist, Plttsburgh Experiment Station, U. S. Bureau of Mines.

SN umbers in parentheses refer to bibliography at end of this bulletin.



2 LIMITS OF INFLAMMABILITY OF GASES AND VAPORS

propagating, for they are extinguished when the influence of the
source of ignition is lost.

When a somewhat weak source of ignition is employed, some in-
flammable mixtures, especially those near the limits, may not inflame.
The source of ignition 1s not strong enough to be satisfactory for the
test.

As the test concerns the capability of the mixture to propagate
flame, not the capacity of the source of energy to initiate flame,
it is axiomatic that the limits are unaffected by variations in the
nature and strength of the source of ignition. When statements that
limits vary according to the means of ignition are made, it may be
inferred that the observers used such strong sources of ignition
that the caps of flame gave the appearance of general inflammation
or that they used such weak sources that flame was not started in
mixtures which were, in fact, inflammable. Under these conditions
they were determining the limits of ignitibility by the particular
sources of ignition which they used, not the limits of inflammability
of the mixture itself.

DIRECTION OF FLAME PROPAGATION

When a source of ignition, such as an electric spark or a flame, is
introduced into an inflammable 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 in-
creasing radius, were it not that the hot expanded products of com-
bustion tend to rise and hence to introduce convection currents.
Flame can not travel downward when the upward movement of the
gases, due to convection, is faster than the speed of flame in a still
mixture, as happens in weak mixtures near the limits of inflamma-
bility. Hence, near each limit there is a range of mixtures which
will propagate flame upward but not downward. These may cor-
rectly be termed ‘“inflammable 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 (49). It
seems correct, therefore, to observe upward propagating flames when
defining the limits of inflammability of gas mixtures; but for some
purposes it is desirable to know the limits of inflammability for
propagation of flame in other directions (54). Such limits when
determined are included in the experimental results given.

For safety in industrial operations it is in general wisest to con-
sider the limits for upward propagation an indication of the danger
line, since these limits are wider than those for horizontal or down-
ward propagation of flame.

DIAMETER OF VESSEL

As the propagation of flame depends upon the transfer of energy
from the burned to the neighboring unburned gas, and as in a limit
mixture the amount of energy available for transfer is only just
enough for maintenance of flame propagation, anything that reduces
the available energy will affect the limits. Hence, it is necessary to
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make observations in vessels which are so wide that the cooling effect
of their walls is negligible.

The observed limits of inflammability are almost always widened
as tube diameter is increased, rapidly at first and more slowly after-
ward, so that increase of diameter above 5 cm. rarely shows more
than a few tenths of 1 per cent increase in the range of inflamma-
bility ; many examples of this may be found in the tabulated results
in the following pages, but there are a few notable exceptions. For
example, the higher limit of acetylene-air mixtures is much increased
by enlarging the diameter of the vessel beyond 5 cm. Moreover, the
abnormal “cool flame” in higher limit acetone-air mixtures appears
to be able to travel upward in certain mixtures confined in a 2.5-cm.
tube, but not in 5 or 7.5 cm. tubes. Apart from a very few excep-
tions, however, the general rule holds.

LENGTH OF VESSEL

When flame travels from the open end of a tube toward the closed
end its speed is uniform over a distance which depends on the compo-
sition of the mixture and on the dimensions of the tube; the inflamma-
tion of one layer of gas repeats the inflammation of any other Jayer
in the “uniform movement” of flame. Sooner or later the uniform
movement may give place to vibratory movement of the flame; but
this is rarely observed in limit mixtures. When it has happened,
however, the simple expedient of holding a pad of cotton wool loosely
against the open end of the tube has suppressed any tendency to
vibration without sensibly hindering the maintenance of constant
pressure conditions. The flame then travels throughoutethe tube at
uniform speed; and variation in length of the tube, provided it be
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, however, it is untrue to say 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.
Schiitzenberger (13) showed long ago that the observed lmits in
closed tubes are affected by the length of tube. In experiments with
mixtures of 10 per cent hydrogen and 90 per cent oxygen he found
that there was “a maximum length of column of gas, beyond which
flame is propagated only a short way from the spark, whilst it can be
propagated for lesser lengths (of column of gas).” An elaborate
experimental study has recently confirmed and extended these
observations (126). Hence, the results obtained in closed tubes are,
at the best, of relative value only.

EFFECT OF SMALL CHANGES IN ATMOSPHERIC COMPOSITION

HUMIDITY

Some gas mixtures are exceedingly difficult to ignite if they have
been dried by long-continued contact with phosphorus pentoxide.
Such a degree of dryness is peculiar to the laboratory and is not con-
sidered in the present review.
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Some series of experiments have been conducted with roughly
dried mixtures in which the partial pressure of water vapor is less
than 1 mm.; in others the mixtures have been saturated with water
vapor at the temperature of the laboratory. The condition of humid-
ity has not always been stated, doubtless because it has been assumed
to be negligible. Probably the difference is appreciable, for most
gases, only in exact work. Thus, the lower limit of methane in air,
In certain comparative experiments, was 5.24 per cent for a mixture
dried by calcium chloride and 5.22 per cent for one saturated with water
vapor at laboratory temperature; these are actual percentages and are
equal within experimental error, but, as usually reported from analyses
calculated on a dry basis, they appear as 5.24 and 5.33 per cent, respec-
tively. For methane, therefore, the true lower limit is not appreciably
affected by the replacement of about 2 per cent of air by an equal
volume of water vapor. For the higher limit, however, such a replace-
ment reduces the oxygen content, which 1s less than the amount
required to burn the methane completely, and thus reduces the limit.
For example: The corresponding higher limits for methane in dry and
in saturated air are 14.02 and 13.54 per cent, respectively ; expressed on
a dry basis (as reported analytically) these figures become 14.02 and
13.80 per cent, respectively (105).

Carbon monoxide shows greater differences than methane. The
lower limit of carbon monoxide in air saturated with water vapor at
laboratory temperature was 13.1 per cent for upward propagation
of flame in a 2-inch tube; if the mixtures of gases were dried by pas-
sage through calcium chloride the lower limit became 15.9 per cent
(109). Such a large difference is exceptional, perhaps unique, for
moderate drying of carbon monoxide-air mixtures affects their igni-
tion temperatures and flame speeds more than it affects these prop-
erties of any other gas examined hitherto.

OXYGEN CONTENT

The lower limit of methane-air mixtures and of some, probably
of all, other mixtures is not appreciably affected by small changes
in the oxygen content of the air. The higher limit is noticeably
depressed by a small reduction in oxygen content, because a corre-
spondingly less amount of the combustible gas can burn. Thus, a
reduction of the oxygen content of the air from 20.9 to 20.6 per cent
gepressed the higher limit of methane by about 0.3 per cent. (See

. 7.

e ) PRESSURE

The normal variations of atmospheric pressure have no appre-
ciable influence on limits of inflammability, as has been shown both
by direct observation and by deduction from the course of curves
showing the variation of limits over much wider variations of pres-
sure than those of the atmosphere (28, 46, 64,81, 119, and 135).

The effect of larger variations in pressure is neither simple nor
uniform but is specific for each inflammable mixture. So far as is
known, reduction in pressure below 760 mm. always causes a narrow-
ing of the range of inflammability—that is to say, the lower limit
rises and the higher limit falls. This change is often imperceptible
for the first few hundred millimeters fall in pressure below atmos-
pheric, but thereafter the effect increases until at a suitably low
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pressure the limits coincide; below this point no mixture is capable
of propagating flame (48). '

The limiting pressure is somewhat difficult to find, because often
it is so low that the difficulty of insuring a powerful enough source of
ignition has not certainly been overcome. For example, in electrolytic
gas a flame that fllled a 570-c. c. globe has been produced at 5 mm.
pressure, and with the same mixture flame traveled through a cylinder
2 meters long at 8 mm. pressure (37). At such pressures the electric
discharge used to test the inflammability was diffuse and if made
stronger might have produced self-propagating flames at still lower
pressures. For this reason the rate at which the lower and higher
limit curves approach one another as the pressure is decreased will
appear to depend on the strength of the source of ignition, unless
the source is carefully made strong enough to insure ignition and
the vessel used is large enough for the flame to travel such a distance
from the source as will enable observers to see whether the mixture
is capable of self-propagation of flame. This has not been done
so the course of limit curves at very low pressures is unknown. In
attempting to discover the course of such curves, the difficulty of
maintaining constant pressure during the inflammation will have
to be surmounted. However, it is almost certain that whatever may
be the exact course of the curves they do approach and ultimately
meet as the pressure is decreased.

Increase of pressure above that of the atmosphere does not always
widen the limits. On the contrary, the range of inflammability of
some mixtures is narrowed by increase of pressure, so that a mixture
which can propagate flame at atmospheric pressure may not do so at
higher pressures. For such mixtures there is therefore a pressure (it
may be about that of the atmosphere or considerably higher) at which
a minimum value of the lower limit is obtained ; some mixtures show
a maximum value of the higher limit at some definite pressure,
not necessarily the same as that for the lower limit (53, 82).

Reference may be made to the details given in the paragraphs on
the effect of pressure on the individual mixtures, and more especially
to the results obtained for mixtures of air with hydrogen (p. 17),
carbon monoxide (p. 29), methane (p. )36, ethane (p. 57), propane
(p. 59), butane (p. 60), and ethylene (p. 63). Facts to be explained
are, broadly, that for downward propagation of flame at pressures
greater than atmospheric the range of inflammability of carbon
monoxide in air and of hydrogen in air, over a moderate range of
pressure, is narrowed at both limits by increase of pressure; and that
under the same conditions the range of each of the gases of the paraffin
series, with air, is narrowed at the lower limit side (by moderate
increase of pressure beyond a certain critical value) but widened
at the higher limit side. Now, the heat loss by convection is greater
at high pressures than at low, as density differences are greater at
high pressures; hence, the range of inflammability should be narrowed
at both limits when flame 1s traveling downward. This explains
the results for hydrogen (both limits, moderate pressures) and carbon
monoxide (both limits, all pressures) and those for paraffin gases
(low limit only, moderate pressures).

Superposed on the effect just described is another, however. Ac-
cording to the law of mass action, the rate of reaction at constant
temperature is greatest in methane-air mixtures when 33.3 per cent
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methane is present. The mass-action effect becomes a more im-
portant factor as the pressure is raised and hence tends to raise the
higher limit in methane-air mixtures with increase of pressure. A
similar interpretation may be given for higher limit curves of the other
paraffin hydrocarbons. For hydrogen and carbon monoxide, how-
ever, the mass-action law indicates that the 66.7 per cent mixture
is the one of greatest speed of reaction at constant temperature. As
the higher limit of each of these gases is greater than 66.7 per cent,
the mass-action effect would not tend to reverse the convection
effect (82). The recently discovered rise in the higher limit of hydro-
gen at pressures from 10 to 220 atmospheres calls for explanation
on other lines (119, 135).

The foregoing argument on the influence of convection on the
limits of inflammability was applied to results of experiments on
downward propagation of flame. The argument was supported by
the discovery that for horizontal propagation, in which the flames
could not be retarded by convection and might even be assisted, the
lower limit of methane in air remained unaltered between 760 and
5,000 mm. pressure, and the higher limit was increased even more
than for downward propagation (82).

On account of experimental difficulties no attempt has been made
to observe limits of inflammability in other than closed vessels for
experiments in which the pressure before inflammation is greater or
less than atmospheric. Hence the results relate to the propagation
of flame at the stated initial pressures, which increased at an unknown
rate and to an unknown extent during the observation. The rate
and extent would, however, vary with the size and shape of the con-
tainer and thus cause differences between results.

The same criticism applies to experiments in closed vessels when
the pressure is initially atmospheric; the results obtained are a func-
tion of the length of the vessels used, as this governs, in part, the rate
and amount of pressure development (49).

TEMPERATURE

To propagate flame, the layer of unburned gas next to the burning
layer must be brought to such a temperature that it will “burst into
flame” rapidly. If the unburned gas is already at a temperature
above that of the laboratory, less heat has to be supplied from the
burning layer; therefore the lower limit should be decreased by
increase of initial temperature and the higher limit should be in-
creased. In other words, the range of inflammability should be
widened at both limits by increase of temperature. Experiment has
shown this to be true for all mixtures examined hitherto, except in a
few instances which can be explained by experimental error—namely,
partial combustion of the heated gases before ignition. Details are
to be found in the sections dealing with hydrogen in air, in oxygen,
and in certain other ‘““atmospheres’; carbon monoxide in air, in
oxygen, and in certain other ‘“atmospheres’; ammonia in air and in
oxygen; methane in air, in oxygen, and in certain other ‘atmos-
pheres”’; pentane in air; ethylene in air; acetylene in air; ether in
air; gasoline in air; coal gas in air, in oxygen, and in certain other
“atmospheres.”

According to the most recent experiments (101) there is for most
mixtures a straight-line relation between the limit of inflammability
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and the initial temperature of the mixture. This relation was
obscured in earlier experiments by the change of composition of the
gas mixture between the time when it was introduced into the heated
vessel and the time when it was tested by sparking; slow combustion
at the higher temperatures used was the cause of this change of com-
position. The same reason apparently explains those cases in which
a widening of the range of inflammability under the influence of
increased temperature was not observed.

Ordinary variations of laboratory temperature have no appreciable
effect on limits of inflammability.

TURBULENCE

Few observations have been made of the effect of turbulence on
limits of inflammability, but it has been shown that the lower limits
of methane and ethane in air are reduced somewhat by a suitable
amount of turbulence produced either by a fan or by stream move-
ment of the mixture, and that the range of inflammability of ether-
air mixtures is somewhat widened by stream movements. (See the
paragraphs which deal with these mixtures.)

LIMITS IN AIR COMPARED WITH LIMITS IN OXYGEN

In general the lower limit of a gas is nearly the same in oxygen as
in air. For downward propagation of flame it is usually slightly
higher in oxygen than in air (69). This has been thought to be a
proof that the mean molecular heat of oxygen is higher than that of
nitrogen over the range of temperature between normal heat and the
heat of a limit flame—say, 1,200° to 1,400° C.

For upward or horizontal propagation the lower limit of methane is
flightly less in oxygen than in air; the ammonia limit is markedly
ess (69).

The higher limits of all inflammable gases are much greater in
oxygen than in air; hence the range of inflammability is always
greater in oxygen.

MIXTURES OF INFLAMMABLE GASES AND VAPORS

A simple formula, of additive character, was put forward by
Le Chatelier (17) to connect the lower limits of single gases with the
lower limit of any mixture of them. It is

n ]

W‘I*i‘m——l,
in which the N; and N, are the lower limits in air for each combus-
tible gas separately and n, and n, are the percentages of each gas
in any lower limit mixture of the two in air.

The formula expresses the fact that, for example, a mixture of
air, carbon monoxide, and hydrogen, which contains one-quarter of
the amount of carbon monoxide and three-quarters of the amount
of hydrogen necessary to form a lower limit mixture, will be a lower
limit mixture. In other words, if the formula expresses experi-
mental facts, the lower limits of inflammability form a series of in-
flammability equivalents for the individual gases of a mixture (66).

The formula also leads to the deduction that lower limit mixtures
if mixed in any proportions give rise to mixtures which are also at
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their lower limits; or, vice versa, the formula may be deduced from
the latter statement as a postulate (66).

The formula may be generalized to apply to any number of com-
bustible gases, thus:

ny No n3 _
Wl“f"‘]v‘z‘i']—v—s'*“- s e=1,

and, so far as it expresses experimental results truly, may be applied
to higher limit mixtures, with the appropriate rewording of the
definitions of n; ....and Ny .. ..

A small algebraic transformation gives a more useful formula for
calculating the limits of any mixture of combustible gases which
obeys it (66), as follows:

L= 11700
P P2 P8 L,
NN TN T

’

in which py, p,, ps .. .. are the proportions of each combustible gas
present in the original mixture, free from air and inert gases, so that
p+pt+pt- - - -=100.

An example of the use of the formula will make its application
clear: To calculate the lower limit of a ‘“natural gas” of the
composition

Methane_ .- ____________ 80 per cent (lower limit 5.3 per cent)
Ethane....______________ 15 per cent (lower limit 3.22 per cent)
Propane.-_._____________ 4 per cent (lower limit 2.37 per cent)
Butane.. .. _____________ 1 per cent (lower limit 1.86 per cent)
we have
L= 100 =4.55 per cent.
8. 15 4 1
5.3 3.22 237 1.86

The accuracy of the formula has been carefully tested for a number
of gas mixtures. The results are discussed separately in the
appropriate sections later. In general, it may be said that while
the formula is correct or very nearly so in a fair number of cases,
there are some marked exceptions. It seems that the limits (lower
and higher), of mixtures of hydrogen, carbon monoxide, and methane
taken two at a time or all together, and of water gas and coal gas
may be calculated with approximate accuracy (66). The same is
true for mixtures of the simpler paraffin hydrocarbons, including
“natural gas” (111). Sometimes, however, the differences between
calculated and observed values are very large; for examples, see
Figures 33 and 34. Many of the greater discrepancies are found
when upward propagating flames are observed; this is especially
true 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”
(79). Le Chatelier’s law, therefore, useful when its applicability
has been proved, must not be applied indiscriminately.

An extension of the law to apply to other atmospheres than air
(28, 69), is that when limit mixtures are mixed the result is a limit
mixture, provided that all the constituent mixtures are of the same
type; that is, all are either lower limit mixtures or all are higher limit
mixtures. This law holds, for example, for methane in a range of
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oxygen-nitrogen mixtures and in air-carbon dioxide, air-argon, and
air-helium mixtures, except near the point at which lower and higher
limits meet, when a large amount of inert gas is present. 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 limits of inflammability of mine
fire gases and of the atmospheres after a mine explosion, of blast-
furnace gas, of automobile exhaust gas, and of the gases from solid
explosives (146, 161). '

A brief account of the method of calculating limits of complex
industrial gases, such as those just mentioned, will now be given;
greater detail will be found in the original account (145).

The chief gases in the complex mixtures are hydrogen, carbon
monoxide, methane, nitrogen, carbon dioxide, and oxygen. The
operations are as follows: :

(1) The composition of the mixture is first recalculated on an air-
free basis, the amount of each gas being expressed as a percentage of
the total air-free mixture.

(2) A somewhat arbitrary dissection of the air-free mixture is
made into simpler mixtures, each of which contains only one inflam-
mable gas and part or all of the nitrogen or carbon dioxide.

(3) The limits of each mixture thus dissected are read from tables
or from curves. (Fig. 1.)

(4) The limits of the air-free mixture are calculated from the figures
for the dissected mixtures obtained in (3), by means of the equation:

I 100
Py Pry Ps
o oy i SRR

where P, P2, D3 .« ... are the proportions of the dissected mixtures,
in percentages, and N;, Ny, and N;. . ... are their respective limits.
(5) From the limits of the air-free complex mixture thus obtained,
the limits of the original complex mixture are deduced.
The following is an example of the calculation applied to a mine-fire
atmosphere. It contained:

Air free,

Air free, 4
per cen!

per cent Constituent Per cent

Constituent Per cent

Carbon dioxide
Oxygen
Carbon monoxide. .

15.9 || Methane
.0 || Hydrogen..._ - -
5.0 || Nitrogen e

-
D~ 00

3.
5.
9.

N XY
© 00 00
Sk w
©ow

-~
=3

(1) The composition on an air-free basis, also given above, is
found thus: The amount of air in the mixture =2.8 X 100/20.9 =13.4
per cent. The air-free mixture is therefore 86.6 per cent of the whole.
When the original amounts of carbon dioxide, carbon monoxide,
methane, and hydrogen are divided by 86.6 and multiplied by 100,
the ‘“air-free” percentages are obtained. The nitrogen figure is
obtained by difference between 100 and the sum of these.

(2) The inflammable gases are paired off with the inert gases
separately to give a series of dissected mixtures, as shown on the
following page.
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Some discrimination is needed to choose appropriate quantities, but
a fair latitude of choice is usually available.

Ratio of | Limits from Fig. 1
Per cent | COg, per | N, per | Total, | inert to
cent cent per cent | combus- i
tible Lower | Higher

Combustible

CO . 5.0 oo 17.5 2.5 3.5 61 73
CHMa oo 3.8 | ... 20.9 2.7 5.5 36 41,5

o P E L E— 31.2 34.2 10. 4 50 76

by - {247 15,9 | 18.6 5.9 32 64
Total .| 15.9 69.6 1000 {oo ool

(3) The limits of the dissected mixtures, read from the curves of
Figure 1, are shown in the last two columns above. For example, the
first mixture contains 5.0 per cent of carbon monoxide and 17.5 per
cent of nitrogen, the ratio between its nitrogen and carbon monoxide
is 17.5/5.0=3.5, and the limits read from the curve for carbon
monoxide-nitrogen mixtures are 61 per cent (lower) and 73 per cent
(higher).

(4) The values in the last two columns and in the column “Total,
per cent,”” substituted in the equation, give the two limits of the
air-free complex mixture, calculated to 0.5 per cent:

100
22.5,24.7 34.2 18.6
61736 T 50 T 32

100
22.5,24.7 34.2 18.6
73 TaisT 76 T
The range of inflammability of the air-free complex mixture is
therefore 43 to 61 per cent.

(5) As the air-free mixture is 86.6 per cent of the whole, the limits,
in air, of the mine-fire atmosphere are 43 X 100/86.6 and 61 X 100/86.6,
or 50 and 70 per cent, respectively. o

The novice’s difficulty with such calculations is in stage (2), where
an appropriate amount of inert gas has to be chosen to pair off with
each combustible gas in turn. The ratio of inert to inflammable
must not be so high that the mixture falls outside the extremeright
of the corresponding curve in Figure 1. A little practice will soon
overcome this difficulty.

It need only be added that should the amount of inert gas be so
great that a complete series of inflammable mixtures can not be
dissected, then the air-free mixture is not inflammable. Moreover,
the air-free mixture may be inflammable, but when its limits are
multiplied by the appropriate factor in the final stage of the calcu-
lation, the result may be greater than 100 for each limit; the original
mixture is then not capable of forming an explosive mixture with air,
because it contains too much air already. Finally, should the lower
limit of the original mixture be less than 100 and the higher limit
greater than 100 the mixture is inflammable per se and would ex-
plode if a source of ignition were present.

Some 20 examples, covering a wide range of industrial gases, have
been tested (145) by experiment. The calculated and observed

9959°-—31——2

Lower limit= =43 per cent.

Higher limit= =61 per cent.
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limits agreed within 2 or 3 per cent, except for one higher limit
figure. This was for a mixture that contained an unusually large
amount of carbon dioxide, nearly 24 per cent.

CHOICE OF EXPERIMENTAL CONDITIONS

In the light of the preceding discussion it seems that limits of
inflammability are physicochemical constants of gases and vapors
which can be determined when observations are made with quiescent
mixtures in vessels of great enough dimensions, with ignition from
below (and, if desired, at other points) and with maintenance of
constant pressure during the experiment. A somewhat wide experi-
ence has shown that if observations are made in a vertical tube 2
inches in diameter and 4 to 6 feet high the results are nearly, but
not, quite, the same as are obtained in very much larger apparatus.
Limits observed in smaller apparatus—for example, tubes of 1 inch
or less diameter—are usually significantly narrower. Results ob-
tained in small closed tubes are often so different from normal results,
and even from one another, that they may be very misleading.

Effective ignition can usually be obtained equally well by passing
an electric spark from an induction coil (say from ‘“2-inch’’ to “12-
inch’’ as convenient) across a gap several millimeters long, or by
drawing the flame of a small spirit lamp or a jet of burning hydrogen
across an aperture in the observation vessel. This aperture is con-
veniently made at the moment preceding ignition by gently sliding
away a ground-glass plate which previously had sealed the vessel.
When gases of small solubility are tested, a water seal may be used for
this purpose. For some gases a small tuft of gun-cotton fired by a
spark is a more certain means of ignition (78); for others, an electric
spark succeeds in firing the mixture when a flame fails (136).

Only a few observations have been made on the limits of in-
flammability of mixtures in motion. For a steady flow of gas the
use of a cylindrical tube is indicated, but for general turbulence
a more symmetrical vessel of ample dimensions seems necessary.
Glass globes of several liters capacity were fitted with internal fans
for these observations, and for testing the effect of turbulence due
to solid explosives short sections of a cylindrical metal gallery of
6.3 feet diameter were fitted with fans.

THEORETICAL CONSIDERATIONS

No one has succeeded in calculating either a lower or higher limit
of inflammability of any mixture from more fundamental physico-
chemical data. In general terms, the problem is to express quan-
titatively the fact that in a limit mixture the amount of heat trans-
mitted from the burning layer to the neighboring unburned layer
of gas is just enough to inflame the latter. The data required for
solving the problem seem to be (1) the heat of reaction of the
mixture, (2) the thermal conductivity of the mixture at various
temperatures, (3) the heat capacity of the mixture, and (4) the rate
of reaction and the temperature coefficient of the rate of reaction
of the mixture. Derived functions which may serve to relate dilu-
tion limits to simpler, but not the most fundamental, properties
are ignition temperatures and the well-known “lags’’ on ignition.
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Some attempts already made to relate limits of inflammability
to simpler data may be mentioned. Long ago Humphry Davy (3)
ascribed to its greater heat capacity the superior effect of carbon
dioxide in rendering methane-air mixtures noninflammable; this
conclusion has frequently been supported by observations with other
inflammable mixtures. Regnault and Reiset (6) drew attention to
the different effects of hydrogen and oxygen in rendering electrolytic
gas noninflammable; they ascribed the difference to the diverse mo-
bility of these gases, which may be put more precisely as a difference
due to diverse thermal conductivities. As these gases are not chemi-
cally inactive toward the constituents of electrolytic gas, some mass-
action effect may play a part. Recently some strictly comparative
experiments with mixtures of methane and atmospheres composed of
air and equal volumes of either argon or helium have proved that
when heats of reaction, rates of reaction, and specific heats are equal
there is yet a large difference in the limits in the argon and the
helium mixtures. This difference is ascribed to the diverse thermal
conductivities of the mixtures (105).

Bunsen (7, 12) attempted to calculate ignition temperatures of gas
mixtures from their limits of inflammability, with the aid of heats of
reaction and specific heats. He assumed that the heat produced by
the combustion of one layer (already heated, before burning, to its
ignition temperature) was transmitted to the neighboring unburned
layer, which was inflamed if the heat thus transmitted sufficed to
raise it to its ignition temperature. The reverse procedure, that of
calculating dilution limits from the ignition temperatures determined
independently, has been frequently attempted. The only result of -
any value seems to be to show that there is no obvious connection
between the two properties.

The heat of combustion of a limit mixture of most gases and vapors
is enough to raise an equal volume of the unburned mixture to a
temperature far higher than its ignition temperature. A notable
exception is the lower limit mixture of hydrogen in air. This pro-
duces far too little heat to raise the mixture to its ignition tempera-
ture, yet flame will travel upward through the limit mixture indefi-
nitely (49). An explanation of this has recently been given by F.
Goldmann (149). The flame in the limit mixture rises as a luminous
ball or balls, consuming only part of the hydrogen. As the hydrogen
is consumed, fresh hydrogen diffuses into the flame more rapidly than
the other gases, and therefore the mixture that is burning is not the
same as that in the rest of the containing vessel. This explanation
is rendered highly probable by the observation that particles of finely
divided platinum or palladium may be maintained red hot by suspen-
sion in a mixture of 4 per cent hydrogen and air. Combustion of the
mixture produces a temperature less than 350° C., but the high rate
of diffusion of the hydrogen enables a far higher temperature to be
maintained at the metallic surface.

Although Goldmann’s explanation of the mechanism of flame
propagation in these mixtures is entirely acceptable, it seems unde-
sirable, and possibly dangerous, to accept his conclusion that the two
limits of inflammability are those observed with downward propa-
gation of flame. If we did so, we should term a 6 per cent hydrogen-
air mixture and a 5.6 methane-air mixture noninflammable. Both
these mixtures propagate flame upward indefinitely, and if ignited
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near the floor of a closed room would produce pressures of the order
of 1 and 4 atmospheres, respectively, and mean temperatures of
about 350° and 1,200° C. Such conditions would burst windows
and burn men. It is inconceivable that anyone who has seen a 5.6
per cent methane-air flame traveling up a long tube would term this
mix;olure noninflammable, although 1t fails to propagate flame down-
ward.

Mallard (9) attempted to deduce limits of inflammability from
curves expressing the relation between the composition of mixtures
in various proportions and the speed of propagation of flame therein.
By extrapolating the curves to zero speed of flame he thought to find
the composition of the limit mixture; but later it was shown that in
a limit mixture the speed of flame was by no means zero.

A few regularities, set forth in the following paragraphs, have
been discovered; occasionally they may give a useful indication of
the limits of inflammability for mixtures which have not been experi-
mentally investigated.

1. Le Chatelier and Boudouard (24) determined the lower limits
of some 31 gases and vapors for downward propagation of flame.
With the exception of hydrogen and carbon disulphide, which gave
low figures, the heats of combustion ranged between 9 and 13 calories
per unit volume (23.5 liters at 15° C.) of the limit mixture; for the
majority of mixtures the range was 12 to 13 calories.

2. Burgess and Wheeler (36) found that for the first five members
of the paraffin series of hydrocarbons the calorific values of the lower
limit mixtures (propagation of flame throughout a globe) were closely
constant; therefore the lower limit of any of these, and probably of
other paraffin hydrocarbons, could be calculated from the lower hmit
of any other. This regularity is, however, not so close for limits for
upward propagation of flame for these hydrocarbons (111).

3. White (78) 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 are different for different directions of propagation of flame.
Carbon disulphide was the exception. For the other 11 solvents the
products of combustion were similar (nitrogen, carbon dioxide, water
vapor, etc.), therefore the temperatures attained were approximately
equal. Hence, the effective ignition temperature for propagation of
flame in these gases seems to be approximately constant for the same
direction of propagation of flame. The actual ignition temperatures
of these vapors are much lower, presumably because normally a much
longer time is available for ignition than is available when flame is
self-propagating through a mixture. The effective ignition tem-
perature for downward propagation for the 11 solvents, the 5 paraf-
fins, for ethylene, propylene, butylene, and carbon monoxide, is about
1,400° C., uncorrected for radiation losses. The figures are much
less (98) for hydrogen, hydrogen sulphide, and acetylene.

When the initial temperature of the mixture was increased several
hundred degrees (44, 101), the limits 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 higher limits of hydrogen
and carbon monoxide. The lower limit temperatures of hydrogen
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rose nearly 100° and those of carbon monoxide fell nearly 100° as
the initial temperature of the mixture was increased.

4. Le Chatelier’s law, expressing the limits of mixed inflammable
gases and vapors in terms of the limits of the individual gases and
vapors, is fairly accurate for many mixtures but inaccurate for others.

Y. Nagai has offered an explanation for certain deviations from
Le Chatelier’s law (143). He assumes that if two gases individually
have the same calculated temperature of their limit-mixture flames,
which he calls the theoretical flame-propagation temperatures
(TFPT), the mixtures of these gases will obey the law. If, however,
the TFPT’s are not equal, the mixed gases will not obey the law.
The gas of higher TFPT does not play the part suggested by Le Cha-
telier’s law until the amount of the other gas is increased in lower
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limit mixtures or decreased in higher limit mixtures. Over a greater
or less middle range of composition the limit mixtures of some pairs
of gases have constant TFPT’s, and therefore these mixtures obey
the law over that range. To calculate the composition of any limit
mixture in the middle range it is therefore only necessary to assume
for the limit mixture of one of the gases a composition which would
have the same TFPT as the other gas.

Mixtures of hydrogen and ethyl bromide (113) provide a good
example in support of Nagai’s argument. In Figure 2 are plotted
the lower and higher limits of mixtures of hydrogen and ethyl bromide;
for example, one higher limit mixture contains about 41 per cent
hydrogen and 2 per cent ethyl bromide, the rest of the mixture being
air. If Le Chatelier’s law were followed by the whole range of these
mixtures, then the straight line joining the lower or higher limit point
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for hydrogen with the corresponding (undetermined) limit point for
ethyl bromide would give the corresponding limits of all mixtures of
these gases. The theoretical flame-propagation temperature of hydro-
gen is presumably less than that of ethyl bromide; hence, the addition
of the first 1 per cent of ethyl bromide to the higher limit hydrogen
mixture necessitates a rapid fall in the hydrogen present in order that
the flame temperature shall approach that of ethyl bromide. There-
after, from 1 to 6 per cent of ethyl bromide, the limits fall on a straight
line, as required by Le Chatelier’s law, because the flame tempera-
tures are equal. Mxtrapolation of this line cuts the z axis at x=>56.
The TFPT of the mixtures is therefore equal to that of a 56 per cent
hydrogen-air mixture, which can be calculated. Moreover, the posi-
tion 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 per cent and of ethyl bromide 7.6 per cent.

Although Nagai has adduced many instances of pairs of gases or
vapors which appear to support his views (113, 115, 116, 124, 125,
127, 140) there are others which can not fall into line. For example,
the hydrogen-methane mixtures follow the law of Le Chatelier fairly
well, but their TFPT’s are far apart. Again, the hydrogen sulphide-
hydrogen mixtures (fig. 33) and the hydrogen sulphide-methane
mixtures (fig. 34) present such results as can not be interpreted by
Nagai’s ideas.

5. The lower limits of methane, ethane, propane, and butane
(observed in a 3-inch tube, upward inflammation) are given by the
empirical formula 8.62 (n+0.647), when n=1, 2, 3, or 4, respectively,
in the general formula of the paraffins, C,H,,,,. The empirical
formula holds also for any mixture of these gases, n being, then, the
average value for the mixture. It is not improbable that the same
formula is satisfactory for all paraffins and for all mixtures of paraffins.
(See p. 62.)

It is apparent that the theoretical treatment of limits of inflam-
mability is meager; it is bound up with the unsolved problem of the
theory of flame propagation in general.

EXPERIMENTAL RESULTS

In accord with the preceding argument the results collected for
individual gases will be found arranged as follows: First, the results
of experiments on propagation of flame upward in large volumes of
quiescent gas which are at atmospheric pressure during the passage
of the flame; second, the results for other directions of propagation
in similar circumstances; third, the results observed in smaller
vessels open at one end, so that the pressure is constant during the
experiment, or totally closed, so that pressure varies at a rate and
to an extent which depends on the dimensions of the vessel used.
The first results may be considered the limits of inflammability of
the components named, a physicochemical property independent of
external conditions, at atmospheric temperature and pressure; the
second are the limits under restricting conditions of direction of
propagation; the third are the limits under still more restricted
conditions, such as the dimensions of the vessel used for observation.
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HYDROGEN
HYDROGEN IN AIR

Flames in hydrogen-air mixtures 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 very
pale flame, but a “thin” blue spark gives an invisible flame. Proof
that an invisible flame has traveled to the top of a vertical tube may
be obtained by admitting 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 of a limit mixture after the passage of a flame
would not prove whether flame had traveled throughout the length of
the tube, for the flames in weak mixtures burn only a fraction of the
hydrogen in the tube.

When a spark was passed near the lower confines of a weak hydro-
gen-air mixture contained in a large receiver 6 feet high and 12 inches
square in section, the following observations were made:

Four per cent hydrogen.—A vortex ring of flame was seen just
above the spark gap; it rose, expanding for about 16 inches, then
broke and disappeared.

Four and two-tenths per cent 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.

Four and four-tenths, 4.6, 4.8, 5.2, and 5.6 per cent hydrogen.—In
each mixture a vortex ring of flame rose about 16 inches, then broke
into segments which subdivided into balls of flame that traveled to
the top of the vessel. An increasing fraction of the hydrogen present
was burned as the amount of hydrogen present was increased; the
strongest mixture, 5.6 per cent hydrogen, showed about 50 per cent
combustion.

When a longer narrower tube, 15 feet long and 2 inches in diameter,
was used, no flame was seen with 4.2 per cent hydrogen, but with
4.4 per cent a globular flame traveled at uniform speed through the
whole length of the tube. There seems to be no doubt, therefore, that
these flames were self-propagating and capable of traveling indefi-
nitely. They left much unburned gas behind because their lateral
speed of propagation was much less than their vertical speed, which
was largely due to convection.

In a wide space, therefore, the lower limit of inflammability of hy-
drogen in air is 4.140.1 per cent.

The hydrogen was not wholly burned in an upward propagating
flame in a tube 2 inches in diameter until present to the extent of 10
per cent (49).

With a continued source of ignition, such as a succession of sparks
or a small flame burning from a jet, the appearance presented in weak
mixtures was that of a continued thin thread of flame shooting upward
and expanding into a flame cloud. As the hydrogen became con-
sumed the thin flame gradually shortened until it disappeared.

Complete combustion of a layer of the limit mixture, 4.1 per cent
hydrogen, would heat the products to a temperature less than 350° C.
The ignition temperature of hydrogen in air is about 585° C. An
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ingenious explanation of this anomaly has recently been given.
(See p. 13.)

The higher limit of inflammability in large vessels has not been
determined, but experiments in a wide, short vessel and in a long,
narrow vessel have indicated (66) that the higher limit in a large
volume is about 74.2 per cent hydrogen. The figures for both limits
refer to gases saturated with water vapor at 18° to 19° C. A recent
determination in a tube 7 em. in diameter and 150 cm. in length gave
the higher limit as 74.4 per cent hydrogen (149).

The limits for downward propagation have not been determined in
large vessels.

Observations in small vessels.—The lower limit, upward propagation,
was not raised above 4.3 per cent hydrogen as the diameter of the
observation tube was reduced to 1 inch, whether the tube was open or
closed behind the flame (66, 67, 90). The higher limit, upward
propagation, was reduced to 73 per cent in a closed tube 1 inch in
diameter (90). Table 1 gives the results observed for other directions
of propagation of flame.

TaBLE 1.—Limits of inflammability of hydrogen-air miztures in small vessels
HORIZONTAL PROPAGATION OF FLAME

Dimensions of tube, Limits, per
cent Refer-
Firing end Content of aqueous vapor %lce
o.
Diameter | Length Lower ! Higher
7.5 6.5 | %0
5.0 6.7 90
2.5 7.15 90
2.5 6.2 69
.9 6.7 66
DOWNWARD PROPAGATION OF FLAME
21.0 Saturated ... __________ 49
80| 37| Closed.......____.____.| 89 [168.8 |[...._ do._.____ - 58
7.5 Half saturated.- - - 90
7.0 160 .__.do_o__ || T4S e - 149
6.2 Saturated...____ - 28
5.0 Half saturated .- - R 90
50| 65| Open...._._____._____.| 89 | 7.2 | __.____. - 113
4.0 Saturated....__. - 49
2.5 Half saturated - _ - 90
2.5 Saturated - 69
1.9 -.do_. - 90
19| 40 |-coo.dOeceooo.___..| 9.45| 65.25 |..._. do.. - 78
PROPAGATION THROUGHOUT A SPHERICAL VESSEL
Capacity, not stated...| Closed- |42 Saturated 69
Capacity, 1,000 c. c. .- _.do 8.7 -.do 28
Capacity, 35¢. ... -.do. 9.4 - 18

1 This figure would probably have been increased had a stronger spark been used; a spark which is strong
enough to igrite a lower limit mixture may be too weak to ignite a higher limit mixture (66).

In round figures, therefore, the limits for hydrogen in air may be
stated as follows for gases saturated with water vapor at laboratory
temperature and pressure; the figures for the higher limit, downward
propagation, are based on observations in closed tubes, in which the
mixture was under rapidly varying pressure during the experiment:
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Limits for hydrogen-air mixtures saturated with water vapor

Per cent
Upward propagation. . ___________________ L _______ 4. 1-74
Horizontal propagation. . ____________________________________ 6.0 __
Downward propagation__ __ __ .. 9-74

Infiuence of pressure.—Figure 3 shows the various results obtained
in determinations of the limits of hydrogen in air under pressures
greater than atmospheric (63, 119, 135), except for one series (28),

200}— - L
Experiment Referenc
o Downward propagation; cylinder, 37x8 cm.
—— Downward propagation; cylinder 119
180} o Side or central ignition; sphere, 7.6 cm. diam. 135
160}—
E 1404
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2 1
g 120}
&
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E 1
7]
2
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< 80} /
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m 1/
| /
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12 66 68 70
HYDROGEN, PER CENT IN AIR
FIGURE 3.—Effect of pressure above normal on the limits of hydrogen in air

1

10 72 4 76

which showed no change in the lower limit over a range from 0.5 to 4
atmospheres. The differences are not as considerable as may appear
at first sight, except for lower-limit mixtures at pressures of 1 to 5
atmospheres. Apparently, these differences are to be ascribed to
different interpretations of experimental results rather than to the
experiments themselves; the criterion was 100 per cent combustion
for the series indicated in the figure by small circles but only about
80 per cent for the series represented by the unbroken line. In
general, it appears that the limits are at first narrowed by increase of
pljt(eissurg above atmospheric, but at higher pressures are steadily
widened.
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Influence of temperature.—Three sets of temperature observations
have been made (18, 87, 101). Table 2 gives those that are probably
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HYDROGEN, PER CENT

FIGURE 4.—Limits of inflammability of hydrogen in air (downward propagation), showing
influence of temperature

the most reliable (101), determined in a closed tube 2.5 cm. in diameter
and 150 cm. long, with downward propagation of flame.

TaBLE 2.—Influence of temperature on the limits of hydrogen in air, downward
propagation of flame

Limits of inflammabil- Caleulated Limits of inﬂgm(!inabil- Caleulated
"Pempera ity, per cent hydrogen flome tom- Tempera- ity, per cent hydrogen flame tem-
ture, ° C. pergtgres, ture, ° C. perg,télres,

Lower Higher Lower Higher

9.4 7.5 815-980 || 250 ---------- 2% ) I —— 860
9.2 oo 820 1800 oo 7.1 79.0 875-970
8.8 73.5 835-970 || 350 ... 6.7 |oommaeoae 890
g. g ............ 830 400 6.3 8L.5 900-980

| 76.0 845-975
|

These results are shown graphically in Figure 4. An independent
result (141) extends the higher limit curve to 540° C., at which a 90.45
per cent mixture was inflamed.

The flame temperature necessary to insure propagation of flame
downward is apparently much above the ignition temperature of
hydrogen in air, 585° C.; and, what is more important, increase in
initial temperature of the mixture does not cause the calculated
flame temperature to fall toward the ignition temperature but has
the opposite effect for lower limit mixtures; this observation awaits
explanation,
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HYDROGEN IN OXYGEN

That the lower limit of hydrogen in an ‘‘atmosphere” of pure
oxygen will differ little, if at all, from the lower limit in air is to
be expected ; but the higher limit in oxygen will be much greater than
in air.

Experiments with hydrogen-oxygen mixtures have not been con-
ducted in large vessels, but one observation (4) in a small vessel
gave a figure as low as 5 per cent for the lower limit; probably a
mixture which contains a few tenths more than 4 per cent will prove
to be the lower limit for upward propagation. The flame will pre-
sumably travel in isolated fragments as in the corresponding hydrogen-
air mixtures, and will be invisible. The higher limit figure for
upward propagation seems to be about 96 per cent hydrogen (3, 4).

For downward propagation of flame in small vessels the lower
limit appears to be about 9 or 10 per cent hydrogen and the higher
limit about 92 or 93 per cent (6, 10, 12, 28, 73).

For complete combustion of the gas in a 35-c. c. spherical globe
with side ignition the limits were 9.6 to 90.9% per cent hydrogen (18).

Infiuence of pressure.—Jxperiments in a steel cylinder 3 inches in
diameter and 5 inches long, axis vertical, indicated that the lower
limit of hydrogen in oxygen was not materially altered by increase
of pressure to 122 atmospheres but lay between 8 and 9 per cent
throughout this range of pressure. Ignition was by spark or hot
wire, and the direction of propagation of flame was apparently
downward (75).

At pressures less than atmospheric the higher limit of hydrogen in
oxygen is slightly reduced as the pressure falls. The higher limit
does not fall below 90 per cent hydrogen (central ignition in a globe)
until the pressure is about 100 mm., and at that stage the insuring of
an adequate source of ignition becomes a difficult problem; a power-
ful source of ignition might insure propagation of flame indefinitely
in a hydrogen-oxygen mixture of 90 per cent or a little more hydrogen
at pressures below 100 mm. (48). The lower limit does not rise above
11 per cent hydrogen until the pressure is below 9 mm.

Influence of temperature.—The limits were found to be widened
appreciably by increase of temperature from 15° to 300° C. In a
35-c. c. closed bulb the limits were 9.6 to 90.9 per cent at 15° C. and
9.1 to 94 per cent at 300° C. (18). ’

HYDROGEN IN OTHER ATMOSPHERES

Atmospheres of composition between air and pure oxygen.—For
downward propagation of flame in a Bunte burette the lower limit
fell gradually from 9.45 per cent of hydrogen in air to 9.15 per cent in
nearly pure oxygen. The higher limit rose from 65 per cent hydrogen
in air to 81 per cent in a 40 per cent oxygen mixture, 86 per cent in a
56 per cent oxygen mixture, and 91.6 per cent in nearly pure
oxygen (73).

Atmospheres of air and nitrogen (air deficient in oxygen).—The
limits of inflammability of hydrogen in all mixtures of air and nitrogen,
or air from which part of the oxygen has been removed, can be read
from one of the curves in Figure 5. The determinations were made in

6 Probably too low. See footnote, Table 1, p. 18.
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a tube 6 feet long, 2 inches in diameter, with upward propagation of
(lame at atmospheric pressure during propagation (145). From the
ordinates of the “nose” of this curve it may be calculated that no
mixture of hydrogen, nitrogen, and air is capable of propagating
flame at atmospheric pressure and temperature if it contains less than
4.9 per cent of oxygen (123).

For some purposes the results are more useful when expressed
(148) as in Figure 6.

For example, a mixture that contains H,=20 per cent, O,=6 per
cent, and N,=74 per cent is inflammable. If 2 per cent of the

OXYGEN IN ORIGINAL ATMOSPHERE, PER CENT
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FIGURE 5.—Limits of inflammability of hydrogen in atmospheres of air and carbon dioxide or
nitrogen

oxygen were replaced by nitrogen the mixture would not be inflamma-
ble but would become so by admixture with a suitable amount of air.
In Figure 6 ‘‘impossible’’ mixtures mean those that can not be pro-
duced by mixing air, nitrogen, and hydrogen. For more detailed
explanations, reference may be made to the corresponding section
on methane limits in mixtures of air and nitrogen (pp. 44 to 49).

Atmospheres of air and water vapor.—The effect of considerable
quantities of water vapor on the limits of hydrogen in air was shown
by the following results obtained in a Bunte burette with downward
propagation of flame (28). The limits are expressed as percentages
of hydrogen in the dry gases.
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Effect of water vapor on limits of hydrogen in air

Hydrogen in the Hydrogen in the
dry gases, per cent Y,‘;?;‘grr dry gases, per cent g‘;%toerr
Temperature, ° C. present, Temperature, °C. | present,
Lower | Higher mm. Lower | Higher mmy
|
17 o 9.45 66. 4 14.4 |1 60.5________________ 11.9 61.2 152.4
845 il 9.7 63.6 40.6 || 78.1_ .. 19.4 38.5 328.4

Atmospheres of oxygen and carbon dioxide.—For experiments in
a closed 35-c. c. globe with side ignition the limits were 11.9 to 68.2
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FIGURE 6.—Relation between the quantitative composition and the explosibility of mixtures
of hydrogen, oxygen, and nitrogen
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per cent hydrogen in a mixture of 20.9 per cent oxygen and 79.1 per
cent carbon dioxide, in comparison with 9.4 to 64.8 per cent in air,
in the same apparatus (18). The higher limit result is unexpectedly
greater in the artificial atmosphere than in air; a similar result, how-
ever, had been obtained earlier (10). Reasons have already been
given (footnote, Table 1, p. 18) for thinking that the figure 64.8,
higher limit in air, is too low.
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Influence of temperature.—Some irregular results have been
obtained for hydrogen limits at various temperatures in an atmos-
phere of 21 per cent oxygen and 79 per cent carbon dioxide, but these
results require confirmation (18).

Atmospheres of air and carbon dioxide.—The limits of inflamma-
bility of hydrogen in all mixtures of air and carbon dioxide can be
read from one of the curves in Figure 5. The determinations were
made in a tube 6 feet long and 2 inches in diameter, with upward
propagation of flame at atmospheric pressure during propagation
(123, 145).

Some earlier observations (28) show, as might be expected, a more
rapid narrowing of the limits in Bunte burette experiments. Others
(83) may be mentioned, but they can hardly be accepted without
confirmation, because they indicate several improbable conclusions—
for example, the conclusion that the lower limit of hydrogen is reduced
from 6.5 per cent in air to 3 per cent in an atmosphere composed of
air and 3 or 4 per cent of carbon dioxide.

Air mixed with vapors of various chlorinated hydrocarbons.—A
series of results showing the lower and higher limits of hydrogen in
air containing increasing amounts of trichlorethylene at 14°) 25°,
and 35° C. have been reported. They were observed in small burettes
15 mm. in diameter and so are of limited value (96). Similar experi-
ments with the vapors of other chloro derivatives at laboratory
temperatures were reported in an earlier communication (94).

Atmospheres of air and helium.—When thin rubber balloons 2.5
inches in diameter were filled with various mixtures of hydrogen and
helium and a lighted match or a white-hot platinum spiral was used
to burn a hole in the fabric, the hydrogen could be raised to 26 per
cent before the mixture became inflammable, but if the hydrogen ex-
ceeded 28 per cent the mixture would burn. Hence, to dilute the
helium used for airships with more than about 26 per cent of hydrogen
(71) would not be safe.

xperiments by the present writers show that homogeneous
mixtures of helium, hydrogen, and air will propagate flame when
the proportion of hydrogen to helium is much less than that indi-
cated above. When so little as 8.7 per cent hydrogen is present in
admixture with helium, it is possible to make with this mixture a
blend with air which will propagate a weak flame up through the
central part of a tube 6 feet long and 2 inches in diameter. The
complete set of observations is shown in Table 3.

TaBLE 3.—Limits of inflammability of mixtures of hydrogen and helium in air,
upward propagation of flame in a 6-foot tube 2 inches tn diameter

Original gas mixture, | Limits of inflammabil-
per cent ity, per cent

Hydrogen Helium Lower Higher

100 0 4.2 7.5
58.1 41.9 7.1 76.2
27.9 72.1 16.6 79.2
19.3 80.7 24.9 81.2
10.7 89.3 51.3 80.3

8.7 91. 3 69.8
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The mixture which contained 19.3 per cent hydrogen, the rest
being helium, had very wide limits of inflammability. Flame traveled
rapidly and with some violence through mixtures with air which lay
well within these limits, although the earlier balloon experiments
had seemed to show that these mixtures were not inflammable. No
mixture is safe for use in an airship unless it contains less than 8.7
per cent hydrogen in admixture with helium.

Dilution of electrolytic gas (RH;+ 0.) with gases, inert or other-
wise.—In the early part of the last century the question of the
amount of diluent which, mixed with electrolytic gas, would bring
a mixture to its limit of inflammability aroused much interest, which
has been revived from time to time since. Some of the diluents were
inert, others were not. Table 4 gives the results.

TABLE 4.—Percentage of electrolytic gas which, with the diluent named, s at the
limit of wnflammability!

Diluent Percentage and authority

Davy (8) Turner (4)

11-14 10-12.5 21-23 (Bunsen, 12) ... —cccemcmaeeee
10-12.5 6.7-7.7 8.6-9.7 (Bunsen, 12) . 13.9 (Eitner, 2

______ .. 14.3 (Henry, 6)...-.- 19.2 (Eitner, 28) -
25-33 25_21(7 (Regn)ault and 25.7-26.2 (Bunsen, 12) 30.0 (Eitner, 28)
eiset, 6).

M
Nitrogen
Carbon dioxide

Hydrochloric acid-| 30-40
Silicon fluoride. ...
Sulphur dioxide -
Nitrous oxide...-.-_
Carbon monoxide_ _|._._.__.
Hydrogen sulphide.| 33-40

Ammonia

Methane. ... 76-78 (Tanatar, 26)... 76 (Misteli, 29) - ... __________..____
Ethane____.__ 85.4-85.7 (E. VO ol oo
Meyer, 8). i
Ethylene___.. 78.6-80.8 (E. von 75 (Misteli, 29)_.____. 80 (Jorissen, 98)
. Meyer, 8). L

Propylene 88-89 (Tanatar, 26)-_. 85-86 (Misteli, 29)- - .
Trimethylene_____.. 88-89 (Tanatar, 26) .. - oooooiiiiii oo
Acetylene_ _________ - 50 (Tanatar, 26)

Cyanogen. ... 40 (Henry, 6)..-

oalgas..._._...___|._...... 67-80  ______ e

1 0f 2 figures, the lower represents a noninflammable mixture, the higher an inflammable mixture.

Limit mixtures made by diluting electrolytic gas with hydrogen
and oxygen become higher and lower limits, respectively, of hydrogen
in oxygen. On this basis some correlation of the results can be made.
Davy’s figures for hydrogen and oxygen dilution suggest upward
inflammation for the former and downward for the latter; possibly
his usual practice was to test a mixture for downward propagation,
but when using a very light mixture he inverted the experimental
tube to prevent the gases from streaming out. Turner’s figures for
hydrogen and oxygen dilution suggest upward inflammation. Bun-
sen’s figures are probably for upward propagation, but it seems that
he used a very weak source of ignition for the hydrogen experiments.
Regnault and Reiset, Von Meyer, Tanatar, Misteli, Eitner, and
Jorissen observed downward propagation.

Uncertainty as to some of the methods used and the small scale of
‘the experiments make it impossible to draw exact conclusions from
the results in Table 4. In general, however, it is evident that the
Inert gases of higher heat capacity are more effective in rendering
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electrolytic gas nonexplosive than those of lower heat capacity.
Moreover, when the diluent is itself inflammable and therefore is in
competition with the hydrogen for the oxygen of the electrolytic
gas, it is even more extinctive of flame than the inert gases, pro-
vided that it contains several atoms capable of uniting with oxygen.

Atmosphere of chlorine.—In a eudiometer tube about 1 cm. in
diameter, with gases standing over sulphuric acid, the limits of
hydrogen in chlorine, apparently for downward propagation of
flame, were 8.1 to 85.7 per cent. Radiation from burning magnesium
i(%réi)ted mixtures containing between 9.8 and 52.5 per cent hydrogen

AMMONIA

AMMONIA IN AIR

In a spherical bulb of 0.5 liter capacity the limits of ammonia in
air were 16.5 to 26.8 per cent; the mixture contained 1 per cent
water vapor. No explosion was obtained in a Bunte burette with a
2-mm. spark gap, but continuous combustion was observed during the
passage of a succession of sparks when the composition of the gas
mixture lay between 19 and 25 per cent ammonia (51).

In a closed tube 7.5 cm. in diameter the limits for upward pro-
pagation were 17.1 to 26.4 per cent and for horizontal propagation
almost the same; but no mixture was capable of propagating flame
downward at atmospheric temperature. In a narrower tube 5 cm.
in diameter the limits for upward propagation were 16.1 to 26.6 per
cent ammonia and for horizontal propagation 18.2 to 25.5 per cent
(80).

Influence of temperature.—The range of inflammability of am-
monia-air mixtures is widened as the temperature is raised to 450°
C., as shown by Figure 7. A closed tube 5 cm. in diameter was
used. The calculated flame temperature for the lower limits, hori-
zontal propagation, is almost constant; therefore the preliminary
heating of the mixture seems merely to save the necessity, so to
speak, for the liberation of an equivalent amount of heat by com-
bustion (80).

AMMONIA IN OXYGEN

From observations with a split Bunsen flame the lower limit of
ammonia in oxygen was given as somewhat less than 15 per cent and
the higher limit as somewhat greater than 80 per cent (562).

In a closed tube 7.5 cm. in diameter the lower limit for upward
propagation was 14.8 per cent ammonia, and for horizontal and
downward propagation was 15.6 and 17.3 per cent, respectively. In
a narrower tube, 5 cm. in diameter, the limits for the three directions
were (80): Upward, 15.3 to 79 per cent ammonia; horizontal, 16.7
to 79 per cent; and downward, 18.1 to 79 per cent. In a narrower
tube, probably about 1.5 cm. in diameter, the figures for downward
propagation were 18.9 to 69.5 per cent ammonia (99).

Influence of temperature.—In a closed tube 5 cm. in diameter the
following figures were obtained for the lower limit (80):

Lower limit of ammonia in oxygen in closed tube

Temperature .. _______________________ °C._ 18 250 450
Horizontal propagation______________ per cent__ 16. 7 14. 8 12. 6
Downward propagation_________________ do-___ 18.1 15. 8 13. 5
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AMMONIA IN OTHER ATMOSPHERES

Atmospheres of nitrogen and oxygen.—The gradual approach of
the limits of ammonia in nitrogen-oxygen mixtures, as the atmos-
phere becomes less rich in oxygen, has been shown in curves to be
found in the original publication (99).
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FIGURE 7.—Limits of inflammability of ammonia in air, showing influence of temperature and
of direction of propagation of flame

HYDROGEN SULPHIDE
HYDROGEN SULPHIDE IN AIR

In a horizontal tube 6 cm. in diameter and open at both ends the
limits of hydrogen sulphide in air were 5.9 to 27.2 per cent (85).
In closed tubes 1.5 meters in length and of different diameters

the limits observed for mixtures containing 1 per cent water vapor
were as follows (90):

Limits of hydrogen sulphide in air, 1 per cent water vapor, in closed tubes, per cent

Direction of propagation

Diameter of tube, cm. Upward Horizontal Downward

Lower Higher Lower Higher Lower | Higher

19.8
2L3

____________ SRR | 4.40 4.5 5.40 26.6 6.0.
B L L T 4.30 45.5 5.30 35.0 5. 8

O

9959°—31——3
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HYDROGEN SULPHIDE IN OTHER ATMOSPHERES

Atmospheres of nitrogen and oxygen.—The lower limit of hydro-
gen sulphide, observed in a closed glass tube 150 cm. long and 5
cm. in diameter, with downward propagation of flame, fell steadily
from 6.60 per cent in 15.6 per cent oxygen to 4.93 in 66.6 per cent
oxygen (133).

HYDROGEN CYANIDE (PRUSSIC ACID)

The limits of hydrogen cyanide in air are said to be 12.75 to 27
per cent, but the experimental conditions are not stated (93).

CARBON DISULPHIDE
CARBON DISULPHIDE IN AIR

The widest limits recorded for carbon disulphide in air are a lower
limit of 1.06 per cent for a 7.5-cm. tube and limits of 1.41 to 50 per
cent at 60° C. for a closed 5-cm. tube; these limits are for upward
propagation in a roughly dried mixture (78).

For downward propagation in a closed 7.5-cm. tube the limits were
1.91 to 35 per cent; they were but slightly narrowed in narrower
tubes—for example, in a 2.5-cm. tube the limits were 2.08 to 31
per cent (78). Two older determinations are replaced by the fore-
going results (27, 31).

In an open 2-liter bottle the lower limit for downward propagation
of flame was 1.94 per cent carbon disulphide (24).

It seems that in a large space at atmospheric pressure the lower
limit of carbon disulphide will prove to be about 1.0 per cent for
upward propagation and 1.9 per cent for downward propagation.
The higher limit will be somewhat over 50 per cent. »

Abnormal influence of small quantities of a third substance.—
Introduction into the air of 0.1 or 0.2 per cent of certain substances
raises the lower limit (downward propagation) of carbon disulphide
from 2.0 to about 3.0. Examples of these are pentane, ether, acetal-
dehyde, ethylene, alcohol, and acetylene. Other substances of similar
action, but not so marked, are benzene, acetone, hydrogen sulphide,
acetic acid, methane, and hydrogen. Carbon monoxide, cyanogen,
and nitrogen have little, if any, such action. It has been suggested
that, as the lower limit of carbon disulphide is much less than would
be expected from its heat of combustion in comparison with most
other substances, its combustion is catalyzed by some such intermedi-
ate compound as carbon monosulphide. The effect of pentane, etc.,
on the lower limit of carbon disulphide is then due to the poisoning
of the catalyst by the third substance (133).

CARBON DISULPHIDE IN OTHER ATMOSPHERES

_Atmospheres of nitrogen and oxygen.—The lower limit of carbon
disulphide, observed in a closed glass tube 150 cm. long and 5 cm. in
diameter, with downward propagation of flame, fell steadily from 2.63
per cent in 11.8 per cent oxygen to 2 in air, and 1.24 in 93 per cent
oxygen (133).
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CARBON OXYSULPHIDE

One determination with carbon oxysulphide-air mixtures gave
limits of 11.9 to 28.5 per cent, observed, perhaps, in a eudiometer
tube (42).

CARBON MONOXIDE

CARBON MONOXIDE IN AIR

When a small spark was passed near the lower confines of a carbon
monoxide-air mixture standing over water in a large receiver 6 feet
high and 12 inches square in section, the following observations were
made (49):

12.3 and 12.33 per cent carbon monoxide: A stout ring of flame was
formed, but flame did not travel the whole length of the vessel.

12.6 and 12.7 per cent carbon monoxide: A ring of flame first formed,
then broke and filled the upper part of the vessel with striz of flame.

12.9 per cent carbon monoxide: A flame as wide as the vessel itself,
with a strongly curved convex front, passed slowly and steadily up
through the whole mixture.

In a wide space, therefore, the lower limit of carbon monoxide in air
was concluded to be 12.5 per cent carbon monoxide.

The higher limit of inflammability has not been determined in
large vessels, but experiments in a wide, short vessel and in a long,
narrow vessel have indicated (66) that the higher limit in a large
volume is about 74.2 per cent carbon monoxide.

The figures for both limits refer to gases saturated with water
vapor at 18° to 19° C. When water vapor is removed as completely
as 1s possible in laboratory experiments, the most explosive mixtures
of carbon monoxide and oxygen can be ignited only by unusually
powerful electric sparks; but simple drying by passage over calcium
chloride has proved sufficient to raise the lower limit of carbon monox-
ide in air from 13.1 to 15.9 per cent (109). These results, obtained
in a tube 2 inches in diameter, would doubtless be paralleled in large-
scale experiments.

The limits for downward propagation of flame have not been deter-
mined in large vessels.

Observations in small vessels.—The lower limit for upward propa-
gation observed in closed vessels rose somewhat as the diameter of the
container was decreased; the limits were 12.8, 13.1, and 13.2 per cent
in 3-inch, 2-inch, and 1-inch tubes, respectively. The corresponding
higher limits were 72, 72, and 71 per cent (90).

Figure 8 indicates the limits for downward propagation in tubes
of various diameters. For narrower tubes the observations were
made with the upper end of the tube open; for the wider tubes both
ends were closed (24, 28, 63, 78, 90). 'The limits narrow rapidly when
the tube diameter falls below 1 cm. and coincide at a little above
2 mm,.

The lower limit for horizontal propagation (90) for closed tubes
is: 15.9 per cent CO for a tube 25 mm. in diameter, 14.1 per cent CO
for a 50-mm. tube, and 13.6 per cent CO for a 75-mm. tube. The
limits for propagation throughout a closed 35-c. c. globe with side
ignition are 14.2 to 74.7 per cent (18).
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In round figures, therefore, the limits for carbon monoxide in
air saturated with water vapor at laboratory temperature and pressure
are 12.5 to 74 per cent CO for upward propagation, 13.5 per cent CO
(lower limit) for horizontal propagation, and 15 to 71 per cent CO for
downward propagation. The figures for horizontal and downward
propagation are based on observations in closed tubes in which the
gases were under variable pressure during the experiment.

Influence of pressure.—Some old observations below atmospheric
pressure showed limiting pressures of inflammability for downward
profpizlgation of flame in several carbon monoxide-air mixtures (24),
as follows:
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FIGURE 8.—Limits of inflammability of carbon monoxide in air (downward propagation), show-
ing effect of diameter of tube

Limiting pressures for downward propagation of flame, carbon monoxide-air

maixtures
Pressure | Pressure at Pressure | Pressure at
. at which | which flame at which | which flame
Carbon monoxide flame was was not Carbon monoxide flame was was not
propagated, | propagated, propagated, | propagated,
mm. mm. mm. mm.
16.4 per cent.... 454 411 || 27.9 percent __________. 89 79
18.6 per cent. .. 144 112 || 46.5percent ! __________ 94 79

1 The last mixture in this list could not be ignited at 76 mm. eicher by an induction-coil spark or by the
flame of guncotton.
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Figure 9 shows the limits of carbon monoxide in air under pressures
greater than atmospheric (63, 135, 139). The effect of raising the
initial temperature to 100° C. and of saturation with water vapor at
100° C. is shown for pressures of 32 and 64 atmospheres. The range
of inflammability of dry mixtures is narrowed by increase of pressure.

Influence of temperature.—Four sets of observations have been
made (18, 24, 87, 101) on the influence of temperature. Probably the
most reliable data are those (101) in Table 5, determined in a closed
tube 2.5 cm. in diameter and 150 cm. long, with downward propaga-
tion of flame.

14 | | Experiment I Reference
® D dp ti linder, 37x8 cm. 53
o Side or central ignition; sphere, 7.6 cm. diam. 135, 139
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F1Gure 9.—Eflect of pressures above normal on the limits of carbon monoxide
in air

TaBLE 5.—Influence of temperature on limits of inflammability of carbon monoz-

ide in air
Limitg . of inflam- Limiti)sl of inﬂ%m-
mability, carbon mability, carbon
monoxide, per gglcglited monoxide, per %gﬁ%’%eted
° cent me tem- ° cent m-
Temperature, ° C. peratures, Temperature, ° C. peratures,
o C. ° C.
Lower Higher Lower Higher
16.3 70.0 | 1,490-1,120 129 . 1, 405
15,7 | 1,465 12.4 75.0 | 1,405-1,170
14.8 71.5 | 1,435-1,130 120 |ocoo o 1, 410
14.2 | ____ 1, 425 11. 4 77.5 | 1,410-1,170
13.5 73.0 | 1,410-1, 160 \

The results shown in Table 5 are plotted in Figure 10 with two
older approximate observations indicated by stars (24) which extend
the lower limit results to nearly 600° C. A recent result (142)
extends the higher limit curve to 727° C., at which a 92.9 per cent
mixture was inflamed.
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The flame temperature necessary to propagate flame downwardeis
much above the ignition temperature (650° C.) of a jet of carbon
monoxide in air. It is remarkable that the calculated flame tem-
peratures for the higher limit mixtures should be so much lower
than those for the lower limits; an ad hoc explanation is that the
higher limit mixtures react more rapidly than those of the lower
limit, as the law of mass action points to most rapid reaction, at
constant temperature, in the mixture which contains 66.7 per cent
carbon monoxide; but the difference in flame temperatures for the
two limits seems too great to be explained thus.
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FI1GURE 10.—Limits of inflammability of carbon monoxide in air (dlownward propagation), show-
ing influence of temperature

The influence of temperature on the limits at high pressures is
shown in Figure 9.

CARBON MONOXIDE IN OXYGEN

No experiments with carbon monoxide-oxygen mixtures in large
vessels have been reported.

For downward propagation in a Bunte burette 19 mm. in diameter
the limits found were 16.7 to 93.5 per cent in nearly pure oxygen (73).
For propagation throughout a 35-c. c. globe with side ignition the
limits were 15.5 to 93.9 per cent (I8). Earlier observations are
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consistent with these figures, except that Wagner’s low-limit figure
was unduly high on account of his use of a weak source of igni-
tion (8, 10).

Effect of pressure.—The limits were not appreciably narrowed until
the pressure was reduced below 150 mm., when a moderately strong
igniting spark was used. At lower pressures ignition becomes diffi-
cult to insure (48).

Influence of temperature.—The limits were found to be widened
appreciably by increase of temperature (18). In a 35-c. c. closed
bulb (tjhey were 15.5 to 93.9 per cent at 15° C. and 14.2 to 95.3 at
200° C.

CARBON MONOXIDE IN OTHER ATMOSPHERES

Atmospheres of composition between pure air and pure oxygen.—
For downward propagation of flame in a Bunte burette 1.9 cm. in
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FIGURE 11.—Limits of inflammability of carbon monoxide in atmospheres of air and carbon di-
oxide or nitrogen

diameter the lower limit rose gradually from 15.6 per cent carbon
monoxide in air to 16.7 per cent in nearly pure oxygen. The higher
limit rose from 70.9 per cent carbon monoxide in air to 87.6 in a 51
per cent oxygen mixture, 91 per cent in a 71 per cent oxygen mixture,
and 93.5 per cent in nearly pure oxygen (73).

Atmospheres of air and nitrogen (air deficient in oxygen).—The
limits of inflammability of carbon monoxide in all mixtures of air
and nitrogen, or air from which part of the oxygen has been removed,
can be read from one of the curves in Figure 11. The determinations
were made in a tube 6 feet long and 2 inches in diameter, with upward
propagation of flame at atmospheric pressure during propagation
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(1456). From the ordinates of the nose of this curve it may be calcu-
lated that no mixture of carbon monoxide, nitrogen, and air is
capable of propagating flame at atmospheric pressure and tempera-
ture if it contains less than 5.6 per cent of oxygen (123).

For some purposes the results are more useful when expressed
(148) as in Figure 12. For example, a mixture that contains 20 per
cent carbon monoxide and 8 per cent oxygen, the rest being nitrogen,
is explosive. If the oxygen is reduced to 4 per cent, the carbon monox-
ide remaining at 20 per cent, the mixture is no longer explosive but

2

AN
N

16} \

\ Impossible mixtures

14 \

Not capable of
forming explosive
|/ mixtures with air
A

Inflammable per se \

18}

4

OXYGEN, PER CENT

-
S
=
74

T

Capable of forming explosive mixtures with air
(contain too much CO to explode per se)
2] .

5 e

1 30 30 50 60 70 80 90 100
CARBON MONOXIDE, PER CENT

FIGURE 12.—Relation between the quantitative composition and the explosibility of mixtures of
carbon monoxide, air, and nitrogen

will become so on admixture with suitable amounts of air. If the
carbon monoxide is less than 20 per cent and oxygen is absent, no
mixture with air is inflammable, whatever the proportions.

In Figure 12 “‘impossible’’ mixtures are those that can not be pro-
duced by mixing air, nitrogen, and carbon monoxide. For more
detailed explanations, reference may be made to the corresponding
section on methane limits in mixtures of air and nitrogen.

Atmospheres of air and water vapor.—The effect of considerable
amounts of water vapor on the limits of carbon monoxide in air was
shown by the following results obtained in a Bunte burette with
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downward propagation (28); the limits are expressed as percentages of
carbon monoxide in the dry gases.

Effect of water vapor on limits of carbon monoxide in air

Carbon monoxide Carbon monoxide
n dtl'y gases, per Water n %"Y gases, per | Water
cen . cen
Temperature, ° C. p¥gs%%rt, Temperature, © C. Irvapor :
mm. mm.
Lower | Higher Lower | Higher
14 16. 2 74.1 11.9 | 60.5. - ________ 20.0 68. 4 152.4
345 . 16.9 73.5 40.6 || 78.1_______________ 290.4 50. 4 328.4

Atmospheres of oxygen and carbon dioxide.—For experiments in a
closed 35-c. c. globe with side ignition, the limits were 21.8 to 72.8 per
cent carbon monoxide in a mixture of 20.9 per cent oxygen and 79.1
per cent carbon dioxide, compared with 14.2 to 74.7 per cent in
air in the same apparatus (I8). Results showing the influence of
temperature on limits in this series are irregular. Some earlier
figures (10) may be regarded as supplanted by those just quoted.

Atmospheres of air and carbon dioxide.—The limits of inflamma-
bility of carbon monoxide in all mixtures of air and carbon dioxide
can be read from one of the curves in Figure 11. The determinations
were made in a tube 6 feet long and 2 inches in diameter, with up-
ward propagation of flame at atmospheric pressure during propaga-
tion (123, 1/5).

Some earlier observations (28) show, as might be expected, more
rapid narrowing of the limits in Bunte burette experiments.

Atmospheres of air mixed with vapors of chlorinated hydrocar-
bons.—Series of results showing the lower and higher limits of carbon
monoxide in air containing increasing amounts of the vapors of
dichloroethylene and trichloroethylene have been reported; they were
observed in small burettes of 15-mm. diameter, and so are of limited
value (94). Similar experiments have been made with the vapors of
other halogen derivatives (147).

Dilution of 2C0+ 0,.—The following results were obtained for
downward propagation of flame in diluted 2CO + O, in a Bunte burette
19 mm. in diameter (28).

Downward propagation in diluted 2C0+ 0, in a Bunte buretie

Percentage
of 2 CO+-04
which, with

the diluent
named, is at
the limit of

inflam-
mability

Diluent

OXYBON . - e 23. 4
Nitrogen . _ e 25.6
Carbon dioxide. ... ____________ . 35.3

Nitrogen evidently has a slightly greater extinctive action than
oxygen, although the two gases are of equal heat capacity; carbon
dioxide, which is of greater heat capacity, has a greater extinctive
action.
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METHANE
METHANE IN AIR

When a spark was passed near the lower confines of methane-air
mixtures standing over water in a large receiver 6 feet high and 12
inches square in section, the following observations were made (49):

5.1 per cent methane: A vortex ring of flame traveled upward about
i2 }ilnches, broke, and died out as a tongue of flame about 12 inches

igher.

5.3 per cent methane: In one experiment the ring of flame resolved
itself into a flame which traveled steadily to the top of the vessel; in
other experiments the flame became extinguished in the course of a
violent uprush on one side.

5.6 per cent methane: A steady flame with a convex front passed
throughout the mixture.

A repetition of these experiments has recently been made with
slight alteration in the vessel, a glass cylinder 7 feet high and 10
inches in diameter. The limit observed was 5.32 per cent methane.
Steady conditions were more easily obtained in the 10-inch tube than
in the box (109).

Independent observers conducted experiments in a vessel similar to
that first described, which led them to conclude that the lower limit
with inflammation upward was about 4.9 per cent methane (57).
A comparison of the two sets of experiments shows, however, that
they were conducted differently. In each set the gas was ignited
electrically at the lower end of the vessel; in the first set the flame
traveled toward a closed end with a water-seal release behind the
flame, but in the second set the flame traveled from a closed end
toward a paper diaphragm which “upon ignition broke and gave
a vent for the burned gases.” The authors have recently repeated
both sets of experiments and confirmed both results; the figures ob-
tained were 5.28 per cent for propagation upward, away from the
open end, and 5.01 per cent for propagation in the same vessel, up-
ward toward the open end. The mixture was about 70 per cent satu-
rated with water vapor at 20° to 22° C.

There was a great difference between the appearance of the limit
flames in the two tests, however. In the first they appeared, after
traveling 12 inches or so, to be spreading from side to side of the
vessel with a strongly convex front and to travel at uniform speed;
in the second the flame was apparently not continuous from side to
side but consisted of innumerable vertical streaks of flame, traveling
much faster and evidently in a turbulent mixture. It was difficult
to be sure that the flame would travel indefinitely and not be ex-
tinguished.

In the former experiments the flame traveled into quiescent gas;
in the latter the flame traveled into gas which had considerable mo-
tion on account of the upward expansion of the heated gas.

Hence, the conclusion is that in a wide space the lower limit of
methane in air saturated with water vapor at laboratory temperature
is 5.3 per cent methane; but that if the flame is traveling upward
from closed to open end of a vessel in gas which is therefore in motion
it may travel at least 6 feet when the proportion of methane is not
less than 5 per cent. Furthermore, in certain circumstances ‘‘the
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flames of mixtures containing 5.3 to 5.6 per cent of methane are very
sensitive to extinction by shock’ (49).

The higher limit of methane in air, saturated with water vapor, has
been determined in a glass tube 7 feet long and 10 inches in diameter
to be 13.87 per cent methane (109). This figure may be taken as
correcting an earlier estimate (66), a higher value, based on observa-
tions in wide short vessels and long narrow vessels.

In a similar vessel with a paper release at the top equivalent to
an open end, the higher limit was 15.2 per cent under the conditions
of movement imparted to the gases (57).

Downward propagation of flame.—In a large box nearly 6 feet long
and 12 inches square in section, the limits for downward propagation
of flame in a quiescent mixture were 5.75 and 13.6 per cent methane;
when the box was closed at the top and open at the bottom, so that
motion was imparted to the mixture by the expansion on burning,
the lower limit for downward propagation was 5.45 per cent (57).

Horizontal propagation of flame.—In the box mentioned in the
preceding paragraph the lower limit for horizontal propagation was
5.55 per cent methane. The position of the open end, whether behind
or ahead of the flame, was not stated (57).

In a horizontal glass cylinder 7 feet long and 10 inches in diameter
the limits for propagation through the whole length of the tube from
open to closed end were 5.42 to 14.03 per cent methane. The mixtures
were only partly saturated with water vapor; if completely saturated,
the higher limit would be reduced somewhat, probably to a value
not exceeding 13.87 per cent methane—that for upward propagation
in the same vessel (109).

Observations in small vessels.—A large number of observations of
the limits of methane in small vessels have been made in the course
of a century. On the whole, the conclusions are fairly concordant, as
shown by Table 6, when allowance is made for variation in experi-
mental conditions. Outstanding discrepant figures are not quoted
here, because they have been explained as due to faulty experiment
or faulty interpretation. For instance, in at least one instance it
is certamn that incomplete admixture of the methane and air was
obtained; in another (35) the observation of a small pressure change
on sparking was erroneously interpreted as an indication of inflam-
mability; in a third (9) the flame speeds in a series of inflammable
mixtures of methane and air were extrapolated to zero speed, the
composition corresponding to which was taken as the limit of inflam-
mability—an error, because a ‘“‘limit’’ mixture still shows a flame
speed which is far from zero. Many of the older figures are omitted
because they are but rough approximations in comparison with more
recent results, with which, however, they are not at variance.

Upward propagation.—Table 6 shows the limits for methane-air
mixtures in the smaller vessels with upward propagation. It isev-
ident that the limits found in wide vessels open behind the flame—
namely, 5.3 to 13.87 for gases saturated with water vapor—are not
appreciably narrower in open tubes 5 cm. in diameter. There is,
however, a marked difference in the higher limit figures for com-
pletely closed tubes; the tendency is for the higher limit to be dis-
tinctly greater in closed than in open tubes of equal diameter. This
is explained by the observation that increase of pressure markedly
increases the higher limit; enough pressure is developed in closed tubes
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in the earlier stages of propagation while the flame is still assisted by
the initial impulse from the source of ignition. This explanation is
confirmed by a comparison of two experiments in tubes whose diam-
eters (5 cm.) were equal but whose lengths were very different. The
shorter tube gave a greater higher limit figure than the longer tube;
the reason for this is that the pressure must rise faster and to a greater
amount in the shorter tube.

TaBLE 6.—Limits of inflammability of methane in air, in glass tubes, with upward
propagation of flame

Dimensions of tube, Limits, per cent
Refer-
—_— Firing end Content of aqueous vapor %xce
o.
Diameter | Length Lower | Higher
7.5 150 5.35 14.85 90
6.2 33 5.45 13.5 28
6.0 200 R 5. 40 14.8 A
5.0 50 B 15.11 82
5.0 150 5. 40 14. 25 90
5.0 180 5.24 14. 02 105
5.0 180 5.33 13.80 105
2.7 e 5.28 | o 46
2.5 150 5.5 |- 69
2.5 150 5. 80 13.20 90

Horizontal propagation.—Table 7 shows the limits for horizontal
propagation in the smaller vessels. The limits for closed tubes are
appreciably narrowed by reducing the diameter of the tube to 2.5 cm.
In open tubes the limits meet when the diameter of the tube is reduced
to 0.36 cm. Flame is not propagated, except for a short distance
from the source of ignition, along a tube 0.36 cm. in diameter.

TaBLE 7.—Lumits of inflammability of methane in air, in glass tubes with horizontal
propagation of flame

Dimensions of tube, P
em. Limits, per cent Refer-
Firing end Content of aqueous vapor elgce
0.
Diameter | Length Lower | Higher
7.5 5.40 13.95 90
6.0 5.4 14.3 54
5.0 5.65 13.95 90
5.0 5.39 14.28 82
2.7 5.64 |._________ 46
2.5 5.85 13.3 €9
2.5 6. 20 12.90 90
2.0 5. 59 13.31 82
.90 7.8 11.6 65
.81 8.3 10.9 65
.72 8.4 10.6 66
.56 8.4 10.6 65
.45 19,95 65
.36 Nil. 65

1 The limits coincide at this composition.

Downward propagation.—Table 8 shows the limits for downward
propagation of flame in the smaller vessels. The limits throughout
are somewhat narrower than those found in the largest vessel for the
same direction of propagation.
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TABLE 8.—Lmits of inflammability of methane in air, in glass tubes with downward
propagation of flame

Dimensions of -
tube, cm. Limits, per cent Refer-
N Firing end Content of aqueous vapor %]Ce
o.
Diameter | Length Lower | Higher

8.0 37 5.9 12.9 53
7.5 150 5.95 13.35 | Half saturated 90
6.2 33 6.3 |-ooo- 28
6.0 200 6.0 13.4 54
5.0 50 5.80 13.38 |________ 82
5.0 150 6.12 13.25 90
2.7 . 5.8 || Dry___.________ 46
2.5 150 6.1 |-_-.______| Saturated_..___ 69
2.5 150 6.30 12.80 | Half saturated .- 90
1.9 40 6.1 12.8 | Saturated...___ 28
1.9 40 6.15 12.0 |- do-...._. 73
L8156 oo 6.25 [ oooo_ Dry.ceooo 46
31 £ 2 703 oo Ao 46

Table 9 shows the limits for propagation of flame throughout mix-
tures of methane and air contained in closed spherical vessels of
various sizes. The limits become somewhat narrower as the size
of container is decreased and generally correspond more nearly
with the limits observed in tubes with downward propagation than
in those with either horizontal or upward propagation.

TaBLE 9.—Limits of inflammability of methane in air, in small spherical vessels

Limits, per cent

it Refer-
Capacxtcs.' gf vessel, Point of ignition Content of aqueous vapor | ence
Lower | Higher No.
[

5.6 | 14.8 36

X 47

5.5 14.0 59

6.0 12.6 18

5.9 13.1 18

Influence of turbulence and of streaming movement on the limits of
inflammability.—When a small fan was rotated rapidly enough but
not too fast in methane-air mixtures contained in a 4-liter globe,
the lower limit of methane was 5.0 per cent, as compared with 5.6
per cent observed for quiescent mixtures in the same vessel. If the
turbulence was too violent, however, even a 5.6 per cent mixture did
not propagate more than a short tongue of flame (54).

A streaming movement of the gas mixture produces similar effects
on the lower limit. Within the.range of speed from 35 to 65 cm. a
second (69 to 128 feet a minute) flame was propagated in a 5.02 per
cent methane-air mixture, although a 5.00 per cent mixture failed to
propagate flame at any speed of movement of the gas (72). Hence,
under appropriate conditions of movement of the gas mixture, the
lower limit of methane is 5.0 per cent. The same figure was obtained
(see above) when movement of the mixture was produced by expansion
caused by its own combustion, in experiments on the propagation
of flame from closed to open end of a large vessel.

Reference may be made to observations of the effect of turbulence,
in somewhat different circumstances, on the lower limit of natural
gas in air, page 93.
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Influence of pressure.—No measurable change in the limits of
methane in air could be discovered when the pressure varied between
753 and 794 mm. (46).

An interesting comparison has been made between the effect of
pressure change from 1 to 6 atmospheres on the limits for downward
and for horizontal propagation in tubes 2 cm. in diameter (64, 82).
For downward propagation the range changes steadily from 6.00 to
13.00 per cent at 1 atmosphere to 6.40 to 14.05 per cent at about
6 atmospheres. For horizontal propagation the lower limit remained
nearly constant, 5.6 per cent, over this range of pressure; the higher
limit rose steadily from 13.31 per cent at 1 atmosphere to 16.12 per
cent at about 6.5 atmospheres.

In these experiments, therefore, the lower limit for horizontal propa-
gation was unchanged but for downward propagation increased
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F1GURE 13.—Effect of pressures above normal on the limits of methane in air

steadily with increasing pressure. The higher limit for horizontal
E‘ropagation increased more rapidly than for downward propagation.
or an interpretation of this see page 5.

The limits observed under very high pressures (53, 119, 135) are
shown in Figure 13. The rapid increase in the higher limit is remark-
able. The differences between the three series of results are to be
ascribed to differences in experimental method and in interpretation.
Experiments had almost of necessity to be conducted in small vessels;
but the results are doubtless a fair indication of the possibilities of
explosion in larger vessels holding mixtures of compressed gases, if a
source of ignition should be present.

Limits at less than atmospheric pressure, at various temperatures,
in a tube 50 cm. long and 2 cm. in diameter, with downward propa-
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gation of flame, are shown in Figure 14. The curve for 20° C. in this
figure shows much wider limits at low pressures and extends to much
lower pressures than were observed in an older series of tests (58).
The more recent results were obtained with a stronger igniting spark;
sparks which will ignite an inflammable mixture at normal pressures
may be far too weak to ignite the same mixtures at low pressures.
Experiments in a wider tube, 5 cm. in diameter and 50 cm. long,
show a comparison of the limits for different directions of propa-
gation of flame at pressures less than atmospheric (82). The curves
for these limits are plotted in Figure 15. Data were not obtained for
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FIGURE 14.—Limits of inflammability of methane in air (downward propagation) showing
influence of pressure (below normal) and temperature

upward propagation at the lower limit because in the rather short
vessel used the issue was confused by the large “caps” of flame above
the igniting spark.

Influence of temperature.—Several of the older observations have
been unfavorably criticized because before being ignited the mixture
under test was allowed to remain in the heated experimental vessel
so long as to cause some general slow combustion, and thus to change
the composition of the mixture enough to affect the results. A com-
parison of the less exceptionable results is made in Figure 16, which
shows lower and higher limits up to temperatures at which almost
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instantaneous inflammation of the mixtures was observed. The con-
ditions of experiment for the various series were as follows:

Conditions of various experiments on influence of temperature

Refer:
Curve e
Condition ence
No No.
) B Hempel pipette, 100 c. c.,ignition near top. . -« oo .. 58
2. .. Closed tube, 2 cm. diameter, 50 cm. long, downward propagation .. - 64
3. Closed tube, 2.5 cm. diameter, 150 cm. long, downward propagation.__ 101
4______ Closed tube, 1.8 cm. diameter, 150 cm. long, downward propagation_.___________________ 101

1 Another series of lower limits, observed in a tube, dimensions unspecified and propagation apparently
downward, gave results which are closely expressed by curve 2 (44).
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FIGURE 15.—Limits of inflammability of methane in air, showing influence of pressure and of
direction of propagation of flame

The range of inflammability, as will be noted, is much widened at
both limits by increase of temperature, but ordinary variations of
atmospheric temperature have an insignificant effect on either limit.”

Figure 14 shows that the temperature effect remains the same at
pressures less than the normal.

The differences between the results of the several sets of tests,
although small for lower limits and not very large for higher limits,
are real and must be due to the use of different apparatus. In higher
limits the length of tube used seems to be the determining factor, as
shown by series 2 and 4 with tubes of nearly the same diameter.
Hence all the results are relative to the apparatus used and do not
show the influence of temperature on limits defined as a property of

7 Formulas to express the influence of temperature on the limits have been given (46) for the range 0° to
49° C. They are: Lower limit, n=no—0.0042t; higher limit, n’=n’o+0.0036t.
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the gas mixture alone. The results may, however, be taken as an
indication of the effect of temperature on the true limits.

An unconfirmed observation has been made which indicates that,
although the limits in moist methane-air mixtures are widened by
increase in temperature, the lower limit as well as the higher limit is
much raised by increase of temperature when the mixtures are dried
with phosphorus pentoxide (18).

Influence of pressure at various temperatures.—The curves of
Figure 14 show the limits of inflammability of methane-air mixtures
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FIGURE 16.—Limits of inflammability of methane in air (downward propagation), showing influ-
ence of temperature

at 20°, 250°, and 500° C. at all pressures below atmospheric. The
limits were observed in a closed tube 2 cm. in diameter and 50 cm.

long (64).
METHANE IN OXYGEN

The lower limit of methane in oxygen, observed in small vessels,
was found to be as follows: In an open tube 1 inch in diameter (69),
5.4 per cent methane for upward propagation, 5.8 per cent for
horizontal, and 6.3 per cent for downward propagation; and in a
closed globe of 2.5 liters capacity with central ignition, 6.0 per cent
methane (47). The corresponding figures for methane-air mixtures

9959°—31—4
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are 5.5, 5.9, 6.1, and 5.8 per cent, which are slightly higher for upward
and horizontal propagation, although slightly lower for downward
propagation and for propagation throughout a closed globe.

The lower limit in oxygen for downward propagation in a 1.9 cm.
closed tube (Bunte burette) was 6.4 or 6.45 per cent (28, 73).

The higher limit of methane in oxygen, observed in some old
experiments, appears to lie between 53 and 57 per cent methane for
downward propagation of flame (8, 10, 18); it is 59.2 per cent for
horizontal propagation in a 1-inch tube open at the firing end (69).

Influence of pressure.—The limits of methane in oxygen were not
appreciably narrowed until the pressure was reduced below 150 mm.
A moderately strong igniting spark was used (48).

The higher limit is increased by increase of pressure above atmos-
pheric. One observation (120), incidental to other work, is that at
10 atmospheres pressure a mixture containing 71 per cent methane
slowly propagated flame. A series of determinations (154) in a
small bomb indicated rapid rise of the higher limit from 58.4 per
cent at 1 atmosphere to 81.7 per cent at 60 atmospheres, followed
by a slower rise to 84 per cent at about 145 atmospheres; but the
experimental mixtures contained about 4.5 per cent of nitrogen, and
the figures would be somewhat higher in pure oxygen. Combustion
was far from complete in such mixtures under moderately high
pressure.

Influence of temperature.—The limits were widened somewhat by
increase of temperature from 15° to 300° C. In a 35-c. c. closed
E)ulb the limits were 6.2 to 57.1 at 15° C. and 5.1 to 57.8 at 300° C.

18).

Influence of temperature at high pressures.—The higher limit of
methane in oxygen was raised by increase of temperature at high
pressures. For example, the limit in a small bomb was 81.7 per
cent methane at atmospheric temperature and 60 atmospheres, and
was the same at 332° C. and about 21 atmospheres (154). Curves
that show the higher limit at elevated temperatures and pressures,
are given in the original paper.

METHANE IN OTHER ATMOSPHERES

Atmospheres of composition between air and pure oxygen.—The
limits of methane in mixtures of nitrogen ancf oxygen richer in
oxygen than ordinary air have been found as follows: (1) In a closed
globe of 2.5 liters capacity the lower limit rose regularly from 5.8 to
6 per cent methane as the oxygen content of the atmosphere rose
from 20.9 to 100 per cent (47); (2) in a horizontal glass tube 2.5 cm.
in diameter, open at the firing end, the lower limit fell from 5.8 to
5.7 per cent methane and the higher limit rose linearly from 13.3 to
59.2 per cent methane in the same range of oxygen content (69);
(3) in a closed tube 1.9 ¢m. in diameter the lower limit for downward
propagation of flame rose regularly from 6.15 per cent in air to 6.45
per cent in oxygen. The higher limit rose from 12 per cent in air
to 38 per cent in a 62 per cent oxygen mixture and to 52 per cent in
a 95 per cent oxygen mixture (73).

Atmospheres of air and nitrogen (air deficient in oxygen).—Large-
scale observations with mixtures of methane, air, and nitrogen have
been made in a tube 7 feet long and 10 inches in diameter for upward
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propagation of flame from the open end of the tube; the mixtures
throughout were at atmospheric pressure and saturated with water
vapor. The range of observations, shown in Figure 17, covers all
compositions ranging from air (20.9 per cent oxygen) to mixtures in
which the amount of oxygen is too small for flame propagation,
whatever be the amount of methane present. The abscissas repre-
sent the ‘‘atmosphere’’ in each mixture as composed of air and
nitrogen; for example, 25 per cent ‘‘additional nitrogen’’ means that
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FIGURE 17.—Limits of inlammability of methane in mixtures of air and nitrogen
(upward propagation), showing results of experiments in large vessel

the ‘“atmosphere’” used for the observations was composed of 75 per
cent air and 25 per cent nitrogen. Along the top of the diagram the
corresponding percentages of oxygen present in the whole atmos-
phere may be read. It is evident that no mixture of methane is
inflammable at ordinary temperatures and pressures when the
atmosphere contains less than 12.8 per cent oxygen and the remainder
is nitrogen (109).

Observations made in smaller apparatus are shown in Figure 18.
The results obtained in a 5-cm. tube, with upward propagation of
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flame in a dry mixture, are nearly coincident with those plotted in
Figure 17. The three curves that show narrower limits represent ex-
periments in various types of apparatus with downward propagation
of flame. One curve shows greater values over part of the higher
limit range. These experiments were conducted in a closed vessel
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FIGURE 18.—Limits of inflammability of methane in mixtures of air and nitrogen; comparison of
results obtained in smaller vessels

in which the pressure rose considerably during the inflammation;
increase of pressure is known to increase markedly the upper limit for
methane. (See p. 40.)

For some purposes the results are more useful when expressed
(148) as in Figure 19.
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For example, it is not deducible at a glance from Figure 17 that
the mixture—

Per cent
Methane. - _ e 12
OXygen _ - . e 2
Nitrogen . o 86

is not capable of forming an explosive mixture with air, whatever
the proportions used, whereas the mixture—

Per cent
Methane__ __ _ - 9
OXygen._ .. 12
Nitrogen __ e 79
z [ ]
Mixtures which can not be
— produced from methane and air
20 E—
—~—]
——
~—~—|
~—~——
18]
Explosive per se \\
16} : //

P
\

Capable of forming explosive mixtures with air
(contain too much methane to-explode per se )
8 \
Not capable of
forming explosive
mixtures with air

o — \\
N
14 16 18 2

OXYGEN, PER CENT

2 4

10 12
METHANE, PER CENT

FIGURE 19.—Relation between the quantitative composition and the explosibility of mixtures of
methane, air, and nitrogen

though not itself explosive may form a series of explosive mixtures
with air. Figure 19 gives this information at a glance.

Ezxplanation of Figure 19.—Figure 20 serves to explain Figure 19.
The straight line AD (fig. 20) represents the composition of all mix-
tures of methane and pure air which contain up to 20 per cent of
methane. No mixture of methane and air can fall above this line,
and all mixtures of methane, air, and nitrogen must fall below 1t.
The line BE is the line of lower limits of inflammability of methane,
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and CFE the line of higher limits. As the oxygen content falls, BE
and CE approach until they meet at £. No mixture which contains
less oxygen than that corresponding with the point E is explosive
per se; but all mixtures in the area BEC are within the limits of in-
flammability, and are therefore explosive.

Next consider any mixture to the right of the line CEF—for ex-
ample, the mixture represented by the point @. Join GA. Then GA
represents the mixtures formed, in succession, as @ is diluted with air.
Then because GA passes through the area BEC, the mixture, as it

—

OXYGEN, PER CENT
S

10
METHANE, PER CENT
F1GURE 20.—Expla atory of Figure 19

is diluted with air, becomes explosive, and remains explosive so long
as its composition is represented by any point within that area.

It will now be clear that the position of FE is exactly defined by
drawing a tangent from A to the curve BEC, and producing the
tangent to meet the axis of abscissas in F; becauset he line joining
any point above and to the right of FE, to A, must pass through
BEC, while the line joining any point below and to the left of FE, to
A, must fail to pass through the explosive region BEC. FE is there-
fore the boundary of those mixtures capab%e of forming explosive
mixtures with air.
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It is clear from Figure 19 that any mixture of methane and nitrogen
which contains more than about 14.3 per cent of methane can form
explosive mixtures with air. If there be oxygen present, a corre-
spondingly smaller amount of methane suffices.

Mixtures of methane, nitrogen, and oxygen which are represented
by any point in the area DOEF of Figure 20 are capable of forming
explosive mixtures when mixed with air in suitable proportions. If it
be of interest to know what these proportions are—and if there is a
wide range of explosive mixtures possible, the danger is so much the
greater—then they can be found from the following considerations:

Suppose the mixture of methane, nitrogen, and oxygen to be repre-
sented by the point @ in the area DCEF, the straight line GA repre-
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F1GURE 21.—Limits of inflammability of methane in separate mixtures of air with
carbon dioxide, water vapor, nitrogen, helium, and argon

sents all the possible mixtures of original mixture and air. As the
original mixture is diluted step by step with air, the composition of
the new mixture is represented by points farther and farther along
GA. The air mixture first becomes explosive per se at the point H
where GA crosses EC. The higher limit of the original mixture is
defined by this point; the lower limit of the original mixture is defined
by the point J at which GA cuts EB.

Now the ratio AH : H@ is the ratio of original mixture to air in
the upper limit mixture; and the ratio AJ :J@ is the ratio for the
lower imit mixture. Hence the limits of inflammability of the
original mixture are given (in percentages) by 100 AJ/AG (lower limit)
and 100 AH/AG (higher limit) (148).



50 LIMITS OF INFLAMMABILITY OF GASES AND VAPORS

Atmospheres of air and water vapor.—Observations that show the
small difference in the limits of methane in dry air and in air saturated
with water vapor at laboratory temperatures are quoted under
“Effect of small changes in atmospheric composition,” page 3.

The effect of large amounts of water vapor on the limits of methane
in air is shown by a curve in Figure 21. The determinations were
made in a tube 3 feet long and 2 inches in diameter, with upward
propagation of flame at atmospheric pressure during propagation
(165). For each experiment the tube was heated to the tempera-
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FIGURE 22.—Limits of inflammability of methane in mix-
tures of air and carbon dioxide (upward propagation),
showing results of experiments in large vessel

0

ture necessary to maintain in the vaporous state the required amount
of water. Hence, most of the observations in the water curve of
Figure 21 were made at temperatures above normal. Had it been
possible to experiment at normal temperature, the curve would prob-
ably have lain a little to the right of the carbon dioxide curve over
the lower limit range and at the nose, but the two curves would have
coincided over most of the higher limit range. .
Atmospheres of air and carbon dioxide.—Figure 22 shows the limits
of methane in mixtures of air and carbon dioxide saturated with
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water vapor. The tests were made in a tube, 7 feet long and 10
inches in diameter, with upward propagation of flame from the
open end of the tube. Under these circumstsgices no mixture of
methane with an atmosphere composed of air and 24 per cent or more
carbon dioxide is capable of propagating flame far from the source
of ignition (109).
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FIGURE 23.—Limits of inflammability of methane in mixtures of air and carbon dioxide; com-
parison of results obtained in smaller vessels

Observations made in smaller apparatus are shown in Figure 23.
Those obtained in a 5-cm. open tube with upward propagation of
flame through dry gases show, in general, a slightly wider range of
inflammability than those of Figure 22; the completely extinctive
atmosphere in the 2-inch tube contains 25 per cent carbon dioxide,
compared with 24 per cent carbon dioxide contained in the widest
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vessel. The four curves showing narrower limits represent experi-
ments in various vessels with downward propagation of flame.
Influence of tempgature—The limits of fire damp in atmospheres
of air and carbon dioxide from 100° to 600° C. have been determined.
The fire damp used contained 73.8 per cent of methane and 26.2 per
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FIGURE 24.—Limits of inflammability of methane in mixtures of air, nitrogen, and carbon dioxide

cent of nitrogen. The observations were made in a horizontal glass
tube 2 cm. in diameter and 100 cm. long. The results are expressed
in curves showing the limits of methane in the various atmospheres
of air, carbon dioxide, and such additional nitrogen as was due to the
fire damp itself. The curves are of the same type as those of Figure
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22 and show the increased range of inflammability of all mixtures
due to increased temperature (131).

Atmospheres of air, nitrogen, and carbon dioxide (including mix-
tures of air and black damp).—Observations on the limits of inflam-
mability of methane in atmospheres composed of air, nitrogen, and
carbon dioxide are plotted in Figure 24; they were obtained with
roughly dried gases in a tube 2 inches in diameter, with upward propa-
gation of flame from the open end of the tube. The curve bounding
the series of curves to the right reproduces the limits of inflamma-
bility of methane in all atmospheres of ordinary air and carbon dioxide
mixed in any proportions. The straight line bounding the series of
curves to the left gives, with the oxygen figures inserted thereon, the
limits in all atmospheres of air and nitrogen mixed in any proportions.
The whole area between represents the limits in atmospheres which
are deficient in oxygen and also contain carbon dioxide. When the
deficiency of oxygen is replaced by an equal amount of carbon dioxide,
as would occur very nearly in the combustion of coke, these atmos-
pheres and the corresponding methane limits are all represented by
points on the broken curve.® The region to the right of the broken
curve represents limits in atmospheres formed by the replacement of
oxygen with more than an equal volume of carbon dioxide. The
region to the left of the broken curve represents limits in atmospheres
formed by the replacement of oxygen with less than an equal volume
of carbon dioxide. Atmospheres of this type are produced by ordi-
nary combustion and by respiration. This region, therefore, contains
‘Ehe l)imits for atmospheres composed of air and black damp mixed

104).

As the composition of black damp is somewhat variable, to draw
one curve representing its effect on the limits of methane is impos-
sible, but Figure 25 shows the limits for a range of variations in the
composition of black damp. These curves clearly show that the
danger of an explosion of fire damp is but slightly decreased by the
presence of black damp in any proportions, unless the proportions
are 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 neces-
sary for respiration in a black damp-air atmosphere incapable of
propagating explosions of fire damp (104).

Figure 19 may be used to determine whether any given mixture of
fire damp, black damp, and air is explosive or is capable of exploding
if mixed with a suitable amount of air. The mixture is analyzed to
determine the proportions of methane, oxygen, nitrogen, and carbon
dioxide present. If the carbon dioxide is assumed to be replaced by
an equal volume of nitrogen, the figure gives exact information, as
described on page 47; in a coal mine the amount of carbon dioxide
in such mixtures is of the order 5 or 6 per cent (often less, rarely more),
and the error introduced by considering as nitrogen this small amount
(();' zg)rbon dioxide has been shown to be small and on the side of safety

Experiments with the same gases in small apparatus, downward
propagation of flame, have been reported, but on account of the
experimental conditions the limits throughout are narrower, and the

8 See reference 28 for earlier observations, made in a Bunte burette.
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extinctive amounts of inert gas much less than those quoted above
(81).

Atmospheres composed of air mixed with argon and helium.—
Figure 21 reproduces the curves showing the influence of nitrogen,
water vapor. and carbon dioxide on the limits of inflammability
of methane as found in a tube 2 inches in diameter, for upward
propagation of flame, with the lower end of the tube open. The
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FIGURE 25.—Limits of inflammability of methane in mixtures of air and black damp

differences between the three gases are ascribed to their different
heat capacities; as carbon dioxide has the greatest heat capacity, it
has the greatest extinctive effect on flame. The corresponding
curve for argon in the same figure is in agreement with this supposi-
tion, as argon has a smaller heat capacity than nitrogen. The curve
for helium, a gas of equal heat capacity to argon, shows that this
factor is not the only one determining the extinctive effect of an
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inert gas; apparently the high thermal conductivity of helium makes
it a more eflicient flame extinguisher than argon. It seems, however,
that the effect of thermal conductivity becomes marked only when
comparisons are made between gases of such very great difference in
thermal conductivity as exists between argon and helium (105).
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The broken line in Figure 21 is the locus of mixtures in which the
ratio between methane and oxygen is exactly that required for
complete combustion, CH,: 20,.

Atmospheres of air and certain chlorinated hydrocarbons.—
Figure 26 shows the influence of certain chlorinated hydrocarbons,
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mixed in the stated amounts with air, on the limits of inflammability
of methane, as found in a tube 2 inches in diameter for upward
propagation of flame from the open end. Part of the carbon dioxide
curve is inserted for comparative purposes (106).

The curves for trichlorethylene and tetrachlorethylene are incom-
plete; the experiments were carried to the point at which the atmos-
phere was saturated with these vapors at laboratory temperature.
The effects of tetrachlorethane and pentachlorethane were also inves-
tigated up to the saturation point. The two ethane derivatives
behave like inert diluents whose effect is to be attributed to their
thermal capacities. The ethylene derivatives, however, contribute
to the inflammability of the mixture; hence the lower limit of methane
falls with increase in the proportion of vapor; the higher limit also
falls rapidly, for the same reason. The order of increasing com-
bustibility is C.Cl,—C,HCl;—C,H,Cl,; the last vapor forms inflam-
mable mixtures with air without the help of any methane.

The extinctive effect of carbon tetrachloride on methane flames is
apparently entirely due to its high thermal capacity. Volume for
volume, carbon tetrachloride vapor is twice as extinctive as carbon
dioxide; the presence of 12.5 per cent carbon tetrachloride in air
renders the mixture incapable of propagating flame, whereas 25 per
cent carbon dioxide is necessary for the same effect. Equal volumes
Offf the two liquids, however, have approximately equal extinctive
effect.

Series of experiments with chlorine derivatives, in narrow vessels
with downward propagation of flame, have been reported (92, 94, 96,
121) and discussed (122).

Atmospheres in which the nitrogen (of air) is replaced by an inert
gas.—In a closed globe of 35 c. c. capacity, with side ignition, the
limits were 8.9 to 11.7 per cent methane in a mixture of 20.9 per cent
oxygen and 79.1 per cent carbon dioxide, compared with 5.9 to 13.1
per cent methane in air in the same apparatus. The influence of tem-
perature was irregular (18).

In a tube 2.5 cm. in diameter, with horizontal propagation from
the open end, the methane limits were as follows:

Methane limits in tube 2.5 cm. in diameter

Methane limits, Refer
cent -
Atmosphere ‘ per ence
| Lower | Higher No.
20.9 per cent Og, 79.1 per cent N2 (air) ..‘ 5. 85 13.3 68
20.9 per cent Oz, 79.1 per ceat A_.________________ 4. 40 15. 80 111
20.9 per cent Oz, 79.1 per cent He - 5. 55 14.25 111

The influence of heat capacity and thermal conductivity are illus-
trated by these examples. (See under ‘“ Atmospheres composed of air
mixed with argon and helium.”)

Influence of temperature.—In an atmosphere of 20.9 per cent oxygen
and 79.1 per cent carbon dioxide the limits observed (18) in a closed
35-% (% globe were slightly widened by increase of temperature to
300° C.

Dilution of CH;+20, with diluents, inert or otherwise.—The fol-
lowing results were obtained for downward propagation of flame in
a Bunte burette 1.9 cm. in diameter.
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Effect of diluents upon inflammability of CHs+ 20,

Amount of
CH4+-203
which, with
the diluent
Diluent named, is
present at
the limit
of inflam-
mability,
per cent

Oxygen
Nitrogen. ..
Carbon dioxi

Bs
OwWwwW

<
=

Nitrogen has a greater extinctive action than oxygen, although it
is of equal heat capacity; carbon dioxide, of greater heat capacity,
has a greater extinctive action (28).

For upward propagation in a tube 5 cm. in diameter the limits
were found by the authors to be 3.95 per cent methane with argon
and 5 per cent methane with helium. The thermal conductivity
effect is noteworthy.

ETHANE

ETHANE IN AIR

The limits of ethane in air, nearly dry, for upward propagation in
a tube 5 cm. in diameter, open at the firing end, were 3.22 to 12.45
per cent ethane. The methane-air results in the same and in larger
vessels indicate that the figures just given for ethane are close to its
true limits in large volumes (777). Table 10 summarizes other deter-
minations of the limits of ethane in air.

TaBLe 10.—Summary of other determinations of limits of ethane in air
UPWARD PROPAGATION OF FLAME

Dimensions of tube, P
L S
cm., imits, per cent Refer-
Firing end Content of aqueous vapor (i\rllce
o.
Diameter| Length Lower | Higher
7.5 150 3.12 | 14.95 90
5.0 150 3.15 14.8 90
HORIZONTAL PROPAGATION OF FLAME
7.5 150 | Closed- - oo 3.15| 12.85 90
5.0 - 3.22 | 1L.75 90
2.5 3.3 10.6 69
7.5 90
5.0 90
2.0 82
1.9 73
" PROPAGATION IN GLOBES
Capacity, “large”..| Closed..._.__...__.._._..__ 3.4 10,7 |o 68
Capacity, 4,000¢c.c..|...._ (6 1o Y 200 R 103
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The higher limit varies more than the lower with the direction
of propagation of flame. The influence of pressure on the higher
limit is unusually great, for upward propagation in a closed tube is
possible when the ethane content is more than 2 per cent above the
higher limit in a corresponding tube in which, by having the end of
the tube open behind the flame, atmospheric pressure is maintained
during the progress of the flame.

Influence of turbulence.—In a 4-liter globe the lower limit for a
quiescent mixture was 3.10 per cent ethane; with a fan running at
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FIGURE 27.—Limits of inflammability of ethane in air (downward propagation), showing influence
of pressure

high speed inside the vessel a 3.2 per cent mixture did not ignite,
but when the fan was run at a moderate speed a 3.0 per cent mixture
exploded, giving rise to a pressure of 4.3 atmospheres (68).

Influence of pressure.—Observations (82) in a closed tube 2 cm. in
diameter and 40 cm. long, with downward propagation of flame,
are plotted in Figure 27. For a discussion of these see page 5.

ETHANE IN OXYGEN

An old observation placed the higher limit at 50.5 per cent ethane
for downward propagation in a 2-cm. eudiometer (8).
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ETHANE IN OTHER ATMOSPHERES

Experiments with nitrogen-oxygen atmospheres, richer in oxygen
than ordinary air, were made in a Bunte burette 1.9 cm. in diameter
with downward propagation. The lower limit of ethane was hardly
altered as the oxygen in the atmosphere was increased to 94 per cent;
the higher limit rose gradually from 9.5 in air and 33.4 in 60 per cent
oxygen to 46 in 94 per cent oxygen atmospheres (73).
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FIGURE 28,—Limits of inflammability of propane in air (lownward propagation), showing in-
uence of pressure

PROPANE

The limits of propane-air mixtures, nearly dry, for upward propa-
gation in a tube 5 cm. in diameter, open at the firing end, were
2.37 to 9.50 per cent propane. The methane-air results in the same
and in larger vessels indicate that the figures just given for propane
are close to its true limits in large volumes (111). Table 11 gives
other determinations of the limits,

9959°—31——5
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TaBLE 11.—Summary of other determinations of limits of propane in air
HORIZONTAL PROPAGATION OF FLAME

DlmenSlchg]S' of tube, Limits, per cent Refer.
Firing end o Content of aqueous vapor | ence
No.
Diameter| Length Lower | Higher
2.5 150 | Open...ooo._____.____. 2.4 7.3 | Saturated-________________ 69
DOWNWARD PROPAGATION OF FLAME
2.0 40 | Closed. . ... ___________ 2.40 6.60 1 . : 82
|
PROPAGATION IN GLOBE
(apacity, “large” . .| Closed..__ _______________ ! 2.3 R 2 ! 69
R |

Influence of pressure.—Observations (82) in a closed tube 2 cm. in
diameter and 40 cm. long, with downward propagation of flame, are
plotted in Figure 28. For a discussion of these see page 5.

BUTANE

The limits of butane-air mixtures, nearly dry, for upward propa-
gation in a tube 5 cm. in diameter, open at the firing end, were 1.86
to 8.41 per cent butane. The methane-air results in the same and in
larger vessels indicate that these figures are close to the true limits in
large volumes (111). Table 12 gives other determinations of the
limits of butane-air mixtures.

TABLE 12.—Summary of other determinations of limits of butane in air
HORIZONTAL PROPAGATION OF FLAME

Dimensions of tube, Limits, per cent
Refer-
_ Firing end Content of aqueous vapor (K;ce
o.
Diameter | Length Lower | Higher )
2.5 150 | Open. . oo 1.9 6.5 | Saturated._.__.__._._______. 69
DOWNWARD PROPAGATION OF FLAME
2.0 40 | Closed.- ocoooooooo_ . 1.92 11 } 82
PROPAGATION IN GLOBE
Capacity, “large”__| Closed. ... ‘{ 1.6 i A 69
|
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Influence of pressure.—Observations (82) in a closed tube 2 em. in
diameter and 40 cm. long, with downward propagation of flame, are
plotted in Figure 29. For a discussion of these curves, see page 5
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FIGURE 29.—Limits of inflammability of butane in air (downward propagation),
showing influence of pressure

PENTANE

The limits of pentane in air, upward propagation of flame in a
tube 5 cm. in diameter, open at the firing end, were 1.45 to 7.50 per
cent (157).

. Table 13 summarizes other determinations of the limits of pentane
in air,
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TaBLE 13.—Summary of other determinations of the limits of pentane in air
UPWARD PROPAGATION OF FLAME

Dimensions of tube, o
cm. . Limits, per cent Refer-
Firing end Content of aqueous vapor eNnce
o.
Diameter | Length Lower | Higher
7.5 150 | Closed - - - - oo 1.42 8.0 | Half saturated.__.._______ 90
5.0 150 |- do_ oo 1.43 8.0 |- do- . 90
. .
HORIZONTAL PROPAGATION OF FLAME
7.5 150 | Closed. ... _.__.__._____. 1.44 7.45 | Half saturated...___._____ 90
5.0 150 |- (0 S 1.46 6.70 |-_-__ doo . 90
2.5 150 [ Open- ..o ... 1.6 5.4 | Saturated..._____.________ 69
OPAGATION OF FLAME
7.5 1.48 4.64 | Half saturated..__________ 90
6.2 1.3 fooeo_o Saturated 28
50 1.49 4.56 | Half saturated. 90
5.0 1.43 4.6 o 2N 140
2.0 1.75 4.68 |oooo_ 82
1.9 2.4 4.9 | Saturated 28
PROPAGATION IN GLOBES
Capacity, 14.5 liters_| Closed....._______.______ ) O O F 28
Capacity, “large”__|..__ do. . 1.4 4.5 | . 69

An old observation gave the lower limit for pentane-air mixtures
as 1.1 per cent in a 2-liter bottle, apparently for downward propaga-
tion of flame (24).

Influence of pressure.—Observations (82) in a closed tube 2 cm. in
diameter and 40 cm. long, with downward propagation of flame, are
plotted in Figure 30. For a discussion of these tests see page 5.

Influence of temperature.—Determinations (101) in a closed tube
2.5 em. in diameter and 150 cm. long, with downward propagation of
flame, showed that the lower limit decreased linearly from 1.53 per
cent at about 17° C. to 1.22 per cent at 300° C.; the higher limit in-
crease(% %ijnearly from 4.50 per cent at about 17° C. to 5.35 per cent
at 300° C.

HIGHER PARAFFIN HYDROCARBONS

Observations (24) with hydrocarbon-air mixtures, made in a 2-liter
open bottle, apparently with downward propagation of flame, gave
the following lower limit figures: Hexane, 1.3 per cent; heptane, 1.1
per cent; octane, 1.0 per cent; and nonane, 0.83 per cent.

The lower limits of the first four members of the paraffin series,
observed in a 2-inch tube, upward propagation of flame, are given by
the empirical formula 8.62/(n+0.647), where n is the number of
carbon atoms in the molecule. It is not improbable that this formula
will give the lower limits of higher members of the series. Alter-
natively, the lower limit may be read from the broken part of the
curve in Figure 35, as described on page 92.



LIMITS OF INFLAMMABILITY OF GASES AND VAPORS 63

ETHYLENE
ETHYLENE IN AIR

The limits of ethylene in air, upward propagation of flame in a
tube 5 cm. in diameter, open at the firing end, were 3.05 to 28.6 per
cent (159).

. Table 14 summarizes other determinations of the limits of ethylene
in air.

TaBLE 14.—Summary of other determinations of the limits of ethylene in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per cent
Refer-
Firing end . Content of aqueous vapor %me
0.
Diameter | Length Lower | Higher
7.5 90
6.2 28
.5.0 90
2.5 90
2.5 7%
7.5 90
50 90
2.5 90
2.5 74
2.5 156
7.5 3.33 15.5 | Half saturated.____._____. 90
6.2 3.4 |- Saturated 28
5.0 3.42 15.3 | Half saturate 90
2.5 3.45 13.7 |- do.-..__ 90
2.5 3.6 13.7 | Small____.___ 74
19 4.1 14.6 | Saturated.-. 28
L9 3.9 14.1 ... Ao . 78

The results obtained in closed tubes show great variability with the
diameter of tube and apparently are much affected by the pressure
changes which occur during inflammation.

Influence of pressure.—Experiments in a small cylindrical bomb
(119) showed a pronounced effect of pressure on the limits of ethylene
in air. The lower limit rose from 3.5 per cent at normal pressure to
5 per cent at 20 atmospheres and then fell to 1.5 per cent at 380
atmospheres. The higher limit rose rapidly from 16 per cent at
normal pressure to 68 per cent at 90 atmospheres and then rose
slowly to 71 per cent at 380 atmospheres.

Influence of temperature.—Of two sets of observations (87, 90) on
the influence of temperature one appears to be reliable (90). Deter-
minations were made in a closed tube 2.5 cm. in diameter and 150
cm. long with downward propagation of flame. The lower limit
decreased linearly from 3.45 per cent ethylene at about 17° C. to 2.50
per cent at 400° C. The higher limit increased from 13.7 per cent
at about 17° C. to 17.9 per cent at 300° C.; the rate of increase
became faster as the temperature was raised.
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ETHYLENE IN OXYGEN

The limits of ethylene in oxygen, upward propagation of flame in a
tube 5 cm. in diameter, open at the firing end, were 3.10 to 79.9 per
cent (1569).

Some older observations (8, 10, 98) gave somewhat narrower limits
in small vessels.

Influence of pressure.—Certain ethylene-oxygen mixtures are
still inflammable at 30 mm. pressure (48).
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FIGURE 30.—Limits of inflammability of pentane in air (lownward propagation), showing influence
of pressure

ETHYLENE IN OTHER ATMOSPHERES

Atmospheres of composition between air and pure oxygen.—
Observations made in a Bunte burette 1.9 cm. in diameter, with down-
ward propagation, were as follows: The lower limit was slightly
increased as the oxygen in the atmosphere was increased to 94 per
cent; the higher limit rose gradually from 14.1 per cent in air, and
47.6 per cent in 60 per cent oxygen to 62 per cent in 94 per cent
oxygen atmospheres (73).

Atmospheres of air and nitrogen (air deficient in oxygen).—The
limits of inflammability of ethylene in all mixtures of air and nitrogen
or air from which part of the oxygen has been removed, can be read
from one of the curves of Figure 31, The determinations were made in
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in a tube 6 feet long and 2 inches in diameter, with upward propaga-
tion of flame at atmospheric pressure during propagation (159).

Atmospheres of air and carbon dioxide.—The limits of inflamma-
bility of ethylene in all mixtures of air and carbon dioxide can be read
from one of the curves of Figure 31. The determinations were made
as described in the previous paragraph.

Some earlier observations (28) show, as might be expected, more
rapid narrowing of the limits in Bunte burette experiments.

Atmospheres of carbon dioxide and oxygen.—For limits of ethylene
in carbon dioxide-oxygen atmospheres, reference may be made to
some old experiments of doubtful accuracy (10).

Dilution of C,H,+30, with gases, inert or otherwise.—The follow-
ing results of experiments with diluted mixtures of C,H,+ 30, were
obtained in a Bunte burette (28).

AN

30
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8 \ N
gl N
& 15
g ‘Q
g 10 I\
[} \\
L Theoretica] Mixtures
5 — N

——

10 20 30 40 50
CARBON DIOXIDE OR ADDITIONAL NITROGEN IN
ORIGINAL ATMOSPHERE, PER CENT

FIGURE 31.—Limits of inflammability of ethylene in at-
mospheres of air and carbon dioxide or nitrogen

Effect of dilution on inflammability of C3Hs+ 30,

Amount of
CoH4+302
which, with
the diluent

Diluent named, is
present at the
limit of in-
flammabil-
ity, per cent

OXYBON o o oo e - 15.4
Nitrogen -
Carbon dioxide- .- 22.1

PROPYLENE
PROPYLENE IN AIR

_ Table 15 gives the observed limits of inflammability of propylene
in air.
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TaBLE 15.—Limits of inflammability of propylene in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, -
s ts,
cm. y Limits, per cent Refer-
Firing end Content of aqueous vapor elzl:\ce
NO.
Diameter | Length Lower | Higher
7.5 150 2.18 9.7 | Half saturated____________ 90
5.0 150 2.21 9.6 (... doo . 90
HORIZONTAL PROPAGATION OF FLAME
7.5 2.22 9.3 90
5.0 2.26 8.4 90
2.5 2.6 7.4 74
2.5 2.58 7.5 156
DOWNWARD PROPAGATION OF FLAME
7.5 150 | Closed - ..o __..._________ 2.26 7.4 | Half saturated__.__._______ 90
5.0 150 |.____ do._o 2.29 7.2 faae. dooo . 90

PROPYLENE IN OXYGEN

The higher limit of propylene in oxygen, upward propagation of
flame in a tube 5 cm. in diameter, open at the firing end, was 52.8
per cent (169).

BUTYLENE
Table 16 gives the observed limits of inflammability of butylene
In air.
TABLE 16.—Limits of inflammability of butylene in air
UPWARD PROPAGATION OF FLAME
Dimensions of tube, Limits, per cent Refor.
Firing end . ___ | Content of aqueous vapor eﬁlce
o.
Diameter| Length Lower | Higher
7.5 150 | Closed ... .._._.___________ 1.70 9.0 | Half saturated.- ... __._____ 90
5.0 150 |-.-._ Ao 1. 80 9.0 |-—o_- O 90
HORIZONTAL PROPAGATION OF FLAME
7.5 1.75 9.0 90
5.0 1.82 7.4 90
2.5 1.93 6.0 156
PAGATION OF FLAME
7.5 150 | Closed. ... 1.80 6.25 | Half saturated.--..___.____ 90
5.0 150 ... Ao 1.84 6.10 |---_- [6 1 T 90
AMYLENE

One observation in a 2-liter bottle, apparently with downward
propagation of flame, gave 1.6 per cent as the lower limit of amylene

n air (24).
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ACETYLENE
ACETYLENE IN AIR

The lower limit of acetylene in air, in a tube 5 cm. in diameter and
150 cm. long, upward propagation of flame from an open end, is
3.00 per cent (157).

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 per cent acetylene (55). It has been pointed out that the
lower limit of methane is reduced from 5.3 per cent in a quiescent
mixture to 5.0 per cent if turbulence is imparted to the mixture as the
result of expansion of the gases when flame travels upward toward
the open end of the tube. Hence, the lower limit of acetylene in a
quiescent mixture in & large space may be nearer 3.00, as observed in
the 5-cm. tube, than 2.53. In a bell jar, with turbulence, the figure
2.30 was obtained (157). .

For downward propagation of flame in the box, presumably toward
the closed end, the lower limit was about 2.8 per cent (65). An earlier
determination in a 90-liter vessel 41 cm. in diameter and 80 cm. in
height gave limits of 3 to 80 per cent acetylene (25).

Table 17 gives other determinations of the limits.

TABLE 17.—Summary of other determinations of limits of acetylene tn air

UPWARD PROPAGATION OF FLAME

Dimensions of tube. .
4 Limits, per cent
. pe Refer-
Firing end Content of aqueous vapor %me
o.
Diameter | Length Lower | Higher
7.5 150 2.60 80 90
5.0 150 2. 60 78 90
2.5 150 2.73 70 90
7.5 920
5.0 90
4.0 20
3.0 20
2.5 Half saturated. _ 90
2.0 20
-6 20
.4 20
-2 20
.08 20
.05 20
12.2
10,0 P
7.5 90
5.0 90
4.4 28
2.5 90
1.9 28
19 78

1 Direction of flame propagation not stated in original reference; it may be downward, not horizontal.
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Limits in vessels other than tubes were as follows: In a 2.8-liter
bottle with central ignition, 3.0 to 73 per cent (55); in a 2-liter rubber
balloon with flame ignition, 75 per cent (higher limit) (28); andin a
100 c. c. Hempel pipette with downward propagation, 2.9 to 51 per
cent (556).

A few experiments have been reported on the “inflammability of
acetylene mixed with about 30 per cent of air,” but this mixture is
well within the limits of inflammability and the report (39) is only
concerned with conditions for ignition.

Influence of pressure.—The lower limit, observed in a Hempel
pipette, was unchanged by increase of pressure to 5 atmospheres (55).

Influence of temperature.—Determinations-(101) in a closed tube
2.5 cm. in diameter and 150 cm. long, with downward propagation of
flame, showed that the lower limit decreased linearly from 2.90 per
cent at about 17° C. to 2.19 per cent at 360° C. The higher limit
increased from 55 per cent at about 17° C. to somewhat over 81 per
cent at 200° C. :

In an older observation (28) the higher limit in a cylinder 4.4 cm. in
diameter and 26 cm. long, with downward propagation from an open
end, was 60 per cent acetylene at laboratory temperature and 75 per
cent at 200° C.

ACETYLENE IN OXYGEN

An old experiment with acetylene-oxygen mixtures gave the higher
limit for downward propagation as 83 per cent acetylene (8); an
estimate for ‘““an infinite mass” (not cooled by walls of confining
vessel) gave limits of 2.8 to 93 per cent acetylene (20).

Experiments with downward propagation in a Bunte burette 1.9
cm. in diameter gave a lower limit of 3.1 per cent in oxygen, com-
pared with 3.45 per cent in air (28).

ACETYLENE IN OTHER ATMOSPHERES

Atmospheres of composition between air and pure oxygen.—
Experiments with acetylene in nitrogen-oxygen atmospheres, richer
in oxygen than ordinary air, in a Bunte burette 1.9 cm. in diameter
with downward propagation, showed that the lower limit was un-
changed as the oxygen in the atmosphere increased to 97 per cent;
the higher limit rose gradually from 52.4 per cent in air, 82.2 per cent
in 58 per cent oxygen, to 89.7 per cent in 96.8 per cent oxygen (73).

Atmospheres of nitrogen, oxygen and carbon dioxide.—A few
experiments in a Bunte burette show the narrowing of the range of
inflammable mixtures in which (1) the oxygen is gradually replaced by
carbon dioxide, and (2) increasing amounts of carbon dioxide are
added to air. In the first series no inflammable mixture could be
made when the oxygen was reduced to 8 per cent (carbon dioxide,
13 per cent). In the second series no inflammable mixture could be
made in an atmosphere composed of 54 per cent air and 46 per cent
carbon dioxide (28).

Atmospheres of air mixed with vapors of chlorinated hydrocar-
bons.—Limits of acetylene in air containing the vapors of various
chloro derivatives of hydrocarbons have been reported; they were
observed in small burettes 15 mm. in diameter, and so are of limited
value (92).
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Dilution of 2C,H; + 50, with gases, inert or otherwise.—The following
results of experiments on the dilution of 2C,H,+ 50, were obtained for

downward propagation of flame in a Bunte burette (28):
Effect of diluents on inflammability of 2C;H,+50,

Diluent

Amount of
2C2H 34503
which, with
the diluent

named, is

present at the
limit of in-
flammabil-
ity, per cent

L0043 « W
Nitrogen. -
Carbon dioxide.

10.9
13.0
18.7

BENZENE

BENZENE IN AIR

The limits of benzene in air, upward propagation of flame in a tube
5 cm. in diameter, open at the firing end, were 1.40 to 6.75 per cent

(167), 1.55 per cent (lower limit only) (158).

Table 18 summarizes other determinations of the limits of benzene

in air.

TaBLE 18.—Summary of other determinations of the limits of inflammability of
benzene in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, o
om. Limits, per cent Refor-
Firing end Content of aqueous vapor eﬁlce
NO.
Diameter | Length Lower | Higher
7.5 1.41 78
5.0 1.45 78
5.0 1. 50 110
2.5 1.55 78
2.5 215 134
7.5 78
5.0 78
5.0 110
2.5 78
DOWNWARD PROPAGATION OF
7.5 150 | Closed - - _—ooooooooooooo 1.46 78
6.2 [coccea- Open. . 1.4 28
5.0 150 | Closed - 1.48 78
5.0 91 I_____ do. 1.60 110
5.0 65 |- do. 1.47 140
2.5 150 |- do. 1.58 78
1.9 40 |_____ do- 2.65 28
1.9 40 ... (6 s 2.7 73
1 At 60° C. 2 For “90% benzene,” b. p. 77°-118° C.
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In a globe of 14.5 liters capacity the lower limit observed was 1.3
per cent (28). _

The lower limits in a 5-cm. tube closed at both ends differed only
in the second decimal place from those obtained when a small stop-
cock was opened at one end or the other. Similar differences were
observed when the length of tube was varied between the limits of 100
and 250 cm. and when the position of the point of ignition was brought
forward about 6 cm. (78).

It appears that the lower limit in a large space at atmospheric
pressure will prove to be about 1.3 or 1.4 per cent benzene, but it is
not possible, from the results quoted, to define the higher limit closely
in these circumstances. .

Influence of pressure.—The range of inflammability of benzen
in air is widene(f at both sides by increase of pressure above atmos-
pheric, provided the temperature be raised to maintain enough vapor
for the test. The effect may be due to the temperature change more
than to the pressure change (119).

BENZENE IN OTHER ATMOSPHERES

In nitrogen-oxygen atmospheres, richer in oxygen than ordinary
air, in a spherical vessel with ignition near the top, the lower limit of
benzene was unchanged as the oxygen in the atmosphere was increased
to 97 per cent; the higher limit rose gradually from 7 per cent in air,
20.7 per cent in 58 per cent oxygen, to 30 per cent in 97 per cent
oxygen (73).

TOLUENE

The lower limit of toluene in air, upward propagation of flame, in a
tube 5 cm. in diameter, open at the firing end, was 1.45 per cent
(157), or 1.49 per cent (158).

Table 19 summarizes other determinations of the limits of toluene
in air.

TaABLE 19.—Summary of other determinations of the limits of inflammability of
toluene in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per cent Refor-
Firing end Content of aqueous vapor ei:}ce
o.
Diameter| Length Lower | Higher
7.5 150 | Closed .- - o oo 1.27 78
5.0 150 {.___. do. oo 1.31 78
2.5 25 | (Central ignition)._______ 1.3 134
HORIZONTAL PROPAGATION OF FLAME
7.5 150 | Closed . .ocooooooooo o 1.28 |ooooe o Dry. ol 78
5.0 150 |- do. oL 1.30 15,80 |-ooo Ao ol 78
DOWNWARD PROPAGATION OF FLAME
7.5 150 | Closed .- oo -coooooooo 128 oo 5] 32 78
5.0 150 ... {6 U PR 1.32 14,60 |----. do. . 78

1At 60°C,
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Earlier figures gave approximate values of 1.3 and 1.4 per cent
for the lower limit, probably for downward propagation of flame
(24, 27).

The lower limit in a large space at atmospheric pressure is prob-
ably about 1.3 per cent, but it is not possible from the results quoted,
to define the higher limit in these circumstances.

CYCLOHEXANE

The limits of cyclohexane in air, upward propagation of flame, in a
tube 5 cm. in diameter, open at the firing end, were 1.33 to 8.35 per
cent (168). In a closed tube 5 cm. wide and 65 cm. long, downward
propagation of flame, they were 1.31 to 4.5 per cent (140).

METHYL CYCLOHEXANE

The lower limit of methyl cyclohexane in air, in a tube 5 cm. wide,
was 1.25 per cent for upward propagation of flame (158) and 1.15 per
cent for downward propagation (115). In the former observations
the tube was open at the firing end, in the latter it was partially
opened (by means of stopcocks) at both ends.

Influence of impurities.—The lower limit was unaffected by small
additions of diethyl selenide or lead tetraethyl. The effect of pyridine
and of diethyl selenide was in accord with Le Chatelier’s formula

(116).
METHYL ALCOHOL
METHYL ALCOHOL IN AIR

The lower limit of methyl alcohol in air, upward propagation
of flame, in a tube 5 cm. in diameter, open at the firing end, was 7.35
per cent (157).

Table 20 summarizes other determinations of the limits of methyl
alcohol in air.

TABLE 20.—Summary of other determinations of the limits of inflammability of
methyl alcohol in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per cent
)y

Firing end Contents of aqueous vapor | ence

Diameter| Length Lower | Higher

PO
oo x

P
coom

PO
cmoow;

1At 60° C.
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The lower limit in a 2-liter flask with ignition near the base has
recently been given as 6.1 per cent (102). Two older figures (24, 27),
probably for downward propagation, are 6 and 7.8 per cent.

Influence of temperature.—Two series of experiments on the in-
fluence of temperature on the limits of methyl alcohol have been
reported (152, 168). The latter, which seem to be reliable, show that
for downward propagation of flame in a 2%-liter bottle the lower limit
falls steadily from 7.5 per cent at 50° to 5.9 per cent at 250° C. The
higher limit rose from 24.9 per cent at 100° to 36.8 per cent at 200° C.

Influence of water.—The lower limits of mixtures of methyl alcohol
and water rise steadily as the amount of water increases from 0 to 60
per cent, but the amount of methyl alcohol itself is approximately
constant in the limit mixture. When 80 per cent of water was present
it was difficult to inflame any mixture of the vaporized liquid and air
at 105° C., and 85 per cent water made inflammation practically
impossible (152).

METHYL ALCOHOL IN OTHER ATMOSPHERES

Atmospheres of nitrogen and oxygen and of carbon dioxide and
oxygen.—The limits of methyl alcohol in ‘“‘atmospheres’ of nitrogen
and oxygen and of carbon dioxide and oxygen, containing oxygen
ranging from 20.9 per cent downward, have been determined in a
2-liter flask, with ignition near the base. Curves extending as far as
could be determined at laboratory temperatures are given in the
original paper (102). (The higher limit, over part of the range,
requires more methyl alcohol than is present in the saturated vapor.)
When the oxygen content of a nitrogen-oxygen ‘‘atmosphere’’ was
reduced below 10.9 per cent, no mixture of methyl alcohol would
propagate flame (102).

Atmospheres of air and carbon dioxide.—The limits of methyl
alcohol in mixtures of air and carbon dioxide, downward propagation
of flame in a 2-liter cylinder, approach one another as the proportion
of carbon dioxide is increased. When more than 26 per cent carbon
dioxide is present in the ‘‘atmosphere,” no mixture with methyl
alcohol will propagate flame in these circumstances (162).

ETHYL ALCOHOL
ETHYL ALCOHOL IN AIR

The lower limit of ethyl alcohol in air, upward propagation of
flame in a tube 5 cm. in diameter, open at the firing end, is 4.25
per cent (157), or 4.40 per cent (158).

Table 21 summarizes other determinations of the limits of ethyl
alcohol in air.
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TaBLe 21.—Summary of other determinations of the limits of inflammability of
ethyl alcohol in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits,t per
i cen Refer-
. f -
| Firing end Far end Cmg;g;] tvgpg,gue ?I]g?
Diameter Length Lower | Higher
15 300 (iron)._.__ 416 |- Dry. oo 70
7.5 | 150 (glass) - - . 3.56 | oo fos do_.._..__.__ 78
5 150 (glass) - .- - S 4.24 | 118.95 |-____ do_...__.____ 70
5 150 (glass) - .- - 3 .00 |----.do__.._______ 78
5 91 (glass) .- _ d 110
2.5 | 150 (glass) .- 70
2.5 | 25 (glass) - .. 184
15 300 (iron)--._| Closed - ._..._.__ Open______.___.. 4,23 | ... Dry.ooooeo— 70
7.5 | 150 (glass) - 3 78
] 150 (glass) - 70
5 150 (glass) - 78
5 91 (glass) - - 110
2.5 | 150 (glass) - - - 70
15 300 (iron)..._| Closed.-.........| Open_____.___.__ . 70
7.5 | 150 (glass) .. |.__._ doo . sed _ _ . - - 78
6.2 | 33 (glass).....| Open__..________| ____ do_ 3 28
5 150 (glass) .. .| Closed - __.___.__ - . . D 70
5 150 (glass) - - - 78
5 91 (glass) - - 110
5 70 (glass) - - Partly open 118
2.5 | 150 (glass) - .| Closed Open 70
1.9 | 40 (glass) .- ._|-.__. d 28
1 At 60° C.

Influence of temperature.—The lower limit of ethyl alcohol in
air, upward propagation of flame in a tube 5 cm. in diameter, is 4.25
per cent at laboratory temperature (157) and 3.85 per cent at 125° C.
(150). 'Three other series of observations have been recorded (77,
152, 153). The last set, which seems to be reliable, shows that for
downward propagation of flame in a 2%-liter bottle the lower limit
falls steadily from 3.80 per cent at 50° to 2.75 per cent at 225° C.
At 250° C. the lower limit rose to 3.05 per cent, but this was presum-
ably due to slow combustion of part of the mixture before ignition.

Influence of impurities.—The lower limit of ethyl alcohol in air
was unaffected by small additions of water vapor, diethyl selenide, or
lead tetraethyl. The effect of a little pyridine was in accord with
Le Chatelier’s formula (116).

Influence of water.—The lower limits of mixtures of ethyl alcohol
and water rise steadily as the amount of water increases from 0 to 60
per cent, but the amount of ethyl alcohol itself is approximately
constant in the limit mixture. When 80 per cent of water was
present it was difficult to inflame any mixture of the vaporized liquid
and air at 105° C., and 85 per cent water made inflammation practi-
cally impossible (152).
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ETHYL ALCOHOL IN OTHER ATMOSPHERES

Atmospheres of air and carbon dioxide.—The limits of ethyl
alcohol in mixtures of air and carbon dioxide, downward propagation
of flame in a 2-liter cylinder, approach one another as the proportion
of carbon dioxide is increased. When more than 36 per cent carbon
dioxide is present in the ‘‘atmosphere,” no mixture with ethyl
alcohol will propagate flame in these circumstances (152).

HIGHER ALCOHOLS

Lower limits of some higher alcohols in air, apparently for down-
ward propagation of flame, have been determined in a J%-liter flask
(24). The lower limits were 2.55 per cent propyl alcohol, 2.65 per
cent isopropyl alcohol, 1.68 per cent isobutyl alcohol, 1.19 per cent
amyl alcohol, and 3.04 per cent allyl alcohol.

The lower limit of isopropyl alcohol in air, in a closed tube 25 cm.
long and 2.5 cm. in diameter, central ignition, upward propagation,
was 2.5 per cent (134).

METHYL ETHER

An old observation placed the higher limit of methyl ether in
oxygen, with downward propagation in a 2-cm. tube, between 42
and 49 per cent methyl ether (8).

ETHYL ETHER

ETHYL ETHER IN AIR

The limits of ethyl ether in air, upward propagation of flame in a
tube 5 cm. in diameter, open at the firing end, were 1.85 to 25.9 per
cent (157), or 1.92 to 48.5 per cent (158).

Table 22 summarizes other determinations of the limits of ethyl
ether in air.

TaBLE 22.—Summary of other determinations of the limits of inflammability of
ethyl ether in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per Rel
cm. cent efer-
. Content of aque-
Firing end Far end oUS Vapor eNng?
Diameter Length Lower | Higher
15 300 (iron)__._ 70
7.5 | 150 (glass) . . 78
5 150 (iron).._. 70
5 150 (glass) - - - 70
5 150 (glass) - - - 78
b 91 (glass) . __. 110
2.5 | 150 (glass) - -. 78
2.5 | 25 (glass) - ... 134
15 | 300 (iron)....| C ) 1.80 X 70
7.5 | 150 (glass) - ..|.---.do... | 175 78
5 150 (iron)..._|._.___do... - _ 2,29 8 - 70
b 150 (glass) - ... . - - do o 2.05 8 - 70
5 150 (glass) - -! ) . .| 188 78
5 91 (glass) - .- d 110
2.5 | 150 (glass) - - 78
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TABLE 22.—Summary of other determinations of the limits of inflammability of
ethyl ether in air—Continued

DOWNWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per
cm. cent Refer-
. Content of aque-
Firing end F_ar end ous vapor (;\Irlgt.a
Diameter Length Lower | Higher
15 300 (iron).-.._ 1.93 6. 50 70
7.5 | 150 (glass) - -~ 1.85 6.40 78
6.2 | 33 (glass) - .- L6 |oeooo_- 28
5 150 (iron).__. 2.34 6.70 70
] 150 (gla.ss) - 2.15 6.15 70
5 91 (glass) - - 2.15 6.15 110
5 65 (glass) - 1.89 6.7 140
5 65 (glass) - .- 1.93 6. 66 116
2.5 | 150 (glass) - - 1.97 6.15 78
1.9 | 33 (glass) - .- 2.75 7.70 28

The lower limits in a 5-cm. glass tube closed at both ends differed
only in the second decimal place from those obtained when a small
stopcock was opened at one end or the other; the higher limits
differed by not more than 1 per cent. Similar differences were ob-
served when the length of the tube was varied between the limits of
100 and 250 cm. and when the point of ignition was brought forward
about 6 cm. (78).

The lower limit figures are fairly consistent among themselves;
they are greater for downward than for horizontal propagation and
greater for horizontal than for upward propagation. They are
somewhat greater in an iron tube than in a glass tube, presumably on
account of the greater cooling action of the metal. In & large space
at atmospheric pressure the lower limit is probably about 1.7 per
cent ether.

The higher limit figures seem to be extremely irregular, but the
explanation lies in the appearance of the ““cool flame’ of ether which
is propagated through some mixtures very deficient in oxygen. This
is noticeable in the 2.5-cm. tube with horizontal propagation, in
which the range of inflammability for the ordlnary flame is sep-
arated by a large interval from the range for the ‘“cool flame” (the
higher figures in Table 22). Further details are to be found in the
original communication (78).

Influence of pressure.—As the pressure is reduced below normal,
the range of inflammable mixtures in a horizontal tube 5 cm. in
diameter divides into two ranges. At 500 mm. pressure the limits
are 1.88 to 9.25 per cent for the ordinary flame, 13 to 33 per cent
for the cool flame. As the pressure is lowered further, each range
contracts and a little below 400 mm. the cool flame is no longer prop-
agated. At 90 mm. the range for the ordinary flame had contracted
to 2.32 to 6.1 per cent (132).

Increase of pressure above atmospheric widened the range at both
sides, when the temperature was raised to maintain enough ether in
the vaporous state for the test. The effect may be due to the tem-
perature change more than to the pressure change (119).

Influence of temperature.—A rise of 40° caused a decided increase
in the higher limit (70),

9959°—31——6
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Influence of streaming movement of the mixture.—The limits were
appreciably widened (several tenths of 1 per cent) when velocities
up to 9 cm. a second were imparted to the mixtures (70).

Influence of impurities.—The presence of the peroxides of ether
scarcely affected the lower limit, but any large quantity raised the
higher limit (70). The lower limit was unaffected by small additions
of diethyl selenide or lead tetraethyl. The effect of pyridine (one
experiment) was in accord with Le Chatelier’s formula (117).

80 : ETHYL ETHER IN OXYGEN
The limits of ethyl ether
0 N\ in oxygen, downward prop-
- agation of flame in a narrow
burette, are 1.7 to 39.5 per
" N cent ether (112). :

ETHYL ETHER IN NITROUS
OXIDE

The limits of ethyl ether
in nitrous oxide, downward
propagation of flame in a
narrow burette, are 3.8 to
25.7 per cent ether (112).

(=i

o
(=}

ETHYL ETHER IN AIR, OR OXY-

ETHYLENE OXIDE, PER CENT
=
Y

8
4

N GEN, AND NITROUS OXIDE
The limits of ethyl ether

™~ air, or oxygen, and nitrous

N oxide have been determined

1 e for downward propagation

in a series of mixtures of
\m of flame in a narrow burette

s0—0 o—1 (112). 'The results are not
1 such as would be obtained
1 20 30 40 50 if the generalized form of Le

CARBON DIOXIDE IN ATMOSPHERE, PER CENT Chatelier’s law held for these

FIGURE 32.—Limits of inflammability of ethylene oxide in .
atmospheres of air and carbon dioxide mixtures.

ETHYLENE OXIDE
ETHYLENE OXIDE IN AIR

The limits of ethylene oxide in air, in a tube 5 cm. in diameter and
150 cm. long, with upward propagation of flame from the open end,
are 3.00 to 80.0 per cent (157). The richer mixtures in this range
burn at the bottom of the explosion tube for perhaps as long as 30
s§cond§ and then a very pale blue flame passes slowly to the top of
the tube.

ETHYLENE OXIDE IN OTHER ATMOSPHERES

Atmospheres of air and carbon dioxide.—The limits of inflamma-
bility of ethylene oxide in all mixtures of air and carbon dioxide are
shown in Figure 32. The determinations were made as described
in the previous paragraph. The upper part of the curve in Figure
32 applies to the curious type of flame just described, which is
apparently analogous to the ‘“cool flame’’ of ether (157). '
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ACETALDEHYDE
ACETALDEHYDE IN AIR

Table 23 gives the observed limits of inflammability of acetalde-
hyde in air.
TABLE 23.—Limits of inflammability of acetaldehyde in arr
UPWARD PROPAGATION OF FLAME

Dimensions of tube, .
em. Limits, per cent Refer-
Firing end Content of aqueous vapor eﬁce
o.
Diameter | Length Lower Higher
7.5 150 | Closed - - oocoooo___ 3.97 57 0 52— 90
5 150 |- A0l 4.21 57 | 90
HORIZONTAL PROPAGATION OF FLAME
7.5 150 | Closed . ..__..._.__.... {1a® T DY %0
5 150 |oeee O {ERTSl D | SO T —— 90
DOWNWARD PROPAGATION OF FLAME
7.5 150 | Closed - -__oooooooo . 4.27 13.4 | DIy 90
5 150 |- 16 o S 4.36 12.8 |- {5 1 SR 90
) P R {6 1 T 5.7 185 | eea 76

1 This range is for the “cool flame.”

In a large space at atmospheric pressure the lower limit of acetalde-
hyde in air is probably about 4 per cent, the higher limit perhaps
merging into the region of ‘“cool flames,” of which the higher limit is
about 57 per cent acetaldehyde.

ACETALDEHYDE IN OTHER ATMOSPHERES

The limits of acetaldehyde in an atmosphere composed of 21 per
cent oxygen, 19 per cent nitrogen, and 60 per cent carbon dioxide
V(vere 8.1 to 11 per cent for downward propagation in a 1.7-cm. tube

76).

In an atmosphere composed of 21 per cent oxygen and 79 per
cent carbon dioxide no mixture with acetaldehyde was inflammable
in a 1.7-cm. tube with downward propagation (76).

FURFURAL

The lower limit of furfural in air is 2.10 per cent at 125° C. The
determination was made in a tube 150 cm. long and 5 cm. in diam-
eter, propagation of flame upward from the open end of the tube

150).

ACETONE
ACETONE IN AIR

The limits of acetone in air, upward propagation of flame in a
tube 5 cm. in diameter, open at the firing end, were 3.00 to 10.80 per
cent (157) or 3.1 to 11.15 per cent (1568).
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] Tp,ble 24 summarizes other determinations of the limits of acetone
in air.

TABLE 24.—Summary of other determinations of the limits of inflammability of
acetone in air

UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per R
cm. cent efer-
Firing end Far end Col:)g;n‘t’;)lf)ggue eIr\}%e
Diameter Length Lower | Higher
15 300 (iron)._._.. 70
10 75 (glass) .. __ 62
7.5 1 150 (glass)__ . 78
5 150 (iron) .___ 70
5 150 (glass) - 70
5 150 (glass) - 78
5 150 (glass) - 62
2.5 | 150 (glass) - 78
2.5 | 60 (glass) . __. 62
2.5 | 25 (glass) ... 184
15 300 (iron) ... 2.89 | 12.40 70
10 75 (glass) .. 2.20 9. 62
7.5 | 150 (glass) - 2.92 | 11.90 78
5 150 (iron) .__. 3.90 |ooo___ 70
5 150 (glass) . __ 3.04 9.15 70
5 150 (glass) - .- 2.96 9.90 78
5 150 (glass) . - . 2.25 9.30 62
2.5 | 150 (glass) .. 3.10 8.25 78
2.5 | 60 (glass).._. 2.40 6.70 62
LAME
15 300 (iron) ... 10.90 70
10 75 (glass) . _ .. 8.50 62
7.5 | 150 (glass) - .. 8.60 78
5 150 (iron) .. |- do- - .| Open-_ -———-__.| 4.00 |.______. 70
5 150 (glass) . _ . 8.35 70
5 150 (glass) 8.40 78
5 150 (glass) - 8.30 62
5 |65 (glass).___[-___.do______.___|_...do-.__..__| 3.00|._______ 140
2.5 | 150 (glass) .- 8.25 78
2.5 | 60 (glass). ... 6. 50 62

The limits in a 2-liter flask and in a 13-liter flask, with ignition near
the base, were 2.5 to 10.4 per cent (102). Two older figures for the
lower limit, probably with downward propagation of flame, are 2.9
and 2.7 per cent (24, 27). The agreement of the figures in Table 24
1S PoOT.

_ Unusual difficulties have arisen in the interpretation of observa-
tions of the nature and progress of flame in acetone-air mixtures.
Thus, one observer writes (78):

The greatest difficulty was found with acetone * * *. The (higher limit)
figures finally taken were the highest values obtained in any of a great number
of trials. Below the values given an ignition would often occur and a flame
only go halfway up the tube * * *  The fact that a flame goes only half-
way or less along a tube is no proof that the mixture is above the limit in that
tube * * * ~Ina 7.5 cm. tube near the upper limit upward a mixture which

only propagated flame 50 ¢m. or less wculd often propagate flame much farther
at the second trial and at the third all the way to the top.
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It is perhaps correct to say that the lower limit of acetone in air
is not less than 2.5 per cent and the higher limit not more than 13
per cent.

Influence of temperature.—The lower limit of acetone in air,
upward propagation of flame in a tube 2 inches in diameteris 3.00 at
laboratory temperature (157) 2.92 at 125° C. (150).

ACETONE IN OTHER ATMOSPHERES

For “atmospheres” of nitrogen and oxygen, of carbon dioxide
and oxygen, and of equal volumes of nitrogen and carbon dioxide
mixed with oxygen, the mixtures containing oxygen in amounts
ranging from 20.9 per cent downward, the limits of acetone have
been determined in a 2-liter flask with ignition near the base. Curves
are given in the original paper (102) for the whole region of explosi-
bility. It appears that when the oxygen content of a nitrogen-
oxygen ‘‘atmosphere” is reduced below 13.5 per cent no mixture
with acetone will propagate flame (102).

METHYL ETHYL KETONE

Table 25 gives the observed limits of inflammability of methyl
ethyl ketone in air.

TABLE 25.—Limaits of inflammability of methyl ethyl ketone in air
UPWARD PROPAGATION OF FLAME

Dimensions of tube, Limits, per cent

cm. Refer-
Firing end Content of aqueous vapor e{me
No.
Diameter | Length Lower | Higher
7.5 7
5.0 78
5.0 110
2.5 78

7.5 1.

5.0 150 ..o do_._._ 2.05 8.5 |- doo 78
5.0 L) N do_ o 2.25 10.5 |- doo oL 110
2.5 150 |----- do. 2.12 6.6 ... Ao 78

OPAGATION OF FLAME

7.5 2.05 78
5.0 2.10 78
5.0 2.40 110
2.5 2.17 78

The lower-limit figures in the preceding table are moderately con-
sistent. In a large space at atmospheric pressure, the lower limit
is probably just below 2 per cent, the higher not greater than 12

per cent.
ACETIC ACID

The lower limit of acetic acid in airin a 500-c. c. flask, apparently for
downward propagation of flame, is 4.05 per cent at 36° C. (24).
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METHYL FORMATE

. The limits of methyl formate in air, upward propagation of flame
in a tube 6 cm. in diameter, open at the firing end, are 5.9 to 20.4 per
cent (158).

ETHYL FORMATE; METHYL ACETATE

"The limits of inflammability for ethyl formate in air and for methyl
acetate In air, in a closed tube 91 cm. long and 5 cm. in diameter, are
(110) as follows:

Limats of inflammability of ethyl formate in air and of methyl acetate in air

Ethyl formate, Methyl acetate,
per cent per cent

Direction of propagation

Lower | Higher | Lower | Higher

Upward . e 3.5 16.4 4.1 13.9
Horizontal 3.7 14.6 4.25 11.9
Downward 3.9 1.8 4.4 10.1

ETHYL ACETATE

_ The lower limit of ethyl acetate in air, upward propagation of flame
in a tube 6 cm. in diameter, open at the firing end, is 2.55 per cent
(158).

Other determinations of the limits of ethyl acetate in air are as
follows:

Summary of other determinations of the limits of inflammability of ethyl acetate tn air

Di{ﬂﬁgflgg of Limits for propagation, per cent
Refer-
Tube Upward Horizontal Downward | §&°
Diameter | Length
Lower | Higher | Lower | Higher | Lower | Higher
7.5 2.26 | ... 2.29 | ... 2.33 |- 78
5.0 2.32 | 111.40 2.35 | 19.80 2,371 17.10 78
2.5 2.44 | . 2.44 |___.___ 2.50 oo 78
2.5 2.25 D © IR PR PR PSRRI I 134
1 At 60° C.

Older experiments with ethyl acetate and air in a 2-liter bottle,
probably with downward propagation, gave a lower limit of 2.3 per
cent (24).

PROPYL ACETATE

The lower limit of propyl acetate in air, upward propagation of
flame in a tube 6 cm. in diameter, open at the firing end, is 2.05 per
cent (158).

ISOPROPYL ACETATE

The lower limit of isopropyl acetate in air, in a closed tube 25 cm.
long and 2.5 em. in diameter, central ignition, upward propagation of
flame, was 2.0 per cent (134).
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BUTYL ACETATE

The lower limit of butyl acetate (b. p. 124° to 124.5° C.) in air,
upward propagation of flame in a tube 6 cm. in diameter. open at the
firing end, was 1.7 per cent, at 30° C. (158).

ETHYL NITRATE

The lower limit of ethyl nitrate in air in a 2-liter bottle apparently
for downward propagation, is 3.8 per cent (24).

ETHYL NITRITE

The" observed limits of inflammability for dry ethyl nitrite in air,
in a closed tube 150 cm. long, are as follows:

Limits of inflammability of dry ethyl nitrite in air

Limits for propagation, per cent

Tube diameter, cm. Upward Horizontal Downward
Lower | Higher | Lower | Higher | Lower | Higher
T L 3.01 ’ __________ 3.51 | . 3.83 ) 15.1
L 3.51 7350 3.63 >45 3.91 | 14.4
! |

In all probability the higher limit upward propagation is much
higher than the figure shown. White (78) says:

That this compound is capable of transmitting two different flames through
the same mixture was shown during an attempted downward ignition in a
5 cm. tube at the upper limit. This mixture, which would have burned down-

wards violently in normal circumstances, on sparking gave a pale blue flame
which moved gently upwards through the 15 ecm. between the electrodes and the

top of the tube.
METHYL CHLORIDE

Mixtures of methyl chloride and air ranging from 10.75 to 17.40
per cent methyl chloride were ignited in a glass tube 2 inches in diam-
eter and 6 feet long, and flame traveled upward throughout the tube
at atmospheric pressure during propagation. The range appeared
to be wider when an induction-coil spark was used, in a 2%-liter bell
jar—8.25 to 18.70 per cent (136).

The range in a spherical bomb (size not stated), spark ignition, was
from 8.9 to 15.5 per cent methyl chloride (86).

METHYL BROMIDE

Methyl bromide-air mixtures appear to be incapable of ignition and
propagation of flame in a tube 2 inches in diameter, but mixtures con-
taining between 13.5 and 14.5 per cent methyl bromide were inflamed
by an induction-coil spark in a 2%-liter bell jar (136).

CHLOROFORM

No mixture of chloroform and oxygen or nitrous oxide, or of all
three together, is capable of propagating flame downward in a small
burette (112).
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ETHYL CHLORIDE

Mixtures of ethyl chloride and air ranging from 4.25 to 14.35 per
cent ethyl chloride were ignited in a glass tube 2 inches in diameter
and 6 feet long, and flame traveled upward throughout the tube at
atmospheric pressure. The range appeared to be somewhat wider
when an induction-coil spark was used in a 2%-liter bell jar—4.00 to
14.80 per cent (136). Another observation (115) gives the lower
limit 3.95 per cent for downward propagation in a tube 2 inches in
diameter and 2 feet long, both ends partly open during inflammation.

The range in an explosion pipette, downward propagation, spark
ignition was 3.6 to 11.2 per cent. For upward propagation in a eudi-
ometer tube, flame ignition, the range was 6.4 to 11.2 per cent of
ethyl chloride (84).

ETHYL BROMIDE

Ethyl bromide-air mixtures appear to be incapable of ignition and
propagation of flame in a tube, 2 inches in diameter, but mixtures
contalning between 6.75 and 11.25 per cent ethyl bromide were
inflamed by an induction-coil spark in a 2%-liter bell jar (136).

ETHYLENE DICHLORIDE

The limits of ethylene dichloride in air, in a tube 2 inches in diameter
and 6 feet long, upward propagation of flame at atmospheric pressure
during inflammation, are 6.20 to 15.9 per cent (157). The higher
limit figure was obtained at 125° C.

DICHLORETHYLENE

The limits of inflammability of dichlorethylene in air, observed in a
tube 5 cm. in diameter with upward propagation at atmospheric
pressure throughout, are 9.7 to 12.8 per cent (106).

VINYL CHLORIDE

The limits of vinyl chloride in air in a tube 2 inches in diameter and
6 feet long, upward propagation of flame, at atmospheric pressure
during inflammation, are 4.00 to 21.7 per cent (157).

DIETHYL SELENIDE

The lower limit of diethyl selenide in air, in a tube 5 cm. wide and
65 cm. long, downward propagation of flame, was 2.81 per cent, tube
partly opened during propagation (117), and 2.5 per cent, tube closed
127). '

TIN TETRAMETHYL; LEAD TETRAMETHYL
The lower limits of tin tetramethyl and lead tetramethyl in air, in a

closed tube 5 cm. wide and 65 cm. long, downward propagation of
flame, were 1.90 and 1.80 per cent, respectively (125).
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PYRIDINE

The limits of inflammability of dry pyridine in air in a closed tube
150 cm. long and 5 cm. in diameter are as follows (78): Upward, 1.81
to 12.4 per cent; horizontal, 1.84 to 9.8 per cent; and downward, 1.88
to 7.2 per cent. The lower limits were determined at 60° C. and the
higher at 70° C.

HYDROGEN AND CARBON MONOXIDE
HYDROGEN AND CARBON MONOXIDE IN AIR

The lower limits of various mixtures of hydrogen and carbon monox-
ide in air, observed in a vessel 6 feet high and 12 inches square in
section with upward propagation at atmospheric pressure (66), were

as follows:
Lower limits of inflammability in a large vessel

Lower limit, per cent
Hydro- | Cehon
n ¢ .
ide Calcu- | Differ-
Observed lated ence
100 0 410 ||
75 25 4.70 4.9 —0.20
50 50 6.05 6.2 -.15
25 75 8.20 8.3 . —.10
10 90 10. 80 10.4 +.40
0 100 12,50 |ooo oo

In a small vessel 4 cm. in diameter and 25 cm. high, presumably
with downward propagation, the lower limits observed were (24):

Lower limits of inflammability in a small vessel

Lower limit, per cent
C
Hggﬁo- ma(;rx?é’xx}
ide Calcu- | Differ-
Observed | ;04 ence
100 0 10 ||
63.9 36.1 11.9 11.5 +0.4
41.5 58.5 13.25 12.8 +.45
18.4 81.6 14.7 14.4 +.3
0 100 15,9 |

Other observers obtained similar results in a Bunte burette 19 mm.
in diameter, with downward propagation of flame, using a mixture
of equal volumes of hydrogen and carbon monoxide (28, 73).

The higher limit in air of a 50:50 mixture of hydrogen and carbon
monoxide, observed in a tube 5 feet high and 2 inches in diameter,
with upward propagation at atmospheric pressure, was 71.8 per cent,
which i1s 0.7 per cent less than the calculated value (66).

The differences between the observed figures and those calculated
from Le Chatelier’s law just exceed the experimental errors, for lower
and for higher limits.

HYDROGEN AND CARBON MONOXIDE IN OTHER ATMOSPHERES

The limits of inflammability of a mixture of hydrogen and carbon
monoxide in almost equal volumes, in atmospheres of nitrogen and
oxygen ranging from air to almost pure oxygen, were determined for
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downward propagation in a burette 19 mm. in width. The lower
limit rose slightly from 12.4 per cent of the mixture in air to 12.6
per cent in oxygen; the higher limit rose from 66.1 per cent in air to
92 per cent in 98 per cent oxygen (73).

WATER GAS

The limits for a mixture of equal volumes of carbon monoxide and
hydrogen calculated by the use of Le Chatelier’s formula are nearly
correct. Water gas contains other constituents, nitrogen, carbon
dioxide, and methane. The method of calculation expounded on
pages 8 to 12 takes account of these constituents and gives results
in fair agreement with experiment (151).

The limits of water gas were approximately 9 to 55 per cent for
upward propagation in a tube 7.5 cm. in diameter open at the firing
end (21). The water gas used contained hydrogen, 49.6 per cent;
carbon monoxide, 40.8 per cent; carbon dioxide, 2.6 per cent; and
nitrogen, 7.0 per cent.

Another sample of water gas (138) gave the limits 11.9 to 65.4
per cent for downward propagation of flame in a small tube.

Another sample gave the limits 6.9 to 69.5 per cent in a small
bulb in comparison with 6.1 to 65.4 per cent calculated by the method
expounded on page 8, but based on limits of the individual gases
obtained in larger apparatus (151). A carbureted water gas in the
same conditions gave the limits 6.4 to 37.7 per cent. The relatively
low higher limit 1s due to the presence of hydrocarbons in the carbu-
reted gas (161).

The limits of various samples of semiwater gas and Mond gas
have been determined in a Bunte burette, with both upward and
downward propagation of flame. Analyses and results may be found
in the original paper (146).

HYDROGEN AND AMMONIA

The limits of hydrogen-ammonia mixtures in air and in oxygen
have been determined in very small tubes with downward propagation
of flame. Apparently the higher limit mixtures in oxygen give results
in fair agreement with Le Chatelier’s law (99).

HYDROGEN AND HYDROGEN SULPHIDE

Both lower and higher limits of hydrogen-hydrogen sulphide
mixtures in air have been found to diverge widely from Le Chatelier’s
law throughout the whole range of mixtures. The limits are nar-
rower than those calculated and therefore limit mixtures of the
individual gases when blended give noninflammable mixtures.
The results, obtained in closed tubes 5 cm. in diameter, are plotted
in Figure 33 for both limits and for both upward and downward
propagation of flame; the curves calculated from the law are also
shown (100).

The results that would be obtained if experiments were so con-
ducted that atmospheric pressure was maintained throughout are
not known. It seems unlikely, however, that the wide differences
between actual results and those calculated would disappear.
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HYDROGEN AND METHANE

The lower limits of various mixtures of hydrogen and methane in
air were observed in a vessel 6 feet high and 12 inches square in section
with upward propagation of flame. At atmospheric pressure the limits
were (66):

Lower limits of inflammability with upward propagation

Lower limit, per cent
Hg;l; 0 | Methane -
Observed (%:tlgg lzlgg'
100 0 4.1 | feeiaas
90 10 4.1 4.2 —0.1
75 25 4.1 4.4 -.3
50 50 4.6 4.7 -.1
25 75 4.7 5.0 -3
0 100 5.6 |__._ -
‘ ~
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FIGURE 33.—Limits of inflammability of hydrogen-hydrogen sulphide mixtures in air
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The higher limit of a mixture of hydrogen, methane, and air,
observed in a tube 5 feet high and 2 inches in diameter with upward
propagation of flame at atmospheric pressure, was (66):

Higher limits of inflammability with upward propagation

Higher limit, per cent
Hg;i;o- Methane i )
Observed ) (;:?ngg Delliie%r-
100 0 75 ’ ____________________
48.5 515 22.6 | 22.7 —0.1
0 100 138 I ....................

The differences between the observed and calculated values in the
foregoing tables are beyond the experimental error in two tests; the
calculated results may be termed a fair approximation. Differences
rather greater than these were observed i closed tubes 5 cm. in
diameter for both upward and downward propagation of flame (100).

The approximate limits for a mixture of equal volumes of hydro-
gen and methane have been determined (67) in narrow tubes 0.9 to
0.2 cm. in diameter.

HYDROGEN, CARBON MONOXIDE, AND METHANE

Lower and higher limits for hydrogen-carbon monoxide-methane
mixtures in air can be calculated as accurately as for mixtures of
any two of these combustible gases (66).

HYDROGEN AND ETHANE

An old observation in a eudiometer tube 2 cm. in diameter gave the
higher limit in oxygen of a mixture of equal volumes of hydrogen and
ethane, with downward propagation, as being between 56 and 57 per
cent (8).

HYDROGEN AND PENTANE

The limits for a mixture of 3 volumes of pentane and 2 volumes of
hydrogen, observed in a horizontal glass tube 2.5 ¢m. in diameter
with the firing end open, were 2.4 to 8.7 per cent (69).

HYDROGEN AND ETHYLENE
HYDROGEN AND ETHYLENE IN AIR

Observations in closed tubes 5 cm. in diameter, with upward and
downward propagation of flame, showed that over the whole range
of these mixtures the limits were narrower than those calculated by
Le Chatelier’s law; the differences were a few tenths of 1 per cent
at the lower limits and a few per cent at the higher limits (100).

HYDROGEN AND ETHYLENE IN OXYGEN

The limits of inflammability of the range of hydrogen-ethylene
mixtures in oxygen have been determined. The observations were
made in very small apparatus and are therefore of limited value
98).
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HYDROGEN AND ACETYLENE

Lower limits of hydrogen-acetylene mixtures in air have been
determined in closed glass tubes 5 and 7.5 cm. in diameter, with
upward and downward propagation of flame. For upward propaga-
tion, with amounts of acetylene up to about 43 per cent of the
hydrogen-acetylene mixture, the lower limits were markedly greater
than those calculated ; between 43 and 50 per cent there was a sudden
drop, and thereafter the limits almost coincided with the calculated
values. For downward propagation the lower limits were consist-
ently a little greater than those calculated (100).

HYDROGEN AND OTHER GASES OR VAPORS

The limits of a series of binary mixtures of hydrogen and various
gases and vapors have been determined in a tube 5 cm. in diameter,
65 cm. long, downward propagation of flame. The results for each
pair of mixtures were of the same general type as for mixtures of
hydrogen and ethyl bromide, which have been quoted on page 15,
where their significance is discussed.

The gases and vapors used were ethyl bromide (113); methyl
iodide, methylene bromide, bromoform, ethyl iodide, ethylene
bromide (114); hydrogen selenide, diethyl selenide (117); dimethyl
selenide, dimethyl telluride (124); tin tetramethyl, lead tetramethyl
(125); ethyl alcohol, ether, acetone, benzene, pentane, cyclohexane,
methyl cyclohexane, and a hydrocarbon mixture (140).

From a study of the dew point, density, and range of inflamma-
bility of such mixtures of hydrogen and small amounts of other sub-
stances, it was concluded that tetramethyl tin is the best explosion
suppressor for hydrogen to be used in balloons or airships, followed
by dimethyl selenide and ethyl bromide (144). The practical im-
portance of these experiments seems, however, to rest in the proof
that none of the additions is effective in destroying the inflammability
of the hydrogen when mixed with air; when 0.90 per cent of lead
tetramethyl is present, the range of inflammability is 9 to 54 per cent,
compared with 9 to 71 per cent for pure hydrogen. Moreover, the
permeability of a balloon fabric to the explosion suppressors is not
considered.

AMMONIA AND ETHYL BROMIDE

The limits of inflammability of a series of ammonia-ethyl bromide-
oxygen-nitrogen mixtures have been determined in very small tubes.
A diagram in the original paper shows the limits for the two gases,
ammonia and ethyl bromide vapor, singly and mixed. Neither gas
is inflammable downward in air, but each will burn in oxygen (107).

HYDROGEN SULPHIDE AND METHANE

Both limits of hydrogen sylphide-methane mixtures in air, in
closed glass tubes 5 cm. in diameter with upward and downward
propagation of flame, show large deviations from those calculated.
The lower limits are markedly high. The higher limits, on the other
hand, are very high for mixtures rich in hydrogen sulphide and low
for other mixtures, so that the curves (for both directions of propaga-
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tion) for experimental and calculated figures cut across one another.
These curves are reproduced in Figure 34 (100).

HYDROGEN SULPHIDE AND ACETYLENE

The lower limits of hydrogen sulphide-acetylene mixtures in air
have been determined in closed glass tubes 5 cm. in diameter for
upward and downward propagation of flame. The maximum devia-
tion from the calculated limit was 0.3 per cent (100).

CARBON DISULPHIDE AND VARIOUS GASES AND VAPORS

Mixtures of carbon disulphide and air with ether, benzene, acetone,
and acetaldehyde, observed in closed tubes 5 cm. in diameter and
150 cm. long, showed no agreement with Le Chatelier’s law for
either higher or lower limits with downward propagation. It was
suggested that the propagation of flame in carbon disulphide-air mix-
tures may be catalyzed by some product of its combustion and the cata-
lytic effect inhibited by ether, benzene, acetone, and acetaldehyde (79).

The abnormal influence of small quantities of certain other inflam-
mable substances on the lower limit of carbon disulphide has already
been discussed (p. 28).

CARBON MONOXIDE AND METHANE

The lower limits of various mixtures of carbon monoxide and
methane in air in a vessel 6 feet high and 12 inches square in section,
with upward propagation of flame at atmospheric pressure through-
out, were (66):

Lower limits of inflammability with upward propagation

Lower limit, per cent
Carbon
mg(xllox- Methane Cal Dift
ide aleu- iffer-
Observed| 7, teq ence
100 0 126 |oo |l
90 10 11.0 1.1 —-0.1
75 25 9.5 9.6 -1
50 50 7.7 7.7 .0
40 60 7.2 7.1 +.1
25 75 6.4 6.5 -1
0 100 5.6 ||

. The higher limit of a mixture of carbon monoxide and methane in
air, In a tube 5 feet high and 2 inches in diameter, with upward propa-
gation at atmospheric pressure (66), was as follows:

Higher limit of inflammability with upward propagation

Higher limit, per cent

Carbon Methane

monoxide .
Calcu- Differ-
Observed | Tateq ence
100 0 73.0 | e
50 50 23.2 —0.4

£ 22.8 .
0 100 13.8 (01) | focaeaaaos
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The differences between the observed and calculated figures in the
two preceding tables are almost within the limits of experimental
error.

A series of experiments in a Hempel explosion pipette with down-
ward propagation of flame showed fairly good agreement with the
calculated values for the lower limit, but for the higher limit the
observed values were always low, sometimes as much as 10 per cent
(%9). .

CARBON MONOXIDE AND ACETYLENE

The lower limit of a mixture containing 84 per cent carbon monoxide
and 16 per cent acetylene has been determined in a vessel 4 cm. in
diameter and 25 cm. high, presumably with downward propagation
from an open end. The lower limit was 9.1 per cent in air, closely
agreeing with the figure calculated from the limits of carbon monoxide
and acetylene (24) observed individually in the same circumstances.

METHANE AND HIGHER HYDROCARBONS

METHANE AND ETHANE, METHANE AND PROPANE, METHANE AND BUTANE,
AND ETHANE AND BUTANE IN AIR

In a tube 5 cm. in diameter with upward propagation from an open
end the lower limits observed for methane-ethane, methane-propane,
methane-butane, and ethane-butane mixtures with air were in close
agreement with the values calculated from Le Chatelier’s law; the
higher limits observed were slightly less than those calculated (111).

The regularity of the lower limits of such mixtures is further dis-
cussed on page 92.

METHANE AND PENTANE IN AIR

Throughout the whole range of methane-pentane mixtures the
lower limits for upward or downward propagation in a 5-cm. tube
agree with the limits calculated by Le Chatelier’s formula from the
limits of methane and pentane separately (100). A 50:50 mixture
gave a lower limit close to the calculated limit for horizontal propa-
gation in a 2.5-cm. tube open at the firing end (69).

The higher limits, observed in the 5-cm. tube, were in general less
by a few tenths of 1 per cent than those calculated (100).

METHANE AND ETHYLENE

The limits of methane-ethylene mixtures in air in closed tubes 5
cm. in diameter, with upward and downward propagation of flame,
were in general slightly narrower than those calculated (100).

METHANE AND ACETYLENE

The limits of methane-acetylene mixtures in air were determined
in closed glass tubes 5 cm. in diameter, with upward and down-
ward propagation of flame. The lower limits for both directions of
propagation were slightly higher than those calculated. The higher
limits were a little less than the calculated limits for downward
propagation but were much greater for upward propagation. The
greatest difference was shown by the 40: 60 acetylene-methane mix-
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ture, for which the observed figure was 47 per cent for the higher
limit and that calculated was 21 per cent (100).

BENZINE
BENZINE IN AIR

The lower limit of benzine in air for upward propagation in a tube
6.2 cm. in diameter and open at the firing end was 1.1 per cent (28).
The limits for propagation downward in a closed pipette 1.9 cm. in
diameter were 2.4 to 4.9 per cent. The benzine all distilled below
105° C. (28). A second observer gave limits of 1.9 to 5.1 per cent
for benzine having a specific gravity of 0.700 and a boiling range of
67° to 94° C. (73).

BENZINE IN OTHER ATMOSPHERES

In a Bunte burette 19 mm. in diameter, with downward propagation
of flame, in nitrogen-oxygen atmospheres ranging from air to nearly
pure oxygen, the lower limit of benzine ranged between 1.9 and 2.1
per cent; the higher limit rose from 5.1 per cent in air, 19 per cent in
60 per cent oxygen, to 28.6 per cent in 94 per cent oxygen (73).

GASOLINE (PETROL)

In a glass jar of 2.8 liters capacity, with upward propagation of
flame, the limits of inflammability of gasoline 1n air were 1.45 to 6.2
per cent gasoline vapor (by volume). The limits in a Hempel pipette
of 100 c. c. capacity with downward propagation were 1.95 to 5.25
per cent; upward the lower limit was 1.55 per cent. The gasoline
had a specific gravity of 0.689 at 15° C. and a boiling range of 50°
to 140° C.; at 140° C. there was 2.7 per cent residue (56).

Influence of temperature.—At 400° C. the lower limit, observed in
a Hempel pipette of 100 c. c. capacity with upward ignition, was
reduced to 1.1 per cent from 1.55 per cent at air temperature (56).

Other experiments indicate that temperature has a greater effect
on the lower limit; the results seem unreliable, because in a parallel
series of tests with alcohol the lower limit found at 20° C. was
undoubtedly too high (77).

OIL GAS

The limits for oil gasin air are stated to be 6 to 13.4 per cent—
observed, perhaps, in a eudiometer tube (42).

OIL GAS AND ACETYLENE

The limits for a mixture of 75 per cent oil gas and 25 per cent
acetylene in air are stated to be 4 to 15.5 per cent—observed, perhaps,
in a eudiometer tube (42).

NATURAL GAS
NATURAL GAS IN AIR

The lower limit of natural gas in air in a tube 7 feet high and
12 inches in diameter with upward propagation of flame from open
to closed end was found to be 4.91 per cent natural gas in air. The

9959°—31——7
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mixture contained about 2 per cent water vapor. The percentage
composition of the gas was: Methane, 87.4; ethane, 6.8; propane,
1.55; butane, 0.81; pentane, trace; nitrogen, 3.2; oxygen, 0.1; and
carbon dioxide, 0.0. The limit figure represents, for convenience, the
proportion of the inflammable constituents of natural gas present in
the limit mixture with air. If the nitrogen and oxygen were included,
the limit for natural gas would be nearly 5.1 per cent. For propa-
gation of flame upward from closed to open end in the same tube, the
lower limit was 4.74 per cent (inflammable constituents).

The limits of natural gas in a tube 2 inches in diameter, with upward
propagation of flame from an open end, can be calculated with approxi-
mate accuracy by means of Le Chatelier’s law. For dry gases the
limits of the inflammable part of the natural gas were 4.80 to 13.46
per cent. The figures calculated from the corresponding figures for
the individual constituents—namely, methane, 5.24 to 14.02 per cent;
ethane, 3.22 to 12.45 per cent; propane, 2.37 to 9.50 per cent; and
butane, 1.86 tc 8.41 per cent—were, for natural gas, 4.85 to 13.72
per cent. The lower limit figure is nearly in agreement with that
calculated. It can not be appreciably affected by the nitrogen which
the natural gas introduces, but the higher limit figure will be affected
(see fig. 17, showing the influence of nitrogen on the limits of methane
in air). An estimate of the influence of nitrogen on the higher limit
ficure may be made thus: If deduction is made of 0.4 per cent nitrogen
corresponding with 0.1 per cent oxygen found in the natural gas, there
remains 2.8 per cent nitrogen brought to the mixture with the natural
gas. 'This amount represents, as 1t is present with the 13.7 per cent
hydrocarbons of the whole limit mixture, about 0.4 per cent ‘‘addi-
tional nitrogen’’ in the original “atmosphere.” From Figure 17 one
can see that this amount of additional nitrogen depresses the higher
limit for methane by about 0.1 per cent, and doubtless its effect on
the higher limit of natural gas is about the same (1171).

Further evidence that the limits for natural gas may be calculated
with fair accuracy from the limits of its various constituents is pro-
vided by the data which show that Le Chatelier’s law is followed by
these constituents when two are taken together. (See the sections
on methane-ethane, methane-propane, methane-butane, methane-
pentane, and ethane-butane mixtures.)

The lower limit, but not the higher limit, for any mixture of paraffin
hydrocarbons exhibits an interesting and useful regularity (111);
it is constant for all mixtures which have equal values for the analyt-
ical ratio C/A, C being the contraction observed on exploding the
mixture with excess air, A being the volume of carbon dioxide pro-
duced thereby. The lower limit of any mixture of paraffin hydro-
carbons can therefore be deduced fairly accurately without an exact
knowledge of its composition; all that is required is a determination
of the C/A ratio of the mixture and reference to Figure 35, the curve
of which is drawn through experimental points. The broken part
of this curve may be used to supply the lower limits of mixtures of
heavier paraffin hydrocarbens (111).

Influence of pressure.—The influence of pressure on the higher
limit of a “natural methane’’ (methane, 80.3; higher paraffins, 11.1;
carbon monoxide, 0.4; inert gases, 7.9 per cent) has been determined
In narrow tubes (3 or 5 mm. diameter), downward propagation of
flame (130). The higher limit rose rapidly, from 14.25 per cent
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“methane” at atmospheric pressure to 39 per cent at 12 atmospheres
and 52 per cent at 50 atmospheres.

Influence of turbulence caused by fans or by the detonation of
explosives.—Some experiments of a preliminary character have been
made to determine whether the lower limit of natural gas in air is
affected by turbulence such as that produced by fans or by the detona-
tion of explosives. The use of explosives necessitated experiments
on a comparatively large scale, and therefore a 20-foot section of a
100-foot steel tube 6% feet in diameter was used. The explosives
were fired near one end of the horizontal axis of the tube. The pipe had
paper-covered relief vents along the top, and the end opposite the
source of ignition was closed by a paper cover; these paper-covered
orifices enabled the extent of an ignition to be roughly judged. The
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FIGURE 35.—Variation of lower limit of paraffin hydrocarbons with C/A ratio

observations were sided by noting the effect of an experiment on tufts
of guncotton placed at various points in the tube.

The results were conveniently classed as (1) explosions, when the
paper covers were blown out violently and flame appeared from
the relief 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 at about 5.6 per cent natural gas and a lower limit of
mflammation at about 4.6 per cent.

Black blasting powder, 50 or 200 grams, burning with a long flame,
gave limits of 5.1 per cent and less than 4.7 per cent, respectively.

A straight nitroglycerin dynamite, 50 or 200 grams, gave a lower
limit of explosion at 5.6 per cent; ‘‘inflammation” could not with
certainty be observed at lower percentages on account of the violent
effects of the detonation on the paper covers.
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Turbulence induced by a fan run at appropriate speeds reduced the
limit of explosion to 5 per cent. The limit of inflammation was
slightly reduced at moderate speeds; at higher speeds inflammation,
apart from explosion, could not be observed. The term “inflamma-
tion”” 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;
“explosion”” was used to designate a sufficiently great amount of
inflammation at sufficient speed to cause the effects described. The
reduction of the limit of explosion by the long flames of gunpowder
was the effect of the greater amount of burning induced by them;
a similar effect was produced by turbulence.

The natural gas used in these experiments contained 87.8 per cent
methane, 6.9 per cent ethane, 2.6 per cent propane, 0.8 per cent
butane, 1.9 per cent nitrogen, and no oxygen or carbon dioxide.

The percentages of natural gas in the limit mixtures refer to
“nitrogen-free”” gas (108).

NATURAL GAS IN OTHER ATMOSPHERES THAN AIR

An extensive series of observations in a 100-c. c. Hempel pipette
and in a short steel cylinder of 2.8 liters capacity has been made with
atmospheres which contain oxygen, nitrogen, and carbon dioxide.
The composition of the mixtures used, including the natural gas,
ranged from 19.9 per cent to 14 per cent oxygen and from no carbon
dioxide to 61 per cent. The results are plotted in comprehensive
curves in the original paper (45).

COAL GAS (ILLUMINATING GAS)
COAL GAS IN AIR

The lower limit of a “town gas” (66) in a vessel 6 feet high and
12 inches square in section, with upward propagation from open to
closed end, was 5.35 per cent. The figure calculated from the
analysis given below in conjunction with the limits of the individual
constituents of the gas was 5.36 per cent.

The higher limit of a coal gas (66), in a tube 5 feet high and 2 inches
in diameter, with upward propagation from open to closed end, was
30.9 per cent. The calculated figure was 28.8 per cent, uncorrected
for inert constituents of the gas.

The town gas and the coal gas contained the following constituents:

Analyses of town gas and coal gas, per cont

|
Town i li Town
gas Coal gas gas Coal gas

Benzene, etc......__._________ 0.8 1.2 || Hydrogen 46.6 50.6
Carbon dioxide...._.._________ 2.6 0.1 | Methane____.__.__._____.__.__ 19.4 29.7
Oxygen..____.__. 0.5 0.1 4.0 3.2
Ethylene, etc 2.8 2.9 || Nitrogen 9.2 4.9
Carbon monoxide. _.._...__.__ 14.1 7.3 |l

|

The recorded limits of town and coal gas in smaller vessels and for
other directions of propagation are such as might be expected from
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mixtures containing a large proportion of hydrogen (16, 17, 18, 21,
22,28, 60,67,73,130, 138, 151). 'Thus, for the lower limit the figures
range between 5 per cent for upward propagation and nearly 10 per
cent for downward propagation; the higher limit figures range between
18.5 per cent for downward and 31 per cent for upward propagation.

An old set of comparative experiments showed a rise from 8.1 to
8.7 per cent in the lower limit of a coal gas as the diameter of the
experimental tube was decreased from 30 to 10 mm. (17). Some more
recent experiments showed that flame would still travel, apparently
indefinitely, in a tube 3 mm. in diameter when one of the most ex-
plosive mixtures was used, but would not travel in a tube 2 mm. in
diameter (67). It is hardly possible to compare the recorded results
more closely, because the composition of the illuminating gas varied.

Influence of pressure.—The higher limit of a French town gas rose
rapidly with increasing pressure. At atmospheric pressure the higher
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FI1GURE 36.—Limits of inflammability of coal gas with various admixtures

limit was 18.5 per cent, at 10 atmospheres 37.5 per cent, and at 22
atmospheres 51 per cent. Further increase in pressure had a diminish-
ing effect, for at 54 atmospheres the limit was 56.5 per cent gas. The
experiments were made with gas compressed into tubes of 3 or 5 mm.
diameter, with downward propagation of flame, and reasons are given
for concluding that the results would not be different in wider vessels.
The observations are of importance in relation to the use of compressed
gas (130).

Influence of temperature.—In a 35-c. c. bulb, side ignition, the lower
limit fell gradually from 6.9 to 6.3 per cent, the higher limit rose
from 22.8 to 28.7 per cent, as the temperature was increased from 15
to 300° C. The composition of the gas used is given in the following
paragraph (18).

Influence of impurities (nitrogen and carbon dioxide).—Two curves
in Figure 36 show the limits of a coal gas polluted by nitrogen and
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by carbon dioxide, as observed in a Bunte burette, downward propa-
gation of flame. The abscissas represent the composition of the gas
in terms of its calorific value (138). These can readily be converted
into percentage composition, for the calorific value of each mixture
is proportional to its content of coal gas.

COAL GAS IN OXYGEN

In a 35-c. c. bulb, with side ignition, the limits observed (18) were
7.4 to 69.7 per cent coal gas. The percentage composition of the coal
gas was: Heavy hydrocarbons, 5.3; carbon dioxide, 2.0; carbon mon-
oxide, 6.4; methane, 34.5; hydrogen, 49.4; and nitrogen, 2.4.

Influence of temperature.—In the same series of experiments it
was found that as the temperature was raised to 300° C. the lower
limit fell gradually to 6.9 per cent and the higher limit rose to 72 per
cent.

Influence of pressure.—The higher limit of a French town gas in
oxygen was 78.6 per cent at atmospheric pressure; 85 per cent at 10
atmosplieres; and 89.1 per cent at 43 atmospheres. The experiments
were made as described in the corresponding paragraph on coal gas in
air. At 74 atmospheres pressure, a mixture of 89.6 per cent gas and
10.4 per cent oxygen could not be exploded. It was concluded that
mixtures of town gas and oxygen, compressed in tanks up to 200
atmospheres pressure, could not explode if they contained less than
10 per cent oxygen; but that it would be prudent not to exceed 5 or
6 per cent oxygen. The act of compressing such mixtures must, how-
ever, be conducted in such a way as to avoid undue rise in their
temperature, which would widen the limits. Up to 80° C., however,
the higher limit is not appreciably altered (129, 130).

COAL GAS IN OTHER ATMOSPHERES

Atmospheres of composition between air and pure oxygen.—The
limits of a synthetic illuminating gas in air were 9.7 to 25.1 per cent in
a Bunte burette; the lower limit rose to 9.9 in 96 per cent oxygen and
4 per cent nitrogen, and the higher limit rose to 73.7 in the same mix-
ture (73). The percentage composition of the gas used was: Carbon
dioxide, 2.0; ethylene, 3.8; carbon monoxide, 9.0; methane, 30.2;
hydrogen, 51.0; and nitrogen, 4.0. .

Atmospheres of air and nitrogen (air deficient in oxygen) and of
air and carbon dicxide.—From the data presented in Figure 36 may
be calculated the composition of the atmosphere which is just incap-
able of forming an inflammable mixture with coal gas. If the air
contains less than 11.5 per cent of oxygen, it can not form an inflam-
mable mixture with coal gas;if the oxygen content of the air is reduced
by the addition of carbon dioxide, then when the mixture contains
more than 31 per cent carbon dioxide and consequently less than 14.4
per cent oxygen, it can not form an inflammable mixture with coal
gas. (In close agreement with the analytical figures of an old ob-
servation (28).) These conclusions may be fairly representative of a
normal coal gas, but they are based on observations of flame traveling
downward in a narrow burette ; in wider vessels and especially when ig-
nition occurs near the lower part of the vessel, the oxygen figures would
doubtless be several per cent less.
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Atmospheres of oxygen and carbon dioxide.—In an atmosphere
composed of 21 per cent oxygen and 79 per cent carbon dioxide, in a
35-c. ¢. bulb with side ignition, the limits of coal gas were 7.6 to 25.2
per cent. At 300° C. the limits became 9.3 to 18.2 per cent. The
composition of the gas used is given in the paragraph on coal gas-
oxygen mixtures (18).

COAL GAS AND METHANE

~ Mixtures of coal gas and methane have been shown to give lower
limits, for downward propagation, which can be calculated from the
limits observed for coal gas and methane separately (17).

COAL GAS AND WATER GAS

Figure 36 shows the limits in air of all mixtures of a typical coal gas
and a water gas, as observed in a Bunte burette, downward propaga-
tion of flame (738). The abscissas represent the composition of the
gasin terms of its calorific value. The addition of water gas to coal gas
widens the range of inflammability and in consequence increases the
chance of an explosion. The range would doubtless be found wider
by several per cent at cach limit for upward propagation of flame in
these mixtures. .

MINE-FIRE GASES AND GASES FROM MINE EXPLOSIONS

The limits of inflammability of mine-fire gases and of the atmos-
pheres after explosions, highly variable though they are in composition,
may be calculated with approximate accuracy by the method given
on page 8. Some examples (145) are given in Table 26.

TaBLE 26.—Typical samples of mine-fire almospheres found in coal mines

s Limits of in-
Composition of atmosphere, per cent by volume flammability
Sample No.
CO, 02 CcO CHLy He N, Lower | Iligher
) 13.8 2.8 4.3 3.3 4.9 70.9 45. 1 70. 4
2. 1.6 14.1 1.0 7.2 0 76.1 69. 2 100. 0
3. .5 17.4 0 i2.6 0 69. 5 40.1 160. 0
4__ 1.3 17.0 19 4.0 0 75.8 o O]
5. 6.4 1.4 1.1 16.7 .2 74.2 30.5 41.3
6 5.9 1.4 1.4 22.3 0 69.0 23.1 37.0
7 2.6 8.8 0 81 0 80.5 (O] O]

1 Noninflammable.

If the atmosphere contains methane and negligible amounts of
hydrogen and carbon monoxide, the necessary information may be
obtained from Figure 19.

AUTOMOBILE EXHAUST GASES

The usual adjustment of an automobile carburetor gives an air-fuel
ratio of about 12.5 : 1, and the exhaust is not inflammable. If, how-
ever, the air-fuel ratio is reduced below about 11.7 : 1 the exhaust is
inflammable and there is danger of explosion as well as poisoning
when the engine is run in a place of limited ventilation. The limits
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of inflammability of the exhaust gas may be calculated with approxi-
mate accuracy by the method given on page 8 (137, 145).

BLAST-FURNACE GAS

The limits of two typical blast-furnace gases, in a glass tube 6 feet
long and 2 inches in diameter, upward propagation of flame at atmos-
pheric pressure during propagation, were (1) 36 to 72 per cent, and
(2) 35 to 73.5 per cent. These figures agree approximately with
those calculated from the analysis of the gas by the method given on
page 8 (145). :

An older observation in a closed tube 8% inches long and 3 inches
wide, central ignition, gave the limits of a blast-furnace gas as 45 to
65 per cent (60). A more recent observation in a Bunte burette gave
the limits 35.8 to 71.9 per cent for upward propagation and 43.9 to
67.8 per cent for downward propagation of flame (146).

The composition of the gases used in the foregoing experiments was:

Analyses of blast-furnace gases, per cent
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Reference 60 ! 16
(¢} (©)]
Carbon dioxide 15.90 8.30 10.0 8.2
Oxygen.._........... . 0 0 .5 0
Carbon monoxide . 23.70 30. 65 21.5 25.6
Methané._._.._.._ .20 .10 .3 0
Hydrogen 4.30 3.00 2.7 4.4
NI rOZen - - - oo 55.90 57.95 59.0 61.8

PRODUCER GAS

The limits of a producer gas in air, in a Bunte burette, were 35.5
to 80.0 per cent for upward propagation and 40.6 to 76.5 per cent for
downward propagation of flame. The gas contained: Carbon dioxide,
2.8; carbon monoxide, 30.9; hydrogen, 4.6; and nitrogen, 61.7 per
cent (146).

Another sample of producer gas had the limits 20.7 to 73.7 per cent
in a small bulb, in comparison with 20.2 to 71.8 per cent calculated
by the method expounded on page 8, but based on limits of the indi-
vidual gases obtained in larger apparatus. The gas contained: Car-
bon dioxide, 6.2; carbon monoxide, 27.3; hydrogen, 12.4; methane,
0.7; and nitrogen, 53.4 per cent (151). The greater amount of hy-
drogen in this sample is responsible for the fall in its lower limit
compared with that of the first sample.

SOME HYDROCARBONS; ETHER; ETHYL CHLORIDE AND BRO-
MIDE; DIETHYL SELENIDE; TIN TETRAMETHYL; AND LEAD
TETRAMETHYL

Limits of the following pairs of mixtures, in various proportions,
have been determined in a tube 5 cm. wide and 65 cm. long, with
downward propagation of flame: Methyl cyclohexane and ethyl
chloride (116); “hydrocarbon” (isoheptane and dimethyl cyclo-
hexane) and ethyl bromide (115); “hydrocarbon” (isoheptane and
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dimethyl cyclopentane) and diethyl selenide, also with tin tetramethyl
and lead tetramethyl (127); ethy] ether and ethyl bromide (115); ethyl
ether and methyl iodide (115); ethyl ether and tin tetramethyl (127);
and ethyl ether and lead tetramethyl (127). The results are of the
general type shown in Figure 2, and were interpreted similarly.

METHYL CYCLOHEXANE; ALCOHOL; ETHER

The lower limits of mixtures of methyl cyclohexane, ethyl alcohol,
and ethyl ether, taken in pairs or all together, have been determined
in a tube 5 em. wide and 70 cm. long, with downward propagation of
flame. The observed results agree with those calculated by Le
Chatelier’s law (118).

GASOLINE; ALCOHOL; ETHER

Series of observations with ethyl alcohol-gasoline and ethyl alco-
hol-gasoline-air mixtures in a 2,300-c. c. vessel at 50° and 90° C.
showed moderated agreement with Le Chatelier’s law. The results,
expressed in cubic centimeters of liquid vaporized in 1,000 c. c.
of air, are throughout probably too high; the result for pure alco-
hol was undoubtedly too high (77). :

BENZENE AND TOLUENE

The limits of benzene-toluene mixtures in air in a closed tube 5 cm.
in diameter and 150 cni. long were in close agreement with the values
calculated by Le Chatelier’s formula for upward, horizontal, and
downward propagation, lower and higher limits (79).

BENZENE AND ETHYL ALCOHOL

The lower limits of mixtures of benzene and ethyl alcohol in air, up-
ward propagation of flame in a tube 5 cm. wide and 150 cm. long, open
at the firing end, deviate somewhat from the values calculated by Le
Chatelier’s formula (150).

METHYL ALCOHOL AND ETHYL ALCOHOL

Lower and higher limits of mixtures of methyl and ethyl alcohol in
air, downward propagation of flame, in a 2-liter cylinder at 75° C.,
agreed with the values calculated by Le Chatelier’s formula (152).
All the individual values are, however, probably too high. Another
observer (153) found that the lower limit of a 50 : 50 mixture of the
two alcohols was 0.7 to 0.3 less than that calculated over the range 50°
to 250° C. in similar circumstances.

Influence of water.—The lower limits of mixtures of water and the
two alcohols rise steadily as the amount of water increases from 0 to
60 per cent, but the amount of the mixed alcohols is approximately
constant in the limit mixture. When 80 per cent of water was present
it was difficult to inflame any mixture of the vaporized liquid and air
at 105° C., and 85 per cent water made inflammation practically
impossible (152).
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METHYL ALCOHOL AND ETHER; METHYL ALCOHOL AND ACE-
TONE; ETHYL ACETATE AND BENZENE; ACETALDEHYDE AND
TOLUENE; ETHYL NITRITE AND ETHER

Lower limits of methyl alcohol-ether, methyl alcohol-acetone,
ethyl acetate-benzene, acetaldehyde-toluene, and ethyl nitrite-ether
in air were determined in closed tubes 5 cm. in diameter and 150 cm.
long. Kach pair of these combustible substances showed close agree-
ment with Le Chatelier’s law. No figures are quoted in the original
communication (79).

For methyl alcohol-acetone mixtures with air the law has been
shown to apply to higher as well as lower limits by experiments in a
closed 2-liter spherical flask with ignition in the lower part of the
flask (102).

ETHYL ALCOHOL AND ETHER; ACETONE AND ETHER

Observations with ethyl alcohol-ether-air and acetone-ether-air
mixtures in closed tubes 5 cm. in diameter and 150 cm. long showed
close agreement with the values calculated by Le Chatelier’s formuls,
for lower limits, upward, horizontal, and downward propagation, and
for higher limits, downward propagation. The higher limits, upward
or horizontal propagation, differ greatly from the calculated values;
these differences are ascribed to the irregular intervention of the
“cool flame”” of ether. Detaiis of the results may be obtained in the
original communications (70, 79, 118).

ETHYL ALCOHOL AND FURFURAL

The lower limits of two mixtures (3 : 1 and 1:3) of ethyl alcohol
and furfural, upward propagation of flame in a tube 5 cm. wide and
150 ecm. long, open at the firing end, deviate somewhat from the values
calculated by Le Chatelier’s formula (150).

ETHYL ALCOHOL AND ACETONE

The lower limit of a 4 :1 mixture of ethyl alcohol and acetone,
upward propagation of flame in a tube 5 cm. wide and 150 cm. long,
open at the firing end, was nearly in agreement with the value calcu-
lated by Le Chatelier’s formula (150).

ETHER AND ACETALDEHYDE

Observations with ether-acetaldehyde-air mixtures in closed tubes
5 cm. in diameter and 150 cm. long showed close agreement with the
values calculated by Le Chatelier’s formula for lower limits, upward
and downward propagation, and for higher limits, downward propa-
gation. The observed values for higher limits, upward propagation,
are definitely lower than those calculated. Both ether and acetalde-
hyde give rise to ‘““cool flames” in the richer mixtures, and the higher
limits reported are those of the ‘“cool flames.” The propagation of
the ““cool flame” by either constituent is not assisted by that of the
other to the extent that an additive law would indicate (79).
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ACETONE AND METHYL ETHYL KETONE

Observations with acetone-methyl ethyl ketone-air mixtures in
closed tubes 5 cm. in diameter and 150 cm. long for both limits
showed close agreement with the values calculated by Le Chatelier’s
formula, for horizontal and downward propagation. For upward
propagation the lower limits were slightly higher than those calcu-
lated; the higher limits were several tenths of 1 per cent higher than
those calculated (79).

PARAFFIN HYDROCARBON HALIDES

The limits of the following mixtures have been determined in air,
in a 214-liter bell jar, electric spark ignition: Methyl chloride and
ethyl chloride; methyl chloride and methyl bromide; methyl bromide
and ethyl chloride. All mixtures of each pair are capable of violent
explosion when mixed with appropriate amounts of air. The ob-
Terve(ad limits differ appreciably from those calculated by Le Chatelier’s
aw (136).

SOME MIXED SOLVENTS FOR LACQUERS

Table 27 gives lower limits, in grams per liter, of a series of mixtures
of hydrocarbons, esters (active nitro cellulose solvents), and alcohols.
The limits were determined in a closed tube 25 cm. long and 2.5 cm.
in diameter, central ignition, with upward propagation of flame (134).

TaBLE 27.—M<ized solvents, composition and limits

Mixture No._ ... 1 2 3 4 5 6 7 8

Benzene. . . 50 60 b0 2 I b2 I O
Toluene_____________ RO N S 40 60 60 40 30 30
V. M. P. naphtha___ (R R SRR R RS NS N 30 foeeeoooo
Ethyl acetate ______ - 50 30 15 16 |oceceee B (1 R R,
Butyl acetate_ _____________ || ) 3 15 10 |ocmoe oo
Butyl propionate_____________________| || .. 15 15 10 30 40
Ethyl alecohol .. .____ - 10 5 [ PO FN PRSI E,
Butyl alcohol .. _____ B S 5 5 10 10 10 30
Lower limit, gram per liter._.___.____ 0.070 | 0.057 | 0.071 | 0.098 | 0.082 | 0.062 | 0.059 0.077

SUMMARY OF LIMITS OF INFLAMMABILITY

Tables 28 and 29 contain chosen values for the limits of inflam-
mability of single gases and vapors and of some industrial mixtures
in air at ordinary temperatures and pressures. The values observed
for upward propagation of flame in large vessels are chosen as most
generally useful for reasons given earlier.

The figures in italics represent experiments with mixtures con-
tained in closed or small vessels; they are therefore not applicable
with certainty to conditions in which normal pressure is maintained
during the passage of flame but are useful approximations. Refer-
ence to the text will give more exact definition of the conditions of
observation,
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TaBLE 28.—A pprozimale limits of inflammability of single gases and vapors in air
at ordinary temperatures and pressures, per cent

Lower Higher Lower Higher
Gas or vapor limit, by | limit, by QGas or vapor limit, by | limit, by
volume | volume volume | volume
Hydrogen. ... ___._____ 4.1 74 Ethylene oxide. ... _..._._____ 3.0
16 27 Acetaldehyde_________________ 4
Hydrogen sulphide___________ 4.8 48 Furfural (125° C.)____________ 2
Carbon disulphide_..____._____ 1.0 50 Acetone_ _____________________ 3
Carbon monoxide. 128 74 Acetone (turbulent mixture).__ 2.6
Methane_ ____________________ 5.3 14.0 || Methyl ethyl ketone_________ 2
Methane (turbulent mixture) . 5.0 15 Methyl formate_ _____________ 6
aNe. ... 3.2 12.5 || Ethyl formate_ _______________ 3.5
Propane. ... ________.________ 2.4 9.5 || Methyl acetate_______________ 4.1
Butane_______________________ 1.9 R.5 || Kthylacetate.________________ 2.5
Pentane______________________ 1.45 7.5 || Propyl acetate.________._____ 2.0
Ethylene.___________________. 3.0 20 Buv 1 acetate (30° C.). 1.7
Acetylene____________________ 20 | I thy] nitrite_ . _._.__________ 3
Acetylene (turbulent mixture)| 2.8 | Methyl chloride_-_________ 8
Benzene oo 1.4 7 Methyl bromide-_.___________ 13.5
Toluene. ... i 1.4 7 Ithyl ehloride_ ... __.________. 4
Cyclohexane___ 1.3 8.3 || Kthyl bromide____.___________ 7
Methyl cyclohexs 1.2 . Ethylene dichloride__________ 6
Methyl aleohol . ______________ T Dichlorethylene______________ 10
Ethylaleohol __.__.__________ 4 19 Vinyl chloride________________ 4
Ethylether..__._.__._.____ 1.7 26 (48) H Pyridine (70° C.)___________ 1.8

1125° C.

TABLE 29.—Approzimate limits of inflammability of some industrial miztures
of gases and vapors in air al ordinary lemperatures and pressures, per cent

Lower [ Higher Lower | Higher
(Gas or vapor limit, by | limit, by 1as or vapor limit, by | limit, by
volume | volumne volume | volume
|
Benzine. ... __________ ) I O P, Naturalgas___________________ 4.8 13.5
Gasoline._ 1.4 6 | Illuminating gas 5.3 31
Watergas_ . ___________ 6toY ' 55to70 | Blast-furnace gas 35 74

The limit figures in Table 29 apply only to particular samples of
mixture; analytlcal data will be found in the text. By the use of Le
Chatelier’s law the limits of samples of similar mixtures can be
calculated.

Further information about the limits of gases and vapors will be
found in the text; it is not suitable for inclusion in Tables 28 and 29
but may be useful if the conditions of determination are kept in mind.

Much information about the limits of certain gases and vapors in
other atmospheres than air has been assembled. The influence of
pressure and temperature and the effect of turbulence on limits of
inflammability have been shown.
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