Bulletin 503

U.S BUREAU OF . BUREAU OF MINES
o, s MINES UBRAZY
JUNEAU, ALASKA 99903

LIMITS OF FLAMMABILITY OF
GASES AND VAPORS

BY H. F. COWARD AND G. W. JONES

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1952



UNITED STATES DEPARTMENT OF THE INTERIOR
Oscar L. Chapman, Secretary

BUREAU OF MINES
I. 1. Forbes, Director

For sale by the Superintendent of Documents, U. S. Government Printing Office
Washington 25, D. C.—Price 70 cents (Paper)



FOREWORD

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

Dr. H. F. Coward, of Sheffield, England, was detailed by the British
Safety in Mines Research Board in April 1925 to the experiment station of the
Bureau of Mines at Pittsburgh, Pa., to make a cooperative study of certain
chemical and physical factors connected with the initiation and propagation
of flame in different gases under various conditions. G. W. Jones, of the
Bureau of Mines, was detailed to work in association with Dr. Coward.

A knowledge of the limits of flammability of methane and of the distilla-
tion products of coal in air and in partly vitiated atmosphere is of fundamental
importance in the study and prevention of mine explosions. Likewise, a
knowledge of the flammable limits of gasoline and benzol vapors, natural and
manufactured gas, blast-furnace gas, hydrogen, acetylene, and many other
Fases is of equal importance in preventing gas explosions and fires in the metal-
urgical, petroleum, gas-manufacturing, and related industries.

Substances that a short time ago were found infrequently, even in the
laboratory, are being used on a large scale as anesthetics, insecticides, solvents
for lacquers and resins, etc., and some of them form dangerously explosive
mixtures with air. The importance of such data is shown by the increasingly
frequent inquiries received by the Bureau of Mines for information on the
limits of flammability of various gases and vapors when mixed with air or
other “atmosphere.” Data on limits are widely scattered in the literature,
and many of the figures seem contradictory. In the following pages they have
been arranged, coordinated, and critically reviewed. The opportunity has
been taken to include a number of results that have not hitherto been published.
There are now 155 substances in the summary of flammability limits in air
and in oxygen as against 26 in the first edition.

A. C. FIELDNER,
Chief Fuels Technologist.
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LIMITS OF FLAMMABILITY OF GASES AND VAPORS'

By

H. F. Coward ? and G. W. Jones?

PART I. DETERMINATION OF LIMITS

DEFINITIONS

FLAMMABLE mixture of gases, such as
methane and air, may be diluted with
one of its constituents or with other gases

until it is no longer flammable. The dilution
limit of flammability, or simply the limit of flam-
mability, is the borderline composition; a slight
change in one direction produces a flammable
mixture, in the other direction a nonflammable
mixture.

There are clearly two limits of flammability,
a lower and a higher, for each pair of so-called
combustible gases and supporters of combustion.
The lower limit corresponds to the minimum
amount of combustible gas and the higher or
upper limit to the maximum amount of com-
bustible gas capable of conferring flammability
on the mixture. For example, for methane-
air mixtures these limits under normal condi-
tions are approximately 5 and 14 percent
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 percent methane,
however, may burn on contact with external
air, for mixtures that contain less than 14 per-
cent methane are formed in the zone where the
gases mingle.

The experimental determination of limits of
flammability is more difficult than may be
expected, as is shown by the contradictory
figures reported from time to time. This bulle-

1 Work on manuscript completed November 1950.
2 Late Director of Safety in Mines Research, Ministry of Fuel and
Power, Great Britain.

3 Chief, Gaseous Explosions Branch, Central Experiment Station,
Bureau of Mines, Pittsburgh, Pa.

tin presents the results of a critical review of all
figures published on the limits of flammability
of combustible gases and vapors when admixed
with air, oxygen, or other “atmosphere.” Sus-
pended dusts and liquid mists are not consid-
ered, except in one or two instances in which
direct comparison can be made with vapors.

CONDITIONS FOR PROPAGATION OF FLAME
IN MIXTURES OF GASES

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 mix-
ture is incapable of self-propagation of flame.
This is often visible as a ‘“‘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 flame
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 2 or 3 feet from an initiati
spark or flame in a still atmosphere (236).%
Such flames are not self-propagating, as they
are extinguished when the influence of the source
of ignition is lost.

When a weak source of ignition is employed,
some flammable mixtures, especially those near
the limits, may not inflame. The source of
ignition is 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 1s

4 Ttalicized numbers in parentheses refer to Bibliography at end of this
bulletin.
1



2 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

axiomatic that the limits are unaffected by
variations in the nature and strength of the
source of ignition. When statements are made
that limits vary according to the means of
ignition, it is clear that the observers used
either such strong sources of ignition that the
caps of flame gave the appearance of general
inflammation or such weak sources that flame
was not started in mixtures which were, in fact,
flammable. Under these conditions they were
determining the limits of ignitibility by the
articular sources of ignition they used, not the
imits of flammability of the mixture itself
(63, 227).

DIRECTION OF FLAME PROPAGATION

When a source of ignition, such as an electric
spark or a flame, is introduced into a flammable
mixture, flame tends to travel away from the
source in all directions. In a very large volume
of mixture the form of the zone of combustion
would be a spherical shell of increasing radius
were it not that the hot expanded products of
combustion tend to rise and hence to introduce
convection currents. Flame cannot travel
downward when the upward movement of the
gases, due to convection, is faster than the
speed of flame in a still mixture, as happens in
weak mixtures near the limits of flammability.
Hence, near each limit there is a range of mix-
tures that will propagate flame upward but not
downward. Tll;ese may correctly be termed
“flammable mixtures,” as it is only necessary
to ignite them near their lower confines to
observe self-propagating.flame traveling to the
higher confines. The gentle convection current
set up by the flame increases the apparent
speed of flame but, as far as is known, does not
enable flame to travel when in the absence of
convection effects it would not be propagated
(63). It seems correct, therefore, to observe
upward propagating flames when defining the
limits of flammability of gas mixtures; but, for
some purposes, it is desirable to know the limits
of flammability for propagation of flame in
other directions (33). Such limits when de-
termined are included in the experimental
results given in this bulletin.

For safety in industrial operations it is
generally wisest to consider the limits for up-
ward propagation as the danger line, since
these limits are wider than those for horizontal
or downward propagation of flame.

DIAMETER OF VESSEL

The propagation of flame depends upon the
transfer of energy from the burned to the
neighboring unburned gas, and in a limit mix-
ture the amount of energy available for transfer
is only just enough to maintain flame propa-
gation; therefore, anything that reduces the

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

The observed limits of flammability are
almost always widened as tube diameter is
increased, rapidly at first and more slowly
afterward, so that increase of diameter above
5 cm. rarely shows more than a few tenths of
1 percent increase in the range of flammability;
many examples of this may be found in the
tabulated results in the following pages, but
there are a few mnotable exceptions. For
example, while the higher limit (downward or
horizontal propagation of flame) of acetylene-
air mixtures is much increased by enlarging
the diameter of the vessel beyond 5 cm., the
higher limits (upward propagation of flame)
of hexane and ethylene are much reduced.
Moreover, the abnormal ‘“‘cool flame’” in higher-
limit acetone-air mixtures appears to be able
to travel upward in certain mixtures in a
2.5-cm. tube but not in 5- or 7.5-cm. tubes.
With few exceptions, 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 that depends on the composi-
tion of the mixture and the dimensions of the
tube; the inflammation of one layer of gas re-
peats the inflammation of any other layer in
the “uniform movement’’ of flame. Sooner or
later vibratory movement of the flame may re-
place the uniform movement; but this is rarely
observed in limit mixtures. When it has hap-
pened, however, the simple expedient of hold-
g a pad of cotton wool loosely against the
open end of the tube has suppressed any tend-
ency to vibration without sensibly hindering
maintenance of constant pressure conditions.
The flame then travels throughout the tube at
uniform speed; and variation in length of the
tube, provided it is long enough (say, 4 feet)
for the initial impulse of the source of ignition
to be dissipated, has no effect on the limits
observed therein.

In experiments with closed tubes, however,
it is untrue that the length of tube does not
affect the results. The longer the tube the
smaller must be the pressure attained during
propagation of a limit flame, because in longer
tubes the gases behind the flame have time to
cool more before the flame reaches the end of
its journey. Schiitzenberger (303) showed long
ago that the observed limits in closed tubes are
affected by the length of tube. In experiments
with mixtures of 10 percent hydrogen and 90
percent oxygen he found that there was “a
maximum length of column of gas, beyond
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which flame is propagated only a short way
from the spark, whilst it can be propagated for
lesser lengths” (of column of gas). An elab-
orate experimental study has confirmed and
extended these observations (322).

EFFECT OF SMALL CHANGES IN ATMOSPHERIC
COMPOSITION

Humidity.—Some gas mixtures are exceed-
ingly 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 considered in the
present review.

Limits have sometimes been determined with
roughly dried mixtures in which the partial
pressure of water vapor is less than 1 mm.,
sometimes with mixtures saturated with water
vapor at the temperature of the laboratory.
The condition of humidity has not always been
stated, perhaps because it has been assumed to
be negligible. Probably the difference is ap-
preciable for most gases only in exact work.
Thus, the lower limit of methane in air, in cer-
tain comparative experiments, was found to be
5.24 percent for a mixture dried by calcium
chloride and 5.22 percent for one saturated
with water vapor at laboratory temperature.
These are actual percentages and are equal
within experimental error; but, as usually re-
ported from analyses calculated on a dry basis,
they appear as 5.24 and 5.33 percent, respec-
tively. For methane, therefore, the true lower
limit is not appreciably affected by the replace-
ment of about 2 percent of air by an equal
volume of water vapor. The higher limit, how-
ever, is reduced by such a replacement, because
the oxygen content, which is less than the
amount required to burn the methane com-
pletely, is thereby reduced. 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 percent, respectively (69).

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 percent
for upward propagation of flame in a 2-inch
tube; if the gases were dried by passage over
calcium chloride, the lower limit became 15.9
percent (70). Such a large difference is excep-
tional, perhaps unique, as moderate drying
of carbon monoxide-air mixtures affects their
ignition temperatures and flame speeds more
than it affects these properties of any other
gas hitherto examined.

Oxygen Content.—The lower limit of meth-
ane-air mixtures and of some, probably 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
correspondingly smaller amount of the com-
bustible gas can burn. Thus, reduction of
the oxygen content of the air from 20.9 to 20.6
percent depressed the higher limit of methane
about 0.3 percent. (See fig. 20.)

PRESSURE

The normal variations of atmospheric pres-
sure do not appreciably affect the limits of
flammability, 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 pressure than
those of the atmosphere (14, 17, 95, 164, 225,
235, 309).

The effect of larger variations in pressure is
neither simple nor uniform but is specific for
each flammable mixture. So far as is known,
reduction in pressure below 760 mm. generally
narrows the range of flammability by raising
the lower limit and decreasing the higher
limit. This change is often imperceptible for
the first few hundred millimeters’ fall in pressure
below atmospheric, but thereafter the effect
increases until at a suitably low pressure the
limits coincide; below this point no mixture
can propagate flame (65, 171a, 180).

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
filled a 570-cc. 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 (66). At such pressures
the electric discharge used to test the flam-
mability 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-propa-
gation 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 giﬁiculty of main-
taining constant pressure during the inflam-
mation 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.
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Increase of pressure above that of the at-
mosphere does not always widen the limits.
On the contrary, the range of flammability of
some mixtures is narrowed by increase of
pressure, so that a mixture that can propagate
flame at atmospheric pressure may not be able
to do so at higher pressures. For such mix-
tures the lower limit may pass through a mini-
mum and the higher limit through a maximum
at pressures (not necessarily the same) equal
to or greater than that of the atmosphere (277,
324). Details are given in the paragraphs on
the effect of pressure on the individual mix-
tures, more especially those of air with hydrogen,
carbon monoxide, the simpler paraffin hydro-
carbons, natural gas, and ethylene.

Attention may be called to the observations
that the range of flammability of hydrogen-air
and carbon monoxide-air mixtures (downward
E;(})lpagation of flame) is narrowed at both
imits by moderate increases of pressure above
atmospheric 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. It has been suggested that
the loss of heat by convection is greater at high
pressures than at low, as density differences are
greater at high pressures, therefore that the
range should be narrowed at both limits when
flame is traveling downward. This would ex-
plain the results for hydrogen (both limits,
moderate pressures), carbon monoxide (both
limits, all pressures), and the paraffin gases
(low limit only, moderate pressures). Super-
posed on this effect is another, however. Ac-
cording to the law of mass action, and assuming
complete oxidation in one stage, the rate of
reaction at constant temperature is greatest in
methane-air mixtures when 33.3 percent meth-
ane is present. The mass-action effect be-
comes a more important factor as the pressure
is raised and hence tends to raise the higher
limit in methane-air mixtures with increase of
pressure. A similar explanation may be given
for higher-limit curves of the other paraffin
hydrocarbons. For hydrogen and carbon mon-
oxide, however, the mass-action law indicates
that the 66.7-percent mixture has the greatest
rate of reaction at constant temperature. As
the higher limit of each of these gases is above
66.7 percent, the effect of mass action would
not tend to reverse the effect of convection
(277). The more recently discovered rise in
the higher limit of hydrogen at pressures from
10 to 220 atmospheres calls for explanation
along other lines (14, 17).

The foregoing argument on the influence of
convection on the limits of flammability was
applied to results of experiments on downward

propagation of flame. The argument was sup-
ported 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 re-
mained unaltered between 760 and 5,000 mm.
pressure, and the higher limit was increased
even more than for downward propagation
277).

( W)ith only one exception known to the writers
(104), all measurements of limits at pressures
above or below atmospheric have been made in
closed vessels, hence the results relate to pres-
sures that increased at an unknown rate and
to an unknown amount during the experiment.
The rate and amount would vary with the size
and shape of the container.

The same criticism applies to experiments in
closed vessels when the pressure is initially
atmospheric; the results obtained are a function
of the length of the vessels used, as this governs,
in part, the rate and amount of pressure
development (63).

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 de-
creased by increase of initial temperature and
the higher limit should be increased. In other
words, the range of flammability should be
widened at both limits by increase of temper-
ature.

Experiment has shown that, for most mixtures,
there is a straight-line relation between the limit
of flammability and the initial temperature of
the mixture (358). This relation was obscured
in earlier experiments by errors due to slow
combustion, which changed the composition of
the mixture while it was in the heated vessel
and before it was tested by sparking. The
same error presumably explains those results
in which a widening of the range of flamma-
bility was not observed.

Ordinary variations of laboratory tempera-
ture have no appreciable effect on limits of
flammability.

TURBULENCE

Few observations have been made on the
effect of turbulence on limits of flammability,
but it has been shown that the lower limits of
methane and ethane in air are reduced some-
what by a suitable amount of turbulence pro-
duced either by a fan or by stream movement
of the mixture and that the range of flamma-
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bility of ether-air mixtures is somewhat widened
by stream movements.

Turbulence caused by fans or by the detona-
tion of explosives affects the lower limit of
natural gas somewhat. (See the paragraphs
that 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, but very few
strictly comparable results are available to
show whether small differences exist. The
lower limit of methane, observed with central
ignition in a globe or with downward propaga-
tion of flame in a tube, is rather higher in oxygen
than in air (267, 271), presumably because the
mean molecular heat of oxygen is higher than
that of nitrogen between room temperature
and that of a Iimit flame, say, 1,200° to 1,400°
C. For upward or horizontal propagation the
lower limit of methane is slightly less in oxygen
than in air; the ammonia limit 1s markedly %ess
(271). 'The higher limits of all flammable gases
are much greater in oxygen than in air; hence
the range of flammability is always greater in
oxygen.

EFFECT OF CHEMICALLY INERT SUBSTANCES

The addition of increasing amounts of a
chemically inert substance to the atmosphere
causes the limits of a gas to approach and ulti-
mately to meet. Many examples can be found
in the following pages, but the most complete
series available is for methane limits, as illus-
trated in figures 24 and 29. The extinctive
efficacies of the five diluents, carbon tetra-
chloride, carbon dioxide, nitrogen, helium, and
argon, decrease in the order given, that is

CC1,>CO,; >N, >He>A.

The experiments giving these results were
carried out in tubes of 5 cm. diameter. In tubes
of 2.2 em. diameter the order of the last four
diluents, for several combustibles, is (841):

CO;>He >N, >A.

In still narrower tubes, 1.7 and 1.6 cm. diameter,
the order is (194, 285):

He>COg>N2>A.

It will be seen that the order CO; >N, >A is
the same in all experiments, but that helium
tends to rise in efficacy as the diameter of the
tube in which the experiments are made de-
" creases. The effects of carbon tetrachloride,
carbon dioxide, water vapor, nitrogen, and
argon correspond closely with their specific
heats, but the very high thermal conductivity
of helium tends to give it an abnormal position

939350°—62—2

in the series; this effect is enhanced in the
narrower tubes because of the greater readiness
with which helium conducts heat from the
%ases to the walls of the tube, thus cooling the

ame in this way more than do the other gases
named (94).

From curves showing the effect of an inert
diluent on the limits of flammable gas in air,
it is easy to deduce (1) the minimum percentage
of oxygen that will support inflammation of
the mixture or the maximum permissible if
it is desired to make a nonflammable mixture,
(2) the minimum percentage of inert diluent
that must be mixed with a combustible gas
if it is desired that none of its possible mixtures
with air can propagate flame. Many examples
are given later in the text. A graphical method
of deducing such results has been put forward
by Burgoyne and Williams-Leir (39), with
tabulated results. From these, with the add-
itional knowledge of the limits in air, it is
possible to make a more or less accurate re-
construction of the flammability-limit curves.

MIXTURES OF FLAMMABLE GASES AND VAPORS

A simple formula, of additive character,
was advanced by Le Chatelier (218) to connect
the lower limits of two gases with the lower
limit of any mixture of them. It is

ny Na__
PR P

in which N; and N, are the lower limits in air
for each combustible gas separately and n,
and n, are the percentages of each gas in any
Jower-limit mixture of the two in air.

The formula indicates 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.
If the formula is true, the lower limits of flam-
mability form a series of flammability equiv-
alents for the individual gases of a mixture
64).

( él)‘he formula also indicates that lower-limit
mixtures, if mixed in any proportions, give rise
to mixtures that are also at their lower limits;
or, vice versa, the formula may be deduced
from the latter statement as a postulate (64).

The formula may be generalized to apply

to any number of combustible gases, thus:

Mo m -
N1+N2+N3+'“ 1,

and, so far as it expresses experimental results
truly, may be applied to higher-limit mixtures,
with the appropriate rewording of the defi-
nitionofN1 e o andn1 e e e e
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A small algebraic transformation gives a
more useful formula for calculating the limits
of any mixture of combustible gases that obeys
it (64), as follows:

- 100
P PPy
N1+N2+N3+ e

in which L is the limit of the mixture of com-
bustible gases and p;, p;, ps . . . are the pro-
portions of each combustible gas present in the
original mixture, free from air and inert gases,
so that

p1+p2+p3+ ... =100.

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

Percent Percent
Methane______________________ 80 (lower limit, 5.3)
Ethane_ ______________________ 15 (lower limit, 3.22)
Propane_ _____________________ 4 (lower limit, 2.37)
Butane_ ______________________ 1 (lower limit, 1.86)
is given by

L 100 =4.55 percent.

8 15 4 1
5313222377186

The accuracy of the formula has been tested
carefully for many mixtures. The results are
discussed separately in the appropriate sections
later. In general, it may be said that, while
the formula is often correct or very nearly so,
there are some marked exceptions. It seems
that the limits (lower and higher) of mixtures
of hydrogen, carbon monoxide, and methane,
taken two at a time or all together, and of water
gas and coal gas may be calculated with
approximate accuracy (64). The same is true
for mixtures. of the simpler paraffin hydro-
carbons, including “natural gas” (74). Some-
times, however, the differences between calcu-
lated and observed values are very large; for
examples, see figures 56 and 57. Many of the
greater discrepancies are found with upward-
propagating flames, especially when one of the
constituents is a vapor, such as ether or acetone,
capable of giving rise to the phenomenon known
as a “cool flame” (355). Le Chatelier’s law is
useful when its applicability has been proved,
but it should not be applied indiscriminately.

Limits of Industrial Mixtures Containing
Hydrogen, Carbon Monoxide, Methane, Nitro-
gen, Carbon Dioxide, and Perhaps Air.—An ex-
tension of the law to apply to other atmospheres
than air (95, 271, 272) is that, when limit
mixtures are mixed, the result is a limit mixture,
provided that all constituent mixtures are of the
same type; that is, all are lower-limit mixtures
or all are higher-limit mixtures. This law holds,
for example, for methane in a range of oxygen-
nitrogen mixtures and in air-car%)on dioxide,

air-argon, and air-helium mixtures, except near
the point at which lower and higher limits
meet, where the proportion of inert gas is large.
It holds also for mixtures of hydrogen, methane,
and carbon monoxide, in a wide range of
mixtures of air, nitrogen, and carbon dioxide,
and may therefore be used to calculate the
limits of flammability of mine-fire gas mixtures
and of the atmospheres after a mine explosion,
of blast-furnace gas, of automobile-exhaust gas,
and of the gases from solid explosives (133, 367).

A brief account of the method of calculating
limits of complex industrial gases, such as
those just mentioned, follows. Greater detail
will be found in the original account (133).

The chief gases in these mixtures are hydrogen,
carbon monoxide, methane, nitrogen, carbon
dioxide, and oxygen. The procedure is as
follows:

1. The composition of the mixture is first
recalculated on an air-free basis; the amount
of each gas is 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 flammable
gas and part or all of the nitrogen or carbon
dioxide.

3. The limits of each mixture thus dissected
are read from tables or curves. (See figs. 1
and 2.)

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: 100

TP e, P,
MmN T

]

where p;, P2, s . . . are the proportions of the
dissected mixtures, in percentages, and N;, N,
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 calcula-
tion applied to a mine-fire atmosphere. It
contained:

. Per- | Air free, Per- |Air free,
Constituent cent | percent Constituent cent |percent
Carbon dioxide_.._| 13.8 15.9 || Methane___._______ 3.3 3.8
Oxygen._._._.._.._.. 2.8 .0 || Hydrogen._.._.... 4.9 5.7
Carbon monoxide.| 4.3 5.0 || Nitrogen.._.__.._._ 70.9 69. 6

1. The composition on an air-free basis, also
given above, is found thus:

The amount of air in the mixture is 2.8
100/20.9=13.4 percent. The air-free mixture
is therefore 86.6 percent of the whole. When
the original amounts of carbon dioxide, carbon
monoxide, methane, and hydrogen are divided
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by 86.6 and multiplied by 100, the ‘“air-free”

ercentages are obtained. The nitrogen figure
is the difference between 100 and the sum of
these percentages.

2. The flammable gases are paired off with
the inert gases separately to give a series of
dissected mixtures, as shown in the following
table.

Ratio of Limits from fig. 1
s CO,, N, Total inert to
Combustible Percent percént percént percent combus-
tible Lower Higher
CO_ . 5.0 [o-_______ 17. 5 22.5 3.5 61 73.0
CHy . 3.8 | ooo__ 20.9 24.7 5.5 36 41. 5
H 5.7 {30 |- 31.2 34.2 10. 4 50 76.0
e ) 2.7 15,9 | ______ 18. 6 5.9 32 64.0
Total_________________ 14.5 15.9 69. 6 100. 0 || |___

Some discrimination is needed to choose ap-
propriate quantities, but a fair latitude of
choice is usually available.

3. The limits of the dissected mixtures, from
figure 1, are shown in the last two columns
above. For example, the first mixture contains
5.0 percent 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 from the curve for carbon monoxide-
nitrogen mixtures are 61 percent (lower) and
73 percent (higher).

4. The values in the last two columns and in
the column ‘“Total percent,” substituted in the
equation, give thé two limits of the air-free
complex mixture, calculated to 0.5 percent:

o 100 .
Lower limit 22.5+2—£ 349 18.6_43 percent,
61 36 50 32
Higher limit 100 =61 percent.

225,247  34.2  18.6

73 tai5 76 T ea

The range of flammability of the air-free com-
plex mixture is therefore 43 to 61 percent.

5. As the air-free mixture is 86.6 percent of
the whole, the limits, in air, of the mine-fire
atmosphere are 43 100--86.6, and 61<100~-
86.6, or 50 and 70 percent, respectively.

The novice’s difficulty with such calcula-
tions is in stage 2, where an appropriate amount
of inert gas has to be chosen to pair with each
combustible gas in turn. The ratio of inert to
flammable gas must not be so high that the
mixture falls outside the extreme right of the
corresponding curve in figure 1. A little prac-
tice will soon overcome this difficulty.

It need only be added that, if the amount of
inert gas is so great that a complete series of
flammable mixtures cannot be dissected, the
air-free mixture is not flammable. Moreover,
the air-free mixture may be flammable, but
when its limits are multiplied by the appro-

priate factor in the final stage of the calcula-
tion the result may be greater than 100 for
each limit; the original mixture is then inca-
pable of forming an explosive mixture with air
because it contains too much air already.
Finally, if the lower limit of the original mixture
is less than 100 and the higher limit greater than
100, the mixture is flammable per se and would
explode if a source of ignition were present.

About 20 examples, which cover a wide range
of industrial gases, have been tested (133) by
experiment. The calculated and observed lim-
its agree within 2 or 3 percent, excepting one
higher-limit figure for a mixture that contained
an unusually large amount (nearly 24 percent)
of carbon dioxide.

Extension of Mixture Law.—The combustible
gases covered by the examples just given are
hydrogen, carbon monoxide, and methane.
The necessary data for the limits of ethane,
ethylene, and benzene are available (fig. 2),
and these three gases have been included in
calculations of the limits of complex industrial
combustibles, such as coke-oven gas, coal gas,
carbureted water gas, oil gas, and producer
gas (136).

Safety of Industrial Mixtures of Gases.—If a
complex mixture of combustible and incom-
bustible gases, such as any of those just dis-
cussed, is flammable per se or is capable of
forming flammable mixtures with air, the mini-
mum amount of incombustible gas that will
render it nonflammable and also incapable of
forming a flammable mixture with air can be
calculated by a small (and justifiable) extension
of Le Chatelier’s law. This procedure also
gives the maximum percentage of oxygen below
which all possible mixtures are nonflammable
[(62), elaborated in (2)]. A somewhat elaborate
graphic method of ascertaining the lammability
of triple mixtures of combustible gases has been
given (15).

The purging of gas-manufacturing plants and
distribution mains by the use of carbon dioxide
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or automobile exhaust gas or specially prepared
inert mixtures of low oxygen content can be
controlled by applying similarly deduced data.
A full description is given in reference 329.
Data for purging with steam are given in
reference 368.

SUPPRESSION OF FLAMMABILITY

A flammable mixture may be rendered non-
flammable by (a) a suitable increase in the
amount of either constituent, (b) the addition
of a suitable amount of chemically inert sub-
.stance, and (¢) the addition of a flammable
substance in sufficient amount to exceed the
higher limit of the resultant mixture. It has
been suggested (129) that the last-named may
be advantageous and technically feasible in
certain circumstances when the added flamma-
ble substance has a low higher limit of flamma-
bility. For example, the mixture of hydrogen
and air containing just enough oxygen to burn
the hydrogen completely (29.5 percent hydro-
gen) becomes nonflammable in final mixtures
containing 86 percent of air, or 65 percent of
hydrogen, or 67 percent of nitrogen, or 10 per-
cent of methane.

CHOICE OF EXPERIMENTAL CONDITIONS

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

Mixtures for test are made in gasholders over
water, mercury, or other suitable liquid before
introduction into the test apparatus; or they
are made in the apparatus itself by introducing
the components separately and using some
mixing device; or they are made by supplying
constant metered streams of the components
via some suitable mixing device.

Effective ignition usually can 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 conveniently made at the
moment preceding ignition by gently sliding
away a ground-glass plate that previously had
sealed the vessel. When gases of small solu-
bility are tested, a water seal may be used for
this purpose. For a few gases a small tuft
of guncotton fired by a spark or heated platinum
wire is a more certain means of ignition (353,
171a); for a few others, an electric spark suc-
ceeds in firing the mixture when a flame fails
(132). Ignition attempted by an electrically
heated wire may not always be reliable with
mixtures near the limits.

Bureau of Mines Apparatus.—An apparatus
used for many of the determinations made in
the Bureau of Mines laboratory and recorded
in the following pages is illustrated in figure 3.
It is specially designed for determining limits
of vapors of liquids that are sufficiently vola-
tile at laboratory temperatures; it can be simpli-
fied for gases, but must be elaborated for the
vapors of less-volatile liquids.

In figure 3, @ is the glass tube in which the
mixture is tested. Its Iower end is closed by a
lightly lubricated ground-glass plate b, sealed
with mercury ¢. It is evacuated by a pump
through the tube 7. The vapor under test is
drawn from its liquid in the container p, in
amount measured by the manometer k. Air
or other “atmosphere’’ is then admitted
through the drying tube ¢ until atmospheric
pressure is reached. The air and vapor are then
thoroughly mixed by circulation, by suitably
raising and lowering the mercury vessel ¢
repeatedly for 10 to 30 minutes, depending
upon the density of the added combustible
vapor. The mercury seal is then removed, the
glass plate b is slid off the tube, and the flam-
mability is tested almost at the same moment
by sparking at y or by passing a small flame
across the open end of the tube.

Special Conditions.—An examination of the
effects of temperature on limits of flammability
requires special arrangements for heating (or
cooling) the test vessel. These are not diffi-
cult to provide. To examine the effect of
pressure is, however, much more difficult
because of the problem of avoiding large in-
creases of pressure during (and as a result of)
the inflammation. A few experiments have,
however, been made with the ‘“open” end of
the test vessel in connection with a very
much larger vessel full of air at the same pres-
sure as that of the mixture under test (104).
Most of our information about pressure effects
on limits relates only to the pressure of the
mixture before inflammation.

The limits of turbulent mixtures have us-



10 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

S

L5 ]

cm:

j

3

2

kS

8

Q
E ] To power line
3 a Switch | ;
i v Transformer

Manometer

Induction coil
X

RN AT & =

g tu

Drying
tower

Vacuum
pump

Motor

F1eure 3.—Apparatus for Determining Limits of Flammability of Gases and Vapors,

ually been determined in small vessels fitted
with fans, and the criterion of continued prop-
agation of flame has not been applied, al-
though for testing the effect of turbulence due
to the detonation of solid explosives short
sections of a cylindrical metal gallery of 6.3
feet diameter have been used.

Stationary Flame in a Flowing Mixture.—
Quite recently (286) an apparatus has been de-
vised from which a cylindrical column of gaseous

mixture rises into the air in a uniform stream,
“jacketed” by a layer of nitrogen which helps
to maintain the strict uniformity of motion of
the mixture. The success of this device is
shown by the fact that flat, stationary, hori-
zontal flames have been maintained in mixtures
of composition slightly below the lower limits
determined in tubes. Only two figures of limits
determined by means of this device are yet
available (see under Propane and Butane).



PART II. SOME THEORETICAL CONSIDERATIONS

Nobody has succeeded in calculating either
a lower or a higher limit of flammability of
any mixture from more fundamental physi-
cochemical data. In general terms, the prob-
lem is to express quantitatively the fact that
there comes a point in the progressive dilution
of a flammable mixture when the production of
energy (including that of atoms and radicals)
is no longer sufficient to inflame a neighboring
layer of unburned mixture.

Some attempts already made to relate limits
of flammability to simpler data may be men-
tioned. Long ago Humphry Davy (78) as-
cribed to its greater heat capacity the superior
effect of carbon dioxide in rendering methane-
air mixtures nonflammable; this conclusion has
frequently been supported by observations with
other flammable mixtures. Regnault and
Reiset (292) drew attention to the different
ability of hydrogen and oxygen to render
electrolytic gas nonflammable; they ascribed
it to the different mobilities of these gases or
to their different thermal conductivities. As
these gases are not chemically inactive toward
the constituents of electrolytic gas, chemical
effects may play a part. More recently, some
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
still a large difference in the limits in the argon
and the helium mixtures. This difference is
ascribed to the different thermal conductivities
of the mixtures (69).

Bunsen (26, 27) attempted to calculate
i%n.ition temperatures of gas mixtures from
their limits of flammability, 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—calculating dilution limits from
the ignition temperatures determined independ-
ently—has often been attempted, but the
results show only that there is no simple
relation between limits and ignition tempera-
tures. For example, as shown in the table
below (94), (1) in the series of normal paraffin

hydrocarbons the ignition temperature falls
rapidly while the calculated flame temperature
of the limit mixture rises, (2) there is a barely
measurable difference between the lower limits
(and flame temperatures) of n- and iso-octane,
but a very large difference between their
ignition temperatures.

Flame Ignition
Iizﬁﬁ;wgar- tempera- | tempera-
Hydrocarbon cent b ture of ture of
volumg limit mix- | hydro-
ture, ° C. |carbon, ° C.
Methane._ .- 5.26 1,255 650
n-Butane. _______ oo 1.93 1,445 480
n-Pentane_______________.__._____ 1.62 1,485 470
n-Hexane. 1.46 1, 568 275
n-Heptane 1.26 1, 569 255
n-Octane__________________. 1.12 1,575 245
Iso-octane. - o oioomana 1.15 1, 606 530

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 tem-
perature, as usually determined, but probably
not as high as the temperature necessary for in-
flammation within the very small fraction of a
second necessary to insure propagation of flame
at the observed rates in limit mixtures. This,
and other considerations, have led Egerton and
Powling (94) to the conclusion that continued
propagation of flame depends upon the tempera-
ture of the flame being sufficient to maintain a
certain boundary flame temperature which
provides a certain concentration of active rad-
icals in the boundary region; and that inflam-
mation is produced in the unburned gas mainly
by the radicals derived from the flame, that is,
only indirectly by the heat of the flame, not
directly by heat transference from flame to
unburned gas.

The lower-limit mixture of hydrogen in air
produces far too little heat to raise the mixture
to its ignition temperature, yet flame will travel
upward through the limit mixture indefinitely
(63). An explanation of this has been given by
F. Goldmann (115) at P. Harteck’s suggestion.
The flame in the limit mixture rises as a lumi-
nous 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; therefore the mixture that
is burning is not the same as that in the rest of
the containing vessel. This explanation is ren-

1
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dered highly probable by the observation that
particles of finely divided platinum or palladium
may be maintained red hot by suspension in a
mixture of 4 percent hydrogen and air. Com-
bustion of the mixture produces a temperature
of less than 350° C., but the high rate of diffu-
sion of the hydrogen enables a far higher tem-
})erature to be maintained at the metallic sur-
ace.

Although this explanation of the mechanism
of flame propagation in hydrogen-air mixtures
is entirely acceptable, it seems undesirable, and
possibly dangerous, to accept Goldmann’s con-
clusion that the true limits of lammability are
those for downward propagation of flame. If
so, & 6-percent hydrogen-air mixture and a
5.6-percent methane-air mixture would be
described as nonflammable. Both these mix-
tures propagate flame upward indefinitely and
if ignited near the floor of a closed room would
produce pressures of the order of 1 and 4 at-
mospheres, respectively, and mean tempera-
tures of about 350° and 1,200° C. Such
conditions would burst windows and burn men.
It is inconceivable that anyone who has seen a
5.6-percent methane-air flame traveling up a
long tube would term this mixture nonflam-
mable, although it fails to propagate flame
downward.

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

A few regularities, set forth in the following
paragraphs, have been discovered; occasionally
they may give a useful indication of limits
which have not been experimentally determined.

1. Le Chatelier and Boudouard (221, 222)
determined the lower limits of some 31 gases
and vapors for downward propagation of
flame. With the exception of hydrogen and
carbon disulfide, which gave low figures, the
heats of combustion lay between 9 and 13
large calories per unit volume (23.5 liters at
15° C.) of the limit mixture; for most of them,
the range was 12 to 13 large calories.

2. Burgess and Wheeler (32) 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 nearly equal. The agreement is
not so good for limits for upward propagation
of flame for these hydrocarbons (74), but a
smooth curve can be drawn to represent the
relation between the calorific values of the first
eight members of the paraffin series and their
lower limits (94).

3. White (353) found approximately constant
calorific values for 11 of 12 volatile solvents, for
propagation of flame upward or downward in
lower-limit mixtures or downward in higher-
limit mixtures; the values were different for
different directions of propagation of flame.
Carbon disulfide was the exception. For the
others, the products of combustion were similar
(nitrogen, carbon dioxide, water vapor, etc.),
and the temperatures attained were approxi-
mately equal. Hence, the effective ignition
temperature for propagation of flame in these
mixtures seems to be approximately constant
for the same direction of propagation of flame.
The observed ignition temperatures of these
vapors are much lower, presumably because, in
their determination, a much longer time is
available for ignition than is available when
flame is self-propagating through a mixture.
The effective ignition temperature for down-
ward propagation for the 11 solvents and for the
first 5 paraffins and for ethylene, propylene,
butylene, and carbon monoxide is about 1,400°
C., uncorrected for radiation losses. The
figures are much less (356) for hydrogen, hydro-
gen sulfide, and acetylene.

When the initial temperature of the mixture
was increased several hundred degrees (310,
358) the ranges were widened and therefore the
heat of combustion at each limit was less, but
the two factors usually balanced each other so
that the flame temperature of the limit mixture
remained constant. This was true for the lower
limits . of methane, ethylene, acetylene, and
pentane and for the higher limits of hydrogen
and carbon monoxide. The lower-limit temper-
atures of hydrogen rose nearly 100°, and those
of carbon monoxide fell nearly 100° as the
initial temperature of the mixture was increased.

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

Although the calorific values of lower-limit
mixtures of chemically closely related com-
pounds are often nearly equal, this rule does
not apply generally, as is shown by the following
selected samples (134).

Net heat Lower

of combus- | limit of gg}g‘g%?

Combustible tloll1, kg.- ﬂﬁmmabl]- lower Limit
cal. per ¥, per-

mole cont mixture
Hydrogen 57.8 4.0 231
Carbon disulfide 246.6 1.25 308
Hydrogen sulfide.._..___.________ 122.5 4.3 527
Acetylene__ .. . ________ 30L. 5 2.5 754
Ethylene oxide. 281.0 3.0 843
Ethylene. 310.9 2.75 855
Methane_________ ... 191.7 5.0 958
Methyl alcohol . ____ 149. 8 6.72 1,007
Methyl acetate_____ 349.4 3.15 1,101

Methyl chloride. .. 153.7 8.25 1,

Methyl bromide. .- cccooooooooo 173.5 13.5 2,342
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4. The cool flame of ether, which is produced
and maintained at a much lower temperature
than that required to produce the normal
flame, is propagated by a range of overrich
mixtures which in some circumstances is
separate from the range of mixtures that propa-
gate the normal flame (853). The effects
of pressure on ignition temperatures and limits
of flammability for the two types of flame are
similar and in general support the view that
the limits for the normal flame, at least, are
governed by the thermal properties of the mix-
tures. The propagation of the cool flame may
depend upon a chain reaction (331).

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

Nagai has offered an explanation for certain
deviations from Le Chatelier’s law (249). He
assumes that, if two gases individually have
the same calculated temperature for their
limit-mixture flames, which he calls the theoret-
ical flame-propagation temperature (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 Chatelier’s law until the amount of the
other gas is increased in lower-limit mixtures
or decreased in higher-limit mixtures. Over a
greater or smaller middle range of composition
the limit mixtures of some pairs of gases have
constant TFPT’s, therefore these mixtures
obey the law over that range.

Mixtures of hydrogen and ethyl bromide
(811) support Nagai’s argument. Figure 4
shows the lower and higher limits of mixtures
of hydrogen and ethyl bromide; for example,
one higher-limit mixture contains about 41
percent hydrogen and 2 percent ethyl bromide;
the rest of the mixture is air. If the whole
range of these mixtures followed Le Chatelier’s
law, then the straight line joining the lower or
higher limit for hydrogen with the correspond-
ing (undetermined) limit for ethyl bromide
would give the corresponding limits for all
mixtures of these gases. The theoretical flame-
propagation temperature of hydrogen is pre-
sumably less than that of ethyl bromide;
hence, the addition of the first 1 percent of
ethyl bromide to the higher-limit hydrogen
mixture necessitates a rapid fall in the hydrogen
present in order that the flame temperature
shall approach that of ethyl bromide. With
1 to 6 percent of ethyl bromide the limits fall
on a straight line, as required by Le Chatelier’s
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law, because the flame temperatures are equal.
Extrapolation of this line cuts the X axis at
X=56. The TFPT of the mixtures is therefore
equal to that of a 56-percent hydrogen-air
mixture, which can be calculated. Moreover,
the position of any point on the straight part
of the higher-limit curve can be calculated on
the assumption that the effective limit of
hydrogen is 56 percent and that of ethyl
bromide 7.6 percent.

Although Nagai has adduced many instances
of pairs of gases or vapors that appear to sup-
port his views (246, 247, 250, 262, 311, 314,
315, 316), others do not. For example, mix-
tures of hydrogen and methane follow the law
of Le Chatelier fairly well, but their TFPT’s
are far apart. Moreover, mixtures of hydrogen
sulfide and hydrogen (fig. 56) and of hydrogen
sulfide and methane (fig. 57) present such
results as cannot be interpreted by Nagai’s ideas.

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

by M. Aubert (3), for downward propagation
of flame. The agreement between calculated
and observed values is less satisfactory for the
simpler compounds than for the more complex
and breaks down with acetylene.

6. W. P. Jorissen (191) and J. van Heiningen
(342) of the Leiden school have shown by
several examples that the means of the lower
and higher limits of two gases in the presence
of increasing amounts of an inert third gas
have a linear relationship. They correlate
these observations with reaction rates based
on the law of mass action. The means of the
lower and higher limits of two gases have in
some, but not all, instances a linear relation-
ship to the pressure (90). J. J. Valkenburg
has developed this argument further (336).

It is apparent that the theoretical treatment
of limits of flammability is meager and mainly
qualitative; it is bound up with the unsolved
problem of the theory of flame propagation
in general.



PART III. LIMITS OF INDIVIDUAL GASES AND VAPORS

In accordance with the preceding argument
the results collected for individual gases are
arranged as follows:

(1) 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.

(2) The results for other directions of propa-
gation in similar circumstances.

(3) 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
whl(%l depends on the dimensions of the vessel
used).

The first results may be considered the limits
of flammability of the components named, a
physicochemical property independent of exter-
nal conditions, at atmospheric temperature and
pressure; the second are the limits under re-
stricting conditions of direction of propagation;
the third are the limits under still more re-
stricted conditions, such as the dimensions of
the vessel used for observation.

HYDROGEN
HYDROGEN IN AIR

Flames in mixtures of hydrogen and air are
exceedingly pale; the flame in a limit mixture
is almost or quite invisible, even in a completely
darkened room. Ignition by a “fat” electric
spark gives rise to a 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 ad-
mitting a small quantity of pure hydrogen to
the top of the tube a second or so before the
flame is expected to arrive there. If the flame
reaches the rich mixture a sharp explosion is
observed. Analysis 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 hydrogen-air mixture stand-
ing over water in a vessel 6 feet high and 12
inches square in section the following observa-
tions were made:

4.0 percent hydrogen.—A vortex ring of flame
was seen just above the spark gap; it rose,
expanded for about 16 inches, then broke and
disappeared.

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

44y 4.6, 4.8, 5.2, and 5.6 percent 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 it was increased; the strongest
mixture, 5.6 percent hydrogen, showed about
50 percent combustion.

In a longer and narrower tube, 15 feet in
length and 2 inches in diameter, no flame was
seen with 4.2 percent hydrogen, but with 4.4
percent a globular flame traveled at uniform
speed the length of the tube. There seems to
be no doubt, therefore, that these flames were
self-propagating and capable of traveling in-
definitely. They left much unburned gas
behind because their lateral speed of propaga-
tion was much less than their vertical speed,
which was due mainly to convection.

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

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

With a continued source of i%nition, such as a
succession of sparks or a small flame burning
from a jet, weak mixtures showed a continuous
thin thread of flame shooting upward and ex-
panding into a flame cloud. As the hydrogen
was consumed the thin flame gradually short-
ened until it disappeared.

Complete combustion of a layer of the limit
mixture, 4.1 percent hydrogen, would heat the
products to a temperature of less than 350° C.
The ignition temperature of hydrogen in air is
about 585° C. An ingenious explanation of this
anomaly has been given. (See pp. 11 and 12.)

The higher limit of flammability has not been
determined in large vessels, but experiments in
a wide, short vessel and in a long, narrow vqssel
have indicated (6/) that the higher limit in a
large volume is about 74.2 percent hydrogen.
A more recent determination in a tube 7 cm.
diameter and 150 cm. in length gave the higher
limit as 74.4 percent hydrogen (115).

15
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The foregoing figures, for both limits, refer
to gases saturated with water vapor at room
temperature. Some recent experiments with
dry gases in a 4-inch-diameter tube, open at its
lower end, gave the limits for upward propaga-
tion as 4.0 and 75.0 percent (38). The analyti-
cal figures for the moist-gas limits being 4.1 and
74.2 percent, the actual compositions of the
moist limit mixtures would be:

Lower limit Higher limit
4.1= 4.0% 74.2="72. 5%
95.9=94.0% 25.8=25.5%,
2.0= 2.0%, 2.0= 2.0%
102 102

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

The actual lower limits of dry and saturated
gases at room temperature are therefore equal.
The actual higher limit is reduced from 75.0
percent to 72.5 percent by saturation with
water vapor, a result that is about what would
be expected from the known effects of incom-
bustible gases on the higher limits of hydrogen
and other gases. It will be noted, also, that the
actual percentage of oxygen in the dry and
moist higher-limit mixtures is 5.2 and 5.3 per-
cent, respectively, the difference being due
presumably to the heat capacity of the water
vapor.

Observations in Smaller Vessels.—Table 1
gives additional results for various directions
of propagation of flame.

TasLe 1.—Limits of flammablity of hydrogen in air in smaller vessels
Upward Propagation of Flame

Dimensions of o .
Limits, percent
tube, cm. Firi d Content of aqueous | Reference
iring en vapor No.
Diameter | Length Lower Higher

7.5 150 75.0 Half-saturated . _____ 356
5.3 150 74. 6 i 94
5.3 150 174, 3 94
5.3 150 274. 8 94
5.0 150 74. 5 356
5.0 180 72.0 | Driedeao-_________ 133
4.8 150 73.8 ... doooo o ___ 38
4.5 80 | Closed_ . ________________| ¥4 1 || ___ 56
4.5 80 |-_—_do__ | 89 || 57
2.5 150 [ Open_ _ o ____| 42 | _________ Dried______________ 271
2.5 150 73.0 Half-saturated . _____ 356
2.5 96 72.8 | 98
2.2 45 73.0 Saturated . __ _______ 274
1.6 96 7.2 | 98
.8 96 67.9 | . 98
7.5 150 | Closed - — .. ______________ 6.5 |- Half-saturated . _____ 356
5.0 150 |.____ Ao ___ 6.7 | _|o___ do_ . 356
2.5 150 |_____ doo . 715 || do.____________ 356
2.5 150 | Open_ - _._. 6.2 |__________ Saturated . _________ 271
2085 ||l l._ Ao | 714 |l 273
.9 150 |.-___ do_ . 6.7 65. 7 Saturated . _________ 276
21.0 63
8.0 324
7.5 366
7.0 115
6.2 95
6.0 325
6.0 325
6.0 325
5.3 94

See footnotes at end of table.
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TaBLE 1.—Limits of flammability of hydrogen in air in smaller vessels—Continued

Downward Propagation of Flame—Continued

Dimensions of Limi
imits, percent
tube, em. Firing end Content of aqueous | Reference
g € vapor No.
Diameter | Length Lower Higher

50 150 | Closed . - __________.__ 9.0 74.0 Half-saturated . _____ 356

50 65 | Open_ _ _ ______________._____ 8.9 71.2 | . 311

4.5 80 | Closed_ . __________________ 30,6 || 56
4.0 50 |o-_-_ do___ o ___ 88 . Saturated_ - ________ 63

2.5 150 |_____ do. . 9.4 71.5 Half-saturated . .____ 356

2.5 150 | Open_ _ _ ___________________ 9.7 |- Saturated_ .- _______ 271

2.2 | ____ Closed. . ___________________ 6.8 69.3 | . 341

2.2 45 |_.___ do . 9.1 73.0 |- v 274

1.9 40 |.____ do_ . 9. 45 66.4 | Saturated__________ 356

1.9 40 |...__ do . 9. 45 65.25 |_____ do o ________ 323

1.6 30 |_____ doo oo 7.7 72.6 | Dried______________ 217

1.4 20 |.o-_ do 9.8 63.0 |-_--_ do_ oo~ 321

Propagation in a Spherical Vessel or a Bomb
Capacity, cc:

Notstated_ . _______ Closed _ o _____ 9.2 |a-oo_____ Saturated . _ - _______ 271
[ P PR 6 1o T 8.5 467.5 |_____ [ T 82

1,000 | . do_ . 8.7 75.5 |_____ doo_ . 95
810 . do_ .. 5.0 3.5 |- 349
350 . do_ o ____ 4.6 70.3 Saturated . _ ________ 368

R 1 S do_ . 9.4 464.8 |_____ do_____________ 297

1 Walls of tube blackened.
2 Walls of tube silvered.
3 At 400 mm, pressure.

In round figures, therefore, the limits of hy-
drogen in air may be stated as follows for gases
saturated with water vapor at laboratory tem-
perature and pressure; the figures for the higher
limit, downward propagation, are based on
observations in closed tubes in which the mix-
ture was under rapidly varying pressure during
the experiment:

Limits of flammability of hydrogen-air
maxtures saturated with water vapor
Limits, percent

Lower Higher
Upward propagation______________ 4.1 74
Horizontal propagation____________ 6.0

Downward propagation____________ 9.0 74

Influence of Pressure.—Figure 5 shows vari-
ous results obtained for the limits of hydrogen
in air under pressures greater than atmospheric
(14, 17, 8324). 'The differences are not as great
as they may appear to be at first sight, except
for lower-limit mixtures at pressures of 1 to 5
atmospheres, and may well be ascribed to dif-
ferent interpretations of experimental results
rather than to the experiments themselves; the
criterion was 100-percent combustion for the
series indicated in the figure by small circles but
only about 80 percent for the series represented

4 This figure would probably have been increased had a stronger spark
been used; a spark strong enough to ignite a lower-limit mixture may
be too weak to ignite a higher-limit mixture (64).

by the unbroken line. In general, it appears
that the limits are at first narrowed by increase
of pressure above atmospheric but at higher
pressures are steadily widened.

A series of experiments (95) besides those
recorded in figure 5 showed no change in the
lower limit over a range from 0.5 to 4 atmos-
spheres. Other experiments made in a narrow
tube, with downward propagation of flame and
ignition by the fusion of a copper wire, gave low
results for the higher limit (51).

Reduced pressure affected the lower limit as
follows: In a closed glass tube 6.0 cm. in dia-
meter and 120 cm. in length, with downward
propagation of flame, at 1 atmosphere the
lower limit was 9.35 percent and at % atmos-
sphere, 10.6 percent (325). Experiments in a
burette indicated the existence of a small lower-
ing of the lower limit between about 500 and
200 mm. pressure, followed by a rapid rise
between 200 and 100 mm. (84). Other experi-
ments in narrow tubes (8, 16, and 25 mm. dia-
meter), with upward propagation of flame,
showed no great change in the limits until the
pressure was below about 300 mm., when the
range narrowed until below 50 mm. no mixture
propagated flame (96).
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Experiment Referen
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Ficure 5.—Effect of Pressures Above Normal on Limits of Hydrogen in Air.

Influence of Temperature.—Three sets of ob-
servations have been made on the influence of
temperature on the limits of hydrogen in air
(12, 297, 3568). Table 2 and figure 6 give those
that are probably most reliable (358). They
were determined in a closed tube 2.5 cm. in
diameter and 150 cm. in length, with downward
propagation of flame.

At 540° C. a 90.45-percent mixture was in-
flamed (287).

The flame temperature (table 2) necessary to
insure propagation of flame downward is much
above the ignition temperature of hydrogen in
air, 585° C. Moreover, increase in initial tem-
perature 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.

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

Limits of flamma- Calculated
bility, percent flame tempera-
hydrogen tures, °
Temperature, ° C.

Lower | Higher m%r Elliil%:r
9.4 7.5 8156 980
9.2 |oao- 820 |ocomeao
8.8 73.5 835 970
8.3 830 [-cccaee.-
7.9 76.0 845 975
7.5 860 |-cccmee--
7.1 79.0 875 970
6.7 890 |_crooe__
6.3 81.8 900 980

Influence of Impurities.—The lower limit of
hydrogen in air, with downward propagation of
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Ficure 6.—Influence of Temperature on Limits of Flammability of Hydrogen in Air (Downward Propagation of
Flame).

flame, was raised a fraction of 1 percent by the
addition of iron carbonyl (0.028 and 0.056 cc.
liquid vaporized per liter). The higher limit
was reduced from 68 to 52 percent by the addi-
tion of iron carbonyl (0.024 cc. liquid vaporized
per liter) (325).

HYDROGEN IN OXYGEN

The limits of visible flame of hydrogen in
oxygen with upward propagation of flame in a
tube 2 inches in diameter, open at the firing
end, are 4.65 and 93.90 percent (150). In
closed tubes the extremes recorded are 3.9 and
95.8 percent (66, 67, 78, 97, 274, 333). The
lower-limit figures refer to the same type of
flame as that of weak mixtures of hydrogen in
air, and the lower limit in open vessels may
prove to be as low as in closed vessels when
special means are taken to detect an invisible
flame.

For downward propagation of flame in small
vessels the lower limit is about 9 or 10 percent
hydrogen and the higher limit about 92, 93,
?326?)4 percent (27, 57, 88, 96, 228, 274, 292, 323,

For complete combustion of the gas in a
35-cc. spherical globe with side ignition the
limits were 9.6 and 90.9 ° percent hydrogen

$ Probably too low. See footnote 4, table 1, p. 17.

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

Influence of Pressure.—Experiments in a steel
cylinder 3 inches in diameter and 5 inches in
length, axis vertical, indicated that the lower
limit of hydrogen in oxygen was not altered
materially by increase of pressure to 122 atmos-
pheres but lay between 8 and 9 percent through-
out this range of pressure. Ignition was by
spark or hot wire, and the direction of propaga-
tion of flame was presumably downward (264).

When the pressure is reduced below atmos-
pheric, the higher limit falls slightly but does
not reach 90 percent hydrogen (central ignition
in a globe) until the pressure is about 100 mm.,
at which it is difficult to insure an adequate
source of ignition; a powerful source of ignition
might insure propagation of flame indefinitely
in a hydrogen-oxygen mixture of 90 percent or
a little more hydrogen at pressures below 100
mm. The lower limit does not rise above 11
percent hydrogen until the pressure is below
9 mm. (69).

Experiments in a burette indicated the exist-
ence of a small lowering of the lower limit be-
tween about 400 and 120 mm. pressure,
followed by a rapid rise between 120 and 80
mm. (84).
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Influence of Temperature.—In a 35-cc. closed
bulb the limits were 9.6 and 90.9 percent at 15°
C. and 9.1 and 94 percent at 300° C. (297).

HYDROGEN IN OTHER ATMOSPHERES

All Atmospheres of Oxygen and Nitrogen.—
The limits of hydrogen in various mixtures of
oxygen and nitrogen have been determined at
600 mm. and lower pressures, with downward
propagation of flame 1n a tube 3 cm. in diameter
(88). (See also Ammonia Contact Gas.)

Atmospheres of Composition Between Air and
Pure Oxygen.—With downward propagation of
flame in a Bunte burette, the lower Limit fell
gradually from 9.45 percent hydrogen in air to
9.15 percent in nearly pure oxygen. The
higher limit rose from 65 percent hydrogen in
air to 81 percent in a 40-percent oxygen mix-
ture, 86 percent in a 56-percent oxygen mixture,
and 91.6 percent in nearly pure oxygen (323).

In a mixture of equal volumes of oxygen and
nitrogen, 91.35 percent hydrogen inflamed at
537° C. (216).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of hydrogen in
all mixtures of air and nitrogen, or air from
which part of the oxygen has been removed,

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

are shown in figure 7. 'The determinations were
made in a tube 6 feet in length and 2 inches in
diameter, with upward propagation of flame at
atmospheric pressure during propagation (133).
From the ordinates of the “nose’” of this curve
it may be calculated that no mixture of hydro-
gen, nitrogen, and air at atmospheric pressure
and temperature can propagate flame if it
contains less than 4.9 percent oxygen (167).

For some purposes the results are more useful
when expressed (62) as in figure 8.

This figure shows, for example, that a mixture
containing 20 percent H,, 6 percent O, and 74
percent N, is flammable; but if 2 percent of the
oxygen were replaced by nitrogen the mixture
would not be flammable but would become so
by admixture with a suitable amount of air.
In figure 8, “impossible mixtures” cannot be
produced by mixing air, nitrogen, and hydrogen.
For more detailed explanations, compare the
corresponding section on methane limits in
mixtures of air and nitrogen (pp. 44 to 48).

The limits with downward propagation of
flame in the same series of mixtures have been
determined in a closed tube 5 cm. in diameter
and 65 cm. in length. The lower limits are 5
to 6 percent greater and the higher —1 to +10
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percent greater than those of figure 7. The
“nose” of the curve is at the same percentage
of additional nitrogen. The addition of 0.5
Ejelll'cent of tin tetramethyl reduces the higher
imit and retracts the “nose” of the curve
considerably (318). The limits for downward
propagation in a closed tube 2.2 cm. in diameter
have also been determined (341).

Atmospheres of Air and Water Vapor.—The
limits of hydrogen-air mixtures standing over
water in a 350-cc. spherical vessel, and ignited
near the water surface, have been determined at
various temperatures. As the temperature
rises, and consequently the water-vapor content
also, the lower limit rises slowly, and the higher
limit falls rapidly, as with other diluents. When
60 percent of water vapor is present (86° C.)
1(;he l;mits coincide at about 10 percent hydrogen

368).

Earlier experiments, made in a Bunte burette,
show similar effects but the range of flamma-
bility is smaller (95).

Atmospheres of Air and Carbon Dioxide.—
The limits of flammability of hydrogen in all

939350°—52——3

mixtures of air and carbon dioxide are shown in
figure 7. The determinations were made in a
tube 6 feet in length and 2 inches in diameter,
with upward propagation of flame at atmos-
pheric pressure during propagation (133, 167).
The limits with gownward propagation of
flame in the same series of mixtures have been
determined in a closed tube 5 cm. in diameter
and 65 cm. in length. The lower limits are 5 to 6
percent greater and the higher limits 1 to 4
percent less than those in figure 7. The
“nose’” of the curve is at 56 percent carbon
dioxide in the atmosphere. The addition of
0.5 percent tin tetramethyl reduces the higher
limit and retracts the ‘nose” of the curve
considerably (318). The limits with downward
propagation in closed tubes 2.2 and 1.6 mm. in
diameter have also been determined (217, 341).
Some earlier observations (95) show, as might
be expected, a more rapid narrowing of the
limits in a Bunte burette. Others () may be
mentioned, but they can hardly be accepted
without confirmation because they indicate
several improbable conclusions—for example,
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that the lower limit of hydrogen is reduced from
6.5 percent in air to 3 percent in an atmosphere
composed of air and 3 or 4 percent of carbon
dioxide.

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
percent before the mixture became flammable,
but if the hydrogen exceeded 28 percent the
mixture would burn. Hence, it was concluded
that to dilute the helium used for airships with
more than about 26 percent of hydrogen (299)
would not insure safety against inflammation
of the gas.

Experiments by the present writers show
that homogeneous mixtures of helium, hydro-
gen, and air would propagate flame when the
proportion of hydrogen to helium is much less
than that indicated above. When as little as
8.7 percent hydrogen is present in admixture
with helium, 1t is possible to make, with this
mixture, a blend with air that will propagate a
weak flame up through the central part of a
tube 2 inches in diameter and 6 feet in length.
Tl‘:ﬁ complete set of observations is shown in
table 3.

TaBLE 3.—Limits of lammability of miztures of
hydrogen and helium in air, upward propa-
gation of flame in tube 2 inches in diameter
and 6 feet in length, open at its lower end

Original gas mixture, percent | Limits of flammability, percent
Hydrogen Helium Lower Higher
100.0 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

The mixture that contained 19.3 percent
hydrogen and the rest helium had very wide
limits of flammability. Flame traveled rapidly
and with some violence through mixtures with
air that lay well within these limits, although
the balloon experiments had seemed to show
that these mixtures were nonflammable. No
mixture would be safe for use in an airship
unless it contained less than 8.7 percent
hydrogen in admixture with helium (72).

With downward propagation of flame in a
closed tube 2.2 cm. in diameter the weakest
mixture of hydrogen and helium that can form
a flammable mixture with air contains about
12 percent hydrogen (341).

The maximum amount of hydrogen that
could be added to helium without enabling the

mixture to burn when issuing into air from a jet
15 mm. in diameter, ignition by a gas flame, was
14 percent (223).

Atmospheres of Air and Argon.—The limits of
hydrogen in mixtures of air and argon, with
downward propagation of flame in a closed tube
2.2 cm. in diameter, have been determined
(841).

- Atmospheres of Air and Certain Halogenated
Hydrocarbons.—A series of results showing the
lower and higher limits of hydrogen in air con-
taining increasing amounts of trichloroethylene
at 14° 25° and 35° C. have been reported.
They were observed in small burettes 15 mm.
in diameter, so are of limited value (200). Sim-
ilar experiments with the vapors of other chloro-
derivatives at laboratory temperatures were
reported in an earlier communication (199).

The addition of increasing amounts of methyl
bromide to the air causes the limits of hydrogen
to approach, and in a 2-inch-diameter tube, to
meet when 13.7 percent of the mixture is methyl
bromide. The lower limit of hydrogen is, how-
ever, appreciably reduced (down to 2.4 percent
with 12 percent of methyl bromide), showing
that the bromide takes some part in the com-
bustion (38). The results are of doubtful appli-
cability to wide spaces, for with a sufficiently
powerful source of ignition some mixtures of
I(nethyl) bromide alone and air can be inflamed

p. 101). )

The addition of increasing amounts of di-
chlorodifluoromethane (“freon’’) to the air causes
the limits of hydrogen to approach and, in a
2-inch-diameter tube, to meet when 35 percent
of the mixture is freon (38).

Atmosphere in Which Nitrogen of Air Is Re-
placed by Carbon Dioxide.—The limits of
hydrogen in this atmosphere, with upward prop-
agation of flame in a 5.3-cm.-diameter tube open
at the lower end, are 5.31 and 69.8 percent, as
compared with 4.19 and 74.6 percent, respec-
tively, in air. For downward propagation in
the same tube, the upper end being open, the
lower limit is 13.1 percent as compared with 9.0
percent in air (94).

In a closed 2.5-cm.-diameter tube, with up-
ward propagation of flame, the limits are 4.7
and 70.3 percent; the range is narrower in
narrower tubes (98).

In a closed 35-cc. globe with side ignition, the
limits were 11.9 and 68.2 percent hydrogen
compared with 9.4 and 64.8 percent, respec-
tively, in air in the same apparatus (297). The
higher-limit result is unexpectedly greater in
the artificial atmosphere than in air; a similar
result, however, had been obtained earlier (346).
Reasons have already been given (footnote 4,
table 1, p. 17) for thinking that the figure
64.8, for the higher limit in air, is too low. ’
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Influence of Temperature.—Some irregular
results have been obtained for the influence of
temperature on the limits of hydrogen in an
atmosphere of 21 percent oxygen and 79 percent
carbon dioxide. They need confirmation (297).
An isolated observation is that a mixture con-
taining 82.9 percent hydrogen inflamed at
552° C. (216).

Atmospheres in Which Nitrogen of Air Is
Replaced by Argon, Neon, or Helium.—The
limits of hydrogen in atmospheres in which
the nitrogen of the air is replaced by (a)
argon or (b) helium, with upward propagation
of flame 1n a 5.3-cm.-diameter tube open at
the lower end, are (a) 3.17 and 76.4 percent
and (b) 7.72 and 75.7 percent. For downward
propagation in the same tube, the upper end
being open, the lower limits are (a) 7.0 and
(b) 8.7 percent (94).

In a closed 2.5-cm.-diameter tube, with
upward propagation of flame, the limits are
(¢) 2.71 and 75.3 percent and (b) 5.9 and 71.8
percent; both ranges are narrower in narrower
tubes (98).

In a mixture of 20.9 percent oxygen and
79.1 percent argon, 89.10 percent hydrogen
inflamed at 545° C. (216). (See also Deuterium
in Other Atmospheres.)

Atmosphere of Chlorine.—In a eudiometer
tube about 1 cm. in diameter, with gases
standing over sulfuric acid, the limits of
hydrogen in chlorine, apparently for downward
propagation of flame, were 8.1 and 85.7 percent.
Radiation from burning magnesium ignited
mixtures containing between 9.8 and 52.5
percent hydrogen (237).

The limits with downward propagation of
flame in a tube 1.5 cm. in diameter and 30 cm.
in length are 10.4 and 83.9 percent hydrogen.
Reasons are given for preferring these figures
to those given above (228).

In an iron bomb of 810-cc. capacity, the
limits of hydrogen in chlorine are 6 and 84.5
percent (349).

With a spark discharge or a heated platinum
spiral in a half-liter cylinder 4 cm. in diameter,
the apparent limits of hydrogen in chlorine
vary with circumstances; the widest range was
5.5 to 89 percent. Results are also given for
mixtures to which hydrogen chloride, nitrogen,
oxygen, and carbon dioxide were added (214).

Atmospheres of Chlorine and Nitrogen;
Chlorine and Oxygen; Chlorine and Nitric
Oxide; Chlorine, Nitric Oxide, and Nitrogen.—
The limits of ternary mixtures of hydrogen with
each of these mixtures are given in triangular
<(iiag§ams for downward propagation of flame

228).

Atmospheres of Oxygen and (1) Hydrogen
Chloride, (2) Carbonyl Chloride, and (3) Di-
fluorodichloromethane.—The limits of ternary

mixtures of hydrogen, oxygen, and each of these
substances are given in triangular diagrams for
downward propagation of flame in a 1.6-cm.-
diameter tube (335).

Atmosphere of Nitrous Oxide.—The limits of
hydrogen in nitrous oxide, with downward
propagation of flame in a 16-mm. burette, are
5.2 and about 76 percent (285); in a 15-mm.
tube, 5.6 and 79.7 percent (339). The effect
of a diluent in narrowing the limits increases
in the following order: Argon, nitrogen, carbon
dioxide, helium (285).

Atmosphere of Nitric Oxide.—The limits of
hydrogen in nitric oxide (wrongly called nitrous
oxide by the author, a Netherlands chemist
writing in English) with downward propagation
of flame in a tube 15 mm. in diameter are 13.5
and 49.4 percent (228).

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

Atmospheres in Which Oxygen of Air Is Re-
placed by Nitrous Oxide.—The limits of hy-
drogen in a mixture of 21 percent nitrous oxide
and 79 percent nitrogen, with upward propaga-
tion of flame in a 5.3-cm.-diameter tube open
at the lower end, are 4.19 and 29.0 percent.
When the mixture contains 42 percent nitrous
oxide and the amount of combined oxygen
therefore equals the amount of free oxygen in
air, the limits are 4.38 and 65.8 percent in the
same experimental conditions, in comparison
with 4.19 and 74.6 percent in air (93).

Influence of Small Amounts of ‘‘Pro-
moters.”—The addition of about 0.5 percent
of various possible “promoters’ (diethyl perox-
ide, ethyl nitrate, nitrogen peroxide, methyl
iodide, ozone) had little effect on the lower
limit of hydrogen in air and little more effect
on the higher limit than that due to the thermal
effects of their reactions (93).

Dilution of Electrolytic Gas (2H,+0,) With
Gases, Inert or Otherwise.—In the early part of
the last century the question of the amount of
diluent that, mixed with electrolytic gas, would
bring a mixture to its limit of flammability
aroused much interest, which has been revived
from time to time. Some of the diluents were
inert; others were not. Table 4 gives the
results.

The conditions of some of these experiments
are very incompletely stated but can be sur-
mised from the figures for the diluents hydrogen
and oxygen, as limit mixtures made by diluting
electrolytic gas with hydrogen and oxygen are
the same as higher- and lower-limit mixtures,
respectively, of hydrogen in oxygen. Thus,
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Davy’s, Turner’s, and Bunsen’s experiments
probably were made with upward propagation
of flame. Davy and Turner probably used
fairly wide vessels and Bunsen a rather weak
spark as the source of ignition. Regnault and
Reiset, Von Meyer, Tanatar, Misteli, Eitner,
and Jorissen observed downward propagation
of flame.

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 than those of lower
heat capacity in rendering electrolytic gas
nonexplosive. Helium is more effective than
argon, presumably because of its greater
thermal conductivity. Moreover, when the
diluent is itself flammable and therefore com-
petes with the hydrogen for the oxygen of
the elecrolytic gas, it is even more extinctive
of flame than the inert gases, provided that it
contains several atoms capable of uniting
with oxygen.

TABLE 4.—Percentage of electrolytic gas which, with diluent named, is at limit of flammability *

Percentage and authority
Payman and
itman,
Diluent Davy Turner (274, 275)?
(78) (333)
Up- Down-
ward ward
Hydrogen—__.__.____| 11-14 10-12. 5 | 21-23 (Bunsen, 27) - -~ _____ 17. 4 17. 4
Oxygen______________ 10-12. 5 f73 ;—7. 7 | 8.6-9.7 (Bunsen, 27), 13.9 (Eitner, 95)_______ 5.9 13. 6
v o |__ 791 ||
Nitrogen_____ | | ______ 14.3 (Henry, 122), 19.2 (Eitner, 95) __________ 15. 5 16. 8
Carbon dioxide_ . ____|__________ 25-33 25-27 (Regnault and Reiset, 292), 25.7-26.2
(Bunsen, 27), 30.0 (Eitner, 95). 23.0 25.9
Helium_ - ||| 13.9 13.9
Argon._ _ ||| 0.6 12. 5
Hydrochloric acid. ____| 30-40 20-25 |
Silicon fluoride_ - _____ 55-57 |- | e e
Sulfur dioxide________| _________ 83-50 | e
Nitrous oxide__ ______ 8-9 10-12.5 | e e
Carbon monoxide_____|__________ 20-25 | oo 17.1 17. 1
Hydrogen sulfide_ ____ 33-40 67—80 50 approximate (Budde, 25) - _ _____________ | _______|.______
Ammonia____________|._________ 50-67 50 (Partington and Prince, 268)3_ _ _ _ ________|._______|._______
Methane_____________ 50-57 o __ 7678 (Tanatar, 320), 76 (Misteli, 244) - | ______|._______
Ethane_ ____________ | _________|._________ 85.5-85.7 (E. von Meyer, 243) _ ____________ | _____|._____
Ethylene_ . __________ 67-75 50-67 78.6-80.8 (E. von Meyer, 243), 75 (Misteli, |- _____|._______
244), 80 (Jorissen, 202).
Propylene__ .- ____|ooo_______|_________ 88-89 (Tanatar, 320), 85-86 (Misteli, 244)
Trimethylene_________| _________[ _________ 88-89 (Tanatar, 820) - _ _ - ______________
Acetylene______ N 50 (Tanatar, 820) - ____________________
Cyanogen.____________ | _________{ _________ 40 (Henry, 129)_ |
Coalgas - ____|_______ 67-80 | e

1 0f 2 figures, the lower represents a nonflammable mixture and the higher a flammable mixture.

1 In a closed tube 2.2 cm. in diameter and 45 cm. in length.
3 At 85° C. and 380 mm. pressure.

PARA-HYDROGEN

The lower limit of para-hydrogen in air with
upward propagation of flame in a tube 7 c¢m. in
diameter and 120 cm. in length is between 4.3
and 4.5 percent. Under the same conditions,
the lower limit of ordinary hydrogen is between
4.3 and 4.4 percent. The higher limit of a
mixture of equal parts of ortho- and para-
hydrogen was not less than that of ordinary
hydrogen (114).

DEUTERIUM
DEUTERIUM IN AIR AND IN OXYGEN

The limits of deuterium, which have been
observed only in closed vessels, are given in
table 5, with those for hydrogen obtained by
the same observers in parallel experiments.

The ratio of figures (66) with upward propa-
gation (deuterium and hydrogen in air) is almost
equal to the inverse ratio of the diffusion
coefficients of the two gases, a fact that agrees
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with the explanation given (p. 11) for the
peculiar nature of the lower-limit flame of
hydrogen.

DEUTERIUM IN OTHER ATMOSPHERES

. The lower limits of deutertum and hydrogen
in mixtures of 20 percent of oxygen and 80 per-
cent of various chemically inert gases, at 400
mm. pressure, have been determined in a closed
tube 4.5 cm. in diameter and 80 cm. in length.
They are as follows:

Upward propagation of | Downward propagation
flame of flame
Atmosphere

Deuterium| Hydrogen | Deuterium| Hydrogen

Nitrogen, 80 percent.. 5. 65 3.9 11.0 9.6
Helium, 80 percent... 7.4 5.8 8.4 8.1
Neon, 80 percent___. 4.3 3.55 7.7 7.1
Argon, 80 percent.._. 3.75 2.7 7.2 7.1

The three last-named gases have equal
specific heats but different densities and thermal
conductivities. In the helium mixtures the
convection is least and the dissipation of the
energy of the flame front by diffusion the
greatest; correspondingly, thelimitis the highest
and the difference in the limits with upward
and downward propagation of flame the
least (567).

Dilution of 2D2—|—02.—The limits of 2D2+03
in various diluents, with downward propaga-
tion of flame in a closed tube 2.2 cm. in diam-
eter, are (274):

Percentage of 2Ds+0y

which, with diluent
. named, is at limit
Diluent: of flammability
Deuterium_ _____________ 15.9
Nitrogen - _ . __ o _______ 16. 8
OXygen — - e 15.3

TaBLE 5.—Limits of lammability of deuterium and hydrogen in air

Upward Propagation of Flame

Digiebg?iggi of Deuterium limits, percent Hydrogen, limits, percent
Pressure, Refer-
mm. In air In oxygen In air In oxygen ence No.
Diam- | Length
Lower | Higher | Lower | Higher | Lower | Higher | Lower | Higher
4.5 80 | 5.65 || _|eoe_- 4.1 ||| 56
2.2 45| 4.9 75.0 4 94. 7 3.9 73.0 3.9 94. 2 274
4.5 80 | 565 |________ 5.7 |- 3.9 |- 3.9 |- 57
Downward Propagation of Flame

400_________ 4.5 80 | 1.0 |- |mofemmoo- 9.6 |- b6
760_________ 2.2 45 | 10.2 75.0 | 10.2 94. 7 9.1 73.0 9.1 94. 2 27}
400_________ 4.5 80 | 11.0 |-___.____ 1.1 | 9.6 |________ 9.5 |- 57
AMMONIA limit was about 17 percent. Ignition was at-

AMMONIA IN AIR

Tests in which atmospheric pressure was
maintained during the propagation of flame do
not appear to have been made with ammonia-
air mixtures; but this condition was approached
in one research (280), included in table 6, in
which a rubber stopper at the top of the test
vessel usually jumped from its seating.

Influence of Pressure.—In an apparatus in
which the only mixture of ammonia and air
that could be inflamed at atmospheric pressure
contained 21.9 percent ammonia, the limits at
16 atmospheres were 17.1 and 28.8 percent
ammonia, and at 36 atmospheres the lower

tempted by the electric fusion of a silver wire
(10). In the 50-liter bomb (107) the lower
limit was unchanged between 1 and 20 atmos-
pheres pressure.

Influence of Temperature.—The range of
flammability of ammonia-air mixtures is wid-
ened as the temperature is raised to 450° C.,
as shown by figure 9. A closed tube 5 cm. in
diameter was used. The calculated flame
temperature for the lower limits, horizontal
propagation, is almost constant; therefore the
preliminary heating of the mixture seems
merely to save the necessity, so to speak, for
liberation of the same amount of heat by
combustion (354).
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TaBLE 6.—Limits of ammonia in air

Upward Propagation of Flame

Dimensions of tube, cm. Limits, percent Content of
aqueous Reference
Tube vapor, No.
Diameter Length Lower Higher percent
7.5 150 [ Closed - - - _______________ 17. 1 26. 4 0.4-2.5 3564
6.0 |____________ (Seetext)  _______________ 15.0 28.0 Dried 280
50 150 losed. - ____________ 16. 1 26. 6 0.4-2.5 854
5.0 150 |-____ do__._ . ________ 16. 1 26.6 |- ___ 130
Horizontal Propagation of Flame
7.5 150 | Closed _ - .. _____________ 17. 4 26. 3 0.4-2. 5 364
50 150 |- __ do . ______ 18. 2 25. 5 0.4-2. 5 854
Downward Propagation of Flame
7.5 150 | Closed-___________________ No propagation_________ 0.425 354
5.0 150 |_____ do_ o |eo_.. do_ .. 130
L9 | .. do_ o |eo___ doo . 301
Propagation Throughout a Spherical Vessel or a Bomb
Sphere, 0.5 liter__________ Closed____________________ 16. 5 26. 8 1 301
ylinder, 1.2 liters________|.____ do_ . ______ 16. 0 25.0 (o ______ 256
Bomb, 50 liters___________|_____ do_ . ___________ 16.0 |- . 107
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If the mixture of ammonia and air stands
over an aqueous solution of ammonia (strength
not stated) the limits are rapidly narrowed by
rise of temperature until at about 44° C. they
meet. Above this temperature the amount of
water vapor is sufficient to render all mixtures
of ammonia and air nonflammable (300).

AMMONIA IN OXYGEN

The earliest recorded limits known to the
present writers are those for ammonia in oxy-
gen. In 1809 W. Henry wrote “With a greater
proportion of pure oxygen gas to ammonia
than that of 3 :1, or of ammonia to oxygen
than that of 3 : 1.4, the mixtures cease to be
combustible” (721). These proportions cor-
respond with 25 and 68 percent ammonia,
respectively.

Table 7 gives modern determinations of the
limits of ammonia in oxygen, in closed tubes.
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In a glass bulb 100 cc. in capacity the limits
at 85° C. and 380 mm. pressures are 21 and
74.5 percent (268).

In a 50-liter bomb the limit for complete in-
flammation when ignition was central de-
pended on the nature of the source of ignition.
The lower limit, ignition by electric spark or
guncotton, was 15.9 percent; by a mixture of
sulfur and potassium chlorate, 13.5 percent

107).

( Fr?om observations with a split Bunsen flame
the lower limit of ammonia in oxygen was
estimated as somewhat less than 15 percent
and the higher limit as somewhat greater than
80 percent (293).

Influence of Pressure.—In a 50-liter bomb the
lower limit for complete combustion was 13.5
percent at 1, 12.0 at 5, 10.8 at 10, and 10.0 at
20 atmospheres (107).

TABLE 7.—Limits of ammonia in oxygen (closed tube)

Dimensions of tube, cm. Direction of propagation
Upward Horizontal Downward ReflsII:noe
Diameter Length
Lower Higher Lower Higher Lower Higher
75 150 14. 8 - 15. 6 _ 17. 3 - 364
5.0 150 15.3 79 16.7 79 18. 1 79 354
1.7 - - - R - 21.0 64. 6 846
1.5 - - - R - 18.9 69. 5 208

Influence of Temperature.—In a closed tube
5 cm. in diameter the following figures were
obtained for the lower limit (354):

Lower limit of ammonia in oxygen (closed tube)

Temperature_ . _____________ ... °C..| 18| 250 | 45.0
Horizontal propagation____________________ percent__| 16.7 | 14.8 | 12.6
Downward propagation. ... ______.________ do....|18.1 [ 158 | 13.5

AMMONIA IN OTHER ATMOSPHERES

Atmospheres of Oxygen and Nitrogen, of
Oxygen and Carbon Dioxide, and of Oxygen and
Argon.—The limits of ammonia in these mix-
tures have been determined with downward
propagation of flame in 1.5- and/or 1.7-cm.-
diameter tubes (203, 345).

Atmosphere of Nitrous Oxide.—A very old
determination gave the limits of ammonia in
nitrous oxide, conditions not stated, as about
17 and 67 percent (121). Recently, these
limits have been deduced by small extrapola-
tions of the limits found in series of mixtures of
nitrous oxide and air. They were determined
for upward, horizontal, and downward propa-

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

Limits of ammonia in nitrous oxide (closed tube)

Upward Horizontal Downward
Tube diam-
eter, cm.
Lower | Higher | Lower | Higher | Lower | Higher
7.5 12.2 71.9 4.4 7.7 (1) 71.7
5.0 2.6 71.9 5.1 71.6 6.8 71.0

1Tube burst with limit mixture.

The lower limits were difficult to determine
because violent explosions sometimes occurred,
shattering the tubes, with mixtures below the
limit for normal flame propagation. This is
ascribed to the exothermic decomposition of
nitrous oxide sensitized by small amounts of
ammonia (130).

Increase of temperature widens the range
appreciably at the lower limit, slightly at the
higher limit (130).

Atmospheres of Air and Nitrous Oxide.—The
limits of ammonia in various mixtures of air
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and nitrous oxide, with upward, downward, and
horizontal propagation of flames, have been de-
termined in a 2-inch-diameter closed tube. They
accord fairly closely with Le Chatelier’s rule,
that is, mixtures of limit mixtures of the same
sort (lower or higher) are themselves limit mix-
tures (130).

Atmosphere of Nitric Oxide.—The limits of
ammonia in nitric oxide, with downward prop-
agation of flame in a tube 1.8 cm. in diameter,
are approximately 20 and 65 percent (339).

HYDRAZINE

HYDRAZINE IN AIR

The limits of hydrazine in air, with upward
propagation of flame in a l-inch-diameter tube
open at the upper end, are 4.67 and 100 percent
at about 100° C. Hydrazine decomposes exo-
thermically, and its vapor can propagate flame
down to 12 mm. pressure (at 29° C.) without
the assistance of air or other supporter of com-
bustion (304).

The limits of 85 percent hydrazine hydrate in
air, determined similarly and calculated on the
assumption of complete dissociation of the
hydrate at the temperature of the tests (about
100° C.), are equivalent to 5.95 and 27.37 per-
cent N, H, (304).

HYDRAZINE IN OTHER ATMOSPHERES

Hydrazine vapor mixed with various diluents
is capable of propagating flame within the fol-
lowing concentrations, at temperatures ranging
from 104° to 135° C. and roughly atmospheric
pressure (304):

Hydrazine limits,
percent
Diluent

Lower Higher

Nitrogen._ _

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

HYDROGEN SULFIDE

HYDROGEN SULFIDE IN AIR

In a horizontal tube 6 cm. in diameter and
open at both ends the limits of hydrogen sulfide
in air were 5.9 and 27.2 percent (182).

In closed tubes 1.5 meters in length and of
different diameters the limits for mixtures con-
taining 1 percent water vapor were as follows
(356): »

Limats of hydrogen sulfide in air (1 percent water
vapor) in closed tubes, percent

Direction of propagation of flame

D iametglof tube, Upward Horizontal Downward

Lower | Higher | Lower | Higher | Lower | Higher

5.0 4.40 4.5 5.40 26.6 6.05 19.8
8 T 4.30 45.5 5.30 35.0 5.85 21.3

The limits in a closed horizontal tube, 4.5
cm. wide and 75 cm. long with spark ignition
at the center, are given as 3.1 and 45.1 percent
(283). The great difference between these
figures and the corresponding figures in the
tabulation above was not discussed.

HYDROGEN SULFIDE IN OTHER ATMOSPHERES

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

Atmospheres of Air and Carbon Dioxide.—
With increasing amounts of carbon dioxide
added to air, the limits of hydrogen sulfide
approach and ultimately meet. In a closed
horizontal tube 4.5 cm. wide and 75 cm. long
with spark ignition at the center, about 25
percent of carbon dioxide in the mixture is
sufficient to prevent any mixture inflaming
completely, and about 36 percent prevents
partial inflammation (283).

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

HYDROGEN CYANIDE (PRUSSIC ACID)

The limits of hydrogen cyanide in air were
said to be 12.75 and 27 percent, but the experi-
mental conditions were not stated (52). Later
reports give 5.6 and 40.0 percent (255) and,
in a 50-cc. pipette, 7 and 41 percent (279) as
the limits. A figure of “around 8 percent” is
quoted for the lower limit in unstated con-
ditions (16).

Influence of Pressure.—In a 50-cc. pipette the
range of flammability narrows with reduction
of pressure, the limits meeting at about 50
mm. (279).
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CYANOGEN

Table 8 gives observed limits of flammability
of cyanogen in air (265). Other observations,
under unstated conditions, gave the limits
7.6 and 38.0 percent (326), and, in small vessels,
9.8 and 24.6 percent (§) and 6.6 and 42.6
percent (9).

For the results tabulated, ignition was by
electric spark between tungsten -electrodes
4 to 5 mm. apart. No dry mixture was ig-
nitible by this spark in the two wider tubes,
but a brightly red-hot tungsten filament in
the 2.5-cm.-diameter tube ignited mixtures

within the range 19 to 26 percent cyanogen,
after a delay of up to 30 seconds. The resulting
ignition resembled a detonation and shattered
the tube.

Within the range given in the table for each
of the higher-limit figures, propagation was
obtained if the tube had been evacuated to
0.01 mm. before introduction of the mixture,
but not if it had been evacuated to 0.001 mm.
for at least 15 minutes (265).

Influence of Pressure.—The effect of reduced
pressure on the limits of ignitibility by a weak
standard spark, rather than on the limits of
flammability, has been examined (8).

Tasre 8.— Limits of flammability of cyanogen in air

Upward Propagation of Flame

Dimensions of tube, cm. Limits, percent
Tube Content of aqueous vapor
Diameter Length Lower Higher
3.5 60 | Closed________________ 6. 15 30. 8-32. 0 | Nearly saturated.
2.5 60 |-____ do_______________ 6.3 29. 8-31. 0 Do.
2.0 60 |_____ do . ____________ 6. 55 29. 0-30. 1 Do.
2.0 60 |_____ do_______________ 18.0 28. 0-28. 8 | Dry.
1.5 60 |_____ do_ . ________ 7.1 28. 35-29. 3 | Nearly saturated.
15 60 |_____ do_______________ 17.25 29.2-30. 1 | Dry.
Downward Propagation of Flame
3.5 60 | Closed__ - __________ 6. 4 30. 1-30. 6 | Nearly saturated.
2.5 60 [_____ do_______________ 6. 45 28.2-28. 7 Do.
2.0 60 |_____ do_ . ___________ 6. 70 27.3-27.9 Do.
2.0 60 |_____ do. . __________ 18. 5 25. 35-25. 8 | Dry.
1.5 60 |_____ do_ ______________ 7.25 26. 2-26. 7 | Nearly saturated.
15 60 |_____ do_ - ________ 17.7 26. 2-26. 6 | Dry.
CARBON DISULFIDE percent. Examples of these are pentane, ether,

CARBON DISULFIDE IN AIR

The limits of carbon disulfide in air with up-
ward propagation of flame in a tube 6 cm. in
diameter and 180 cm. in length, open at the
firing end, are about 1.35 and 44.5 percent
(185); in a tube 5 cm. in diameter, 1.25 percent
is the lower limit (738).

Table 9 summarizes other determinations of
the limits of carbon disulfide in air.

Two older determinations are replaced by the
foregoing results (213, 240). A determination
in a very small vessel gave thelimits as 0.8 and
52.6 percent (9).

Abnormal Influence of Small Quantities of a
‘Third Substance.—Introduction of 0.1 or 0.2
percent of certain substances into the air raises
the lower limit (downward propagation of
flame) of carbon disulfide from 1.9 to about 3.0

acetaldehyde, ethylene, alcohol, and acetylene.
Other substances of similar action, but not so
marked, are benzene, acetone, hydrogen sulfide,
acetic acid, methane, and hydrogen. Carbon
monoxide, cyanogen, and nitrogen have litcle,
if any, such action. It has been suggested
that, as the lower limit of carbon disulfide is
much less, compared with that of most other
substances, than its heat of combustion would
indicate, its combustion is catalyzed by a
product of incomplete combustion, perhaps
carbon monosulfide, and the catalyst is readily
poisoned by such substances as pentane (360).

Small amounts of diethyl selenide, tin tetra-
methyl, and lead tetramethyl have a similar
effect; 0.2 percent of these substances raises
the lower limit for downward propagation of
flame in a 5-cm. tube from 1.90 to 3.70, 3.45,
and 3.00 percent, respectively (250).



30 LIMITS OF FLAMMABILITY

OF GASES AND VAPORS

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

Upward Propagation of Flame

Dimensions of tube, cm. Limits, percent
Content of Reference
Firing end Far end aqueous No.
Diameter Length Lower Higher vapor
7.5 150 | Closed.______ Closed ... __ 1.06 | ______ Dry__._____ 353
5.0 150 |____ do______|._.__ do.____ 1. 41 150.0 |.____ do__.__ 358
2.5 150 |____. do______|_____ do_____ 170 | . do.._.. 353
Horizontal Propagation of Flame
7.5 150 | Closed.._____ Closed. ____ 1.67 |____________ Dry_______ 353
5.0 150 | ____ do______|_____ do_____ 1. 83 149.0 |..___ do_____ 353
2.5 150 |.___._ do_ . ____|_____ do_____ 2.08 || do___._ 3538
Downward Propa
7.5 150 | Closed_______ Closed...__ 353
50 150 |_____ do_._____|_____ O 3538
5.0 65 | Open (?)__.__|-____ do_____ 250
2.5 150 | Closed_______|_____ do_____ 353
Bottle, 2 liters____________ Open________|_____ do_____ 221
1At 60° C.

Influence of Pressure.—The effect of reduced
pressure on the limits of ignitibility by a weak
standard spark of carbon disulfide in air, rather
than on its limits of flammability, have been
examined (8). Higher limits at 90 to 210 mm.
E)resiure have been given for a 50-cc. pipette

279).

CARBON DISULFIDE IN OTHER ATMOSPHERES

Nitrogen and Oxygen.—The lower limit of
carbon disulfide, with downward propagation
of flame in a closed glass tube 5 cm. in diameter
and 150 cm. in length, fell steadily from 2.63
percent in 11.8 percent oxygen to 2.00 in air
and 1.24 in 93 percent oxygen (360).

Air and Carbon Dioxide.—One volume of car-
bon disulfide needs 22.2 volumes of carbon
dioxide to make a mixture that is nonflammable
in air (185). The higher limits at reduced
pressures have been given for some mixtures
in a 50-cc. pipette (279).

Air and Carbon Tetrachloride.—One volume
of carbon disulfide needs 5.2 volumes of carbon
tetrachloride to make a mixture that is non-
flammable in air. This figure is much reduced
by adding to the carbon disulfide 5 to 20 percent
ethyl bromide, tin tetramethyl, or gasoline
(boiling point, 45° to 50°) (251). other
observation is that 1 volume of carbon disulfide
needs 7 to 9 volumes of carbon tetrachloride
to make a mixture that is nonflammable in air

(downward propagation of flame) (290). An-
other result seems 1mpossibly small (282).

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

Nitrous Oxide, Nitric Oxide, and Nitrogen
Peroxide.—The limits of flammability of carbon
disulfide in nitrous oxide in an electric light
bulb (ignition by fusion of a wire) were about 1
and 52 percent at 350 mm. pressure. As the
pressure is reduced, the limits approach each
other, and below 14 mm., no mixture is flam-
mable (344). The limits mn nitric oxide under
the same conditions are 4.5 and 59 percent at
400 mm. pressure; below 30 mm. no mixture
is flammable (343).

The limits of carbon disulfide in any mixture
of nitrous and nitric oxides, at 150 mm. pres-
sure, can be read from curves in the original
bulletin (344).

Limits of ignitibility by a weak spark (rather
than limits of flammability as claimed) of
carbon disulfide in nitric oxide and in nitrogen
peroxide have been recorded (8).

CARBON OXYSULFIDE

The limits of carbon oxysulfide in air, ob-
served, perhaps, in a eudiometer tube, were
11.9 and 28.5 percent (120).
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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 vessel 6 feet high and
12 inches square in section, the following
observations were made (63):

12.83 and 12.33 percent carbon monoxide.—
Stout ring of flame was formed, but flame did
not travel the whole length of the vessel.

12.5 and 12.7 percent carbon monoxide.—
A ring of flame first formed, then broke and
filled the upper part of the vessel with striae
of flame.

12.9 percent 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, it was concluded
that the lower limit of carbon monoxide in air
was 12.5 percent carbon monoxide.

The higher limit of flammability has not been
determined in large vessels, but experiments
in a wide, short vessel and in a long, narrow
vessel have indicated (64) that the higher limit
in a large volume is about 74.2 percent car-
bon 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
is possible in laboratory experiments, the most
explosive mixtures of carbon monoxide and
oxygen can be ignited only by unusually
powerful electric sparks, but passage over
calcium chloride raises the lower limit of
carbon monoxide in air, in a tube 2 inches in
diameter, from 13.1 to 15.9 percent (70).
Other experiments with roughly dried mixtures
gave the limits 15.8 and 68.5 percent for a
2-inch-diameter tube, 14.5 and 68.4 percent
for a 4-inch tube (38).

The limits with downward propagation of
flame have not been determined in large vessels.

Observations in Small Vessels.—The lower
limit with upward propagation observed in
closed vessels rose somewhat as the diameter
of the container was decreased; the limits were
12.8, 13.1, and 13.2 percent in 3-, 2-, and 1-inch
tubes, respectively. The corresponding higher
limits were 72, 72, and 71 percent (356).

Figure 10 indicates the limits with downward
propagation in tubes of various diameters.
The limits narrow rapidly when the diameter
of the tube falls below 1 cm. and coincide when
it is a little more than 2 mm.

The lower limit with horizontal propagation
(356) in closed tubes is 15.9 percent CO for a
tube 25 mm. in diameter, 14.1 percent CO for a
50-mm. tube, and 13.6 percent CO for a 75-mm.

tube. The limits for propagation throughout
a closed 35-ce. globe with side ignition are 14.2
and 74.7 percent (297), and for propagation in a
350-cc. globe with ignition near the lowest
point, 12.7 and 75.4 percent (368).

In round figures, therefore, the limits for
carbon monoxide in air saturated with water
vapor at laboratory temperature and pressure
are 12.5 and 74 percent CO for upward propa-
gation, 13.5 percent CO (lower limit) for hori-
zontal propagation, and 15 and 71 percent CO
for downward propagation. The figures for
horizontal and downward propagation are
based on observations in closed tubes in which
the gases were under variable pressure during
the experiment.

Influence of Pressure.—Figure 11 shows the
limits of carbon monoxide in air under pressures
greater than atmospheric (17, 18, 324). 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 atmos-
pheres. The range of flammability of dry mix-
tures is narrowed by increase of pressure.

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

Some old experiments below atmospheric
pressure gave the following limiting pressures
of flammability, with downward propagation
of flame in several mixtures of carbon monoxide
and air (220):

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

Pressure | Pressure
at which | at which
Carbon monoxide, percent ﬂampr:pgas ggf}?rgg:_
gated, gated,
mm. mm.

16.4____ 454 411
18.6-. 144 112
27.9.__. 89 79
46.5 1 94 79

1The last mixture in this list could not be ignited at 76 mm.
either by an induction-coil spark or by the flame of guncotton.

More recent experiments, made in a burette,
indicated a small increase in the higher limit
as the pressure was reduced (86).

Influence of Temperature.—Four sets of ob-
servations have been made (12, 220, 297, 358)
on the influence of temperature. Probably the
most reliable results are those (358) in table 10,
determined in a closed tube 2.5 cm. in diameter
and 150 cm. in length, with downward propa-

ation of flame. These results are plotted in
%gure 12 with two older approximate values
indicated by stars (220) that extend the lower
limit results to nearly 600° C.
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Fieure 10.—Limits of Flammability of Carbon Monoxide in Air (Downward Propagation), Showing Effect of
Diameter of Tube.

. At 659° C. a 5.65-percent mixture was
inflamed (216); at 727° an 82.9-percent mix-
ture was inflamed (288).

TaBLE 10.—Influence of temperature on limits of
Sflammability of carbon monoxide in air

Limits of flammability c
alculated flame
of carlggégglgoxide, temperatures, ° C.
Temperature, ° C.

Lower Higher Iiﬁ:gi?;r I%’Igg‘i:r
16.3 70.0 1, 490 1,120
15,7 |oooieeee 1,465 | __
14.8 71.5 1,435 1,130
142 (o ____. 1,425 | .
13.5 73.0 1,410 1,160
129 | _____ 1,405 fooo_
12.4 75.0 1, 405 1,170
1200 |oooomm 1,410 |-
11.4 7.5 1,410 1,170

The flame temperature necessary to prop-
agate flame downward is much above the igni-
tion temperature (650° C.) of a jet of carbon

monoxide in air. It is remarkable that the cal-
culated flame temperatures 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 that contains 66.7
percent carbon monoxide; but the difference in
flame temperatures for the two limits seems too
great to be thus explained.

The influence of temperature on the limits at
high pressures is shown in figure 11.

Influence of Impurities.—The lower limit of
carbon monoxide in air, with downward prop-
agation of flame, was raised 3 percent by addi-
tion of iron carbonyl (0.028 cc. liquid vaporized
per liter). The higher limit was reduced from 69
to about 43 percent by addition of iron carbonyl
(0.022 cc. liquid vaporized per liter) (325).

The lower limit, with upward propagation of
flame in a 2-inch-diameter tube, was not affected
by the addition of 0.3 or 1.0 percent of nitric
oxide (70).
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Ficure 11.—Effect of Pressures Above Normal on Limits of Carbon Monoxide in Air.

CARBON MONOXIDE, PERCENT

80

—3¢
500
3
A )\ v
A /
] \ /
2 v
2 /
& \
200 \\
\ /
/
100 \\ ./
\, /
\
L) -{
3 10 12 14 16 (7! 78

70
CARBON MONOXIDE, PERCENT

33

Ficure 12.—Limits of Flammability of Carbon Monoxide in Air (Downward Propagation of Flame), Showing

Influence of Temperature.
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The second earliest recorded limits known to
the present writers are those for carbon monox-
ide in oxygen. In 1810 John Dalton wrote
“* * * ‘unless the carbonic oxide amount to
at least one-fifth of the mixture, it will not ex-
‘p]lode; and the oxygen must be at least one-

fteenth of the mixture” (76a).

The limits of carbon monoxide in oxygen,
with downward propagation of flame in a Bunte
burette 19 mm. in diameter, were 16.7 and 93.5
percent in nearly pure oxygen (323); in a closed
tube 17 mm. in diameter, 16.7 and 93.9 percent
(846). For propagation throughout a 35-cc.
globe with side ignition the limits were 15.5 and
93.9 percent (297). Earlier observations are
consistent with these figures, except that
Wagner’s low-limit figure was too high because
he used a weak source of ignition (243, 346).

Influence 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 difficult to insure
65, 86).

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

Influence of Temperature.—In a 35-cc. closed
bulb the limits were 15.5 and 93.9 percent at
15° C. and 14.2 and 95.3 at 200° C. (297).

CARBON MONOXIDE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air
and Pure Oxygen.—With downward propaga-
tion of flame in a Bunte burette 1.9 em. in diam-
eter the lower limit rose gradually from 15.6
percent carbon monoxide in air to 16.7 percent
in nearly pure oxygen. The higher limit rose
from 70.9 percent carbon monoxide in air to
87.6 in a 51-percent oxygen mixture, 91 percent
in a 71-percent oxygen mixture, and 93.5 per-
cent in nearly pure oxygen (323).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of flammability
of carbon monoxide in all mixtures of air and
nitrogen, or air from which part of the oxygen
has been removed, are shown in figure 13. The
determinations were made in a tube 6 feet in
length and 2 inches in diameter, with upward

ropagation of flame from an open end (133).
%rom the ordinates of the ‘“nose’” of this curve
it may be calculated that no mixture of carbon

OXYGEN IN ORIGINAL ATMOSPHERE, PERCENT
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Ficure 14.—Relation Between Quantitative Composition and Explosibility of Mixtures of Carbon Monoxide,
Air, and Nitrogen.

monoxide, nitrogen, and air at atmospheric
pressure and temperature is capable of prop-
agating flame if it contains less than 5.6 percent
oxygen (167).

For some purposes the results are more useful
when expressed (62) as in figure 14. For
example, a mixture that contains 20 percent
carbon monoxide, 8 percent oxygen, and the
remainder nitrogen is explosive. If the oxygen
is reduced to 4 percent and the carbon mon-
oxide remains at 20 percent, the mixture is no
longer explosive but will become so on admix-
ture with suitable amounts of air. If the carbon
monoxide is less than 20 percent and oxygen is
absent, no mixture with air is flammable.

In figure 14, “impossible mixtures’’ cannot
be produced by mixing air, nitrogen, and carbon
monoxide. For more detailed explanations
compare the corresponding section on methane
limits in mixtures of air and nitrogen.

The limits with downward propagation of
flame in a closed tube 2.2 c¢m. in diameter have
also been determined (341).

All Atmospheres of Oxygen and Nitrogen.—
The limits of carbon monoxide in all mixtures of
oxygen and nitrogen, with downward prop-
agation of flame in tubes 1.5 and 1.7 cm. in
diameter, are given in triangular diagrams
(228, 345).

Atmospheres of Air and Water Vapor.—The
limits of mixtures of carbon monoxide and air
standing over water in a 350-cc. spherical
vessel, and ignited near the water surface, have
been determined at various temperatures. As
the temperature rises, and consequently the
water-vapor content also, the lower limit rises
slowly and the higher limit falls rapidly, as with
other diluents. When 54 percent of water vapor
is present the limits coincide at about 18 percent
carbon monoxide (368).

Earlier experiments, made in a Bunte burette,
show similar effects, but the range of lamma-
bility is narrower (95). )

Drying by calcium chloride has an appreciable
effect on the lower limit of carbon monoxide in
air (p. 31).
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Atmospheres of Air and Carbon Dioxide.—
The limits of flammability of carbon monoxide
in al]l mixtures of air and carbon dioxide can be
read from one of the curves in figure 13. The
determinations were made in a tube 6 feet in
length and 2 inches in diameter, with upward
propagation of flame at atmospheric pressure
during propagation (133, 167).

Earlier observations (95) show, as might be
expected, more rapid narrowing of the limits in
Bunte burette experiments.

The limits with downward propagation in a
closed tube 2.2 cm. in diameter have also been
determined (341).

Atmospheres of Air and Argon or Helium.—
The limits of carbon monoxide in mixtures of air
with argon and with helium, with downward
propagation of flame in a closed tube 2.2 cm. in
diameter, have been determined (341).

Atmospheres of Air Mixed with Vapors of
Halogenated Hydrocarbons.—The ‘‘theoreti-
cal”’ mixture of carbon monoxide and air (29.6
percent CO) was rendered nonflammable in a
4 4-cm.-diameter tube, open at the firing end,
by (@) 2.05 percent of carbon tetrachloride for
upward propagation of flame and (b) 1.16
percent for downward propagation. On reduc-
ing the percentage of nitrogen, more carbon
tetrachloride was required, and on increasing it
less was required, but the ratio of (a) to (b)
remained constant (91).

Series of results showing the lower and
higher limits of carbon monoxide in air con-
taining increasing amounts of the vapors of
dichloroethylene and trichloroethylene have
been reported; they were observed in small
burettes 15 mm. in diameter, so have limited
value (199). Similar experiments have been
made with the vapors of other halogen deriva-
tives (338).

The addition of increasing amounts of
methyl bromide to the air causes the limits of
carbon monoxide to approach and, in a 2-inch-
diameter tube, to meet when 6.2 percent of the
mixture is methyl bromide (38). For a com-
ment, compare the corresponding paragraph on
hydrogen (p. 22).

Atmospheres in Which Nitrogen of the Air Is
Replaced by Carbon Dioxide.—In a closed 35-
cc. globe with side ignition the limits were 21.8
and 72.8 percent carbon monoxide in a mixture
of 20.9 percent oxygen and 79.1 percent carbon
dioxide compared with 14.2 and 74.7 percent,
respectively, in air in the same apparatus (297).
Some earlier figures (346) may be regarded as
supplanted by those just quoted. Results
showing the influence of temperature on limits
in this series are irregular.

Atmospheres of Oxygen and Carbon Dioxide
and of Oxygen and Argon.—Limits in these
atmospheres have been determined with down-

ward propagation of flame in a 1.7-cm.-diameter
tube (349).

Atmospheres of Oxygen and Chlorine.—The
limits of carbon monoxide in mixtures of oxygen
and chlorine, with downward propagation of
flame in a tube 15 mm. in diameter, are plotted
in a triangular diagram. No mixture of carbon
monoxide and chlorine was flammable (228).

Atmospheres of Nitrous and Nitric Oxides.—
The limits of carbon monoxide in nitrous
oxide, with downward propagation of flame in
a 15-mm. burette, are 18.7 and 83.6 percent
(339), in nitric oxide (wrongly called nitrous
oxide by the author—a Netherlands chemist
writing 1n English), 30.9 and 48.4 percent (228).
The region of flammability of mixtures of carbon
monoxide with mixtures of nitrous and nitric
oxides has been plotted in a triangular diagram
(339), but the spark used was too weak to ignite
any mixture of carbon monoxide and nitric
oxide (228).

Dilution of 2CO-+0,—The following results
were obtained with downward propagation of
flame in diluted 2CO+O, in a Bunte burette
19 mm. in diameter (95):

Effect of diluents upon flammability of 20040,

Percentage of 2C0+02
which, with diluent
nemed, i8 at limit

Diluent: of flammability
Oxygen___ . ___________ 23. 4
Nitrogen_______________________ 26. 6
Carbon dioxide_________________ 35. 3

Nitrogen evidently has a slightly greater
extinctive action than oxygen, although it has
less heat capacity; carbon dioxide, which has
much greater heat capacity, also has a greater
extinctive action.

CHLORINE
ATMOSPHERE OF FLUORINE

When a mixture of chlorine and fluorine was
sparked in a small cylindrical tube, a yellowish
red flame spread through the tube, accompanied
by an explosion when the proportions of the
gases were suitable. On drying the gases and
apparatus completely no reaction occurred, but
on admitting moisture, flame and explosion were
once more obtained (108). Although the limits
were not obtained in these experiments, they
show that chlorine and fluorine form flammable
mixtures under certain conditions.

CHLORINE MONOXIDE
ATMOSPHERE OF OXYGEN

All mixtures of chlorine monoxide and oxygen
containing more than 23.5 percent of the former
are capable of propagating flame upward when
“ignited”’ by a spark in a tube 3.4 cm. in diam-
eter and 90 cm. in length (48).
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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 vessel 6 feet high and 12 inches
square in section, the following observations
were made (63):

5.1 percent methane.—A vortex ring of flame
traveled upward about 12 inches, broke, and
died out as a tongue of flame about 12 inches
higher.

5.3 percent methane.—In one experiment the
ring of flame resolved itself into a flame that
traveled steadily to the top of the vessel; in
other experiments the flame became extin-
guished during a violent uprush on one side.

5.6 percent methane.—A steady flame with a
convex front passed throughout the mixture.

These experiments have been repeated with
a glass cylinder 7 feet in height and 10 inches in
diameter. The limit observed was 5.32 percent
methane. Steady conditions were obtained
I(Ié((;l)‘e easily in the 10-inch tube than in the box

Independent observers conducted experi-
ments in a vessel similar to that first described,
which led them to conclude that the lower
limit for inflammation upward was about 4.9
percent methane (46). 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 the closed end with a release behind
the flame, but in the second set the flame
traveled from the closed end toward a paper
diaphragm that ‘‘upon ignition broke and
gave a vent for the burned gases.” The
authors have repeated both sets of experiments
and confirmed both results; the figures obtained
were 5.28 percent for propagation upward
away from the open end and 5.01 percent for
upward propagation in the same vessel toward
the open end. However, there was a great
difference between the appearance of the limit
flames in the two tests. In the first they
appeared, after traveling about 12 inches, 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 latter flame could travel indefi-
nitely and not be extinguished. In the former
experiments the flame traveled into quiescent
gas; in the latter the flame traveled into gas
that had considerable motion on account of
upward expansion of the heated gas.

939350°—52—4

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 percent methane, but that, if the flame is
traveling upward from the closed to the open
end of a vessel in gas which is therefore in mo-
tion, it may travel at least 6 feet when the pro-
portion of methane is not less than 5 percent.
Furthermore, in certain circumstances ‘‘the
flames of mixtures containing 5.3 to 5.6 percent
of methane are very sensitive to extinction by
shock” (63).

The higher limit of methane in air saturated
with water vapor has been determined in a
glass tube 7 feet in length and 10 inches in
diameter to be 13.87 percent methane (68).
This figure may be taken as correcting an earlier
and higher estimate (64) based on observations
in short, wide 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 percent under the conditions of move-
ment imparted to the gases (46).

Downward Propagation of Flame.—In a large
box nearly 6 feet long and 12 inches square in
section the limits with downward propagation
of flame in a quiescent mixture were 5.75 and
13.6 percent 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 with
downward propagation was 5.45 percent (49).

Horizontal Propagation of Flame.—In the
same box the lower limit with horizontal propa-
gation was 5.55 percent methane. The position
of the open end, whether behind or ahead of the
flame, was not stated (45).

In a horizontal glass cylinder 7 feet in length
and 10 inches in diameter the limits with propa-
gation throughout the length of the tube from
open to closed end were 5.42 to 14.03 percent
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 exceedin
13.87 percent methane—that with upwar
propagation in the same vessel (68).

Observations in Small Vessels.—Numerous
observations have been made of the limits of
methane in small vessels. On the whole, the
results are fairly consistent, as shown by tables
11 to 14 when allowance is made for variation
in experimental conditions. Outstanding dis-
crepant figures are not quoted here, because
they have been explained as due to faulty
experiment or faulty interpretation. For ex-
ample, in at least one research it is certain that
the mixtures of methane and air were not ho-
mogeneous; in another (278) the observation
of a small pressure change on sparking was
erroneously interpreted as an indication of
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flammability; in a third (232) the flame speeds
in a series of flammable mixtures of methane
and air were extrapolated to zero speed, the
corresponding composition being taken as the
limit of flammability—an error, because a
“limit” mixture has a flame speed that is far
from zero. Many of the older figures are
omitted because they are but rough approxi-
mations compared with more recent results,
with which, however, they are not at variance.

A recent series of experiments in narrow
tubes has, however, given some anomalous
results, not yet explained. In a 2-cm.-diameter
tube 60 cm. long, the limits were normally 5.40
and 13.72 percent; but, after the tube had been
cleaned with chromic acid, washed, dried, and
evacuated to 0.001 mm., the limits observed
were 4.70 and 12.86 percent. An extended
series of experiments was then made with a
“natural gas”’ containing 94 percent of methane
and 0.5 percent of ‘‘various hydrocarbons.”
Tubes 2.5, 2.0, 1.5, and 1.0 cm. in diameter
were used, and both limits were determined for
upward and downward propagation of flame.
The “clean-tube’’ limits were always lower than
the corresponding ‘‘normal-tube” limits, the
difference being independent of tube diameter

TaBLE 11.—Limits of flammability of methane

for both limits (downward propagation) and
for the higher limit (upward propagation). It
is difficult to explain a “wall effect’” that is
independent of tube diameter (264).

Upward Propagation in Small Vessels.—Table
11 shows the limits with upward propagation
of flame in mixtures of methane and air in the
smaller vessels. It is evident that the limits
found in wide vessels open behind the flame—
5.3 and 13.87 for gases saturated with water
vapor—are not appreciably narrower in open
tubes 5 cm. in diameter. In closed tubes,
however, the higher limit is greater than in
open tubes of equal diameter. This is ex-
plained by the observation that increase of
pressure raises the higher limit; enough pres-
sure to affect the limit is developed in closed
tubes 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 experi-
ments in tubes of the same diameter (5 cm.)
but of very different lengths. The shorter tube
1gave a greater higher-limit figure than the
onger tube, because the pressure must rise
fasl:;er and to a greater quantity in the shorter
tube.

m air, with upward propagation of flame in tubes

Dimensions of tube, cm.

Limits, percent
Content of Reference

Firing end
Diameter Length

aqueous vapor No.
Lower Higher

PRRRRROSCORSOND
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00 15,00 | Dry__.___________ 142
35 14. 85 | Half-saturated.____ 366
Saturated ________ 95

grengnenen
>
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—
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80 13. 20 | Half-saturated_ ___ 356
48 | _ Nearly dry_______ 110

g gnen g gn

Horizontal Propagation in Small Vessels.—
Table 12 shows the limits with horizontal prop-
agation in the smaller vessels. The limits for
closed tubes are narrowed appreciably by re-
ducing the diameter of the tube to 2.5 cm. In
open tubes the limits meet when the diameter
of the tube is reduced to 0.45 cm. Flame is
not propagated, except for a short distance
from the source of ignition, along a tube 0.36
cm. in diameter.

Downward Propagation in Small Vessels.—
Table 13 shows the limits with downward prop-
agation of flame in the smaller vessels. The
limits throughout are somewhat narrower than
those found in the largest vessel for the same
direction of propagation.

Propagation in Spherical Vessels.—Table 14
shows the limits for propagation of flame
throughout mixtures of methane and air in
closed spherical vessels of various sizes. The
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TaBLE 12.—Limits of flammability of methane in air with horizontal propagation of flame in tubes

Dimensions of tube, cm. Limits, percent
. Content of Reference
Firing end aqueous vapor No.
Diameter Length Lower Higher

7.5 150 | Closed 5. 40 13. 95 | Half-saturated._ . __ 356

6.0 200 |.____ 5.4 14. 3 Small____________ 33

50 150 |_____ 5. 65 13. 95 | Half-saturated.._._ 356

50 50 |_____ 5. 39 14.28 | __ 277

4.0 100 |_____ 5.6 13.9 o _ 210

2.7 | Open 5.64 | ___________ Dry_ .. 225

2.5 150 |_____ 5. 85 13.3 Saturated_ _______ 271

2.5 150 | Closed 6. 20 12. 90 | Half-saturated..__ 356

2.25 125 | Open 6.04 | ___________ Nearly dry___. .. 110

2.0 40 | Closed 5. 59 13.31 | ____ 277

.90 300 | Open 7.8 11.6 | Saturated________ 276

81 300 |_____ 8.3 10.9 |_____ do___________ 276

.72 300 |_____ 8 4 10.6 |_.___ do___________ 276

. 56 300 |_____ 8.4 10.6 |_____ do_____.______ 276

.45 300 |_____ 19,95  |____. do__.________ 276

. 36 300 |_____ Ni..  |_____ do_ . ______ 276

1Limits coincide at this composition.

TaBLE 13.—Limits of flammability of methane in air, with downward propagation of flame in tubes

Dimensions of tube, cm. Limits, percent
. Content of Reference
Firing end aqueous vapor No.
Diameter Length Lower Higher

8.0 37 | Closed_-___________ 5.9 12.9 | Saturated.__._____ 324
75 150 |_____ do_____________ 5. 95 13. 35 | Half-saturated. ___ 356
6. 2 33 | Open_ _ oo _______ 6.3 |- ___ Saturated..______ 95
6.1 120 | TTTTTTTTT 6.1 13.0 | Partlydry—.______ 325
6.0 200 | Closed .. __________ 6.0 13.4 mall . ___________ 33
5.0 50 |.__-_ do 5. 80 13.38 | . 217
5.0 150 |_____ do_ o _______ 6. 12 13. 25 | Half-saturated____ 356
5.0 125 | Open__ - _______ 5.85 | _____ DIy 70
4.0 100 | Closed .. __________ 6.1 138 | 210
P2 (R I Open______________ 5.84 | ________ Dry_ .. 225
2.5 150 |_____ do_____________ 6.1 | __ Saturated. . - _____ 271
2.5 150 | Closed_____________ 6. 30 12. 80 | Half-saturated_ ___ 356
2. 25 125 | Open__ _ . _________ 6.41 |.___________ Nearly dry_______ 110
2.2 o __ Closed_____________ 5.6 1.6 | __ o~ 341
1.9 40 |_____ do_____________ 6.1 12. 8 Saturated. .- _-___ 95
1.9 40 |_____ do_ . ____ 6. 15 1220 |_.____ do - _____ 323

L8165 | Open______________ 6.25 | . Dry .- 225

;) ;I I A doo . 7.08 || do__ .. 225

limits become somewhat narrower as the size
of container is decreased and generally corre-
spond more nearly with the limits for downward
propagation in tubes than with those for either
horizontal or upward propagation.

All Directions of Flame.—Figure 15 shows
the lower limits of methane in a tube 2.25 cm.
in diameter and 125 cm. in length, open at the
firing end and inclined at various angles. As
the direction of flame is changed from vertically
upward to vertically downward, the increase in
the lower limit is proportional to the change of
angle over the range 90° to about 50° and to

the change in sine of the angle from 50° to

—90° (110).

TaBLE 14.—Limits of lammability of methane in
air, in spherical vessels

Capacit; Polnt of Limits, percent| oontentof |  Ref-
of vessel, m%itio% aqueous | erence
cc. Lower | Higher vapor No.
5,77 {eoeeeee Saturated--- 267
5.6 14.8 | Dry__.__.._. 32,38
5.5 14.0 | 46
6.0 12.6 | Dry._.______ 297
5.9 13.1 | Saturated... 297
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Figure 15.—Lower Limit of Methane for Various Directions of Propagation of Flame in a Tube 2.25 Cm. in
Diameter.

Influence of Turbulence and Streaming
Movement on Limits of Flammability.—When a
small fan was rotated rapidly enough but not
too rapidly in methane-air mixtures contained
in a 4-liter globe, the lower limit of methane was
5.0 percent compared with 5.6 percent observed
for quiescent mixtures in the same vessel. If the
turbulence was too violent, however, even a
5.6-percent mixture did not propagate more
than a short tongue of flame (33, 350).

A streaming movement of the gas mixture
produces similar effects on the lower limit. At
a speed of 35 to 65 cm. a second (69 to 128 feet
a minute) flame was propagated in a 5.02-per-
cent methane-air mixture but not at any speed
in a 5.00-percent mixture (236). 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 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 (p. 137).

Reference may be made to observations of the
effect of turbulence, in somewhat different cir-

cumstances, on the lower limit of natural gas in
air (p. 115).

Influence of Pressure..—No measurable
change in the limits of methane in air could be
discovered, either when the pressure was varied
between 753 and 794 mm. (225) or, in the lower
limit for upward propagation of flame, when
the pressure was varied from 1 to 2.9 atmos-
pheres in a vessel of 11.3 liters capacity (211).

An interesting comparison has been made of
the effect of change in pressure from 1 to 6
atmospheres on the limits with downward
and horizontal propagation in tubes 2 cm. in
diameter (235, 277). With downward prop-
agation, the limits change steadily from 6.00
and 13.00 percent at 1 atmosphere to 6.40 and
14.05 percent at about 6 atmospheres. With
horizontal propagation, the lower limit re-
mained nearly constant (5.6 percent) over this
range of pressure; the higher limit rose steadily
from 13.31 percent at 1 atmosphere to 16.12
percent at about 6.5 atmospheres. In these
experiments, therefore, the lower limit with
horizontal propagation was unchanged, but
that with downward propagation increased
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steadily with increasing pressure. The higher
limit with horizontal propagation increased
more rapidly than that with downward prop-
agation. (For an interpretation see, p. 4).

The limits observed under very high pressures
(14, 17, 824) are shown in figure 16. One series
of higher limits (§1) is omitted, because it
starts with too low a figure (10.65 percent) for
1 atmosphere pressure. The rapid increase in
the higher limit is remarkable. The differences
in the three series of results are to be ascribed
to differences in experimental method and in-
terpretation. Experiments almost of necessity
had to be conducted in small vessels, but the
results doubtless are a fair indication of the
possibilities of explosion in larger vessels holding
mixtures of compressed gases.

Figure 17 shows limits at less than atmospheric
pressure and at various temperatures, in a tube
2 cm. in diameter and 50 cm. in length, with
downward propagation of flame (235). The
curve for 20° C. shows much wider limits at
Jow pressures and extends to much lower pres-
sures than those observed in an older series of
tests (47). The more recent results were
obtained with a stronger igniting spark; sparks
that will ignite a flammable mixture at normal
pressures may be much too weak to ignite it
at low pressures.

Experiments in a wider tube, 5 cm. in diame-
ter and 50 cm. in length, compare the limits for
different directions of propagation of flame at
pressures less than atmospheric (277). The
curves for these limits are plotted in figure 18.
Data were not obtained for 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. A
complete curve for horizontal propagation in a
tube 4.5 cm. in diameter and 120 cm. in length
has, however, been obtained (125). It shows
a small abnormality on the higher-limit side
at 150 to 200 mm. pressure, where ‘‘green flames”
were observed. A complete curve for propa-
gation in a burette has also been obtained (86).
Other curves for propagation in narrow tubes
show abnormalities on either the lower- or
higher-limit side at reduced pressures (99).

Influence of Temperature.—Several older ob-
servations have been criticized unfavorably on
the grounds that the mixture underwent partial
combustion in the heated experimental vessel
before it was tested and its composition was
thereby altered enough to affect the results.
The less exceptionable results are compared in
figure 19, which shows lower and higher limits
up to temperatures at which spontaneous
inflammation of the mixture was almost instan-
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Ficure 16.—Effect of Pressures Above Normal on Limits of Methane in Air.
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F16Ure 19.—Limits of Flammability of Methane in Air (Downward Propagation), Showing Influence of
Temperature.

taneous. In each series the direction of
propagation of flame was downward; the other
conditions are indicated on the figure, together
with the reference numbers, As will be noted,
the range of flammability is widened con-
siderably at both limits by increase of tempera-
ture, but ordinary variations of atmospheric
temperature have an insignificant effect.®

Figure 17 shows the temperature effect at
pressures less than normal.

The differences between the results of the
several sets of tests in figure 19, although small
for lower limits and not very large for higher
limits, are real and must be due to the use of
different apparatus. For higher limits the
Jength of tube used seems to be the determining

¢ Formulas to express the influence of temperature on the limits have
been given (225) for the range 0° to 49° C. They are: Lower limit,
n=n0—0.0042¢; higher limit, n’=n'0--0.0036¢.

factor, as shown by series 2 and 4 (fig. 19) with
tubes of nearly the same diameter. Hence
all the results are relative to the apparatus used
and do not show the influence of temperature
on limits defined as a property of the gas
mixture alone. The results may, however, be
taken as an indication of the effect of tempera-
ture on thel true limits.

An unconfirmed observation is 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 (297).

Low Temperatures.—At the temperature of
liquid air the lower limit of methane with
downward propagation of flame in a tube 2.5
cm. in diameter and 40 cm. in length, open at
the firing end, is 7.3 & 0.3 percent (110). In
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the same circumstances, but at room tempera-
ture, the limit is 6.1 percent.

Influence of Pressure at Various Tempera-
tures.—The curves of figure 17 show the limits
of flammability of methane-air mixtures 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. in
length (235).

A mixture of 2.1 percent methane in air was
ignited by sudden compression to 80 atmospheres
pressure, which produced a temperature of
705° C., and a mixture of 55 percent methane
at 118 atmospheres and 540° C. (87).

Influence of Impurities.—The lower limit of
methane in air, with downward propagation
of flame, was raised about 1.3 percent by iron
carbonyl (0.03 ce. liquid vaporized per liter).
The higher hmit was reduced from 13.0 to
10.5 percent by the same quantity of iron
carbonyl (325).

METHANE IN OXYGEN

The limits of methane in oxygen, with
upward propagation of flame in a 2-inch-
diameter tube open at its lower end, are 5.15
and 60.5 percent (138).

Table 15 gives other determinations of the
observed limits of methane in oxygen.

TABLE 15.—Summary of other determinations of
limits of flammabilaty of methane in oxygen

Upward Propagation of Flame

D‘ﬁ%’figgf of Limits, percent Ret
’ : elerence
Firing end No.
Diameter Length Lower | Higher
2.5 150 | Open- ... 5.4 ... 271
Horizontal Propagation of Flame
2.5 150 | Open...._..__. 5.7; 5.8 59.2 1
Downward Propagation of Flame
2.5 150 | Open____ 6.3 271
2022 | _____ Closed. - ooofoomoooo 54 243
) I (R I do. 6.4 |_oo.._. 95
L9 || do.____.__.. 6. 45 323
b P O PR (S do..____.____ 5.6 57.1 346
..... do..__ 56 346
Propagation of Flame in Globe or Bomb
2.5 liters capacity-___... Closed________ 6.0 |_oo____ 267
35 ce. capacity.. e | do. - 57.0 297
30 cc. capacity —____..__|._.__ do 54.8 58

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

(65). With a stronger spark the limits did not
coincide until the pressure was reduced to
10 mm. (80). A curve has been obtained
Jor results in a burette (86).

The higher limit is increased by an increase
of pressure above atmospheric. One obser-
vation (330), incidental to other work, is that,
at 10 atmospheres pressure, a mixture contain-
ing 71 percent methane slowly propagated
flame. In a small bomb (5§8) the higher limit
rose rapidly from 58.4 percent at 1 atmosphere
to 81.7 percent at 60 atmospheres, then slowly
to 84 percent at about 145 atmospheres;

~ however, the mixtures contained about 4.5

percent nitrogen, and the limits would be some-
what higher in pure oxygen. Combustion was
far from complete in such mixtures under
moderately high pressure.

Influence of Temperature.—In a 35-ce. closed
bulb the limits were 6.2 and 57.1 at 15° C.
and 5.1 and 57.8 at 300° C. (297).

Influence of Temperature at High ‘Pres-
sures.—As the temperature is raised, the pres-
sure required to make certain mixtures of meth-
ane and oxygen flammable decreases. For
example, the pressure limit of a mixture con-
taining 81.7 percent methane at atmospheric
temperature was 60 atmospheres, but at 332°
C. it was only about 21 atmospheres (48).
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 and oxygen richer in oxygen
than ordinary air have been found as follows:
(1) In a closed globe 2.5 liters in capacity the
lower limit rose regularly from 5.8 percent in
air to 6.0 percent in oxygen (267); (2) in a
horizontal glass tube 2.5 cm. in diameter, open
at the firing end, the lower limit fell from 5.8
ﬁercent in air to 5.7 percent in oxygen, and the

igher limit rose linearly from 13.3 in air to
59.2 in oxygen (189); (3) in a closed tube 1.9
cm. in diameter the lower limit with downward
propagation of flame rose regularly from 6.15
percent in air to 6.45 percent in oxygen. The
higher limit rose from 12 percent in air to 38
percent in a 62-percent oxygen mixture and 52
percent in a 95-percent oxygen mixture (323).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—Large-scale experiments
with mixtures of methane, air, and nitrogen have
been made in a tube 7 feet in length and 10
inches in diameter, with upward propagation
of flame from the open end of the tube; the
mixtures throughout were at atmospheric pres-
sure and were saturated with water wvapor.
The range of observations shown in figure 20



LIMITS OF INDIVIDUAL GASES AND VAPORS

02 IN ORIGINAL ATMOSPHERE, PERCENT

20 19 18 17

16 15 14 13

LENLINS (MR SN B Y [ B B DL B B

LANL N Bl SR S S S B RN B BN NN (D S UL BN AN BN B )

RN
\

-
[

/

[

METHANE, PERCENT

AN

-]
o

6}

e

0 5 10 15

20

25 30 35 40

ADDITIONAL NITROGEN IN ATMOSPHERE, PERCENT
F1cure 20.—Limits of Flammability of Methane in Mixtures of Air and Nitrogen (Experiments in Large Vessels).

covers all compositions from air to mixtures
in which the amount of oxygen is too small for
flame propagation, regardless of the amount of
methane present. The abscissas represent the
“atmosphere’” in each mixture of air and
nitrogen; for example, 25 percent ‘“additional
nitrogen’’ means that the ‘“atmosphere” used
for the observations was composed of 75 percent
air and 25 percent nitrogen. Along the top of
the diagram the corresponding percentages of
oxygen in the atmosphere may be read. It is
evident that no mixture of methane is flammable
at ordinary temperatures and pressures when
the atmosphere contains less than 12.8 percent
oxygen and the remainder is nitrogen (68).

The results of observations made in smaller
apparatus are shown in figure 21. In a 5-cm.
tube, with upward propagation of flame in a
dry mixture, the limits nearly coincide with
those plotted in figure 20. The three curves

that show narrower limits represent experi-
ments in various types of apparatus with
downward propagation of flame. One curve
shows greater values over part of the higher-
limit range; the values were obtained in a
closed vessel in which the pressure rose con-
siderably during the inflammation, and increase
of pressure is known to increase markedly the
higher limit of methane. The limits of these
mixtures with downward propagation of flame
in a closed tube 2.2 cm. in diameter (347) and
in a closed glass bulb 6.5 cm. in diameter (209)
have also been determined.

For some purposes the results are more useful
when expressed (62) as in figure 22. For ex-
ample, it cannot be deduced from figure 20
without calculations, that the mixture

Percent
Methane_ .o 12
OXYEeN o oo oo 2
Nitrogen_ oo 86
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cannot form an explosive mixture with air,
whatever the proportions used, whereas the
mixture

Percent
Methane_____._______________________ 9
Oxygen.__ . __ 12
Nitrogen__ - ______________________ 79

although not itself explosive, may form a series
of explosive mixtures with air. Figure 22 gives
this information at a glance.

Explanation of Figure 23.—Figure 23 explains
figure 22. The straight line AD (fig. 23) repre-
sents the composition of all mixtures of methane
and pure air that contain up to 20 percent
methane. No mixture of methane and air can
fall above this line, and all mixtures of methane,

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

air, and nitrogen must fall below it. The line
BE is the line of lower limits of flammability of
methane and OF the line of higher limits. As
the oxygen content falls, BE and CE approach
each other until they meet at E. No mixture
which contains less oxygen than that corre-
sponding with  is explosive per se, but all mix-
tures in the area BEC are within the limits of
flammability and are therefore explosive.

Next consider any mixture to the right of the
line CEF; for example, the mixture represented
by the point G. Join GA. Then GA repre-
sents the mixtures formed, in succession, as @
is diluted with air. Because GA passes through
the area BEC the mixture, as it is diluted with
air, becomes explosive and remains so as long
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Ficure 22.—Relation Between Quantitative Composition and Flammability of Mixtures of Methane, Air, and
Nitrogen. ’

as its composition is represented by any point
on HJ.

It will now be clear that the position of FE
is exactly defined by drawing a tangent from
A to the curve BEC and extending the tangent
to meet the axis of abscissas in F, because the
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 therefore the boundary of
those mixtures capable of forming explosive
mixtures with air.

Figure 22 shows clearly that any mixture of
methane and nitrogen that contains more than
about 14.3 percent methane can form explosive
mixtures with air. If oxygen is present a
correspondingly smaller amount of methane
suffices.

Mixtures of methane, nitrogen, and oxygen
that are represented by any point in the area
DOEF of figure 23 can form explosive mixtures
when mixed with air in suitable proportions.
If it is of interest to know what these propor-

tions are—and if there is a wide range of pos-
sible explosive mixtures the danger is so much
the greater—then they can be found from the
following considerations:

Suppose the mixture of methane, nitrogen,
and oxygen is represented by the point & in
the area DCEF, then the straight line GA repre-
sents all possible mixtures of the original mix-
ture 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 the GA cuts EB.

The ratio AH : HG is the ratio of original
mixture to air in the upper-limit mixture,
and the ratio AJ : J@ is the ratio for the lower-
limit mixture. Hence the limits of flamma-
bility of the original mixture are given (in per-
centages) by 100 AJ/AG (lower limit) and 100
AH/AG (higher limit) (62).
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Ficure 23.—Explanation of figure 22.

All Atmospheres of Oxygen and Nitrogen.—
Limits of methane in these atmospheres have
been determined with downward propagation
of flame in a 1.7-cm.-diameter tube (345).

Atmospheres of Air and Water Vapor.—Ob-
servations 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 (p. 3).

The effect of large amounts of water vapor
on the limits of methane in air is shown
figure 24. The determinations were made in a
tube 3 feet in length and 2 inches in diameter,
with upward propagation of flame at atmos-
pheric pressure during propagation (67). For
each experiment the tube was heated to the
temperature necessary to maintain the required
amount of water vapor. Hence, most of the

observations were made at temperatures above
normal. Had it been possible to experiment
at normal temperature, the curve probably
would have been 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.

Similar experiments have been made in a
closed 350-cc. spherical vessel with a ‘“natural
gas”’ containing 97 percent methane, 3 percent
ethane. Similar results were obtained, with
somewhat smaller limits, which met at about
6.3 percent gas in a mixture containing about
30 percent o% water vapor (368).

Atmospheres of Air and Carbon Dioxide.—
Figure 25 shows the limits of methane in mix-
tures of air and carbon dioxide saturated with
water vapor. The tests were made in a tube
7 feet in length and 10 inches in diameter, with
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Ficure 24.—Limits of Flammability of Methane in Separate Mixtures of Air with Carbon Dioxide, Water Vapor,

Nitrogen, Helium, and Argon.

upward propagation of flame from the open
end of the tube. In these circumstances no
mixture of methane with an atmosphere com-
posed of air and 24 percent or more carbon
dioxide is capable of propagating flame far
from the source of ignition (70).

Observations made in smaller apparatus are
shown in figure 26. 'The results obtained in a
5-cm. tube with dry gases show, in general, a
slightly wider range of flammability than those
obtained in a 25-cm. tube with gases saturated
with water vapor (fig. 25); for example, the
completely extinctive atmosphere in the 5-cm.
tube contains 25 percent carbon dioxide com-
pared with 24 percent in the wider vessel. The
four curves showing narrower limits represent
experiments in various vessels with downward
propagation of flame.

The limits of these mixtures with downward
propagation of flame in a tube 2.2 cm. in
diameter (341) and in a closed glass bulb 6.5
cm. in diameter (209) have also been deter-
mined.

Influence of Temperature.—The limits of fire-
damp in atmospheres of air and carbon dioxide
have been determined from 100° to 600° C.
The firedamp used contained 73.8 percent
methane and 26.2 percent nitrogen. The

’

observations were made in a horizontal glass
tube 2 cm. in diameter and 100 cm. in length.
The results are expressed in curves which show
the limits of methane in the various atmos-
pheres of air, carbon dioxide, and such addi-
tional nitrogen as was due to the firedamp itself.
The curves are of the same type as those of
figure 25 and show an increase in the range of
flammability of all mixtures as the tempera-
ture is increased (19).

Atmospheres of Air, Nitrogen, and Carbon
Dioxide (Including Mixtures of Air and Black-
damp).—The limits of methane in atmospheres
of air, nitrogen, and carbon dioxide are plotted
in figure 27; they were obtained with roughly
dried gases in a tube 2 inches in diameter, with
upward propagation of flame from the open
end of the tube. The boundary at the right
of the series of curves gives the limits in all
atmospheres of ordinary air and carbon dioxide
mixed in any proportions. The straight-line
boundary at the left of the series of curves
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
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Figure 25.—Limits of Flammability of Methane in
Mlxtures of Air and Carbon Dioxide (Experiments
in Large Vessels).

is replaced by an equal amount of carbon diox-
ide, as would occur very nearly in the com-
bustion of coke, these atmospheres and the cor-
responding methane limits are all represented
by points on the broken curve.” The region
right of the broken curve represents limits in
atmospheres formed by the replacement of
oxygen with more than an equal volume of car-
bon dioxide. The region left of the broken
curve represents limits in atmospheres formed
by the replacement of oxygen with less than
an equal volume of carbon dioxide. Atmos-
pheres of this type are produced by ordinary
combustion, by respiration, and gy mixing
blackdamp and air (68).

As the composition of blackdamp is variable,
its effect on the limits of methane is shown in
figure 28 for a range of variations in composi-

7 See reference 95 for earlier observations, made in a Bunte burette.

tion. These curves show that the lower limit
of firedamp is increased only slightly by the
presence of blackdamp and that t%le danger of
an explosion of firedamp is not removed by the
presence of blackdamp, unless the amount of
blackdamp is so high that the atmosphere is
not fit to work in even if gas masks are worn.
An artificial supply of oxygen or air would be
necessary for work in an atmosphere of black-
damp and air incapable of propagating an
explosion of firedamp (68).

igure 22 may be used to determine whether
any given mixture of firedamp, blackdamp, and
air is explosive or can explode if mixed with a
suitable amount of air. The mixture is anal-
yzed to determine the proportions of methane,
oxygen, nitrogen, and carbon dioxide present.
The carbon dioxide is assumed to be replaced
by an equal volume of nitrogen, and the infor-
mation required is read from the figure, as ex-
plained on page 46; in a coal mine the amount
of carbon dioxide in such mixtures is about 5
or 6 percent (often less, rarely more), and the
error introduced by considering this as nitrogen
is small and on the side of safety (62).

Experiments with the same gases in small
apparatus, with downward propagation of
flame, have been reported, but on account of
the experimental conditions the limits through-
out are narrower and the extinctive amounts
of inert gas are much less than those quoted
above (309).

Atmospheres of Air and Argon or Helium.—
Figure 24 shows the influence of nitrogen, water
vapor, and carbon dioxide on the limits of
flammability of methane in air, with upward
propagation of flame in a tube 2 inches in diam-
eter, with the firing end open. The different
effects of the three gases are ascribed to their
different heat capacities; as carbon dioxide has
the greatest heat capacity, it has the greatest
extinctive effect on flame. The corresponding
curve for argon in the same figure agrees with
this supposition, as argon has a smaller heat
capacity than nitrogen. The curve for helium,
a gas of heat capacity equal to argon, shows
that this is not the only factor determining the
extinctive effect of an inert gas; apparently the
high thermal conductivity of helium makes it a
more efficient flame extinguisher than argon.
It seems, however, that the effect of different
thermal conductivities is insignificant unless the
difference is great (69).

The order of increasing efficacy of diluents,
according to figure 24, is A, He, N3, CO;. Ex-
periments with similar series of mixtures in
narrow tubes (1.6 and 2.2 cm. in diameter), for
downward propagation of flame, showed the
same order of efficacy, except that the position
of helium in the series varied with the diameter
of the tube and, perhaps, with the strength of
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F1cURE 26.— Limits of Flammability of Methane in Mixtures of Air and Carbon Dioxide; Comparison of Results
Obtained in Smaller Vessels.

the igniting spark. (For a discussion of this
important point, see p. 5.)

The broken line in figure 24 is the locus of
mixtures in which the ratio of methane to
oxygen is that required for complete combus-
tion, CH, : 20..

Atmospheres of Air and Sulfuryl Chloride;
Silicon Tetrachloride, Silicochloroform, and
Phosphorus Oxychloride.—The limits of meth-
ane in air with various amounts of sulfuryl
chloride, silicon tetrachloride, silicochloroform,
and phosphorus oxychloride have been deter-
mined in a burette 16 or 17 mm. in diameter
(186, 195).

No mixture of methane and air containing
more than 1.2 percent of phosphorus oxychlo-
ride was flammable in a 14.4-mm.-diameter
tube, by a spark passed at the upper end of the
tube, but mixtures containing up to 3.9 percent

could propagate flame upward in a 5-cm. tube
193).

( Atmospheres of Air and Certain Halogenated
Hydrocarbons.—Figure 29 shows the influence
of certain chlorinated hydrocarbons, mixed in
the stated amounts with air, on the limits of
flammability of methane in a tube 2 inches in
diameter with upward propagation of flame
from the open end. Part of the carbon dioxide
curve is inserted for comparison (71). The
carbon tetrachloride curve has recently been
redetermined independently, with nearly the
same results (38).

The curves for trichloroethylene and tetra-
chloroethylene are incomplete; the experiments
were carried to the point at which the atmos-
phere was saturated with these vapors at labo-
ratory temperature. Tetrachloroethane and
pentachloroethane, up to the saturation point,
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F1eURE 29.—Limits of Flammability of Methane in Mixtures of Air with Certain Chlorinated Hydrocarbons and
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behave like inert diluents whose effect is to be
attributed to their thermal capacities. The
ethylene derivatives, however, contribute to the
flammability of the mixture, hence the lower
limit of methane falls with an increase in the
proportion of vapor; the higher limit also falls
rapidly for the same reason. The order of in-
creasing combustibility is C,Cl,—C,HCl;—>
C.H,Cl,; the last vapor forms flammable mix-
tures with air without the help of any methane.

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

The addition of increasing amounts of methyl

bromide to the air causes the limits of methane
to approach and, in a 2-inch-diameter tube,
to meet at about 6 percent methane when 4.7
percent of the mixture is methyl bromide (38).
For a comment, compare the corresponding
paragraph on hydrogen (p. 22). An older
series of experiments (260), made in almost
identical circumstances, suggested higher re-
sults for both limits throughout the whole
range of methyl bromide concentrations; these
are partly explained by the criterion of “flam-
mability” adopted for the older experiments,
which was propagation of flame for at least
18 inches, not for the whole length of the tube.

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

Series of experiments with halogen deriva-
tives, in narrow vessels with downward propa-
gation of flame, have been reported (194, 197,
198, 199, 200) and discussed (71).
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Atmospheres in Which the Nitrogen of the
Air Is Replaced by Carbon Dioxide, Argon, or
Helium.—The limits of methane in atmospheres
in which the nitrogen of the air is replaced by
(@) carbon dioxide, (b) argon, (c) helium, with
upward propagation of flame in a 5.3-cm.-
diameter tube open at the lower end, are (a)
coincident at 9.0 percent, () 4.01 and 17.3
percent, and (c) 4.83 and 16.1 percent, respec-
tively, in comparison with 5.26 and 14.3 per-
cent in air. When the diameter of the tube
is increased to 10 cm., the lower limit in the
argon mixture is unaffected, but in the helium
mixture it is reduced to 4.5 percent, showing
that with helium mixtures in 5-cm. tubes the
effect of the loss of heat to the walls is not
negligible (94).

In a horizontal tube, 2.5 cm. in diameter,
open at the firing end, the corresponding results
are (a) 4.40 and 15.80 percent and (b) 5.55
and 14.25 percent (73).

In a closed globe of 35-cc. capacity, with side
ignition, a corresponding result is (¢) 8.9 and
11.7 percent methane (297).

Influence of Temperature.—In an atmos-
phere of 20.9 percent oxygen and 79.1 percent
carbon dioxide, the limits in a closed 35-cc.
globe were slightly widened by increase of
temperature to 300° C. (297).

Atmospheres of Oxygen and Carbon Dioxide,
and of Oxygen and Argon.—Limits of methane
in these atmospheres have been determined
with downward propagation of flame in a
1.7-cm.-diameter tube (349).

Atmospheres of Oxygen and Carbon Dioxide,
Oxygen and Sulfur Dioxide, Nitrous Oxide and
Carbon Dioxide, Nitrous Oxide and Sulfur
Dioxide, and Oxygen and Nitrous Oxide.—
Limits of methane in these atmospheres have
been determined at pressures ranging from
600 mm. down to the point of coincidence of the
limits (89).

Atmospheres of Nitrous Oxide and of Argon
Mixed With Nitrous Oxide.—The limits of
methane in nitrous oxide, with downward propa-
gation of flame in a closed tube about 16 mm.
in diameter, are 2.2 and 36.6 percent (206), 3.9
and 36.3 percent (339), and 4.1 and 41.2 percent
at 600 mm. pressure (89). In a mixture of 2
volumes of nitrogen and 1 of oxygen, equivalent
to nitrous oxide, the limits under similar condi-
tions are 4.3 and 22.9 percent. The progressive
addition of argon narrows the range, and no
mixture with nitrous oxide is flammable under
the conditions stated if it contains more than
about 60 percent argon, or with the mixture of
2N,;+40, if it contains more than about 67
percent argon (206).

Atmosphere of Nitric Oxide.—The limits of
methane in nitric oxide, with downward propa-

gation of flame in a closed tube 15 mm. in
diameter, are 8.6 and 21.7 percent (339).

Atmospheres of Nitrous and Nitric Oxides.—
The region of flammability of mixtures of
methane with mixtures of nitrous and nitric
oxides is plotted in a triangular diagram (339).

Influence of Small Amounts of ‘Pro-
moters.””—The addition of about 0.5 percent
of various possible “promoters” (diethyl perox-
ide, ethyl nitrate, ozone, ether, ethyl alcohol)
had little more effect on the limits of methane
in air (upward propagation) than that due to
the thermal effect of their reaction. With
nitrogen peroxide, 0.5 percent reduced the
lower limit by 0.33 percent (93) and 0.2 percent
by 0.26 percent (70). The lower limit with
downward propagation was not appreciably
affected by up to 1.0 percent of nitrogen
peroxide (70). With methyl iodide, 0.5 percent
reduced the range from 5.26 to 14.3 percent to
6.29 to 12.3 percent (93).

Dilution of CH,+20, With Gases, Inert or
Otherwise.—The following results were obtained
with downward propagation of flame in a Bunte
burette 1.9 cm. in diameter.

Effects of diluents upon flammability of CH,; + 20,

Amount of CH;+20s which,
with diluent named, is present
at limit of flammability, percent

Diluent:
Oxygen_ o __ 19. 3
Nitrogen_______________________ 23.3
Carbon dioxide_________________ 31.9

Nitrogen has a greater extinctive action than
oxygen, although it has less heat capacity;
carbon dioxide, which has much greater heat
capacity, also has a greater extinctive action
(99).

With upward propagation of flame in a tube
5 cm. in diameter, the limits were found by the
writers to be 11.85 percent CH,+20, when
diluted with argon and 15.0 percent when
diluted with helium. The effect of the differ-
ence in thermal conductivity is noteworthy.

ETHANE
ETHANE IN AIR

The limits of ethane in air, nearly dry, with
upward propagation of flame in a tube 5 cm.
in diameter, open at the firing end, were found
at various times to be 3.22 and 12.45 percent
(74), 8.1 and 12.5 (146), and 2.90 and 12.50
percent (138).

Table 16 summarizes other determinations of
the limits of ethane in air.

The higher limit varies more than the lower
with the direction of propagation of flame. In
closed tubes the higher limit is apparently much
affected by the pressure developed during
inflammation.
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TABLE 16.—Summary of other determinations of limits of ethane in air
Upward Propagation of Flame

Dimensions of o
Limits, percent
tube, cm. Firi d P Content of Reference
ring en agueous vapor No.
Diameter | Length Lower Higher
7.5 150 | Closed - _______________ 3.12 14. 95 | Half-saturated___________ 356
50 150 |-____ do__ . _____ 3. 15 14.8 |____ do_ .. 3566
Horizontal Propagation of Flame
7.5 150 | Closed. ... ______ 3.15 12. 85 | Half-saturated.__________ 356
5.0 150 |.____ do__ . ____ 3. 22 11.75 | ____ do- . 356
2.5 150 { Open__________________._ 3.3 10.6 | Saturated-__.____________ 271
Downward Propagation of Flame
7.5 150 3. 26 10. 15 356
50 150 3. 32 10. 0 366
2.0 40 3.13 9. 85 277
1.9 40 4. 05 9. 55 323
Propagation in Globes
Capacity:
“Large’ __________ Closed.- .o _____ 3.4 10. 7 | 350
4,000ce. .. _| ____ do- - ____ 31 | 35
2,000 ce________|.____ do_ - ___ 31 |oe___ Dry o __ 32
5,000 _ —
Lower limits ;ur ¢ Higher limits
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Ficure 30.—Influence of Pressure on Limits of Some Paraffin Hydrocarbons (Downward Propagation of Flame).

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

Influence of Pressure.—OQObservations (277)
in a closed tube 2 cm. in diameter and 40 cm.

in length, with downward propagation of flame’
are plotted in figure 30. (For a discussion of
these, see p. 3.)

ETHANE IN OXYGEN

The limits of ethane in oxygen with upward
propagation of flame in a tube 2 ¢cm. in diameter,
open at the firing end, are 3.05 and 66.0 percent

(144, 160).
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An old observation placed the higher limit
at 50.5 percent ethane with downward propa-
gation of flame in a 2-cm. eudiometer (243).

ETHANE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air
and Pure Oxygen.—The lower limit of ethane
with downward propagation of flame in a Bunte
burette 1.9 cm. in diameter was hardly altered
as the oxygen in the atmosphere was mcreased
to 94 percent; the higher limit rose gradually
from 9.5 in air to 33.4 in a 60-percent oxygen
mixture and to 46 in a 94-percent oxygen
mixture (323).
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Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of ethane in all
mixtures of air and nitrogen, or air from which
part of the oxygen has been removed, are
shown in figure 31. The determinations were
made in a tube 2 inches in diameter and 6 feet
in length, with upward propagation of flame at
atmospheric pressure during propagation. From
the ordinates of the ‘“nose’” of the curve it may
be calculated that no mixture of ethane,
nitrogen, and air can propagate flame at
atmospheric pressure and temperature if it
contains less than 11.0 percent oxygen (146).

Atmospheres of Air and Carbon Dioxide.—
The limits of ethane in all mixtures of air and
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Ficure 31.—Limits of Flammability of Ethane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.
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carbon dioxide are shown in one of the curves in
figure 31. The determinations were made as
described in the previous paragraph (146).

PROPANE
PROPANE IN AIR

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

The lower limit with a stationary horizontal
flame (p. 10) in a mixture rising at a rate of
about 5 cm. per sec., was, with a small correction
for preheating, 2.12 percent of propane (286).

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

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

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

Observations (277) in a closed tube 2 e¢m. in
diameter and 40 cm. in length, with downward
propagation of flame at atmospheric tempera-
ture and pressures up to about 6 atmospheres,
are plotted in figure 30. (For a discussion of
these, see p. 3.)

TABLE 17.—Summary of other determinations of limits of propane in air

Horizontal Propagation of Flame

Dimensions of Limi
tube. cm. imits, percent
) . Reference
Firing end Content of aqueous vapor No.
Diameter | Length Lower Higher
2.5 150 | Open_ __ . _____________ 2.4 7.3 | Saturated______________ 271
Downward Propagation of Flame
2.0 40 | Closed .- - ___________ 2. 40 6.69 | . 277
Propagation of Globes
Capacity:
“Large”__._______ Closed_ . __ _____________ 2.3 708 | .. 271
2,000 ce_ o ___f_____ do_________________ 2017 | Dry_ o __ 32

On reducing the pressure below atmospheric,
the limits approach and ultimately meet at
about 100 mm. pressure (337, 125).

PROPANE IN OXYGEN

The limits of propane in oxygen, with upward
propagation of flame in a 2-inch-diameter tube
open at its lower end, are 2.4 and 57 percent
(234), 2.25 and 52.0 percent (138).

PROPANE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of propane in all
mixtures of air and nitrogen can be read from

one of the curves in figure 32. The determina-
tions were made in a tube 2 inches in diameter
and 6 feet in length, with upward propagation
of flame at atmospheric pressure during propa-
gation. From the ordinates of the “nose” of
this curve it may be calculated that no mixture
of propane, nitrogen, and air at atmospheric
pressure and temperature can propagate flame
if it) contains less than 11.6 percent oxygen
(147).

Atmospheres of Air and Carbon Dioxide.—
The limits of propane in all mixtures of air
and carbon dioxide are shown in figure 32.
The determinations were made as described in
the previous paragraph (147).

.
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Atmospheres of Air and Dichlorodifluoro-
methane.—The addition of dichlorodifluoro-
methane to air narrows the range of flamma-
bility of propane until, when 13.4 percent or
more is present, no mixture is flammable (170).
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Influence of Small Amounts of *“Pro-
moters.”—The addition of about 0.5 percent of
various possible “promoters’” (diethyl peroxide,
acetaldehyde, ether, ethyl alcohol) had little
more effect on the limits of “propagas” (96
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Fieure 32.—Limits of Flammability of Propane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.

Atmospheres of Nitrogen Peroxide, and of
Air and Nitrogen Peroxide (N,O,=2NO,).—
The limits of propane in nitrogen peroxide and
in mixtures of air and nitrogen peroxide
(N;0,=2NQ0,), with upward propagation of
flame in a tube 4.3 cm. in diameter, open at
the top, are shown in figure 33. The results
are given on a weight basis, since the volume
of peroxide is less easily ascertainable (123).

percent C; hydrocarbons, 4 percent C, hydro-
carbons, 96 percent saturated) in air (upward
propagation of flame) than that due to the
thermal effect of their reaction. The same
amount of nitrogen peroxide reduced the lower
limit by 0.14 percent and increased the higher
limit by 0.2 percent. Ethyl nitrate (0.5 per-
cent) increased the higher limit from 9.6 to
12.4 percent (93).
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Cs He

AIR

F1eure 33.—Weight Percent Composition of Flammable Mixtures of Air, Nitrogen Peroxide, and Propane.

BUTANE
BUTANE IN AIR

The limits of butane in air, nearly dry, with
upward propagation of flame in a tube 5 cm.
in diameter, open at the firing end, were 1.86
and 8.41 percent (74); 1.85 and 8.10 (170); and
in a slightly wider tube (5.3 cm. diameter)
1.93 and 9.05 percent (93).

The lower limit with a stationary horizontal
flame (p. 10), in a mixture rising at a rate of
about 5 cm. per second, was, with a small
correction for preheating, 1.69 percent of
butane (286).

Table 18 gives other determinations of the
limits of butane-air mixtures.

Influence of Pressure and Temperature.—The
limits of butane in air, with horizontal propaga-
tion of flame in a bomb 3.8 cm. in diameter

and 15.3 cm. in length, at 100° C., are given
in a diagram (127). The range of flammability
widens from about 2 to 8 percent at atmospheric
pressure, to 2 to 16 percent at 10 atmospheres.
“Cool” flames then make their appearance in
rich mixtures and extend the higher limit to
26 percent at 15.5 atmospheres.

Observations (277) in a closed tube 2 cm. in
diameter and 40 cm. in length, with downward
propagation of flame at atmospheric tempera-
ture and pressure up to about 6 atmospheres,
are plotted in figure 30. (For a discussion of
these, see p. 3.)

BUTANE IN OXYGEN

The limits of butane in oxygen with upward
propagation of flame in a tube 2 inches in
diameter, open at the firing end, are 1.85 and
49.0 percent (138).
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BUTANE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of butane in all
mixtures of air and nitrogen are shown in figure
34. The determinations were made in a tube
2 inches in diameter and 6 feet in length, with
upward propagation of flame at atmospheric
pressure during propagation. From the ordi-
nates of the “nose” of the curve it may be cal-
culated that no mixture of butane, nitrogen,
and air at atmospheric pressure and tempera-
ture can propagate flame if it contains less than
12.1 percent oxygen (147).
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Atmospheres of Air and Carbon Dioxide.—
The limits of butane in all mixtures of air and
carbon dioxide are shown in figure 34. The
determinations were made as described in the
previous paragraph (147).

Atmospheres of Air and Argon or Helium.—
The limits of butane in mixtures of air with
argon and with helium, with downward propa-
gation of flame in a tube 2.2 c¢m. in diameter,
have been determined (341).

Atmospheres of Air and Dichlorodifluoro-
methane.—The addition of dichlorodifluoro-
methane to air narrows the range of flamma-

TaBLE 18.—Summary of other determinations of limits of butane in air

Horizontal Propagation of Flame

Dimensizgls of tube, Limits, percent Contont of et
g .. ontent of aqueous erence
Firing end vapor No.
Diameter | Length Lower ’ Higher
2.5 150 | Open. - . _______ 1.9 ‘ 6.5 | Saturated_.__.__________ 2
Downward Propagation of Flame
2.2 | _ Closed. ________________ 2.2 74 | 341
2.0 40 |_____ do_ - ____ 1. 92 5.50 |- . 277
Propagation in Globes
Capacity:
“Large’” . .__.____ Closed. . _______________ 1.6 L5 R P 271
2,000 ce - ______|_____ do__ o _____ 1.65 |__________ Dry o ____ 32
bility of butane until, when 13.2 percent or Influence of Small Amounts of ‘“Pro-

more is present, no mixture is flammable (170).
In a 1.6-cm. tube with downward propagation
of flame the corresponding figure is 8 percent
(340).

Atmospheres of Nitrous and Nitric Oxides.—
The limits of butane in nitrous oxide, with
downward propagation of flame in a tube 18
mm. in diameter, are approximately 2.5 and 20
percent. In nitric oxide, with downward prop-

agation in a 15-mm. burette, the limits are 7.5
and 12.5 percent (339).

moters.”—The addition of 0.5 percent of vari-
ous possible “promoters” (diethyl peroxide,
ethyl nitrate, nitrogen peroxide, nitromethane,
ether, acetaldehyde, methyl iodide, ethyl bo-
rate) had little more effect on the lower limit of
butane in air (upward propagation) than that
due to the thermal effect of their reaction.
Some of the ‘‘promoters,” especially ethyl
nitrate, affected the higher limit, apparently by
some catalytic action. A trace of lead tetra-
ethyl narrowed the range of flammability
slightly (93).
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FIGURE 34.—Limits of Flammability of Butane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.

ISOBUTANE
ISOBUTANE IN AIR

The limits of isobutane in air with upward
propagation of flame in a tube 2 inches in diam-
eter and 6 feet in length at approximately
atmospheric pressure are 1.83 and 8.43 percent
175).

ISOBUTANE IN OXYGEN

The limits of isobutane in oxygen with up-
ward propagation of flame in a tube 2 inches in
diameter, open at the firing end, are 1.80 and
48.0 percent.

ISOBUTANE IN OTHER ATMOSPHERES

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

butane in atmospheres of air and nitrogen, and
of air and carbon dioxide, are almost 1dentical
with the corresponding limits of butane (176).

PENTANE

PENTANE IN AIR

The limits of pentane in air, with upward
propagation of flame in a tube 5 cm. in diameter
and open at the firing end, are 1.42 and 7.80°
percent (138) and in a similar tube 5.3 cm. in
diameter the lower limit is 1.62 percent (94).

8 The pentane used in the determination of these limits was supplied by
the American Petroleum Institute, Research Project 45, C. E. Boord,
Director. Limits reported for n-hexane, cyclohexane, ethyl cyclobutane,
ethyl cyclopentane, n-heptane, methyl benzene (toluene), ethyl cyclo-
hexane, 3,3 diethyl pentane, 2,2,3,3 tetramethyl pentane, diethyl benzene
n-butyl benzene, sec. butyl benzene, isobutyl benzene, and tert-butyl
benzene, by Bureau of Mines (ref. 138) in various sections of this bulletin,
yve?at o%)tained with samples of high purity supplied by the above
institute.
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TABLE 19.—Summary of other determinations of limits of pentane in air

Upward Propagation of Flame

Dimensions of Limi
tube, cm imits, percent
y W Firing end Content of aqueous Reference
g vapor No.
Diameter Length Lower Higher
7.5 150 | Closed_ ________________ 1. 42 80 Half-saturated . _________ 366
5.0 150 |_____ do_ . _____________ 1. 43 80 |_____ do . 356
Horizontal Propagation of Flame
7.5 150 | Closed_ . _______________ 1. 44 7.45 | Half-saturated. . ________ 366
5.0 150 [_____ do___._____________ 1. 46 6.70 |_____ do__ . 356
2.5 150 | Open_ _________________ 1.6 5 4 Saturated . _____________ 271
Downward Propagation of Flame
7.5 1. 48 4. 64 | Half-saturated. ____ 356
6.2 1.3 | . Saturated_ ______ 96
50 1. 49 4. 56 | Half-saturated___ 366
5.0 1. 43 4.6 Dry__ .. 316
5.0 1. 50 4.75 | . 23
2.0 1.75 4.68 |- . 277
1.9 2.4 4.9 Saturated_. . - ___________ 9
Propagation in Vessels Other Than Tubes
Capacity:
Globe, 14.5 liters | _______________________ 1.2 | |- 96
Large. | o _____ 1.4 4.5 | 271
Bottle, 2 liters____| Open___ _______________ 3 R T O U 220
Globe, 2 liters___ _|________________________ 137 | e 32

Tables 19 summarizes other determinations
of the limits of pentane in air.

Influence of Pressure.—QObservations (277) in
a closed tube 2 cm. in diameter and 40 cm. in
length, with downward propagation of flame,
are plotted in figure 30. (For a discussion of
these curves, see p. 3.)

The effect of reduced pressure on the limits of
ignitibility of pentane by a standard spark,
rather than its limits of flammability, have been
reported (13).

Influence of Temperature.—In a closed tube
2.5 cm. in diameter and 150 cm. in length, with
downward propagation of flame, the lower limit
decreased linearly from 1.53 percent at about
17° C. to 1.22 percent at 300° C.; the higher
limit increased linearly from 4.50 percent at
about 17° C. to 5.35 percent at 300° C. (358).

PENTANE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of pentane in all
mixtures of air and nitrogen are shown in figure
35. The determinations were made in a tube
2 inches in diameter and 6 feet in length, with
upward propagation of flame at atmospheric
pressure during propagation. From the ordi-
nates of the ‘“nose” of the curve it may be
calculated that no mixture of pentane, nitrogen,
and air at atmospheric pressure and tempera-
ture can propagate flame if it contains less than
12.1 percent of oxygen (138).

Atmospheres of Air and Carbon Dioxide.—
The limits of pentane in all mixtures of air and
carbon dioxide are shown in figure 35. The
determinations were made as described in the
previous paragraph (138).
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ISOPENTANE

The limits of isopentane in air, with upward
propagation of flame in a 2-inch-diameter tube
open at the lower end, the mixture being at
450 to 500 mm. pressure initially but attaining
atmospheric pressure during the propagation of
the flame, are 1.35 and 7.60 percent (138).

The lower limit of isopentane in a 2-liter
globe is 1.32 percent (32).

Influence of Temperature.—The limits of iso-
pentane in air with downward propagation of
flame in a 2%-liter bottle widen from 1.43 and
4.85 percent at 100° C. to 1.10 and 5.25 at
250° C. (21, 23).

2,2 DIMETHYLPROPANE

The limits of 2,2 dimethylpropane in air,
with upward propagation of flame in a 2-inch-
diameter tube open at the lower end, are 1.38
and 7.50 percent (138).

HEXANE
HEXANE IN AIR

The limits of hexane in air in a 5-cm.-
diameter tube are 1.27 and 6.90 percent
(149, 150), 1.18 and 7.43 percent (138); in a
5.3-cm.-diameter tube the lower limit is 1.46
percent (94); in a 4.8-cm.-diameter tube the
limits are 1.45 and 7.50 percent; and in a 10.2-
cm.-diameter tube 1.45 and 5.70 percent (38),
all with upward propagation of flame from an
open end.

The lower limit of hexane in a 2-liter open
bottle, apparently with downward propagation
of flame, is 1.3 percent (221); in a 6-cm. tube,
with downward propagation of flame, the
limits were about 1.2 and 3.6 percent (325).

Influence of Impurities.—The limits of hexane
in air were slightly narrowed by the presence
of iron carbonyl (0.03 cc. of liquid vaporized per
liter) (325).

Influence of Pressure and Temperature.—The
limits of hexane in air, with horizontal prop-
agation of flame in a bomb 3.8 cm. in diameter
and 15.3 cm. in length, at several temperatures
and pressures up to 14 atmospheres, are shown in
figure 36 (127, 332). Normal flames were
obtained up to 4 atmospheres, but at 4.1
atmospheres and 150° C. a ‘“cool flame”
appeared with mixtures from 11 to 22 percent
of hexane, the normal flame being limited to
mixtures from 1.2 to 7.0 percent. At pressures
above 4.8 atmospheres the two ranges met;
for example, at 6.5 atmospheres mixtures of 1
to 14.5 percent of hexane propagated normal
flames and 14.5 to 32 percent propagated ‘“cool”
flames. Flames in mixtures up to 6.5 percent
were whitish or yellowish, 6.5 to 11 percent
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Ficure 36.—Influence of Pressure on Flammable
Ranges of Hexane-Air Mixtures.

orange or reddish (with deposition of carbon
or tar), and beyond 11 percent blue (without
carbon deposition, but with formation of much
aldehyde).

The lower limit with upward propagation
of flame in a cylinder 30.6 cm. in diameter and
39 cm. in length, vented at its upper end, is
1.08 percent at room temperature, 0.90 percent
at 100° C., and 0.72 percent at 200° C. (239).

The limits of hexane in air have been deter-
mined in a 700-cc. bomb at temperatures up
to 220° C. and pressures up to 11.7 atmospheres,
but in this series the mixture was maintained at
the experimental temperature and pressure for
30 to 45 minutes before testing, in order to
allow preflame combustion to occur. The
limits found are therefore of a complex mixture
of unknown composition (245). :

Curves showing the influence of pressure up
to 500 atmospheres on the limits of n-hexane
in air have been given (11), but the range of
flammability seems to be impossibly wide.

The limits with horizontal propagation of
flame in a 4.5-cm.-diameter tube, at 20° and
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100° C. and pressures below atmospheric, are
given in a diagram (125). The effect of reduced
pressure on the limits of ignitibility of these
mixtures by a standard spark, rather than their
limits of flammability, have been examined (13).

HEXANE IN OXYGEN

The limits of hexane in oxygen, with hori-
zontal propagation of flame in a bomb 3.8 cm.
in diameter and 15.3 cm. in length, at 100°
and 150° C. and 0 to 3 atmospheres pressure,

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

figure 38. The determinations were made in
a tube 2 inches in diameter and 6 feet in length,
with upward propagation of flame at atmos-
pheric pressure during propagation. From the
ordinates of the “nose” of the curve it may be
calculated that no mixture of hexane, nitrogen,
and air at atmospheric temperature and pressure
can propagate flame if it contains less than 11.9
percent oxygen (149).

Atmospheres of Air and Carbon Dioxide.—
The limits of hexane in all mixtures of air and
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Ficure 37.—Influence of Pressure on Flammable Ranges of Hexane-Oxygen Mixtures.

are shown in figure 37 (127, 332). ‘“Cool”’-
flame ranges are indicated by the shaded branch
curves. It will be seen that, at 150° C., cool
flames can be obtained in certain hexane-oxygen
mixtures at pressures from 0.9 atmosphere up-
ward; the corresponding figure for hexane-air
mixtures at 150° C. is 4.1 atmospheres.

HEXANE IN OTHER ATMOSPHERES
Atmospheres of Air and Nitrogen (Air De-

ficient in Oxygen).—The limits of hexane in all
mixtures of air and nitrogen are shown in

carbon dioxide are shown in figure 38. The
determinations were made as described in the
previous paragraph (149).

Atmospheres of Air and Certain Halogenated
Hydrocarbons.—The addition of increasing
amounts of methyl bromide to the air causes
the limits of hexane to approach and, in a
2-inch tube, to meet when 7.05 percent of the
mixture is methyl bromide; in a 4-inch tube,
when 6.0 percent is methyl bromide. With -
dichlorodifluoromethane (‘freon-12’’) in similar
experiments, in a 2-inch-diameter tube, the
corresponding figure is 13.5 percent of freon (35).
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F1Gure 38.—Limits of Flammability of Hexane in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.

DIMETHYL BUTANES

The limits of 2,2 and 2,3 dimethyl butanes
in air, with upward propagation of flame in a
2-inch-diameter tube open at the lower end,
are the same, 1.20 and 7.00 percent (138).

METHYL PENTANE

The limits of 2-methyl pentane in air, with
upward propagation of flame in a 2-inch-diam-
eter tube, 4 feet in length, closed at the lower
end for the lower limit and open for the higher
limit, are 1.18 and 6.95 percent (138).

HEPTANE

The limits of heptane in air, with upward
propagation of flame in a 2-inch-diameter tube,
open at the lower end, are 1.10 and 6.70 percent
(138), and in a similar tube 5.3 cm. in diameter
the lower limit is 1.26 percent (94).

The limits of heptane in air (dimensions of
vessel and direction of flame propagation not

stated) are 1 and 6 percent (101). An observa-
tion made in a 2-liter open bottle, apparently
with downward propagation of flame, gave 1.1
percent as the lower limit of heptane in air (221).

DIMETHYL PENTANE

The limits of 2,3 dimethyl pentane in air, with
upward propagation of flame in a 2-inch-diam-
eter tube, open at the lower end, are 1.12 and
6.75 percent (138).

OCTANE

The lower limit of octane in air, with upward
propagation of flame in a tube 2 inches in
diameter, open at the firing end, is 0.95 percent
(139), 1.00 percent (138), and in a similar tube
5.3 cm. in diameter, 1.12 percent (94). The
lower limit in a 2-liter open bottle, apparently
with downward propagation of flame, is 1.0
percent (221).
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ISO-OCTANE

The lower limit of ‘‘iso-octane” (2,2,4 tri-
methyl pentane) in air, with upward propaga-
tion of flame in a tube 5.3 cm. in diameter, is
1.15 percent (94). In a tube 2.5 cm. in diam-
eter, 18 inches in length, open at the top, the
limits are 0.98 and 6.03 percent (138).

NONANE

The lower limit of nonane in air in a 2-liter
open bottle, apparently with downward propa-
gation of flame, is 0.83 percent (221).

DIETHYL PENTANE

The limits of 3,3 diethyl pentane in air, with
upward propagation of flame in a 1-inch-diam-
eter tube, open at its upper end and at a
sufficient temperature to volatilize the diethyl
pentane, are 0.74 and 5.75 percent (138).

TETRAMETHYL PENTANE

The limits of 2,2,3,3 tetramethyl pentane in
air, with upward propagation of flame in a
2-inch-diameter tube, 18 inches in length, open
at its upper end and at 100° C., are 0.77 and
4.90 percent (138).

DECANE

The lower limit of decane in air (dimensions
of apparatus and direction of flame propagation
not stated) is 0.67 percent (253).

More recent determinations of the limits of
n-decane in air, with upward propagation of
flame in a 2-inch-diameter tube, 18 inches in
length, open at its upper end and at 100° C.,
are 0.77 and 5.35 percent (138).

DODECANE

The lower limit of dodecane in air (dimen-
sions of apparatus, direction of flame propaga-
tion, and temperature not stated) is 0.60 per-
cent (101).

PARAFFIN HYDROCARBONS IN GENERAL
PARAFFIN HYDROCARBONS IN AIR

The lower limits in air of members of the
paraffin series, with upward propagation of
flame in a 2-inch tube, are given approximately
by the broken curve in figure 58 (as described
on p. 114).

HIGHER-PARAFFIN HYDROCARBONS IN OTHER
ATMOSPHERES

Atmospheres of Air and Carbon Tetra-
chloride.—Table 20 shows the minimum per-
centages, by volume, of liquid carbon tetra-

chloride that will render mixtures with various
hydrocarbons nonflammable: (¢) When the mix-
ture is volatilized as completely as possible at
room temperatures, (b)) when a flame is pre-
sented momentarily to the free surface of the
liquid mixture, and (¢) when a flame is pre-
sented momentarily to the exposed end of a
wick dipping into the mixture (148).

TaBLE 20.—Minimum percentages, by volume, of
carbon tetrachloride in nonflammable mixtures
with hydrocarbons

Free

Vapor- Liquid on

Hydrocarbon ized (1) | qidd, | wick (c)
6 80 70
70 6.5 67
70 50 58
67 50 67
70 50 58
58 50 58

The amount of carbon tetrachloride that
must be added to naphthas to render them
“reasonably safe from fire hazards” is as fol-
lows (6):

Carbon tetra-
chloride by
quired 5o,
quir
Naphtha Density lgailsltglellagzi(o}n render naphtha
* . “reasonably
safe from fire
hazards,”
percent
0.758 | 120 to above 180... 30
.725 | 80 to above 140___. 45
.698 | 50 toabove 115_.__ 50
.681 | 50 to above 110__.. 70

ETHYLENE
ETHYLENE IN AIR

The limits of ethylene in air, with upward
propagation of visible flame in a tube 5 cm. in
diameter, open at the firing end, are 3.05 and
28.6 percent (144), and 3.15 and 28 to 29 per-
cent (38). An invisible flame, detectable by a
resistance thermometer or thermocouple at the
top of the tube, travels throughout the 150-cm.
length of the tube in mixtures over the higher
limit of visible flame propagation, up to 32.0
percent. When the diameter of the tube is
increased to 10.2 cm. however, the limits are
3.20 and 22.7 percent only (38).

Table 21 summarizes other determinations of
the limits of ethylene in air.

The higher limit depends very much on the
direction of propagation of flame.

Influence of Pressure.—Experiments in a
small cylindrical bomb (14) showed that pres-
sure had a pronounced effect on the limits of
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ethylene in air. The lower limit rose from 3.5
percent at normal pressure to 5 percent at 20
atmospheres, then fell to 1.5 percent at 380
atmospheres. The higher limit rose rapidly
from 16 percent at normal pressure to 68 per-
cent at 90 atmospheres, then rose slowly to 71
percent at 380 atmospheres.

At pressures below atmospheric, in a 1-inch-

diameter tube, open at the firing end into a
large reservoir of air which maintains almost
constant pressure during the experiment, the
limits converge and meet at about 90 mm.
pressure. The higher-limit side of the curve
shows irregularities in that, in certain ranges
of pressure, there is a narrow range of composi-
tion in which flame is not propagated (104).

TABLE 21.—Summary of other determinations of limits of ethylene in air

Upward Propagation of Flame

Dlmenmgrr:ls of tube, Limits, percent Content of et
: . ontent of aqueous eference
Firing end vapor No.

‘Diameter | Length Lower Higher
10. 2 96 | Closed. - _____________ 2.75 24.0 | Small._________________ 183
7.5 150 |_____ doo_o . 3. 02 356
6.2 33 | Open. . ____________ 3.4 95
50 150 | Closed_ . _____________ 3.13 356
2.5 150 |_____ do-oo . 3.15 3566
2.5 150 | Open_ _ - _________ 3.3 49

Horizontal Propagation of Flame
7.5 150 | Closed._ - - - ___________ 3.20 23.7 | Half-saturated_ . ________ 356
50 150 |_____ do . 3. 25 22.4 |_____ do__ o ___ 356
2.5 150 |_____ doo . 3. 30 14.0 |[_____ do__ o ____ 356
2.5 150 | Open__ ________________ 3.4 14. 1 Small__________________ 49
2.5 150 |- ___ do__ - ____ 3. 30 18.25 |.____ do- o 111
2.5 150 |_____ do oo 3.1 15.85 | oo . 104

Downward Propagation of Flame
7.5 150 | Closed_ - _ . ____________ 3.33 15.5 | Half-saturated  _________ 356
6.2 33 | Open_ .. __________ 34 |______ Saturated . _ - ._________ 95
6.0 120 | ____ 3. 45 14. 7 Partly dried . _ - _________ 325
5.0 150 | Closed _ - _______ 3. 42 15. 3 Half-saturated . - - _______ 366
4.0 16 |_____ o J 4.0 14. 5 124
2.5 150 |_____ do_ o 3. 45 13. 7 366
2.5 150 | Open_ - __________ 3.6 13. 7 49
1.9 40 | Closed . .- ________ 4.1 14. 6 95
1.9 40 (.. __ do_ . 3.9 14. 1 323
1.6 30 [_____ do_ . ____ 3.1 14. 1 217

Influence of Temperature.—Of two sets of ob-
servations (12, 368) on the influence of tempera-
ture, one appears to be reliable (368). The
determinations were made in a closed tube 2.5
cm. in diameter and 150 cm. in length, with
downward propagation of flame. The lower
limit decreased linearly from 3.45 percent
ethylene at about 17° C. to 2.50 percent at
400° C. The higher limit increased from 13.7
percent at about 17° C. to 17.9 percent at
300° C.; the rate of increase became greater
as the temperature was increased.

Influence of Impurities.—The lower limit of
ethylene in air was scarcely affected by small
quantities of iron carbonyl. The higher limit
was reduced from 14.7 to 12.4 percent by iron

939350°—52—6

carbonyl (0.03 cc. liquid vaporized per liter)
(825).
ETHYLENE IN OXYGEN

The limits of ethylene in oxygen with upward
propagation of flame in a tube 5 cm. in diameter,
open at the firing end, are 3.10 and 79.9 percent
(144), 2.90 and 79.9 (163).

Table 22 summarizes other determinations
of the limits of ethylene in oxygen.

Influence of Pressure.—Certain ethylene-
oxygen mixtures are still flammable at 30 mm.
pressure (65). This is confirmed (104), and
two small irregularities are shown on the higher-
limit branch of the diagram showing the relation
between pressure and limits.
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TABLE 22.—Summary of other determinations of limits of ethylene in oxygen
Upward Propagation of Flame

Dimensions of tube, Limits, percent
)

cm.
Firing end Content of aqueous vapor RefI%I:nce
Diameter | Length Lower Higher
10. 2 96 | Closed_._______________ 2.90 | ______ Small__________________ 183

4 16 | Closed._ - .. _____________ 5 170 | 124

2 | do_ o _____ 3.4 63 | 243
____________________ Water-sealed____________ 3.4 77.5 | Saturated_ .. ___________ 346
1.4 | ____ Closed_ - _____________ 4.1 60. 2 | _____ o ____ 202

1The presence of 5 percent of carbon dioxide reduces this figure to 55.

100

90

Nitrogen= 10? - (ethyler;e + oxygen)
80

| T
Impossible mixtures

70

o)
o

.
o

Flammable per se

OXYGEN, PERCENT

H
o

30

20

10

o 10 20 30 20 50 60 70 80
ETHYLENE, PERCENT

Fieure 39.—Flammability of Ethylene-Oxygen-Nitrogen Mixtures.
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Influence of Impurities.—The addition of
small quantities of nitric oxide to various
mixtures of ethylene and oxygen reduces the
minimum ignition pressure and may, therefore,
widen the range of flammability (104).

ETHYLENE IN OTHER ATMOSPHERES

All Atmospheres of Oxygen and Nitrogen.—
The composition of all flammable mixtures of
ethylene, oxygen, and nitrogen is shown in
figure 39. The determinations were made in a
2-inch-diameter tube, open at the lower end,
with upward propagation of flame (163).

Atmospheres of Composition Between Air and
Pure Oxygen.—The lower limit of ethylene, for
downward propagation of flame in a Bunte
burette 1.9 cm. in diameter, increased slightly
as the oxygen in the atmosphere was increased
to 94 percent; the higher limit rose gradually
from 14.1 percent in air to 47.6 in a 60-percent
oxygen mixture and to 62 in a 94-percent
oxygen mixture (323).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of ethylene in all
mixtures of air and nitrogen, or air from which
part of the oxygen has been removed, are shown
in figure 40. The determinations were made
with upward propagation of flame in a tube 2
inches in diameter and 6 feet in length, open
at the firing end (144).

Atmospheres of Air and Carbon Dioxide.—
The limits of ethylene in all mixtures of air and
carbon dioxide are shown in figure 40. The
determinations were made as described in the
previous paragraph.
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Ficure 40.—Limits of Flammability of Ethylene
in Air and Carbon Dioxide or Nitrogen.

Some earlier observations (95) show, as
might be expected, more rapid narrowing of
the limits in a Bunte burette.

The limits for downward propagation of
flame in a tube 1.6 cm. in diameter have been
recorded (217).

Atmospheres of Air, Nitrogen, and Carbon
Dioxide.—The limits with downward propaga-
tion of flame in a tube 1.6 cm. in diameter have
been given (217).

Atmospheres of Air and Methyl Bromide.—
The addition of increasing amounts of methyl
bromide to the air causes the limits of ethylene
to approach and, in a 2-inch-diameter tube, to
meet when 11.65 percent of methyl bromide is
present. The lower limit of ethylene is, how-
ever, appreciably reduced (down to 1.95 percent
with 10.5 percent of methyl bromide), showing
that the bromide takes some part in the com-
bustion (38). (For a comment, compare the
corresponding paragraph on hydrogen, p. 22.)

Atmospheres of Carbon Dioxide and Oxy-
gen.—The limits of ethylene in a carbon dioxide-
oxygen atmosphere were given in some old
experiments of doubtful accuracy (346). (See
also a footnote to table 22.)

Dilution of C;H,+30; With Gases, Inert or
Otherwise.—The following results were obtained
with downward propagation of flame in a
Bunte burette 1.9 cm. in diameter (95):

Effect of diluents upon flammability of
C.H,+30,

Amount of CsH;+30s
which, with diluent
named, is present at
limit of flammability,

percent
Diluent:
Oxygen e~ 15. 4
Nitrogen_ . __ . 18. 5
Carbon dioxide__ - __________ 22.1

Atmospheres of Oxygen and Helium.—The
composition of all flammable mixtures of
ethylene, oxygen, and helium is given by a
curve almost identical with that of figure 39,
except that the “nose” of the curve is at 8.5
percent oxygen (163).

Atmosphere of Nitrous Oxide.—The limits of
ethylene in nitrous oxide, with upward propa-
gation of flame in a 2-inch-diameter tube open
at the lower end, are 1.90 and 40.2 percent (163).

With downward propagation of flame in a
closed tube 4 cm. in diameter and 16 cm. in
length, the limits are 5 and 35 percent. The
presence of 10 percent of oxygen raises the
higher limit to 47 percent (124).

Atmospheres of Oxygen and Nitrous Oxide.—
The lower limit of ethylene in mixtures of
oxygen and nitrous oxide falls slightly as the
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percentage of nitrous oxide rises to 50, then
more rapidly as it rises to 100 (163).

PROPYLENE
PROPYLENE IN AIR

The limits of propylene in air, with upward
propagation of flame in a 2-inch-diameter tube
c()pen) at its lower end, are 2.40 and 10.3 percent

151).

PROPYLENE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of propylene in
all mixtures of air and nitrogen are shown by
one of the curves of figure 41. The determina-
tions were made in a 2-inch-diameter tube, open
at the lower end, with upward propagatlon of
flame. No mixture of propylene, air, and
nitrogen is flammable if it contains less than
11.5 percent of oxygen (151).
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Ficure 41.—Limits of Flammability of Propylene in Mixtures of Air and Added Nitrogen and Carbon Dioxide.

Table 23 gives other determinations of the
limits.

PROPYLENE IN OXYGEN

The limits of propylene in oxygen with
upward propagation of flame in a tube 2 inches
in diameter, open at its lower end, are 2.10
and 52.8 percent (144, 150).

Atmospheres of Air and Carbon Dioxide.—
Figure 41 also shows the limits of propylene in
all mixtures of air and carbon dioxide, deter-
mined as in the previous paragraph (161).

Atmosphere of Nitrous Oxide.—The limits of
propylene in nitrous oxide, with upward propa-
gation of flame in a 2-inch-diameter tube, open
at its lower end, are 1.45 and 28.8 percent (163).
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TABLE 23.—Summary of other determinations of limits of flammability of propylene in air

Upward Propagation of Flame

Dimensions of tube, Limi
em., imits, percent
Firing end Content of aqueous vapor Re%l:nce
Diameter | Length Lower Higher
10. 2 96 | Closed.____________.____ 2. 00 11.1 | Dried-_________________ 150
7.5 150 |- ____ do_ .. 2. 18 9.7 | Half-saturated_ _________ 356
5.0 150 |- __ do .. 2.21 9.6 |-_--_ doo . 356
Horizontal Propagation of Flame
7.5 150 | Closed_ .- _____________ 2. 22 9.3 | Half-saturated_ ___.______ 356
5.0 150 [ ___ do . 2. 26 84 | ____ do . 3566
2.5 150 | Open_ _ . __._.__.__ 2.6 7.4 | Small__________________ 49
2.5 150 |_____ do_ . 2. 58 7.5 [-_-__ do_________________ 111
Downward Propagation of Flame
7.5 150 | Closed_ . ____________ 2. 26 7.4 | Half-saturated_ - ________ 356
5.0 150 |-____ do_________________ 2. 29 7.2 ... do._ o _____ 356
BUTYLENES Table 24 gives other determinations of the
.. . .. limits of “butylene.”
'I;lhe limits of the various butylenes in air, of ¥y
with upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are (138): AMYLENE
» . Percent The limits of b—n-amylene in air, with up-
Butylene” ... 1. 98 and 9. 65 ward propagation of flame in a 2-inch-diameter
Butene-1___________________ 1. 65 9. 35 ° he 1 d d
Butene-2 .. TT7C 185 9. 70 tube, open at the lower end, are 1.50 and 8.70
Isobutylene_________________ 1.78 8. 85 percent (138).
TABLE 24.—Other determinations of limits of butylene in air
Upward Propagation of Flame
Dimensiglr;ls of tube, Limits, percent
Firing end Content of aqueous vapor Refﬁxgnce
Diameter | Length Lower Higher
7.5 150 | Closed . - - ________.__.___ 1. 70 9.0 | Half-saturated_ ... _____ 356
5.0 150 |- _- do_ . 1. 80 9.0 [_.___ do__ o ___ 356
Horizontal Propagation of Flame
7.5 150 | Closed_ - - __________ 1.75 9.0 | Half-saturated.______.___ 356
5.0 150 (.. __. do 1. 82 7.4 |____ do__ - 356
2.5 150 | Open_ _ _ _______________ 1. 93 6.0 | Small___________ .. 111
Dowx}ward Propagation of Flame
7.5 150 | Closed . - - - .- _.______ 1. 80 6. 25 | Half-saturated.__________ 8566
50 150 |- ___ do 1. 84 6.10 |____ do__ - 366
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The lower limit of amylene in air, apparently
with downward propagation of flame in a 2-liter
bottle, is 1.6 percent (221).

BUTADIENE
BUTADIENE IN AIR

The limits of butadiene in air, with upward
propagation of flame in a 2-inch-diameter tube,
open at the lower end, are 2.0 and 11.5 percent
(152, 153).

BUTADIENE IN OTHER ATMOSPHERES

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of butadiene in
all mixtures of air and nitrogen are shown by
one of the curves of figure 42. The determina-
tions were made in a 2-inch-diameter tube,
open at the lower end, with' upward propagation
of flame. No mixture of butadiene, air, and
nitrogen is flammable if it contains less than
10.4 percent. of oxygen (153).

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

OF GASES AND VAPORS

ACETYLENE

ACETYLENE IN AIR

The lower limit of acetylene in air with
upward propagation of flame in a tube 5 cm. in
diameter and 150 cm. in length, open at the
firing end, is 2.50 percent (150).

In a box about 4.6 feet high and 12 inches
square in cross section the lower limit for
propagation of flame upward toward the open
top was 2.53 percent acetylene (44). In a bell
jar, with turbulence, the figure was 2.30 (138).

With downward propagation of flame in the
box, presumably toward the closed end, the
lower limit was about 2.8 percent (44). An
earlier determination in a 90-liter vessel 41
cm. in diameter and 80 cm. in height gave the
limits as 3 and 80 percent acetylene (112).

Table 25 gives other determinations of the
limits.

Where a range is given for the higher-limit
figures in table 25, the experimental result de-
?enld)ed on the state of the walls of the container

261).

Limits in vessels other than tubes were as
follows: In an 84-liter bomb, 2.4 and 80 percent
(113); in a 2.8-liter bottle for central ignition,
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Fieure 42.—Limits of Flammability of Butadiene in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.



3.0 and 73 percent (44); in a 2-liter rubber bal-
loon with flame ignition, 75 percent (higher
limit) (95); in a 100-cc. Hempel pipette with
downward propagation of flame, 2.9 and 51
percent (44) and 2.45 and 57.05 percent (364);

LIMITS OF INDIVIDUAL GASES AND VAPORS

in a small vessel, 2.3 and 76.4 percent (9).

30 percent of air,

75

A few experiments have been reported on the
“flammability of acetylene mixed with about
’ but this mixture is well
within the limits of flammability, and the report
(81) is concerned only with conditions for igni-
tion.

TaBLE 25.—Summary of other determinations of limits of flammability of acetylene in air

Upward Propagation of Flame

Dimensions of tube, cm.

Limits, percent

Firing end Content of aqueous vapor Refﬁﬁfnce
Diameter | Length Lower Higher
7.5 150 Closed - - oo 2. 60 >80. 5 | Half-saturated. _________ 3566
5.0 150 .do_ o ______ 2. 60 78 .- do- o 356
5.0 30.6 |_____ do . 2.4 78 Saturated. . ___________ 176
2.5 150 |..___ do_ .. 2.73 70 Half-saturated_ - ________ 356
2.5 | | . 3. 03 54-63.0 | _ o _____ 261
2.0 || e 3. 07 51-62. 8 | . 261
) O T P 3. 09 48-62. 2 | . 261
1.0 | e 45-61.4 | o 261
7.5 356
5.0 366
2.5 366
2.5 261
2.0 261
1.5 261
1.0 261
12. 2 21 | Open_ | 75 Saturated. - ________ 95
10. 0 13 1. ____ do. | .. 70  |-____ do o 95
7.5 150 | Closed - __________ 2.78 71.0 | Half-saturated._._________ 356
5.0 150 |- ____ do_ .. 2. 80 63.5 |-.____ do- . 356
4.4 26 | Open_ _ | ____ 60 Saturated . _ - ________ 95
2.5 150 |- ____ do o __ 2. 90 55. 0 | Half-saturated_ .- _____ 356
P P BRSSP 3. 17 53-62. 1 | 261
2.0 | 3.20 49-60. 7 |-~ 261
1.9 40 | Open__ . _________ 3. 45 52.2 | Saturated. .- ______ 95
1.9 40 |- ___ do o ____ 3. 45 52.4 |_____ do- 323
R T . 3.24 | 45-58.8 | oo ee____ 261
1.0 || 41-53. 7 |- 261
Direction of Flame Not Stated
2.9 64 | 219
3.1 62 | e 219
3.5 55 | o 219
4.0 40 | 219
4.5 25 | e 219
5.0 15 |- 219
7.7 10 |- 219
No propagation_____ 219
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Influence of Pressure.—The lower limit in a
Hempel pipette was unchanged by increase of
pressure to 5 atmospheres (44).

The higher limit, observed in a closed 2-inch-
diameter tube at 24° C. with mixtures saturated
with water vapor, rose almost linearly from 78
to 100 percent as the pressure was raised from
atmospheric to 7 pounds per square inch above
atmospheric (176). The flammability of the
richer mixtures is evidently assisted by the
exothermic decomposition of much of the
acetylene that is not burned, and the 100 percent
acetylene transmits flame by this means entirely.
A source of ignition developed locally in a
generator may thus cause explosion of the gas
at pressures attainable in medium-pressure

enerators, even in the absence of air (176).

he addition of water vapor raises proportion-
ately the minimum pressure for explosion of
acetylene and of rich acetylene-air mixtures.
Propane, butane, and natural gas have similar
effects, 1n differing degrees (1568). Nitrogen,
helium, and hydrogen have less effect than the
hydrocarbons named, and carbon dioxide is
intermediate in its effect (159).

The effect of reduced pressure on the limits
of ignitibility of acetylene in air by a weak
standard spark, rather than on its limits of
flammability, have been examined (8).

Influence of Temperature.—The lower limit,
with downward propagation of flame in a closed
tube 2.5 cm. in diameter and 150 cm. in length,
decreased linearly from 2.90 percent at about
17° C. to 2.19 percent at 300° C. The higher
limit increased from 55 percent at about 17° C.
to somewhat over 81 percent at 200° C. (358).

In an older observation (95) the higher limit,
with downward propagation of flame from the
open end of a cylinder 4.4 ¢cm. in diameter and
26 cm. in length, was 60 percent acetylene at
laboratory temperature and 75 percent at
200° C.

ACETYLENE IN OXYGEN

An old experiment gave the higher limit of
acetylene in oxygen, with downward propaga-
tion of flame, as 83 percent acetylene (243).
An estimate for “an infinite mass’’ (not cooled
by the walls of a container) gave limits of 2.8
and 93 percent (219).

The lower limit for downward propagation
of flame in a Bunte burette, 1.9 cm. in diameter,
is 3.1 percent acetylene (95). The limits in a
Hempel pipette are 2.45 and 89.2 percent (364).

ACETYLENE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air and
Pure Oxygen.—The lower limit of acetylene,
with downward propagation of flame in a

Bunte burette 1.9 cm. in diameter, was un-
changed as the oxygen in the atmosphere was
increased to 97 percent; the higher limit rose
gradually from 52.4 percent in air to 82.2 in
58 percent oxygen and to 89.7 in 96.8 percent
oxygen (323).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—In an 84-liter bomb, the
lower limit of acetylene rose slightly with
increasing additions of nitrogen to the atmos-
phere while the higher limit fell rapidly. From
limits of 2.4 and 80 percent in pure air, the
limits met at 2.75 percent in an atmosphere
containing 69 percent of ‘“‘added’” nitrogen. At
this point about 6.5 percent of oxygen is pre-
sent, in comparison with about 4 percent at the
higher limit in air (113). In a Hempel pipette
the lower limit rose from 2.45 percent in air to
3.3 percent in an atmosphere containing 8.7 per-
cent oxygen; at the higher limit the oxygen in
the mixture was constant at about 11 percent
except that close to the point where the limits
met it fell to 8 percent (364).

Atmospheres of Air and Carbon Dioxide.—In
an 84-liter bomb, the lower limit of acetylene
rose slightly with increasing additions of carbon
dioxide to the atmosphere while the higher limit
fell rapidly. From limits of 2.4 and 80 percent
in pure air, the limits met at 3.75 percent in an
atmosphere containing 55 percent of carbon
dioxide. At this point about 9 percent of
oxygen is present (113). In a Bunte burette
no flammable mixture could be made in an
atmosphere containing 46 percent of carbon
dioxide (11.3 percent of oxygen) (95).

Atmospheres in Which Oxygen of the Air Is
Replaced by Carbon Dioxide.—A few experi-
ments in a Bunte burette show the narrowing
of the range of flammable mixtures by the
gradual replacement of the oxygen of the air by
carbon dioxide. No flammable mixture could
be made when the oxygen was reduced to 8
percent (carbon dioxide, 13 percent) (95).

Atmospheres of Air and Certain Chlorinated
Hydrocarbons.—Limits of acetylene in air con-
taining vapors of various chloro-derivatives of
hydrocarbons have been reported; they were
observed in small burettes 15 mm. in diameter,
so are of limited value (198).

Atmosphere of Nitrous Oxide.—The limits of
acetylene in nitrous oxide, with downward
propagation of flame in a 16-mm. burette, are
2.2 and 67.0 percent. The effect of helium in
narrowing the limits is greater than that of
argon (285).

Dilution of 2C,H,+ 50, With Gases, Inert or
Otherwise.—The following results were ob-
tained with downward propagation of flame in
a Bunte burette 1.9 cm. in diameter (95).
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Effect of diluents upon flammability of

lH 2 2

Amount of 2CyHy-+504 which, with
diluent mamed, i8 present at

Diluent: limit of flammability, percent
Oxygen__.___________ 10. 9
Nitrogen________ 13.0
Carbon dioxide 18.7

BENZENE
BENZENE IN AIR

The limits of benzene in air, with upward
propagation of flame in a tube 5 cm. in diameter,
open at the firing end, are 1.40 and 7.10 percent
(136) and 1.55 percent (lower limit only) (31).

7

Table 26 summarizes other determinations of
the limits of benzene in air.

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. (353).

Influence of Pressure.—The range of flam-
mability of benzene in air is widened at both
sides by an increase in pressure above atmos-
pheric, provided the temperature is raised to
maintain enough vapor for the test. This effect

TABLE 26.—Summary of other determinations of limits of flammability of benzene in air

Upward Propagation of Flame

Dimensions of A
tube, cm. Limits, percent
Firing end Content of aqueous vapor Re&%':nce
Diameter | Length Lower Higher
30. 6 39 | Vented at top_.__._______ 1.32 | ____ Undried. ... ______ 239
7.5 150 | Closed - . _____________ 1.41 |__________ ) o A 353
50 150 |---_- do_ .. 1. 45 17.45 |.____ do. - _________ 353
5.0 91 |.____ do- . 1. 50 8.0 |._.__ do_ oo 351
2.5 150 |-____ do . _____ 1.55 || do_ . 358
2.5 25 | Central ignition_________ 1.5 9.5 | Undried__ ... __.______ 294
Horizontal Propagation of Flame
7.5 150 | Closed_ ________________ 1.46 | ____ Dry. 363
5.0 150 |--___ do. ... 1. 46 16.656 |-____ do_________________ 3563
50 91 |_____ do_________________ 1. 55 6.5 |--___ do_ . 361
2.5 150 |- do_________________ .55 || o do . _______. 353
Downward Propagation of Flame
7.5 150 | Closed - _____________ 1.46 |- ______ Dry_ o 353
6.2 | __ Open. o ___________ 1.4 | ____ Saturated. . ___________ 95
6.0 120 | . 1.3 |- ____ Partly dried_ - - . _______ 325
5.0 150 | Closed. - - .. ___ 1. 48 15.586 | Dry_ . ___________ 3563
5.0 91 |_____ do. .. 1. 60 50 |-____ do__ . 351
5.0 65 |.____ do_ . 1. 47 5.45 |_____ do__ . _______ 316
2.5 150 |.____ do_________________ .58 | do__ . __________ 3538
1.9 40 | ___. do___ .. 2. 65 6.5 | Saturated______________ 95
1.9 40 |.___. doo . 2.7 7.0 |____ do__ . 323
Propagation in Globes, etc.
Capacity:
14.5liters_ - . 1.8 oo | o 95
350 cCo - _ e 31.7 38 3| Saturated_ . ___________ 368
Very small vessel._________________________ .8 86 |- 9

1At60 C.
2 For *‘90 percent benzene,” boiling point 77°-118° C.
3 Believed to be somewhat on the high rather than the low side.
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may be due more to the change in temperature
than to that in pressure (14).

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

Influence of Temperature.—The lower limit of
benzene in air for upward propagation in a tube
30.6 cm. in diameter and 39 cm. in length,
vented at its upper end, mixture undried, is
1.32 percent at 21° C., 1.10 at 100° C., 0.93
at 200° C., and 0.80 at 300° C. (239). The
limits of benzene in air for downward propaga-
tion of flame in a vessel 9 cm. in diameter and
45 cm. in length widen linearly from 1.37 and
5.32 percent at 100° C. to 1.13 and 5.58 at
250° C. (21, 22).

BENZENE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air
and Pure Oxygen.—The lower limit of benzene
in a spherical vessel with ignition near the top
was unchanged as the oxygen in the atmosphere
was increased to 97 percent; the higher limit
rose gradually from 7 percent in air to 20.7 in
58 percent oxygen and 30 in 97 percent oxygen
(323); in a 120-cc. Bunte burette 1.9 cm. in

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

diameter, ignition by spark and downward
propagation of flame, the limits in oxygen were
2.8 and 24.9 percent (323).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of benzene in all
mixtures of air and nitrogen are shown by one
of the curves of figure 43. The determinations
were made in a 2-inch-diameter tube, open at
the lower end, with upward propagation of
flame. No mixture of benzene, air, and nitro-
gen is flammable if it contains less than 11.2
percent of oxygen (136).

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

Atmospheres of Air and Water Vapor.—The
limits of benzene-air mixtures standing over
water in a 350-cc. spherical vessel, and ignited
near the water surface, have been determined
at various temperatures. As the temperature
rises (and consequently the water-vapor con-
tent also) the lower limit rises slowly, and the
higher limit falls rapidly, as with other diluents.
When about 35 percent of water vapor is
present the limits coincide at about 2.5 percent
benzene vapor (368).

7 x
§Q\
S~
6 \\ S~
SN
— !
~ Mt"’é’e,;
5 \\ \0‘9’6 ™S
o -

5 g,
e N N
w4 \
u \ N
g \ )
z3
@ B e _Theoretiﬁzl Mixtureg /I —r’—

2 I Bl e S — - -

1

0 4 8 12 16 20 24 28 32 36 40 44

ADDED INERT GAS IN ATMOSPHERE, PERCENT

F1GURE 43.—Limits of Flammability of Benzene in Mixtures of Air and Nitrogen, and of Air and Carbon Dioxide.
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Atmospheres of Air and Methyl Bromide.—
The addition of increasing amounts of methyl
bromide to the air causes the limits of benzene
to approach and, in a 2-inch-diameter tube, to
meet when 7.75 percent of the mixture is methyl
bromide (38). For a comment, compare the
corresponding paragraph on hydrogen (p. 22).

TOLUENE

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

Table 27 summarizes other determinations
of the limits of toluene in air.

Earlier experiments gave approximately 1.3
and 1.4 percent for the lower limit, probably
with downward propagation of flame (213, 221).

79

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

The lower limit with upward propagation of
flame in a cylinder 30.6 cm. in diameter and
39 cm. in length, vented at the upper end, is
0.99 percent at 100° C., 0.82 at 200° C., and
0.72 at 300° C. (239).

The lower limit of toluene in air with upward
propagation of flame in a closed tube 10.2 cm.
i diameter and 96 cm. in length fell from 1.27
percent at 26° C. to 1.12 at 200° C. (139). The
limits for downward propagation of flame in a
vessel 9 cm. in diameter and 45 cm. in length
widen linearly from 1.26 and 4.44 percent at
100° C. to 1.03 and 4.61 at 200° (21, 22).

TaBLE 27.—Summary of other determinations of limits of flammability of toluene in air

Uﬂwurd Propagation of Flame
\

Dimensions of
tub . Limi
ube, o Firi d imits, percent Content of Reference
iring en aqueous vapor No.
Diameter | Length Lower Higher
30. 6 39 | Vented at top___________ 117 | Undried________________ 239
10. 2 96 | Closed_________________ 1. 27 || 139
7.5 150 |- do____ . __________ 1.27 | ______ Dry_ o ____ 353
5.0 150 |- ___ do____ . _______ 1. 31 16.75 |- do__ . __________ 353
2.5 25 | Central ignition_________ 1.3 7.0 | Undried-.______________ 294
Horizontal Propagation of Flame
7.5 150 | Closed . - ________.____ 1.28 | _______ Dry_ __ o _____ 353
50 150 |.____ do_ . 1. 30 15.80 |.__-_ do - 353
Downward Propagation of Flame
7.5 150 | Closed - - _________ 1.28 | _______ Dry_ .. 353
5.0 150 |_____ do o __ 1. 32 14.60 |_____ do_ o _____ 353
)
1At 60° C.
ORTHOXYLENE STYRENE

The limits of orthoxylene in air, conditions
not specified, are reported as 1.0 and 6.0
percent (101).

ETHYL BENZENE

The lower limit of ethyl benzene in air, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, is 0.99
percent (138).

The limits of styrene in air, with upward
propagation of flame in a tube 1 inch in diameter
and open at the upper end, are: Lower, 1.10
percent (at 29.3° C.); higher, 6.10 percent (at
65.2° C.) (177).

BUTYL BENZENE

The limits of n-butyl benzene in air, with
upward propagation of flame in a 2-inch-
diameter tube, open at its upper end and at a
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sufficient temperature to volatilize the butyl
benzene, are 0.82 and 5.75 percent (138);
isobutyl benzene, 0.83 and 6.00 percent; sec-
butyl benzene, 0.78 and 6.90 percent; and tert-
butyl benzene, 0.84 and 5.60 percent (138).

DIETHYL BENZENE

The limits of 1,4 diethyl benzene in air, with
upward propagation of flame in a tube 2 inches
in diameter, 18 inches in length, open at its
upper end and at a temperature of 110° C.,
are 0.80 and 6.10 percent (138).

NAPHTHALENE

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

which is equivalent to about 0.9 percent of
vapor (242).
CYCLOPROPANE

CYCLOPROPANE IN AIR

The limits of cyclopropane in air with upward
ropagation of flame in a 2-inch tube 6 feet in
ﬁmgth, open at the lower end, are 2.45 and 10.45
percent (161), 2.40 and 10.3 percent (163).
In an 8-liter bomb with upward propagation of
flame, the limits are 2.58 and 10.1 percent (161).

CYCLOPROPANE IN OXYGEN

The limits of cyclopropane in oxygen, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are 2.48
and 60 percent (161).

CYCLOPROPANE IN. OTHER ATMOSPHERES
All Atmospheres of Oxygen and Nitrogen.—

The compositions of all lammable mixtures of
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FieurE 44.—Flammability of Cyclopropane-Oxygen-Nitrogen Mixtures.
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cyclopropane, oxygen, and nitrogen are shown in
figure 44. The determinations were made in a
2-inch-diameter tube, open at the lower end,
with upward propagation of flame (163). The
results nearly coincide with those of an earlier
series (116) for which, however, the experi-
mental conditions were not stated. No mix-
ture is flammable if it contains less than 11.5
percent oxygen.

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of cyclopropane
in all mixtures of air and nitrogen are shown by
one of the curves of figure 45. The determina-
tions were made in a 2-inch-diameter tube, open
at the lower end, with upward propagation of
flame. No mixture of cyclopropane, air, and
nitrogen is flammable if it contains less than
11.7 percent of oxygen (161).

Atmospheres of Air and Carbon Dioxide.—
Figure 45 also shows the limits of cyclopropane
in all mixtures of air and carbon dioxide,
determined as in the previous paragraph (161).

Atmospheres of Air and Helium.—Figure 45
also shows the limits of cyclopropane in all
mixtures of air and helium (167).

The relative effects of nitrogen, carbon di-
oxide, and helium on the limits of cyclopropane
are similar to their effects on the limits of
methane and support the explanation given in
the corresponding paragraphs on methane.

Atmospheres of Oxygen and Helium.—The
composition of all flammable mixtures of
cyclopropane, oxygen, and helium is given by a
curve almost identical with that of figure 44,
except that the “nose” of the curve is at 10
percent oxygen (161, 163).

Atmosphere of Nitrous Oxide.—The limits of
cyclopropane in nitrous oxide, with upward
propagation of flame in a 2-inch-diameter tube,
open at the lower end, are 1.60 and 30.3 percent
(163).

Azmospheres of Oxygen and Nitrous Oxide.—
The compositions of all flammable mixtures of
cyclopropane, oxygen, and nitrous oxide are
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F1GUuRE 46.—Flammability of Cyclopropane-Oxygen-Nitrous Oxide Mixtures.

shown in figure 46. . The determinations were
made with upward propagation of flame in a
2-inch-diameter tube, open at the lower end
(163).

Atmospheres of Nitrous Oxide and Helium.—
The compositions of all flammable mixtures of
cyclopropane, nitrous oxide, and helium are
shown in figure 47 (163).

ETHYL. CYCLOBUTANE

The limits of ethyl cyclobutane in air, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are 1.24
and 7.74 percent (138).

ETHYL CYCLOPENTANE

The limits of ethyl cyclopentane in air, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are 1.10
and 6.70 percent (138).

CYCLOHEXANE
CYCLOHEXANE IN AIR

The limits of cyclohexane in air, with upward
propagation of flame in a tube 5 cm. in diameter,
open at the firing end, are 1.33 and 8.35 percent
(31), 1.26 and 7.75 percent (138), 1.50 percent
(lower limit) (38). Under similar conditions in
a tube 10.2 cm. in diameter the limits are 1.33
and 6.20 percent (38). With downward
propagation of flame in a closed tube 5 cm. in
diameter and 65 cm. in length they were 1.31
and 4.5 percent (316).

Influence of Pressure.—Curves showing the
influence of pressure up to 500 atmospheres
have been given (1), but the range of flamma-
bility shown seems impossibly wide. The effect
of reduced pressure on the limits of ignitibility
of these mixtures by a standard spark, rather
than on their limits of flammability, has been
examined (13).
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Ficure 47.—Flammability of Cyclopropane-Nitrous Oxide-Helium Mixtures.

Influence of Temperature—The limits of
cyclohexane in air, with downward propagation
of flame in a vessel 9 cm. in diameter and 45 cm.
in length, widen linearly from 1.16 and 4.34
percent at 100° C. to 0.95 and 4.98 at 250° C.
(21, 22).

The lower limit in air with upward propaga-
tion of flame in a cylinder 30.6 cm. in diameter
and 39 cm. in length, vented at its upper end, is
1.12 percent at 21° C., 1.01 at 100° C., and
0.83 at 200° C. (239).

CYCLOHEXANE IN OTHER ATMOSPHERES

Atmosphere of Air and Methyl Bromide.—
The addition of increasing amounts of methyl
bromide to the air causes the Limits of cyclo-
hexane to approach and, in a 2-inch-diameter
tube, to meet when 7.4 percent of the mixture is
methyl bromide (38). (For a comment,
compare the corresponding paragraph onhydro-
gen, p. 22.)

METHYL CYCLOHEXANE

The lower limit of methyl cyclohexane in air,
in a tube 5 cm. in width, is 1.25 percent with
upward propagation of flame (31) and 1.15
percent with downward propagation (246).
For the former observations the tube was open
at the firing end; for the latter it was partly
opened (by stopcocks) at both ends.

Influence of Impurities.—The lower limit was
unaffected by small additions of diethyl selenide
or lead tetraethyl. The effects of pyridine and
diethyl selenide agreed with Le Chatelier’s
formula (252).

ETHYL CYCLOHEXANE

The limits of ethyl cyclohexane in air, with
upward propagation of flame in a 2-inch-
diameter tube, open at the lower end, are 0.95
and 6.60 percent (138).
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CYCLOHEXENE

Temperatures Above Normal.—The limits of
cyclohexene in air, with downward propagation
of flame in a vessel 9 cm. in diameter and 45 cm.
in length, widen linearly from 1.22 and 4.81
percent at 100° C. to 0.96 and 5.20 at 250° C.
21, 22).

METHYL ALCOHOL
METHYL ALCOHOL IN AIR

The lower limit of methyl alcohol in air, with
upward propagation of flame in a tube 5 cm. in
<(iian§eter, open at the firing end, is 7.35 percent

138).

Table 28 summarizes other determinations
of the limits of methyl alcohol in air.

The lower limit in a 2-liter flask, with ignition
near the base, is 6.1 percent (76). Two older
figures (213, 221), probably with downward
propagation of flame, are 6 and 7.8 percent.

Influence of Temperature.—Of two series of
experiments on the influence of temperature on
the limits of methyl alcohol (230, 365), the
latter, which seem to be reliable, show that,
with downward propagation of flame in a 2%-
liter bottle, the lower limit falls steadily from
7.5 percent at 50° to 5.9 at 250° C. The higher
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limit rises from 24.9 percent at 100° to 36.8 at
200° C.

The lower limit in air with upward propaga-
tion of flame in a cylinder 30.6 cm. in diameter
and 39 cm. in length, vented at the top, is 6.70
percent at 21° C., 5.80 at 100° C., 4.81 at 200°
C., 4.62 at 250° C., and 4.44 at 300° C. (239).

In another series of experiments the lower
limit fell from 6.65 percent at 100° C. to 5.45
at 250° C. (21, 23).

Influence of Water.—The lower limits of mix-
tures of methyl alcohol and water rise steadily
as the quantity of water is increased from 0 to
60 percent by weight, but the amount of methyl
alcohol itself is approximately constant in the
limit mixture. With 80 percent water it was
difficult to inflame any mixture of the vaporized
liquid and air at 105° C., and 85 percent water
made inflammation virtually impossible (230).

Influence of Pressure.—Reduction of pressure
below atmospheric reduces slightly the lower
limit of flammability of methyl alcohol in air
but has a marked effect on the higher limit
(171a). The lowest pressure at which any
mixture propagated a flame from the bottom
to the top of a tube 2 inches in diameter and 5
feet in length, with spark ignition, was 50 mm.
The minimum pressure mixture contained 9.07
percent of alcohol vapor. When ignition was

TABLE 28.—Summary of other determinations of limits of flammability of methyl alcohol in air
Upward Propagation of Flame

Dimensig;s' of tube, Limits, percent
Firing end Contengao;o?queous Refle\:rxznce
Diameter | Length Lower Higher
30. 6 39 | Vented at top___________ 6.70 |__________ Undried_.______________ 239
10. 2 96 | Closed.________________ 6.72 [__________ Dry. e 138
7.5 150 |_____ do. . ____ 7.05 | _____ |- do__ . _______ 3563
50 150 |_.___ do_ o ___ 7. 10 136.5 |- __-_ do. - ___ 3563
50 91 |_____ do- . 6.0 351
2.5 150 |__.__ do_________________ 7.9 353
2.5 25 | Central ignition_________ 55 21.0 | Undried--______________ 294
Horizontal Propagation of Flame
7.5 150 | Closed . - .. __________ 7.30 | _______ Dry_ . 3538
5.0 150 |____ do_______________ 7.35 130.5 |--__- do__ oo ______ 353
5.0 91 |.____ do________________ 6. 40 13.50 |-____ do_ . 351
2.5 150 |_____ do__ . 7.9 |o |- do._____________.__ 3563
Downward Propagation of Flame
7.5 150 | Closed.- - - .. ______ 745 | ______ Dry . 353
5.0 150 |_____ do_________________ 7. 65 126.5 |- do. oo 353
5.0 91 |_____ do. o ____ 6.80 |- _|--___ do. . 351
2.5 150 |- ___ do___ . ______ 80 |- |- do_ . 3853

1At 60° C.
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brought about by fusion of a platinum wire in
contact with 1 mg. of guncotton, certain mixtures
propagated flames at as low as 26 mm. pressure
(I171a).

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 20.9 percent or less oxygen 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. When the oxygen
content of a nitrogen-oxygen ‘“‘atmosphere’” was
below 10.3 percent, no mixture with methyl
aleohol would propagate flame (76).
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Atmospheres of Air and Carbon Dioxide.—
The limits of methyl alcohol in mixtures of air
and carbon dioxide, with downward propagation
of flame in a 2-liter cylinder, approach each
other as the proportion of carbon dioxide is in-
creased. With more than 26 percent carbon
dioxide in the “atmosphere’’ no mixture with
methyl alcohol will propagate flame under
these conditions (230).

ETHYL ALCOHOL
ETHYL ALCOHOL IN AIR

The lower limit of ethyl alcohol in air, with
upward propagation of flame in a tube 5 cm.
in diameter, open at the firing end, is 4.25
(188) or 4.40 percent (31).

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

TABLE 29.—Summary of other determinations of limits of lammability of ethyl alcohol in air

Upward Propagation of Flame

Dime{,)nsions of Limits,
tube, cm. percent Refer-
' T Firing end Far end a q?lzglﬁznga(gor el\rIlge
Dla‘;;l - Length Lower | Higher
30. 6 | 39 (iron)________ Closed._________ Open___________ 3.48 | ... Undried_-______ 239
15 | 300 (iron)__._____|.____ 1S S A O 416 | _____ Dry . ooo___ 361
10. 2 96 (iron)________|.____ do_________ Closed____—_____ 8. 28 | |- 139
7.5 150 (glass) - _____|-____ dooo |- do________._ 3.56 |________ Dry. . _______ 353
5 150 (glass).______|_____ do_________ Open________.___ 4.24 |{118.95 |.____ do_________ 361
5 1150 (glass) . ___|.____ do_____.____ Closed . _________ 3.69 |118.00 |_____ do_________ 351
5 91 (glass) . ___|-___- do_________|.___- do_____.__._ 430 |- do__.__._.___ 358
2.5 | 150 (glass) - .- ___|-____ do_________ Open.__________ 5.02 | ___|.____ do_________ 361
2.5 25 (glass) - - ___ Central ignition_| Closed-.________ 5.0 14.0 Undried________ 294
Horizontal Propagation of Flame
15 Open___________ 4.23 (_______ Dry . ______ 361
7.5 Closed__________ 370 | |- do_________ 353
5 Open___________ 4.32 |113.80 |.____ do_________ 361
5 Closed.____.____ 3.75(113.80 |-____ do_______._. 353
5 | 91 (glass) |- —_._do-________|-____ do_____.___. 4.40 . ___|--_- do________. 351
2.5 Open____.___.._. 5,18 |- |eeoe- do_________ 361
Downward Propagation of Flame
15 300 (iron)________ Closed. . ____._ Open___________ 4.37 | __ Dry . _____ 361
7.5 | 150 (glass) . ______|._.__ do_________ Closed_______-_. 875 | oo do__ ... 363
6. 2 33 (glass) . ______ Open_ oo __|o____ do_________ 3.70 |________ Saturated_______ 95
5 150 (glass) . ______ Closed__________ Open.__________ 4.44 {111.50 | Dry_ .. _______ 361
5 150 (glass) .. ____|--__- do_ |- do_________ 3.78 [{111.50 |..___ do___._.___ 353
5 91 (glass) - ______|.____ do_________ Closed_________ 4.50 (o ___l._.___ do_____.._. 351
5 70 (glass)_______ Partly open_____ Partly open.____ 3.8 | |eoaaa do__.______ 319
2.5 | 150 (glass) - _.__._. Closed__________ pen.__________ 5.21 | _|eoeo- do_______._ 361
1.9 40 (glass)_______|-____ do________._ Closed__________ 3.95 13. 65 | Saturated--_____ 96
Hempel pipette_ ... .. ___| ..__ do_________|.____ do________. 5.0 1.5 | 83
1At 60° C.

939350°—b2—T
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The limits in a small vessel have been stated
as 2.6 and 9.0 percent (9); in an upright closed
tube of 1,400 cc. capacity, with 600 cc. of liquid
at the bottom and central ignition, the limits
were 3.2 percent (saturation of the atmosphere
at 10.6° C.) and 18.9 percent (saturation at
41.2° C.) (109).

Influence of Pressure.—Curves showing the
influence of pressures up to 500 atmospheres
have been given (11), but the range of lamma-
bility shown seems impossibly wide.

The effect of reduced pressure on the limits
of ignitibility of ethyl alcohol in air by a weak
standard spark, rather than on its limits of
flammapbility, have been examined (8).

Influence of Temperature.—The lower limit
of ethyl alcohol in air, with upward propaga-
tion of flame in a tube 5 cm. in diameter, is
4.25 percent at laboratory temperature (138)
and 3.85 percent at 125° C. (164). Four other
series of observations have been recorded (20,
23, 230, 365). The fourth set, which seems
reliable, shows that, with downward propa-
ﬁ;‘gion of flame in a 2%-liter bottle, the lower
imit falls steadily from 3.80 percent at 50° to
2.75 at 225° C. At 250° C. the lower limit rose
to 3.05 percent, but this increase presumably
was due to slow combustion of part of the
mixture before ignition. The lower limit found
later in the same apparatus fell from 3.55 per-
cent at 100° C. to 2.75 percent at 250° (21, 23).

In a recent series of experiments, the lower
limit in air with upward propagation of flame
in a cylinder 30.6 cm. in diameter and 39 cm.
in length, vented at the top, mixtures undried,
is 3.48 percent at 21.° C., 3.01 at 100° C.,
2.64 at 200° C., 247 at 250° C., and 2.29 at
300° C. (239).

Influence of Pressure and Temperature To-
gether.—The limits of ethyl alcohol in air, de-
termined in a cylindrical steel bomb of 700 ce.
capacity after heating under pressure for 30 to
45 minutes to allow preflame combustion to
occur, are shown in table 30. The limits are
expressed in percentages by weight; the range
widens at first with increase of temperature but
narrows when preflame combustion becomes
evident, as was shown by chemical analysis of

- TaBrLe 30.—Limits of ethyl alcohol in air at
increased pressures and temperatures

Limits (percent by weight)
’t{fgpsfgj Pressure
Lower Higher

200 | Notstated___.____________ 20.6 36.0
220 |- do.___ - 19.0 35.6
240 |.____ do____ 19.8 34.6
245 |____. do-___ - 20.6 33.8
250 |- Q0. 21.6 1)

1 Spontaneous inflammation.

samples. The bomb was filled at atmospheric
temperature to an initial pressure of 5.8
atmospheres (245).

The lower-limit figures are unexpectedly high,
when compared with the lower limit at atmos-
pheric pressure and temperature. This is
perhaps due to the use of too weak a spark for
ignition, as suggested by the observation that
at 270° C. violent explosions resulted from
spontaneous ignition of mixtures containin,
upward of 6.9 percent by weight of ethyl alcohol.

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
agreed with Le Chatelier’s formula (252).

Influence of Water.—The lower limits of mix-
tures of ethyl alcohol and water rise steadily as
the amount of water increases from 0 to 60
percent by weight, but the amount of ethyl
alcohol itself is approximately constant in the
limit mixture. With 80 percent water it was
difficult to inflame any mixture of the vaporized
liquid and air at 105° C., and 85 percent water
made inflammation virtually impossible (230).

More recent results, with downward propa-
gation of flame in a closed bottle of 2} liters
capacity at 150° C., are as follows (21):

Limits of mixtures of ethyl alcohol and water in
air, downward propagation of lame at 150° C.

‘Water in Lower limit, percent Higher limit, percent
liquid
mixture,
percent by | Ethylal- Water Ethyl al- ‘Water
volume cohol vapor vapor cohol vapor vapor
0 3.15 0 11.80 0
33.0 - R 9.95 15.0
53.0 . - 8.90 26.0
63.0 3.50 17.0 J—_— ———
68.5 I I 7.55 36.5
78.5 4.10 33.5 ——— ———-
80.5 4.90 41.0 P .

ETHYL ALCOHOL IN OTHER ATMOSPHERES

Atmospheres of Air and Carbon Dioxide.—
The limits of ethyl alcohol in mixtures of air
and carbon dioxide, with downward propaga-
tion of flame in a 2-liter cylinder, approach each
other as the proportion of carbon dioxide is in-
creased. With more than 36 percent carbon
dioxide in the ‘“‘atmosphere” no mixture with
ethyl alcohol will propagate flame under these
conditions (230).

Atmospheres of Air and Trichloroethylene.—
The limits of mixtures of ethyl alcohol and
trichloroethylene in air, in a Hempel pipette,
gradually approach each other as the propor-
tion of trichloroethylene is increased; when the
liquid (which is completely evaporated) con-
tains more than 75 percent by volume trichlo-
roethylene no flammable mixture can be made
(83).
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PROPYL ALCOHOL

The limits of n-propyl alcohol in air, with
upward propagation of flame in a closed bomb
4 inches in diameter and 38 inches in length, at
a temperature sufficient to vaporize the alcohol,
are 2.15 and 13.50 percent (138).

Older determinations of the lower limit, in a
i-liter flask, gave 2.55 percent for n-propyl
alcohol, 2.65 percent for isopropyl alcohol
(221); in a l-inch-diameter closed tube, 2.5
percent for isopropyl alcohol (294).

Influence of Temperature.—The lower limit
of propyl aicohol, with downward propagation
of flame in a 2%-liter bottle, fell from 2.45
percent at 100° C. to 1.75 at 250° (21, 23).
(The constants given in the first reference and
the name in the second indicate that the term
“butyl alcohol” was used by mistake in the
first reference.) In a 2.3-liter bottle, direction
of flame unspecified, the limits of isopropyl
alcohol were 2.02 and 7.99 percent at 70° C.
and 1.73 and 7.35 percent at 130° C. (231).

Influence of Water.—Some experiments sug-
gest that the lower limit of isopropyl alcohol is
raised by the addition of water vapor (231).

BUTYL ALCOHOL

The limits of n-butyl alcohol in air, with up-
ward propagation of flame in a closed bomb 4
inches in diameter and 38 inches in length, at
a temperature sufficient to vaporize the alcohol,
are 1.45 and 11.25 percent (138).

Influence of Temperature.—The lower limit
with upward propagation of flame in a cylinder
30.6 cm. in diameter and 39.0 cm. in length,
vented at its upper end, is 1.56 percent at 100°
C., 1.27 at 200° C., and 1.22 at 225° C. (239).

Older determinations of the lower limit are
1.68 percent isobutyl alcohol in a ¥%-liter flask
(221) and 1.70 percent butyl alcohol under
unspecified conditions (101).

AMYL ALCOHOL

The lower limit of amyl alcohol in air is 1.19
percent in a %-liter flask (221) and 1.20 percent
under unspecified conditions (101).

ALLYL ALCOHOL

The limits of allyl alcohol in air, with upward
propagation of flame in a tube 1 inch in diam-
eter and 18 inches in length, open at the top,
are 2.50 and (at a sufficient temperature to
vaporize the alcohol) 18.0 percent (138).

Older determinations of the lower limit gave
3.04 percent in a ¥-liter flask (221) and 2.4
percent under unspecified conditions (101).

FURFURYL ALCOHOL

The limits of furfuryl alcohol in air, with
upward propagation of flame in a tube 1 inch
in diameter and 18 inches in length, open at
the top, at a temperature sufficient to vaporize
the alcohol, are 1.80 and 16.30 percent (138).

PROPYLENE GLYCOL; TRIETHYLENE
GLYCOL

The limits of propylene and triethylene
glycols in air, with upward propagation of
flame in a tube 1 inch in diameter and 18
inches in length, open at the top, at a tem-
perature sufficient to vaporize the substance,
are 2.62 and 12.55 percent, and 0.89 and 9.20
percent, respectively (138).

METHYL ETHER
METHYL ETHER IN AIR

The limits of methyl ether in air, with up-
ward propagation of flame in a tube 5 cm. in
diameter, open at the firing end, are 3.45 and
18.1 percent. When the firing end is closed
and ignition is caused by a heated platinum
spiral instead of a flame, the higher limit
becomes 26.7 percent and the propagation is
by “cool flame” (171).

In narrow tubes (1 to 2.5 cm. in diameter),
the previous history of the tube affected the
results; the widest range was 3.93 to 16.6
percent (262).

METHYL ETHER IN OXYGEN

An old observation placed the higher limit
of methyl ether in oxygen, with downward
propagation of flame in a 2-cm. tube, between
42 and 49 percent methyl ether (243). Recent
experiments in tubes of diameters from 1 to
2.5 cm. gave results varying with the previous
history of the tube; the widest range was 3.90
and 61.4 percent (262).

METHYL ETHER IN OTHER ATMOSPHERES

Atmospheres of Air and Dichlorodifluoro-
methane.—The addition of dichlorodifluero-
methane to air narrows the range of flammabil-
ity of methyl ether until, when 17.6 percent or
more is present, no mixture is flammable (171).

METHYL ETHYL ETHER

The limits of methyl ethyl ether in air, con-
ditions not specified, are 2.0 and 10.1 percent
(101).
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ETHYL ETHER
ETHYL ETHER IN AIR

Extraordinarily large differences are to be
found between the various figures recorded for
the higher limit of ethyl ether in air. These are
to be explained by the phenomenon of “cool
flames,” by which rich mixtures suitably ig-
nited can propagate partial combustion slowly,
with a comparatively small rise of temperature
but with the normal appearance of a flame, in
the upward or horizontal direction. Ina 2-inch-
diameter horizontal tube the higher limit of the
“ordinary’”’ flame merges with the lower limit of
the “cool” flame at atmospheric pressure but
becomes separate at lower pressures (359). In
a l-inch-diameter tube the ranges for the ordi-
nary and cool flames are separate at atmospheric

LIMITS OF FLAMMABILITY OF GASES AND VAPORS

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

Two observations of the limits of ether in air
have been made with upward propagation of
flame in a 2-inch-diameter tube, open at the
firing end. These gave 1.92 and 48.5 percent
(81), and 1.85 and 25.9 percent (183); in the
latter tests the source of ignition was presum-
ably unfavorable to the initiation of a ‘“‘cool”
flame.

Table 31 summarizes other determinations of
the limits of ethyl ether in air.

The limits in a small vessel have been stated
to be 1.2 and 51.0 percent (9); and, with an
obviously weak spark, 3.14 and 9.5 percent
(327). A lower limit of 1.67 has also been re-
ported (302).

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

TaBLE 31.—Summary of other determinations of limits of lammability of ethyl ether in air

Upward Propagation of Flame

Dimensions of tube, cm. Limits, percent c ; Ref
. ontent of aque- efer-
Firing end Far end ous vapor ence No.
Diameter Length Lower | Higher
15 300 (iron)._______ Closed_ _ . ______ Open_____.____ 1.73 23.30 | Dry___________ 361
10.2 | 96 (iron)________|_____ do_________ Closed_ ___.____ 1. 95 36.5 |-___. do_________ 183
7.5 | 150 (glass) _ ... __|_____ do_ - _____|._._.__ do.________ 1.71 | 48  |.____ do________. 353
6.0 | 120 (glass) - - _|________________|--.__ do_________ 2.1 | .. Partly dried. _ __ 325
5 150 (iron) ____.____ Closed_ ________ Open._________ 2.24 15.45 |_____ do_________ 361
5 150 (glass) ... __|_____ do________|..___ do.________ 1. 93 15.75 |- do.________ 361
5 150 (glass) - _____|-____ do__._______ Closed_ . _______ 1.84 | 48 . ___ do.________ 353
5 91 (glass)_._____| ____ do__ - ____|.____ do_._______ 1. 85 15.60 |- __ do_________ 351
2.5 | 150 (glass) . .. _|.____ do._ . ___._f._.__ do___.__.__ 2.00 | 47 | ___ do_________ 353
2.5 |25 (glass).__-___ Central ignition_|.____ do_________ 1. 25 10. 0 Undried________ 294
Horizontal Propagation of Flame
15 300 (iron)._._______ 1. 80 361
7.5 | 150 (glass) . __.____ 1.75 353
5 150 (iron) .. 2. 29 361
5 150 (glass) - 2. 05 361
5 150 (glass) - _ 1. 88 353
5 91 (glass)._-____ 2. 05 351
2.5 | 150 (glass)_ .. 1.8 853
Downward Propagation of Flame

15 300 (iron)________ Closed_ . _______ Open____..___. 1. 93 6.50 | Dry_ . ____._____ 361
7.5 | 150 (glass) - - ___|.____ do_________ Closed_ _ . .____ 1. 85 6.40 |_____ do.________ 353
6.2 | 33 (glass)___..__ Open____._____|.____ O 1.6 |- _______ Saturated. _____ 95
5 150 (iron)_. . _____ Closed_ _____.___ Open_________. 2.34 6. 70 ) o R 361
5 150 (glass) . - ____|..___ do . _____|.____ do_________ 2. 15 6.15 |_____ do_________ 361
5 91 (glass) - ___[-—-__ do_.________ Closed_ ________ 2. 15 6.15 {_.___ do_________ 351
5 65 (glass)_______|_____ do_________|.____ do.__._____ 1. 89 6.7 [-___ do____._____ 316
5 65 (glass)_._____ Partly open_____ Partly open_.___ 1. 93 6.66 |-____ do_________ 246
2.5 | 150 (glass) . - ___ Closed_ - ___.____ Closed_ ________ 1. 97 6.15 . ____ do_________ 353
1.9 | 33 (glass)._.__.__ Open___ . _____|-_.__ do_.___.__. 2.75 7.70 | Saturated______ 95

1 Cool flame range, separate from the ordinary flame range.
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place from those obtained when a small stop-
cock was opened at one end or the other; the
higher limits differed by not more than 1 per-
cent. Similar differences were observed when
the length of the tube was varied from 100 to
250 cm. and when the point of ignition was
brought forward about 6 cm. (353).

Influence of Pressure.—As the pressure is re-
duced below normal, the range of flammable
mixtures in a horizontal tube 5 cm. in diameter
divides into two. At 500 mm. pressure the
range is 1.88 to 9.25 percent for the ordinary
flame and 13 to 33 percent for the cool flame.
As the pressure is reduced further, each range is
contracted, and a little below 400 mm. the cool
flame is no longer propagated. At 90 mm. the
range for the ordinary flame has contracted to
2.32 to 6.1 percent (359). Similar observa-
tions have been made with a tube 2.5 cm. in
diameter (331).

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

Increase of pressure above atmospheric
widened the range at both ends when the tem-
perature was raised to maintain enough ether
vapor for the test. The effect may be due more
to the change of temperature than to the change
of pressure (14).

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

Influence of Pressure and Temperature To-
gether.—The limits of ether in air have been ob-
served, with horizontal propagation of flame in
a closed tube 2.5 cm. in diameter, at pressures
up to 4,000 mm. and temperatures of 20°, 50°,
100°, and 150° C. The limits of both ordinary
and cool flames are widened by an increase in

temperature; therefore, the two ranges mect at .

lower pressures as the temperature is raised.
A third type of flame, green in color, is observ-
able in certain circumstances (125, 331, 332).
The relation between cool flames and normal
flames is shown in diagrams and discussed, and
conditions under which a cool flame may become
a normal flame are given (126).

The limits in a cylindrical bomb of 700 cc.
capacity, after heating under pressure for 30 to
45 minutes to allow preflame combustion to
occur, are shown in table 32. The limits are
expressed in percentages by weight; the range
widens at first with increase of temperature but
narrows when preflame combustion becomes
evident. The bomb was filled at atmospheric
temperature to an initial pressure of 5.8
atmospheres (245).

TaBLE 32—Limits of ethyl ether in air at in-
creased pressures and temperatures

Limits, percent by weight
’tl:;srrgp‘grg Pressure
’ Lower I Higher

125 Not stated- ... 7.8 32.0
140 Ao oo 6.0 32.3
155 5.1 32.3
4.3 32.1
5! 4.0 31.5

176 .- s 1, 3.7 1)

1

1 Spontaneous inflammation.

Influence of Streaming Movement of Mix-
ture.—The limits were widened several tenths
of 