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Abstract.

The mechanism of propagation of flame in a combustible gaseous mix-
ture can be considered as that the molecules of the combustible gas immediately
ahead of the flame front are activated by the collision with the swiftly moving
molecules in the flame, and thke activated molecules thus formed react chemi-
cally with oxygen, resulting in combustion and the propagation of the flame.
The flame propagated by the upper limit mixture of hydrogen (the mixture of
71.2% of hydrogen and 28.895 of air) is calculated by the authors to have
the temperature of 1093°C. Therefore, when the temperature of flame reaches
to 1090°C., the hydrogen molecules in the layer immediately ahead ot the
flame front are activated by the mechanism stated, at the rate just sufficient
to cause the propagation of the ﬂ.ame.

In the presence of a small amount of ethyl bromide in hydrogen-air
mixture, the energy of the hydrogen molecules which are activated or being
activated is transmitted to the mole‘cules of ethyl bromide on colliding with each
o‘ther, the former returning to the inactive molecules. - Moreover, the swiftly
moving molecules in the flame, t> which the activation of hydrogen is due, may

also lose their energy on colliding with the bromide molecules. Thus the number

This document is provided by JAXA.



250 Studics on Inflammability

of activated molecules of hydrogen is reduced markedly, and consequently the
higher flame temperature is required for the propagation of flame, resulting in
the lowering of the upper limit of inflammability of hydrogen. The more
brcmide added, the higher flame temperatu;e is necessary to propagate flame,
until the flame temperature of 1530°C. is reached, where the bromide is also
activated to burn and its extinctive effcct on the hydrog:n flame is stopped.
The e\(penmentnl results are tablated and fully discussed. It was
foand that the range of inflammability of hydrogen containing 1.3%; of ethyl
bromlde is 9-812, about 2/; of that of hydrogen and the density of the
mx\ture is 0.I13 (the density of air is taken as unity), which is little larger
than that of hydrogen (H 0069), but smaller than of helium (He=0.135).
Thus it seems possible to make hydrogen less dangerous without much in-

creasing its density for the aeronautic purpose.

| Intrbduétion.

In an investigation® of the effect of ethyl bromide on the
limits of intlammability of ethyl ether and hydrocarbon, it has been
shown that the theoretical flame propagation temperature of the
bromide is h‘ig‘hévr than those of ethyl ether and hydrocarbon, and
that, };,vhen mixed. in the limit mixtures of thz latter combustibles,
the bromide prevents the combustion of ethyl ether and hydro-
carbon, resulting in narrowing the range of inflammability of the
combustibles, until a flame temperature is reached, at which the
bromide is also markedly activated to burn and its preven't_ing ac-
tion toward the combustion of ethyl ether and hydrocarbon is
choked.

The theoretical flame propagation ftémperatures of hydrogen
calculath from the lower and the upper limits of 1nflammab111ty
in air are, accordmg to A. G. White®, 765 and 875°C. respec-

tively. .These are considerably below 1450°C. of the theoretical

¢ N Y. Nagai, Jour. Soc. Chem. Ind., Japan, 92, 451, 1926.
(2)  A.G. White, Jour. Chem. Soc., 2387, 1924.
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flame propagation temperature of efhyl ether. Ii, therefore, the
halide prevents also the combustion of hydrogen, the range of
inflammability of the latter must be narrowed more exceedingly by
the addition of the halide than in the case of ethyl ether and the
hydlocarbon The expenmental results of the present research
show that this reasoning holds good and, by the addition of as
small as 0.79 of ethyl bromide, the range of inflammability of
hydrogen is narrowed fiom 8.89—71.295 of hydrogen to 8—529. |
Such remarkable extinctive effect of the bromide on the hydrogen
flames is important for the usage of hydrogen in the balloons and
the airships and for other industrial purposeé. Work is fnow in
progress on the action of various classes of compounds upon the

lIimits of inflammability of hydrogen.

Experimental.

Hydrogen used in the present research was obtained by the
electrolysis of water and dehydrated with potassium hydroxide.
It was about 9995 pure. '

Ethyl bromide was highly purified by the treatment Wi!‘th con-
centrated sulphuric acid at o°C., followed by washing with water.
It was dehydrated over calcium chloride and fractionated with
Hempel still-head, the fraction collected boiling within o0.1° of the
boiling point of the pure bromide. It had @ of 1.4700. '

The apparatus and the method of experiments are the same
as in the previous investigation®, all limits being determined in a
glass tube of 5 cm. in diameter and 65 cm. long, in which the
combustible mixtures were ignited from the top by electric spark,
both ends of the tube being opened before the ignition. The tem-
perature of the gaseous mixtures before the ignition were 17+3°C,

The experimental results are shown in the following table :—

(1D Y. Tanaka, Y. Nagai and K. Akiyama, this report, 21, 235, 1927,
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Mole per cent. of ethyl bromide

in limit mixtures.

Mole per cent. of hydrogen

in limit mixtures.

Lower limit.

‘Upper limit.

0.00
0.25
0.50
1.00
1.50

2.00

6.6

8.8¢9

71.2
62
56

49

41

Flame could not propagate in

mixtures contiining 4.5, 5.5 and

6 12 of hydrogen.

These results are shown diagrammatically in' the following

figure.

The curves abc and dc represent the upper and lower limits

respectively. Consequently an area afcd represent the composi-

tions of inflammable mixtures of hydrogen and air containing

various amount of ethyl bromide.

The addition of a small amount of ethyl bromide to the mix-

tures of hydrogen and air results in exceedingly narrowing the

range of inflammability of the mixture, the upper limits being

more remarkably effected than the lower limits.
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It is also interest to note that the upper limit is lowered
markedly along a straight line @& up to the content of about 0.7
per cent. of ethyl bromide in limit mixture, beyond which more
slowly along anoth‘er straight line éc. It will be noted that Le
Chatelier’s rule holds well in the upper limit mixtures containing
more than about 0.7 per cent. of ethyl bromide, if the upper
limits of hydrogen () and ethyl bromide (z,) are taken as 56.0

and 7.60 per cent. respectively, as shown in the following equation :

4 7,

560 7.60

=1

The point ¢ represents a gaseous mixture of 1.3% of ethyl
bromide and g8.79 of hydrogen. This gaseous mixture has the
range of inflammability of g—g195, which is about two thirds of
that of hydrogen, and its density is 0.113 (density of air is taken
as unity), which is little larger than that of hydrogen (density of
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hydrogen is 0.069) but smaller than that of helium (density of helium
is 0.138). Thus, by the addition of a small amount of ethyl bromide,
hydrogen becomes less dangerous without much increasing its
density.

Discussion of results:

The mechanism of propagation of flame in a combustible
gaseous mixture can be considered as such that the molecules of
the combustible gas immediately ahead of the flame front are
activated by the collision with the swiftly moving molecules in
the flame, and the activated molecules thus formed react chemi-
cally with oxygen, resulting in combustion and the propagation
of the flame. :

The flame propagated by the upper limit mixture of hydrogen
(the mixture of 71.294 of hydrogen and 28.8¢; of air) is calculated
to have the temperature of 1090°C. In this calculation, the values
f_oxf specific heat at constant pressure, obtained by Holborn and
Hénhing“’, weré used for hitrogen, carbon dioxide and steam. The
fnolecula.r value for oxygen was taken to be equal to that of
riitrogen. The purity of hydrogen was assumed, in the calculation,
to be g9 per cent.,, the balance being oxygen. Heat losses from
the flame were neglected. Thus, it will be seen that when the
tenlperafux'e of flame reaches to 1090° C., the hydrogen molecules
in the layer immediately ahead of the flame front are activated by
the mechanism stated at the rate just sufficient to cause the pro-
pagation of the flame. In .the presence of a small amount of ethyl
bromide in hydrogen-air mixture, the activation energy of the
molecules which are activated or being activated, is' transmitted to
the molecules of ethyl bromide on colliding with each other, the

former returning to the inactive molecules. Moreover, the swiftly

(’i) Holborn and Henniang, Ann. Physique, 18, 739, 1905; 23, 809, 1907.
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moving molecules in the flame, to which the activation of hydro-
gen is due, may also lose their energy on colliding with the
bromide molecules. Thus the number of activated molecules of
hydrogen is 1educed markedly by the addmon of the bromide and
consequently the higher flame temperature is required for the pro-
pagatlon of flame, resulting in the lowermg of the upper limit of
inflammability of hydrogen. Thus the upper limit of hydrogen is
lowered along a straight line @ by the addition of the bromlde'
But when the point & is reached correspondmg to the addxtlon of
about 0.7 per cent. of the bromtde, the flame temperature becomes
high enough to activate markedly the molecules of ‘the bromrde
for the combustion, and the extinctive effect of the latter com-
pound on the hydrogen flame is consequently choked at this point.
Therefore, for the propagation of the flame in the hydrogen-ur
mixture containing more than o.7 per cent. of the bromide, it is
only necessary that the flame has the temperature, at which the
bromide molecules are actlvated In other words, hydrogen in
these mixtures has the theoretical flame propagation temperature®®
same as that of the bromide. Therefore Le Chatelier’s rule must
be closely followed by these mixtures and so the upper limit of
hydrogen is lowered along a straight line &c. The flame tempera-
ture of the mixtures represented by the Stlalght line &c, and S0
also that of the mixture represented by the point ¢, an intersect-
ing point of the straight line éc and the absissa, must be the
theoretical flame propagation temperature of ethyl bromide, which
is calculated by the authors from the composition of the mixture
(560% of hydrogen and 44.0% of air) to be 1550° C. ,
The pomtf represents a mixture of 7.609, of ethyl bromtde‘

and 92 49 of air. Th's is the “imaginary upper limit of inflam-

(1) The itheoretical flame propagation temperature is the ca’culated temperature of
flame, which is required to activate the combustible molecules at the rate just sufficient
to cause the propagation of flame.
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mability ” of ethyl bromide in the hydrogen flames.

Summary.

(1) The influence of ethyl bromide on the limits of inflam-
mability of hydrdgen in air was investigated.

(2) By the addition of a small .amount of ethyl bromide, the
lipper limit of hydrogen is lowered markedly up to the content of
about 0.7 per cent. of the bromide, beyond which more slowly
alohg a straight line. The lower limit of inflammability of hydrogen
is also lowered very slowly by the addition of the bromide. These
results are discussed and a theory explaining the extinctive effect
of the bromide is described.

(3) The theoretical flame temperature necessary to activate
the molecules of ethyl bromide to burn in the hydrogen flames is
calculated and found to be 1550°C.

(4) In the upper limit mixtures containing more than about 0.7
per cent. of ethyl bromide, hydrogen behaves as if it had the
theoretical flame propagation temperature of 1550°C. and conse-
quently Le Chatelier’s ru'e is closely followed by these mixtures,

(s) The “imaginary upper limit of inflammability ” of ethyl
bromide in the hydrogen flames is 7.60 per cent.

(6) The density of hydrogeri containing 1.3 per cent. of ethyl
bromide (density of air is taken as unity) is 0.113 and is smaller
than that of helium. The range of inflammability of this mixture
is 9—51 per cent., about two thirds of that of hydrogen.

In conclusion the authors are indebted to Tokuzd Moro and
Matsunosuke Aoki for their assistance in the experiment of the

present work.
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