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- STUDY ON THE EXPLOSIVE REACTION BETWEEN
HYDROGEN AND OXYGEN.

By K. Moriva.

I. Introduction.

The reaction between hydro'rcn and oxygen has been mvestl ated in detail
- by many workers, such as A. Semenoff and his co-workers”, N. Hinshelwood and
his- co-workers®, B. Lewis and von Elbe”, and Haber and Alyea®, etc. In this
country W. Jono’s® and R. Goto's® papers on this subject were published. Many
workers discussed the reaction mechanism kinetically, basing on the anaJysié of
the pressure-time curves of the reaction. The knall gas mixed in appropriate
' ratio reacts explosive or slowly by various inethods of ignition. It is,well-known
that these reactions have two “critical pressure limits of explosion above and below
which no explosion occurs, and that a flame is observed in the explosive reaction.
There are few who investigated the relations between the p.rocess of the reaction .
and the flame intensity. It is very interesting and may be useful for us to clarify,
their relations experimentally. The emission spectrum of the flame «"lwas stydied
by Bonhoeffer”?, and W. Jone®, and as the results OH radical was found, but since
the radical is found in the spectrum of water, it is not always considered that OIl
radical shQuld be introduced in the mechanism of the reaction. In any way it is
necessary to observe the reaction from di\fferent angles in order to clarify the
reaction mechanism which appears simply, but in fact complicated.
, . According to the studies above mentioned, the combination between hydrogen
and oxygen is one of the typical chain reactions and explained completely from
»  the branching chain theory. But the relations between the explosion and the slow
- reaction remain in question. R. Goto® emphasizes that the chains initiate on the
surfaces in Doth reactions from his cxperimental resultsvand W. Jono® supposés

that as the reaction vclocity is accelerated near the critical pressure limit of
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explosion and at last becomes infinite, the relations between the explosion and the
slow reaction are continucous. "However, from another point of view, it may be
supposed that the surface reaction and tlie gaseous, reaction can occur independently
and simultaneously. The relations between the .pressure change :u{d the - flame
X e j :

intensity were investigated in this paper.

1. Experi'mental Methods.

‘The experimental apparatus was the same onc that W. Jono® used in studying
the explosive reaction between hydrogen and oxygen. The pressure change in
the reaction was recor;.lc_d through the three eclements type's electromagnetic
oscillograph made by Yokogawa b); means of the mica-membrane monometer of
an electric condenser, whose capacity varied with the change of pressures and
whose motion was calibrated by desired pressure before and after every experiment.
The elements were of D-type. '

The photo-cell, NEC V-3-C, was used to record the intensity of a flame

produced in an e\ploclon, which was emitted from- the
NS L tale of the reaction vessel and connected to the oscillo-

NEE S
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2 graph. Its connection is shown in Fig. 1
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The reaction vessel made of Terex glass has a

©

- volume of about 113 cc and a ‘diameter of 3cm.

tonn
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e Commercial electrolysed hydrogen and oxygen

bt ° . ) .
R ""',‘,‘,",'L . were used apd purified through the Pt-asbestos heated
b at 450°C. The temperature of the electric furnace was

measured by means of a quartz mercury thermometer

interposed in it, or a milli-voltmeter with a Pt—-Rh thermo-couple.

The ratio of a mixture of hvdrogen and oxygen was almost 3: I, because

this ratio was the most convenient for experiments. The initigl pressures were
adjusted to explode at 550°C within the explosion peninsula of this ‘ratio in a

mixture of hydrogen and oxygen. '

The experimental procedure was as- follows: -while hydrogen and oxygen

heated independently at 550°C in the reaction vessel were abruptly mlxed by

breaking an inner vessel, the oscillograph moved automatically.

IlI. Experimental Results.
«a) Relation between the pressure change-time and the flame intensity-time curves.’

Fig. 2 (a) shows a simultanequs record of the® typical pressure change-time
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curve and the flame intensity-time curve, where A is the former, B the latter, and

C the time-mark.

i . ¢ [ T T T U T S, N .
4
J\_______ ‘ ) x
t ! :
A
. B ——
> — -
\/ . b
1
4)
N ’ f.! 2

These pressure change-time curves in ‘this experiment contain simultancous
change due to the molecular numbers and the reaction heat in the reactions, and
the flame intensity-time curves show purely change of light intensity. ‘As the both
curves show, the changes of the pressure and flame intensity correspond to each
other : the flame intensity increases with the pressure increase by the reaction heat,
and gradually decreases with the pressure decrease. *Compared with them. in more
details, 1) the point of the initiation of the pressure increase and the flame agrées
completely with each other, on the contrary the time required to their maximum
points does not strictly correspond, but the maximum point of the pressure-time
curve comes later: 2) the flame intensity decreases with t‘he pressure decrease :
with the pressure decrease: 3) both slopes of the increasing curves are steeper
than those of the decreasing ones. In order to ascertain the results above obtained
the curve taken by about three folds of rotation velocit& of the film-drum is shown
in Fig. 2'(b). Both curves clearly’correspond to each other. But at the maximum
of the pressurc the flame intensity curve is inclined to show decrease in its light

intensity, and other parts are analogous. 4

The flame intensity curve falls slowly according as the pressure decreases
remarkably; and the former returns to the zero-point after about 1/12 sec., though
the latter continues to change. Thus it was expexl‘imcntally shown that during
explosion the light of the flamé continued' to be emitted. If the explosion finished
at the m_éximum point of the pressure rise, the light of the flame would not appear -
at the part of the pressuré decrease. However, it seems that there happened no
reaction recognized in the pressure—time. curve after the light” had disappeared,
but very slow pressure decrease was observed. This fact means that the reaction

is still proceéding after the explosion has finished. Thus it is supposed that in

this reaction the explosion and the slow reaction proceed simultaneously.
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b} - The reaction vélocity in the part of the explosive reaction.

The cooling velocity should be taken into account when the reaction velocity

ofsthe explosive reaction ‘is calculated from the- pressure rise by the reaction heat.

Assuming that the heating velocity constant is equal to the cooling constant in

the pressure-time curve, that the gases of the reaction are ideal gases, and that

water is not yet produced in the primary reaction, the temperature rise’ which corres-

ponds to the pfessure at that moment is calculated from the following expression:

AT=AP.T/P (1)

where A7 is the temperaturc rise, AP the pressure incfease, 7T the tgmpcrature

of the reaction vessel, and F the initial pressure. From the calculated values of
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Fig. 3

AT the relation between dAT/dt and AT is a straight line,

as shown in Fig. 3: that is, the following equation,
dAT[dt=ENT , © (2)

where £ is thé heating constant. From the inclination of this
straight line #'s are found to be 224 and 259.4. Theretore thé’
mean value of # is 241.7. In this equation the heating Qelocity
is proportional to AZ. The number of mole of water to be
produced, cprrésponding to AZ, is shown in the following
cquation, '

AT (Cypaag + Cooyno:) =ONpgo - (3)

where C,y, and C,o, are the molecular specific heat of hydrogen

and oxygen in constant volume : ny,, ng,, and Ny, the number

¢ of mole of hydrogen, oxygen and water at the moment respectively ; @ is the hea.t

of formation per mole of water. Diflerentiating (3) by 2 that becomes

dN Ha0 _ (Cvllzn mt Cv();“o,) dnT 4)

=<

at o dadt

Taking the cooling velocity into consideration in (4) and calibrating, the

following equation is obtained

P

@Nio, _ (Cvu,“ua'FCvuz_noa)_- dAT x
= oantn t (L8viar) &

at
' !

where £ is the cooling constant.
The reaction velocity was calculated from (5) Strictly speaking, the number
of moles of hydrogen and oxygen to decrease with the formation of water is to

be calibrated in (5). The reaction velocity below the zero point of the pressure

/
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Table. 1 (a). 7=550°C, Pi=37.3mmHg H,:0,=3:1
£(1f120 seci)‘ 7°C dnTla da Tldt4 T dNPat X 105
1] . .
0.3 108 4320 6940 80.50
0.5 19.1 . 4980 9200 & 106.72
0.7 24.4 3180 9077 105,29
1.0 11§ 5160 7940 92.10
L2 ° 6g00- 6900 - - 80.047 .
- ()
v ‘ * -
£(1/120 sec.) P00 apb N dN]dt x 108
1.5 0.18 0.18 —_— 121.2-
2.0 -0.60 o4z ' 0.941 2258
2.5 0.96 0.36 0.806 " 1934
3.0 1.20 0.36 " 0.806 193.4
35 1.52 032 0.717 1721
4.0 1.84 o 0.717 172.1 .
5.0 2.26 Ca.42 , 0.941 112.9
" 60 / 2.52 0.26 0.582 69.8
7.0 ’ 2.72 0.20 0.448 53.8
8.0 2.82 o.10 0.224 26.9
9.0 2.96 0.14 0.314 37.7
10.0 3.0 0.04 0090 108 o
11.0 , 304 0.04 0.090 10.8
12.0 ‘ “3.0% 0.01 0.022 . 2.7
13.0 "3.06 0.01 0.022 ' 2.7
14.0 3.07 0.01 0.022 2.7 .
15.0 3.072 0.002 0.004 1 .5
K ' /
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was calculated without any calibration. Table 1 and Fig. 4 showed these results.

‘Kowalsky® reported that at the initial stage an induction period was recognized,
but in the present experiments any inducti:m period was not observed. In the case
of dealsky’s Experimental method a cold mixture of reaction gases was introduced
to the reaction vessel. There%ore,df a heated mixture had been introduced, any
induction period would have not been observed. The reaction velocity gradually
decreases after it has suddenly- reached a maximum. ‘

Now' if log @ is plotted 'm'amst the time ¢ where o denotes the reaction
velocity, a straight line is obtained after the maximum of w, as shown in Fig. 3,
‘that is,

2.3log w=4% or w=e® ' ©)

.

_where £ is the constant. This expression correspo;lds to N. Semenof(’s formula,
and also the relation between the flame intensity and time. But the maximum
7 point of the pressure displaces from that of the flame. As
/ shown in ng. 6, if dAIl/dt is plotted against AJ which

denotes the photo-intcnsity change after it has reached the

»

maximum, a straight line is obtained :

/ ~ VIN/Z NG 1 (7)

Integrating (7) i ‘
/ In Al=k 8) ,

As for the dxsplace'nent of the maximum, it seems

dalyr
\

o

that there exist following YSuppositions: i) if the pres- ’
: )

¢ sure and photo-intensity change completely correspond

to each other, the former has cssentially a time lag

1 ¥
! al

) ii) owing to construction of the avparatus itself a time lag
Fig- 6 appears in the pressure change. Now-the timg taken for
photo intensity to reach S maximum is about 1/240 sec., while it is about 1/60
sec. in the pressure mcrmse. It may be rather considered that the lag is ascribed
to the construction of the manometer used. Thus the reaction velocity and the

photo-intensity completely correspond to each other.

€) Mean length and numbers of the chain.
Photo-intensity of the flame xeaches a maximum at t,,, sec., and dlsappcars at

4 sec. Now the mean time lcquued to produce one water mglecule T is 4/,

8) Phys. Z. d. Sowjetunion, &, 723 (1933)- K
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_whete &V is the number of water molecliles produced at #4, secc. This shows the
apparent mean length of the chain. Therefore, the numbers of the chain produced

by 4, sec. are ¢,/c, as shown in Table 2, which are almost ot the same order

Table 2. ‘

Exp. No. t, SEC. o sec. Nii,0 at ¢ sec. ‘ ;—=th 1,,‘? O.: 1,

1 1240 1/15 62.5 % 6.06 X 1018 1.76 x 10~19 2.4 x 10%5 ' 1:3
W 2 1/360 5.7{120 35.5 % 6.06 x 106 221X 10-19 1.3x 106 1:28
3 1/300 _5.3f120 53.0% 6.06 x 106 1:38 x 10-19 2.4 X 1016 1:34
' 4 1/300 ‘17/120 60.0 X 6.06 X 101 3.89 x 1019 9.9 X106 1:4.1
3 1/300 9.6{/120 120.0 X 6.06 X 1016 1.Y0 x 10™19 3.0X% 106 1:4.5
6 1300 . 9.6{120 102.0 % 6.06 X 1016 121x10-1 |- 26X10!6 1:3.9
7 1/300 9.6/120 71.50 % 6.09 X 1016 1.85 x 1019 1.8X 1016 1:6.1

rcgarcfless of the ratio of the mixtures., This fact means that the probability of
the production of activated particles is constant regardless of the ratio of the

mixtures in the. primary reaction.

IV. Conclus'io‘n.

In the cxploéion the time taken for the flame to appear and disappear is about .
1/12 sec., but after the explosion the reaction slowly continues to proceed. The
residual pressure of the mixture is enough to cxplode again, but no explosion is
observed. If fresh hydrogen or uxygen is introduced into the reaction veéscl, the
explosion will occur again. The number of the water molecules produced when the
‘ _ rate of the reaction reaches a maximum is of the same order regardless of the ratio '
7 ‘ ¥ of the mixtures. The A/~ and AP-2 curves correspond completely to each other.
' These facts may suggest that the cxplosion.and the slow reaction -will probably
‘ occur simultaneously and independently. In other words, the explosion is purely
a reaction in the gaseous phase, and the slow reaction proceeds on the surface.
The AP-tjcurves obtained in the experiments are superposed by the pressure
changes of both rcactions and the AZf ¢urves show the process of the explosion.

Many thanks are due to Prof. S, Horiba for his Vguiidancc' during the course

v of this research. .
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