[ 617 ]

XXI. Condutions of Chemical Change in Gases : Hydrogen, Carbonic Oxide, and

Oxygen.

By Harowp B. Dixon, M. 4., the Duke of Bedford’s Lecturer on Chemistry at
Balliol College, and Millard Lecturer at Trinity College, Oxford.

Communicated by Professor A. W. WirniamsoN, LL.D., Foreign Secretary, R.S.

Received May 15,—Read May 29, 1884.

[PraTrs 41, 42.]

CONTENTS.
Page
Introduction .. .................. e e 618
HENRY’S @XPeriments . .o......vuintine et iie e .. 619
BuNsEN’s experiments on the incomplete combustlon of hydrogen and carbonic oxide.... 620
v. MEYER’S extension of BUNSEN’S experiments B e e 622
v. MEvER’s “ Coefficient of affinity” ................. P 622
Objection to this term................... e e e 623
Experiments by v. MEYER on the influence of an inert gas ..................... ... 623
Author’s first experiments not agreeing with BUNSEN'S .. ...ovvn .ttt e 626
Experiments showing the reason of this discrepancy, that the steam present takes part in
 the reaction ................ e e e e 627
Experiments with dry gases proving that dry carbonic 0x1de and oxygen do not combine
directly ............ e e e e 628
Methods of preparation of the pure gases................. e e e . 629
Dr. Borsce’s criticism .. ......... ... e e ceei.e... 633
The influence of various gases on the 1nﬁammab1hty of dry carbonic oxide and oxygen .. 633
The rapidity of explosion, measured by the pressure produced, affected by the amount of
aqueous vapour present ..................... e . 635
Determination of the rapidity of explosion of gaseous mixtures by BerrarLoT and VIEILLE.
The law deduced therefrom ............ ... ... oo e 636
Author’s experiments on the rapidity of explosion of carbonic oxide and oxygen with
varying quantities of aqueous vapour .................. P .14
Conclusions drawn from the previously-described experiments................... ... .. 641
Explosion of dry carbonic oxide and electrolytic gas ........ Ceerae i e e 643
Author’s experiments compared with Bunsex’s and HORSTMANN'S. . oo iviniettn ..t .. 644
Experiments on the influence of initial pressure and length of column of the gases exploded 645
Preparation of the gases employed ...................... e ceee.... 646
" Tables showing the influence of length of column at different pressures................ 647
Tables showing the 1nﬁuence of initial pressure, the length of column being constant . 649
“Critical Pressures” ... .ue. ittt ittt e e B 151 §
HORSTMAanexperlments .. 654
Second series of HORSTMANN’S experiments .......... e 655
MDCCCLXXXIV, 4 K

The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to éﬁl :%'?’)
Philosophical Transactions of the Royal Society of London. STOR IS

o

8

WWw.jstor.org



618 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE

Page
HORSTMANN'S conclusions . ... ... ... .. i i e e 657
Author’s experiments with dry gases above critical pressure............ceovveeiinn. .. 658
TEquation representing the rate of chemical change in the combustion of carbonic oxide
and hydrogen .. .. ... ... e e e 659
Effect of an increase of oxygen on the rate of chemical change........................ 660
Experiments on the influence of initial temperature ............ ... ool 662
Explanation of the effect of initial temperature ................ e e e 665
Experiments on the critical pressure at high temperatures ............... .. .cooiil. 667
Experiments on the effect of varying the proportion of hydrogen to oxygen in the explosive
TIXEUTE o0 vttt vttt vt e ettt e e e 672
Greneral conclusions .. ... e e 674
References. . ..o et i e e e 676
Appendix ..o e e e 676
Note by Mr. ESSON. ...ttt it e e 682

INTRODUCTION,

TaE influence of physical forces, of modes of aggregation and of mass, not only on the
result, but on the manner of the transformation of one kind of matter into another
kind—in brief, the conditions of chemical change—present a problem to the chemist
which only of late years has been submitted to experimental investigation. The
difficulties besetting this line of inquiry are many, but the greatest of them is the
difficulty of finding a reaction that is simple in kind, that takes place between bodies
which can be prepared in great purity, and that yields products which can be exactly
measured. Several methods of investigation have been pursued. The course of a gradual
change between two bodies has been followed step by step, either by measuring
the amount of residue still remaining undecomposed after successive equal inter-
vals of time, or by measuring the time required for the successive formation of equal
quantities of one of the products of the reaction. Such was the method employed by
BertHELOT, Who measured the rate of etherification of an alcohol by an acid, and
by Harcourr and KssoN, who measured the rate of decomposition of hydric
peroxide by hydric iodide. Unluckily but few of the reactions, which occur slowly
enough for such investigation, appear to be of a simple nature; examination reveals
the fact that, in most cases, the change from the initial substances to the final product
does not take place in one stage, but is a complex reaction brought about by the
successive formation and decomposition of intermediate compounds at rates which
severally vary with the conditions of the experiment.

Another method of investigation is that of comparing the rates of two opposite
changes taking place simultaneously in a homogeneous mixture. When two bodies
enter into double decomposition to form two new bodies which are themselves capable,
under the conditions of the experiment, of re-forming the original substances by a
reverse change, a mixture of the four bodies is produced, and an equilibrium is finally
established when the rate of decomposition of one pair of the reacting bodies is exactly
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equalled by the rate of decomposition of the other pair. Were it possible to measure
accurately the quantities of four reacting bodies which preserve such an equilibrium,
the precise relative rate of the two changes would be obtained. But in most cases it
1s impossible to make accurate measurements of one of the constituents of a mixture
without separating it from the others, and thus disturbing the equilibrium ; so that
some indirect method of measurement becomes necessary in experiments of this nature.
Changes of colour, of temperature, of volume, of magnetic and optical properties, have
afforded indirect methods of measuring the amount of particular bodies present in such
a mixture without separating the constituents. By these means measurements of
the rate of chemical change have been made by GraDsTONE, THOMSEN, OSTWALD,
GULDBERG and WAAGE, and other chemists.

. Again, when one body is presented to two others which are in excess, with each of
which it is capable of uniting to form a stable compound, it divides itself between the
two in proportions depending upon the relative rates at which the two reactions take
place. Measurements of the masses of the reacting substances present at the begin-
ning of the experiment and of the products finally formed give data for calculating the
relative rates of the two changes. The incomplete combustion of a mixture of
hydrogen and carbonic oxide by a small quantity of oxygen seemed to present a case
of this kind suitable for investigation. The gases could easily be prepared in a pure
state ; the measurement, explosion, and subsequent analysis could be readily performed
in a eudiometer. By the study of this reaction, BunNskN, with the refined apparatus
devised by himself for the manipulation of gases, made the first attempt to elucidate
the laws of chemical change. His experiments form the starting-point of several long
series of observations by E. von MEYER, HorsTMANN, and other chemists, and led me
to make a careful investigation of the conditions which affect the chemical changes
occurring during the explosion of these gases. An account of this investigation,
carried on during several years, I venture to bring before the Royal Society, in the
belief that the results obtained clear up some discrepancies between the observations
of previous workers, and prove that, under the simplest conditions, the division of the
oxygen is determined by the reciprocal reaction of two pairs of gaseous bodies, forming
a system in mobile equilibrium capable of exact expression by a sirple formula.

HEexrY’S experiments.

The first experiments on the incomplete combustion of hydrogen and carbonic oxide
were made by HENrRY. In a memoir printed in these Transactions (1824), HENRY
compared the action of the electric spark and of platinum sponge on mixtures
of carbonic oxide and electrolytic gas. He discovered the fact that the lower the
temperature at which the reaction occurs the greater is the proportion of carbonic acid
produced.

He writes: “T made numerous experiments to ascertain whether the oxygen, under
4 K 2
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these circumstances of slow combustion, is divided between the carbonic oxide and
the hydrogen in proportions corresponding to the volumes of those two gases. The
combustible gases being in equal volumes, and the oxygen sufficient to saturate only
one of them, it was found that the oxygen which had united with the carbonic oxide
was to that which had combined with the hydrogen as about 5 to L in volume.
Increasing the carbonic oxide, a still larger proportion of oxygen was expended in
forming carbonic acid. On the contrary, when the hydrogen was increased, a greater
proportional quantity of oxygen went to the formation of water.

“But a similar distribution of oxygen between carbonic oxide and hydrogen does
not take place when those three gases are fired together by the electric spark. This
will appear from the following table, in which the three first columns show the
quantities of gases that were fired, and the two last the quantities of oxygen that
were found to have united with the carbonic oxide and with the hydrogen.

Tarpre 1.
Before firing. After firing.
CO. 1 H. 0. Oxygen to CO. Oxygen to H.
Experiment 1 . . 40 40 20 6 14
i 2 .. 40 20 20 12 8
’ 3 . . 20 40 20 5 15

“When equal volumes of carbonic oxide and hydrogen gases, mixed with oxygen
sufficient to saturate only one of them, were exposed in a glass tube to the flame of a
spirit lamp, without the presence of the sponge, till the tube began to soften, the
combination of the gases was effected without explosion, and was merely indicated
by a diminution of volume, and an oscillatory motion of the mercury in the tube.
At the close of the experiment, out of twenty volumes of oxygen, eight were found
to have united with the carbonic oxide, and twelve with the hydrogen, proportions
which do not materially differ from the results of the first experiment in the fore-
going table. At high temperatures, then, the attraction of hydrogen for oxygen
appears to exceed that of carbonic oxide for oxygen: at lower temperatures,
especially when the gases are in contact with the platinum sponge, the reverse
takes place, and the affinity of carbonic oxide for oxygen prevails.”

BUNSEN'S experiments.

BunseN thus states the problem :—*
“ The proportion in which one body divides itself between two others—present in
large excess over it—does not depend merely on the relative strength of their

# Bunsey, ¢ Ann. Chem. Pharm.,” 85, 137.
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chemical attraction, but also on the relative quantities of them present. If ¢ and b
represent the masses of two bodies A and B capable of combining with C to form
compounds AC and BC, and if « and y represent the affinities of A and B for C
respectively, then the proportion of the compound AC formed to the compound BC
formed will be expressed by the equation

AC  ax
BC by

¢TIt follows from this that any alteration in the mass of either A or B will cause a
corresponding alteration in the proportion of the compounds AC and BC formed.”

This Law of Mass, commonly attributed to BERTHOLLET, was tested by Bunsen
in the following way :—*

He exploded in a eudiometer different mixtures of carbonic oxide and hydrogen
with a quantity of oxygen insufficient to completely burn them. In the explosion a
portion of the carbonic oxide was burnt to carbonic acid, and a portion of the
hydrogen was burnt to steam. If the above law of mass held good, the relative
quantities of carbonic acid and steam formed would alter in a regular manner with
the relative quantities of carbonic oxide and hydrogen taken. Partly owing to the
paucity of his experiments, and partly owing to an undetected source of error,
BuxseN wrongly concluded that the law of mass was modified in a particular way by
the tendency of the atoms to form simple hydrates of carbonic acid. ¢ This catalytic
action which the excess of molecules present, taking no part in the decomposition,
exert upon the combining molecules is seen in a most remarkable manner in the
volumetric relation between the products formed by the combustion, and brings to
light a singular law which appears to be of fundamental importance in the mode of
action of affinity. If the particles @ in a homogeneous gaseous mixture have the
choice of combination between the particles b and ¢ of two other gases present in
excess, a certain equilibrium ensues between the attractions of all the particles, so
that the compounds (o 4 b) and (a + ¢), formed by the union of ¢ with b and ¢,
stand in a simple relation to one another, dependent on the amount of the particles
remaining uncombined, and undergoing discontinuous alteration on gradual increase
of these particles.”

Bunsen’s experiments, made by exploding electrolytic gas with varying proportions
of carbonic oxide, gave numbers, representing the relation between the carbonic acid
and steam formed, which almost exactly corresponded with the six ‘most simple
hydrates of carbonic acid. In his first paper he showed that a variation of pressure
from 817 willims. of mercury to 726 millims. did not materially alter the proportion
in which the oxygen divided itself, and that the same result was obtained whether
the explosion was made in the sunlight or in the dark. In the first edition of the

* BunseN, ¢ Gasometry,” 1857,
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¢ Gasometrische Methoden,” published in 1857, some further experiments were added,
which are included in the following table :—*

TasLe II.—BuNsEN’s Experiments.

Gases present befere explosion, Oxygen divides iteelf,
No. of T olp - k Ratio of cgrb(;‘xlﬁc 1argd tto
experi- [Temp. C.| Pressure. . o | " aq. vapour in the hydrates |
mgnt. P Oxygen. | Hydrogen. Cz;‘i’(‘l’;’c o?);hi(()ir(]ei.c hy di[(‘ogen. 1 opf carbonic acid).
o Millims.

1 22:3 734 100 200 794 67 33 2C0,, H,0 - - 67: 33.

2 33 453 100 200 595 50 50 CO,, H,0--50: 50.

3 225 395 100 200 449 49 51 » '

4 47 381 100 200 295 34 66 CO,, 2H,0 - - 33 : 67.

5 22:6 723 100 200 147 25 75 CO,, BH,0--25: 75.

6 26 | 352 | 100 200 119 24 76 , .

7 23 344 100 200 81 19 81 CO,, 4H,0 - - 20 : 80.

8 | 220 | 720 100 370 315 20 80 ; .

9 70 321 |- 100 200 74 17 83 COg, 5H,0--17: 83.

These experiments remained without confirmation until 1874, when E. von
MEver published a paper on the ¢ Incomplete Combustion of Gases,”t in which
he pointed out that when mixtures of carbonic oxide and hydrogen were exploded
with progressively increasing quantities of oxygen, the proportion in which the oxygen
divided itself altered per saltum, and that this proportion might always be expressed
by whole numbers.

v. MEYER regarded his experiments as confirming BUNSEN's law, but as HorsTMANN
subsequently pointed out, the whole numbers, expressing the ratios between the
amounts of carbonic acid and steam formed, were in some cases so large that the
difference between one such whole number and the next above or below it, fell within
the limits of experimental error, The ratio of the volume of steam formed per unit
volume of hydrogen present to the volume of carbonic acid formed per unit volume
of carbonic oxide present, was called by v. MEYER the coeflicient of affinity of
hydrogen for oxygen compared with that of carbonic oxide for oxygen. Taking the
affinity of carbonic oxide for oxygen as the unit, the coefficient for hydrogen and
oxygen is given by the equation

H,0 CO, -
H”g :Cozza:l

This “ coefficient of affinity ” according to v. MEYER is not a constant, but varies per
saltum within small limits on account of the discontinuous alteration in the proportion
of carbonic oxide and hydrogen burnt. It is greatest when the quantity of oxygen

* This table is affected by two or three small errors of calculation, which bring the numbers;

expressing the ratio of carbonic acid. to steam formed, nearer to the theoretical numbers than they
should be. These errors are corrected in the second edition of Bunsen’s ¢ Gasometrische Methoden.’

1 ¢« Journal fiir praktische Chemie ’ (2), 10, 273.



IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 623

used is as small as possible, and the mixture therefore approaches the limit of inflam-
mability. As the quantity of oxygen is increased, he says, the proportion of steam
to carbonic acid produced must necessarily approximate to the proportion in which
the hydrogen and carbonic oxide are originally present, although this proportion 1s
never actually reached, because, when the oxygen is nearly sufficient for complete
combustion, the hydrogen is all burnt while some carbonic oxide remains unoxidized.
The true coefficient of affinity, according to v. MEYER, is that obtained with the
minimum quantity of oxygen.

There is an obvious objection to this use of the term “coefficient of affinity.” The
smallest proportion of oxygen used by v. MEYER was that which was just necessary
to produce an explosion. He gives no proof that, if this proportion were diminished
still further, the ratio of carbonic acid to steam produced would be unaltered. The limit

of inflammability is not necessarily the limit of the exercise of chemical affinity. If
we assume that oxygen unites with the excess of carbonic oxide and hydrogen accord-
ing to the equations—

2C0+40,=2C0,
2H,+0,=2H,0

then the divison of the oxygen between the carbonic oxide and the hydrogen depends
on the rate at which oxygen unites with carbonic oxide, and the rate at which it unites
with hydrogen, under the conditions existing at each moment from the beginning of
the change until the last molecule of oxygen is broken up. These conditions change
at each moment (without reference to the changes of temperature and pressure), since
the carbonic oxide and the hydrogen are attacked at unequal rates, and therefore the
proportions of carbonic oxide and hydrogen remaining unconsumed vary continually
during the combustion. In this case, the final division of the oxygen represents the
sum or net result of its dividing itself between the two combustible gases in a series
of different ratios during a series of successive moments. Its division would represent
the actual ratio of two constant rates only if one of two conditions were fulfilled.
First, if the ratio of the combustible gases in the original mixture were the same as the
ratio of carbonic acid and steam formed ; or, secondly, if the proportion of oxygen were
so small that the subtraction, by combustion, of the corresponding quantities of the
combustible gases would not materially alter their ratio. The first condition can only
be fulfilled by burning all the combustible gases. The second involves the measure-
ments of such small quantities that the errors of experiment become important.
Practically, the limit of inflammability of the mixture imposes an inferior limit to the
reduction of the quantity of oxygen which prevents the second condition being
fulfilled.

The effect produced by the presence of an inert gas, nitrogen, which takes no part
in the chemical action, on the division of the oxygen between the two combustible
gases was also studied by v. Mever. He found that on addition of nitrogen the
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coefficient of affinity was altered, more carbonic oxide and less hydrogen being burnt.
When similar mixtures were exploded in tubes of different diameter, v. MEYER in
most cases found that the coefficient of affinity was altered. In a large tube of 20
millims. diameter more carbonic oxide and less hydrogen were burnt than in narrower
tubes of 12'5 millims. and 5°5 millims. diameter. With one mixture, however, V.
MEeyERr found no alteration of the coefficient whether the explosion was made in the
largest tube or the smallest. This change of affinity he attributed to the increased
friction of the gases in the narrower tubes, which he says always tends to increase the
relative affinity of hydrogen for oxygen. In most cases this increase of affinity is
sufficient, according to v. MEYER, to cause a leap in the proportion of hydrogen to
carbonic oxide burnt, but in a few cases, where the equilibrium is more stable, this
increase of affinity does not suffice to alter the ratio of the gases burnt.

In the summer of 1876, at the suggestion of Mr. VErRNoN Harcourt, I began
experiments in the Christ Church laboratory to test the truth of BuNsen’s law.
I was ignorant at the time of the paper HorsTMANN had published in a local journal®
at Heidelberg in the spring of the same year.

Description of the apparatus.

The apparatus employed in the earlier experiments detailed in this paper was
devised by Professor McLeop and erected by him in the Ler’s laboratory at Christ
Church, Oxford. The construction of this instrument is too well known to require
description.

The later experiments were made in the laboratory of Balliol College with an
apparatus devised by Professor F. D. BRowN for measuring the tensions of saline
solutions. The only alterations I found necessary to make were (1) the substitution
of a eudiometer (with a bent capillary tube and steel cap) in place of the shorter
tension-tube, (2) the adjustment of a movable shelf to two of the iron uprights to
hold a mercury trough for the laboratory tube,

A general view of this instrument and details of the connections are given in
Plates 41 and 42.

The framework of the instrument is very strongly constructed of iron, screwed up
firmly together. The jacket surrounding the eudiometer is of copper, with a wooden
casing. The jacket has a door near the bottom, and a movable plate at the top, both
made of gun-metal. The windows are of plate glass. The liquid employed in the
jacket is water for temperatures below 100°, and a mixture of glycerin and water for
higher temperatures. A screw-stirrer is made to revolve in the liquid. In an
annular pipe, outside the jacket, and opening into it near the top and bottom, the
liquid is heated and a continuous circulation maintained. Two thermometers
graduated to tenths of degrees are placed at different heights in the jacket. The
mean of their readings is taken as the temperature of the gas in the eudiometer.

The barometer tube is surrounded with a water-jacket. An enlargement at the top

* Verh. des Heidelb. naturf. med. Vereins, N.S,, I, 3.
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diminishes the error due to residual air. The heights of the mercury in the eudio-
meter and barometer are read off by a cathetometer. The whole apparatus stands on
a stone floor in a cellar underground.

The platinum wires are sealed into the eudiometer close to the shoulder, and are
passed through two small glass prominences, over each of which an india-rubber tube
surrounding the wire is stretched so as to prevent contact between the wire and the
water in the jacket. By this device a spark can be passed between the wires without
lowering the water in the jacket. The lower ends of the eudiometer and barometer
are not contracted. They are fastened gas-tight into steel blocks by a collar and nut
compressing three or four india-rubber rings. The details of these junctions and of
the 3-way steel cock are given in the diagrams (Plate 42.) By this arrangement the
eudiometer and barometer can easily be removed and cleaned out with a long brush.

I have found the steel caps joining the eudiometer and laboratory tube to answer
their purpose most admirably. In eight years’ work I have never known an experi-
ment to be lost on account of any failure of this joint.

The readings of the instrument are made by artificial light. On the further side of
the jacket a screen, half of translucent paper and half of black paper, with their line of
demarcation horizontal, was made to slide up and down close to the window.

Behind this screen and moving with it an argand burner, connected by a flexible
tube with the gas supply, is adjusted ; with this artificial illumination more concordant
readings are obtained than with variable daylight, and the experiments can be carried
on at all hours.

Repetition of BUNSEN's experiment.

I commenced by repeating BUNSEN’S experiments with carbonic oxide and electro-
lIytic gas. The gases were exploded over mercury in a wet eudiometer, and the
calculations made according to the directions in BUNSEN'S “(asometry.” In the
following table the results of this first series of experiments are given side by side
with BUNSEN’s results, and expressed in a similar manner for the purpose of com-
parison. The explosions were made under pressures varying from 200 to 300 millims.
of mercury, and between the temperatures of 15° and 17° C.

MDCCCLXXXIV. 4 L
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Tapre IIT.—Experiments with Carbonic Oxide and Electrolytic Gas in a
Wet Eudiometer.

Dixox’s experiments. BuNsen’s experiments.
100 volumes of the combustible carb%?xtilcoagifd to || 100 volumes of the combustible e arblc{jti::oagifd to
Number. gases contain water formed gases contain water formed | Number.
Co, CO,
Cco H, 0,0 co H, 0

1 803 19-7 2:83 )

799 20-1 2:04 1
2 795 20°5 2:65
3 793 207 2:03
4 792 20°8 2:26
5 787 213 234
6 757 243 1:62
7 753 24r7 1-46

742 258 -89 2
8 736 264 1-40

9 714 286 1-07

.10 702 29-8 1-08

11 69-2 308 100 692 30'8 95 3
12 69-1 309 1-:00
13 602 39-8 62

596 404 51 4

14 482 518 44 ’
15 468 532 39

16 466 534 39 46'5 53'5 34 5
17 458 542 39

374 626 29 6

18 283 17 22 288 71-2 24, 7

270 730 20 8

These experiments gave no indication of any sudden change in the proportion of
carbonic oxide and hydrogen burnt. They neither agreed well with Bunsen’s results,
nor were they concordant one with another. In the first five experiments the pro-
portion of carbonic oxide to hydrogen taken was nearly the same as in BUNSEN’S first
experiment, but the ratio of carbonic acid to steam formed varied from 2'8 to 2. In
the 9th, 10th, 11th, and 12th experiments the proportion of carbonic acid to hydro-
gen taken was nearly the same as in BUNSEN'S 8rd experiment; the results were
concordant and agreed with BunseN’s. Between these two sets, according to
BunseN, the sudden change from 2:1 to 1:1occurs. Experiments 6, 7, and 8, inter-
mediate between these two sets, gave intermediate ratios for the carbonic acid and
water formed. Experiment 13 did not agree with BuNsEN’s 4th, nor Experiments
15, 16, and 17 with BunseN’s 5th.

These discrepancies, greater than could be accounted for by any error of manipulation,

“led to a more minute examination of the conditions affecting the chemical change.
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The re-action between carbonic oxide and oxygen.

In the first place the question presented itself—Is the action between a small
quantity of oxygen and an excess of combustible gases always complete, or is it
possible that a certain number of oxygen molecules may during the moment of
explosion remain in equilibrium between the attractions of the other molecules around
them and so remain uncombined ?

To solve this question a mixture of carbonic oxide with one-third its volume of
oxygen was fired in a wet eudiometer at 15° C. and under a pressure of 300 millims.

Carbonic oxide . , . ., . 75 volumes,

Oxygen. . . . . . . . 25

Before explosion. . . . . 100 ’

After explosion . . . . . 759 ,  Contraction = 24°1.
After absorption. . . , . 251 ,,  Absorption = 50°8.

The contraction on explosion was found to be less than the original volume of
oxygen by ‘9 volume, and the absorption was found to be more than double the original
volume of oxygen by '8 volume. Since more carbonic acid was produced than could
have been formed by the oxygen taken, it was evident that the carbonic oxide must
have been oxidized to some extent by the steam present in the eudiometer. Now for
every molecule of carbonic oxide so oxidized, a molecule of free hydrogen must be
liberated, and the place of the decomposed molecule of steam would be filled by the
volatilization of a molecule of water from the sides of the tube. In this experiment
the oxygen, if completely consumed, would oxidize 50 volumes of carbonic oxide to
carbonic acid, but since 50'8 volumes of carbonic acid were formed, ‘8 volume of
carbonic oxide must have been oxidized by the steam. This reduction of ‘8 volume of
steam, produciug an equal volume of hydrogen, would make the contraction on explo-
sion ‘8 volume less than it would have been had no such secondary action taken place.
The observed contraction agreed with this. A repetition of the experiment gave a
similar result.

Volume of carbonie oxide = 7324
2 oxygen = 2676
Total volume before explosion = 100

7402 Contraction = 25:98.
1970 Absorption = 5432.

’ after explosion
) after absorption

il

Here the volume of carbonic acid formed is more than twice the volume of oxygen

taken by ‘8 volume, and the contraction on explosion is less than the volume of oxygen
' 4L 2 '
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taken by ‘78 volume. By an analysis of the residual gases the liberated hydrogen
was directly estimated, and its volume and was found to be exactly ‘78 volume.

Volume of residual gases = 1970
»  On addition of oxygen = 5112
» After explosion = 4049 2nd contraction = 1063
» After absorption = 21°58 2nd absorption = 1891
CO = 1891
H, = 3 {1063 — 1821}
= 78

It was evident from these experiments that the results obtained with carbonic oxide
and electrolytic gas were affected by the presence of the aqueous vapour. Since at the
temperature reached in the explosion the excess of carbonic oxide reacts with the
steam, forming carbonic acid and liberating hydrogen, the presence of aqueous vapour
appears to increase the affinity of carbonic oxide for oxygen and diminish that of
hydrogen. Such an effect is exactly the opposite of that produced by adding carbonic
acid to the mixture before explosion. BUNSEN showed in his first paper that when an
excess of hydrogen is exploded with oxygen in presence of some carbonic acid, some of
the latter is reduced by the excess of heated hydrogen to carbonic oxide. Thus the
previous addition of aqueous vapour, one of the products of the reaction, alters the
apparent division of the oxygen, just as the previous addition of carbonic acid, the other
product of the reaction, alters it in an opposite direction. This fact accounts in part
for the discrepancies observed in comparing my experiments with BUNSEN’s, for while
my explosions were made at an initial temperature varying between 15° C. and 17° C.,,
BuxseN made one set of explosions between 22° C. and 23° C., and the other set between
2°C. and 5°C.,, so that very different quantities of aqueous vapour were present in the
different experiments. In order, therefore, to make the experiments a real test of the
law of mass, it was necessary to perform the explosions with dry gases in a dry
eudiometer, '

Before proceeding to repeat the experiments with dry carbonic oxide and electro-
lytic gas, another attempt was made to determine whether, in a dry eudiometer,
oxygen is completely burnt when exploded with a large excess of carbonic oxide.
This experiment led to the important discovery that dry carbonic oxide and oxygen do
not combine when submitted to the electric spark. A mixture containing 3 volumes
of carbonic oxide to 1 of oxygen was brought over into the dried eudiometer, and a
spark from a Leyden-jar was passed through it without causing explosion. A little
more oxygen was added, and the spark again passed without result.

A fresh charge of the carbonic oxide, prepared from recrystallized oxalic acid, was
next brought into the dried eudiometer and mixed with an excess of oxygen. The
following numbers taken from my laboratory note-book are the measurements made
in this experiment with McLrop’s form of gas analysis apparatus.
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eu]diigfng:er. Barometer, Temp. C. Difference,
millims, ° millims.
Dry vacuum . . . . . . 5 5362 1413 12-0
[Wet vacoum . . . . . 5 5482 Table 12-0
_ Aq. tens.=00
On adding carbonit oxide . 5 6637 1416
On adding oxygen . . . . 5 9053 14:18
This mixture would not explode when sparks were passed through it.
On adding carbonic oxide . 5 9914 12-4

This mixture would not explode when sparks were passed through it.

A second sample was then brought into the eudiometer -—

eu}ili‘cl:;;ler. Barometer. Temperature. Difference.
millims, ° millims,
Dry vacuum . . . . . . 5 5370 13-4 11-2
Table 11-4
On adding carbonic oxide . 5 6962 1345
On adding oxygen . . . . 5 910-9 13-0

This mixture would not explode. It was then passed into the laboratory tube and
allowed to stand for a few seconds over a drop of water. On returning it to the
eudiometer, and again sending a spark through, the mixture exploded.

Since it had been already shown that carbonic oxide is oxidized by steam at a high
temperature, it seemed possible that carbonic oxide is incapable of direct union with
oxygen, but is burnt indirectly by steam with liberation of hydrogen. The steam
would act as a carrier of oxygen to the carbonic oxide by a process of alternate
oxidation and reduction, somewhat analogous to that undergone by nitric oxide in the
sulphuric acid chamber. I have made many experiments to test this hypothesis, both
on account of the interest attaching to such a “catulytic” decomposition among the
simplest gaseous bodies, and of its important bearing on the mode of division of the
oxygen between the hydrogen and carbonic oxide in incomplete combustions of these
gases.

The carbonic oxide used in these experiments was prepared by gently heating re-
crystallized sodic formate with concentrated sulphuric acid in a glass flask. The gas
was passed (1) through a wash-bottle containing a strong solution of potash, (2) through
a wash-bottle containing concentrated sulphuric acid, (8) through a |J-tube containing
fragments of solid caustic potash, and (4) through a {-tube containing frag-



630 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE

ments of pumice saturated with concentrated sulphuric acid. It was collected
over mercury in glass cylinders which had been heated and filled while hot with hot
mercury. On exploding 100 volumes of the gas in a wet eudiometer with 156°3
volumes of oxygen a contraction of 50°17 volumes was observed, and on treating the
residual gases with potash a further contraction of 10000 volumes was observed.

The oxygen was prepared by heating re-crystallized potassium chlorate in a piece of
combustion tubing drawn out and bent, so that the drawn out end formed a delivery
tube which dipped under the surface of mercury. On exploding 100 volumes of the
gas with excess of hydrogen a contraction of 300:02 volumes was observed.

The following experiments were conducted in McLEoD’s form of gas analysis apparatus.
A mixture of the two gases in the proportion of 2 volumes carbonic oxide to 1
volume oxygen was kept in a glass cylinder over mercury in contact with a stick of
potash. The apparatus, after dried air had been drawn through all its parts for twelve
hours, was charged with hot mercury, and then specially dried in the following
manner. The water in the glass jacket surrounding the eudiometer and barometer was
kept for some hours at a temperature of 90°-95° C., while air, drawn through a nearly
horizontal drying tube containing sulphuric acid, was passed by means of a bent glass
tube dipping under the surface of the mercury in the trough, through the laboratory tube,
eudiometer and barometer, to the top of which an aspirator was attached. The mercury
from the reservoir was run up several times into the hot tubes, so as to transfer to
the glass any traces 6f moisture it might carry with it, and more dry air was drawn
through the tubes after the mercury had been returned to the reservoir, By reversing
the inclination of the sulphuric acid drying tube, the air in the eudiometer was expelled
through it without disconnecting the laboratory tube. Finally the bent tube was
removed, the air in the laboratory tube drawn over into the eudiometer, and the former,
when completely filled with mercury, closed by its stopcock. The laboratory tube and
eudiometer were then disconnected, the air in the latter expelled by running up
the mercury until drops issued from the steel cap, when the stopcock was turned and
the laboratory tube connected up again. The mixture of carbonic oxide and oxygen,
prepared as above, was transferred from the glass cylinder to the laboratory tube,
and thence was drawn into the endiometer and placed under a pressure of 250 millims,
of mercury, at a temperature of 17°C. On passing a spark from a Leyden-jar through
the gases they did not ignite. Several powerful sparks were passed without result,
and then the rapid succession of sparks from a RUEMKORFF’S coil was employed. At
the first discharge the gases ignited and burnt slowly down the tube. The eudiometer
was then further dried by drawing through it at 100° C. air which had been passed
through two horizontal drying tubes freshly charged with sulphuric acid. Some of the
mixture used in the last experiment was passed into the eudiometer, and put under a
pressure of 100 millims. (temp. 17°:2 C.). Sparks from the RUHMKORFF coil were passed
through it without igniting it. The gases were tested under 150 millims. pressure
with the same result. Under 200 millims. the gases did not ignite when a continuons
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succession of sparks was passed, but the platinum wires became red hot, showing that
some local action was produced. Under 250 millims. pressure the gases ignited on
passing the spark. The disc of flame took about three seconds to travel down the
half-metre of tube filled with the mixture. Some of the same mixture, standing in
the laboratory tube, was charged with aqueous vapour by passing a drop of water to the
surface of the mercury. It wasdrawn overinto the vacuous eudiometer and put under
150 millims. pressure. On passing a spark from the coil the gases exploded suddenly
down the tube. The passage of the flame was too quick to be followed by the eye.

Into a small straight eudiometer, heated and filled while hot with hot mercury,
some of the same gaseous mixture was passed up. A little phosphoric oxide [powder ]
was then introduced into the tube, which was shaken so that the oxide adhered to
the sides of the glass. The gases were left standing in the tube for an hour. A spark
from a Leyden-jar was then passed between the platinum wires without effecting the
ignition of the gases. The gases were under a pressure of 700 millims. Several powerful
sparks were passed without any result. A discharge from the coil ignited the gases.
This experiment was repeated with the following modifications. Into the gaseous
mixture in the small eudiometer was passed up a stick of phosphoric oxide, made by
pressing the powder into a short glass tube closed at one end with a cork. To pass up
this stick, the glass tube was depressed under the end of the eudiometer, the cork
removed, and the phosphoric oxide pushed up by a glass rod. The gases were allowed
to stand for two days in contact with the phosphoric oxide, the eudiometer being
clamped down on to a caoutchouc cushion under mercury. On passing a spark from
a Leyden-jar, no combustion took place. The pressure was 700 millims. The first
discharge from the coil caused a very slight combustion near the wires. On loosening
the clamp the mercury rose about 2 millims. in the tube. No further combination took
place on passing a succession of sparks from the coil. A little water was then
introduced by a pipette. The heat evolved on contact of the oxide with the water
caused the mixture to explode with a bright and sudden flash.

It appears from these experiments that the greater the degree of dryness reached,
the greater pressure the gases can withstand without entering into explosive com-
bination when an electric spark is passed through them. |

An attempt was next made to dry the gases and tubes more thoroughly. A
mixture of the two gases in the same proportions, and prepared in the same way, was
placed in a glass gasholder over concentrated sulphuric acid. The explosion tubes,
each drawn out at one end, and fitted at the other with a caoutchouc stopper and glass
tube, were joined together by short pieces of india-rubber tubing. They were then
strongly heated, while air, previously dried by passing through a horizontal sulphuric
acid tube, was aspirated through them. When cool, the stopper of each was removed,
a plug of freshly-packed phosphoric oxide quickly pushed in, and the stopper immediately
replaced. The tubes were then drawn out near the stoppered end in the blow-pipe
flame. They were then reconnected by short pieces of tubing. Between the gasholder
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and the first explosion tube a drying tube packed with phosphoric oxide was placed ;
the last explosion tube was connected with a delivery tube, opening under strong
sulphuric acid in a wash-bottle. The mixture of gases was then forced through the
tubes, and when about a litre had been allowed to escape from the wash-bottle, the
counterpoise of the gasholder was so adjusted that the pressure in the tubes was a
littleless than the pressure of the atmosphere. A fine Bunsen flame was then brought
to bear upon the capillary portions of the tubes until the sides fell in under the
external pressure, whereupon the glass was melted and drawn out. This operation
was found to be far from easy ; more than half the tubes so charged were fired during
the sealing, owing to the contact of the insufficiently dried gases with the heated
glass, T tried in vain to seal up damp tubes filled with the same mixture; the
gases always exploded when the fine glass tubes got red hot. About half the
samples of carbonic oxide and oxygen sealed up with phosphoric oxide were
unaffected when a succession of sparks from a coil was passed through them a few
hours afterwards.* The other half ignited after the discharge had been passing for a
few seconds. In some cases this appeared to be due to some phosphoric oxide having
been shaken on to the platinum wires, which gave off moisture when heated by the
discharge. In other cases, I believe, the ignition was due to the platinum wires
themselves, when heated by the discharge, giving up occluded hydrogen, which uniting
with the oxygen present supplied the steam necessary for the combustion.

" An easier method of drying the gases was next adopted with complete success. A
glass tube about 600 millims. long was closed at one end,and at a point 100 millims. from
the open end it was bent at an angle of 60°. Near the closed end two long and thick
platinum wires, ending in balls of platinum about 2 millims. in diameter, were fused
through the glass. Between these balls sparks could be passed from a jar or a coil
without appreciably raising their temperature. The bent tube was heated and filled
with hot mercury. The mixture of carbonic oxide and oxygen was then introduced from
the gasholder by a fine glass tube passing down through the mercury in the shorter
arm. When the longer arm was nearly filled with the mixture, a freshly packed
stick of phosphoric oxide was introduced into the gases, and the open end closed with
a caoutchouc stopper. The mixture of gases was thus separated from the air by some
six or eight inches of mercury and the caoutchouc stopper. After standing for twenty-
four hours, the mixture was unaffected by a torrent of sparks from a powerful coil. In
one of these tubes I have submitted the gases to a pressure of 800 millims., and passed
a discharge without igniting them. On passing up some water through the mercury
by a pipette and allowing the vapour to diffuse, the mixture was rendered explosive.

* Four of these tubes were exhibited before the Chemical Section of the British Association at Swansea
in 1880. When tested with sparks from a Leyden-jar no action was observed; with a discharge from the
coil the wires became red-hot, but the gases did not explode.

I gratefully acknowledge the valuable help given me by Mr. S. E. MitLer, laboratory assistant at
Christ Church, in charging these tubes.



IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 633

Dr. Borsca® in a dissertation read at Tubingen has denied the fact (briefly
announced by me in 1880) that the absence of steam prevents the combination of
carbonic oxide and oxygen by the spark. He states that he has repeated the experi-
ment, and the mixture exploded,  even when dried by phosphoric oxide.” He found
that by sufficiently reducing the pressure he could prevent the propagation of the
explosion, both in the wet and dry gases. He suggests as an explanation of my results
that the dry gases were tested under a less pressure than the wet gases. From the
detailed account I have given above, it is evident that Dr. Bérscr’s explanation does
not account for the facts observed. I conclude that he failed to obtain the same result
by not leaving the mixture long enough in contact with dry phosphoric oxide. I may
add that during the last two years, several of my pupils have repeated the experiment
in the Balliol College laboratory, so that the fact of the non-inflammability of the dry
gases when submitted to an electric spark under ordinary pressure and temperature,
may fairly be considered beyond the possibility of doubt.

Experiments have already been described in which the addition of water to a non-
explosive mixture of carbonic oxide and oxygen has rendered it explosive. Into one
of the explosion tubes above described a piece of potash (previously fused and heated
to redness in a silver boat, and allowed to cool in a desiccator) was introduced. It
was fused to the glass at the top of the tube above the platinum wires. The phos-
phoric oxide was then introduced, the tube was drawn out to a capillary end
in the blowpipe and charged with the mixture. It was then sealed up in the flanie
and allowed to stand. After two days the gases were tested with a succession of
sparks without exploding. The potash was then gently warmed by applying a
Bunsen flame to the top of the tube. On passing a spark, a flame passed up from
the platinum wires to the top of the tube. After standing an hour it was again
tested with a spark. No explosion took place. On heating the potash rather
strongly and passing another spark a flame passed up from the platinum wires to
the top of the tube, and downwards about half the length of the tube. After the
tube had stood about two hours longer, a third flame was produced on reheating
the potash and passing a spark.

To try what effect the admixture of small quantities of different gases had on the
determination of the explosion, some of the mixture of carbonic oxide and oxygen
previously used was brought over into the eudiometer of McLrop’s apparatus, which
had been dried at 100° C. Under 300 millims. pressure the mixture did not explode on
passing through it a succession of sparks. A little carbonic acid gas, dried over
phosphoric oxide, was introduced. The spark was passed without causing an explosion.
A fresh charge of carbonic oxide and oxygen was brought into the eudiometer, and a
small quantity of cyanogen, dried over phosphoric oxide, introduced. The spark did
not cause an explosion under 300 millims. pressure. A fresh portion of the same
mixture, with a small quantity of dry air, was tested under the same pressure with

* LieBi¢’s Annalen, 1882,
MDCCCLXXXIV. 4 M



634 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE

the same result. Similarly, small quantities of dry nitrous oxide and dry carbon
bisulphide were found not to render the mixture inflammable. A small quantity of
hydrogen dried over phosphoric oxide, occupying about g3 of the total volume of the
gases, was next introduced into a fresh portion of the dry mixture. On passing a
spark under 300 millims. pressure, the gases ignited and burnt rather slowly down the
tube. After the apparatus had been re-dried some of the same mixture of carbonic
oxide and oxygen was introduced into the laboratory tube, and a portion of it was
drawn over into the eudiometer and tested by a spark under 300 millims. pressure,
without ignition. A drop of ether was then passed up into the laboratory tube; a
very small quantity of the mixed gases, charged with ether vapour, was drawn over
into the eudiometer. After the gases had been allowed to interdiffuse for an hour,
the passage of the spark caused an explosion under 250 millims. pressure. Similarly
a trace of the vapour of the hydrocarbon pentane rendered the mixture explosive. In
the same way I have found that both a trace of dry hydric chloride gas and a trace of
dry sulphuretted hydrogen gas render a non-inflammable mixture of carbonic oxide
and oxygen explosive.

From these experiments it appears that the non-explosive mixture of carbonic oxide
and oxygen is rendered explosive not only by the presence of a trace of steam, but
by traces of other bodies containing hydrogen which react with oxygen to produce
steam.  Nitrogen, cyanogen, nitrous oxide, carbon bisulphide, and carbonic acid do
not confer inflammability on the mixture. To test the effect of the presence of steam
on other gaseous mixtures, I made some comparative experiments on dry and wet
mixtures of hydrogen and oxygen obtained by the electrolysis of dilute sulphuric acid.
Into the carefully dried eudiometer of McLEOD’s apparatus a mixture of equal volumes
of air and electrolytic gas, which had been standing for some days over phosphoric
oxide, was introduced.  Beginning at 20 millims., the pressure was increased
5 millims. at a time until the gases exploded. The dry mixture did not explode under
70 millims.; it did explode under 75 millims. The residue was run out and a fresh
portion of the same mixture introduced into the damp tube. Beginning at 20 millims.,
the pressure was increased by 5 millims. at a time until the gases exploded. The
damp mixture did not explode under 70 millims. ; it did explode under 75 millims.*
The union of oxygen and hydrogen is therefore not affected by the presence or absence
of water. On the other hand, a mixture of cyanogen with ten volumes of air, which
had stood over phosphoric oxide, did not explode when the pressure was raised step by
step from 100 millims. to 800 millims. in the dry eudiometer. On addition of aqueous
vapour the mixture did not explode under 300 millims., but did explode under 305
millims. T am inclined to think that cyanogen undergoes oxidation in the same way
as carbonic oxide, through the medium of steam.

* Note added Dec., 1884.—LotEAR MeYER and K. Sruserr (Journ. Chem. Soc., Oct., 1884) find that
electrolytic gas is only partially burnt when a spark from a RumMkOrFF coil is passed through
it under a pressure of 70'5 millims. ; at 72 millims. pressure the combustion is complete.
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Mention has been made of the slowness with which the flame travels down the
explosion tube when a mixture of carbonic oxide and oxygen in a state of comparative
dryness is ignited. To obtain some idea of the rate of propagation of explosion under
these conditions, some of the mixture of carbonic oxide and oxygen was brought into
the well-dried eudiometer of the gas apparatus. A loud-beating seconds’ pendulum
was set going close by, and a spark sent from the coil as a second struck. By
watching at the level of the mercury below and listening to the beats of the pen-
dulum, the passage of the flame could be roughly timed. Beginning at 260 millims.,
the pressure was raised 20 millims. between each passage of the spark. The gases
withstood 480 millims. pressure without igniting; at 500 millims. pressure they
ignited. The flame was timed to pass down the 360 millims. between the wires and
the surface of the mercury in 2% seconds. The eudiometer was re-charged, a drop of
water passed over and the gases fired under 500 millims. pressure. The passage of
the flame appeared instantaneous.

An attempt was made to measure the effect of different quantities of steam on the
rate of propagation of the explosion. This was done by comparing the pressures
produced in the tube when equal masses of carbonic oxide and oxygen were succes-
sively exploded at the same temperature and pressure with different amounts of
aqueous vapour. Since the total quantity of heat evolved in each explosion was the
same, and the cooling surface was the same in each experiment, a quicker explosion
would bring the column of gases to a higher average temperature than a slower
explosion, and would therefore cause a sharper push on the mercury column. If a
sufficiently sensitive gauge were attached to the eudiometer, its readings would give
comparative indications of the rate of explosion of the carbonic oxide and oxygen.
Near the bottom of the eudiometer in which the gases were exploded, a self-registering
pressure gauge was attached by a strong glass tube.  The gauge (of 1 millim. bore)
contained air in the closed limb over mercury. An index, similar to those used in
Six’s thermometer, was carried up and left at the highest position reached by the
mercury. Near the bend of the gauge two bulbs were blown in the tube as reservoirs,
enabling the mercury to be lowered in the eudiometer without permitting the air to
escape from the closed limb of the gauge. This gauge was found to be not very sen-
sitive, but the difference between its rveadings (1) with the slow combustion of the
nearly dry gases, and (2) with the rapid explosion of the gases saturated with steam,
was well marked.

In two experiments a trace only of aqueous vapour was present. The eudiometer
was dried at 80° C., by drawing through it for half an hour air which had passed
through two long sulphuric-acid drying tubes and a small tube containing phosphoric
oxide. It was found that by this method of drying just sufficient aqueous vapour
remained in the tube to enable the combustion to take place slowly when sparks from
a RUHMKORFF’S coil were passed through the gases. In the first experiment several

sparks were passed before the gases took fire. In both experiments the disc of flame
4 M 2
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occupied about two seconds in passing down the length of 500 millims. occupied by the
gases in the eudiometer. In three other experiments measured quantities of aqueous
vapour were added short of saturation; in the last two experiments the aqueous
vapour was at maximum tension, and the sides of the eudiometer were wet. Before
each explosion the mercury in the gauge was brought to the mark 229 on the scale,
which indicated a pressure of 533 millims. of mercury on the air in the closed limb.
The following table gives the quantities of aqueous vapour in each experiment, the
readings of the pressure gauge, and the pressures corresponding to those readings.

TaBLE IV.—Pressures produced by the explosion of carbonic oxide and oxygen with
varylng quantities of steam.

. . . Increase of
Tension of . Reading of Reading of Length of
P Tension of pressure Temperature of
No. | carbonic oxide ressure gauge | pressure gauge . . column of
and oxygen, |2qUe0US vapour. bgfore expglosi%n. a?fter expl%sic:gn. regl;:ﬁfg} m gases. gases exploded.
millims. millims. millims, °C.
1 200 Trace 229 236 29 33 500
2 ” Trace ’ 2362 30 332 500
3 » 87 ’s 2492 87 33 505
4 ’s 94 ’ 2496 89 335 505
5 ’ 15 ' 2494 88 34 514
6 ’ 38 ’ 2526 105 333 524
7 ' 40 ’ 2526 105 34 525

These experiments show very plainly the increased rapidity of the propagation of
the explosion produced by the addition of steam to the mixture of carbonic oxide and
oxygen. With the exception of the 5th experiment the pressures registered mount
up regularly with the increase of aqueous tension in the eudiometer.

During the last three years several most interesting and ingeniously devised series
of experiments have been brought before the French Academy of Sciences by MM.
BerraELOT and VIEILLE, and by MM. MALLARD and LE CHATELIER on the velocity of
explosion of gases. They have shown the velocity to be far in excess of the rates
previously assigned. The old determinations of BunsEN gave for the velocity of
explosion of electrolytic gas 84 metres per second, and for carbonic oxide and oxygen
1 metre per second. These numbers must be multiplied a thousandfold. MM.
BerraeLor and VierLLe ¥ have shown that the explosion of any particular mixture of
gases in a tube begins slowly, increases in velocity, and finally gives rise to an “ex-
plosive wave,” which is propagated at a uniform rate. This rate is independent of the
pressure and the diameter of the tube, but varies when different explosive mixtures
are used. The experiments were made on different explosive mixtures in a tube
40 metres long. They found the velocity of the explosive wave to be a close
approximation to the mean velocity of translation of the molecules in the gaseous

products of combustion calculated from the formula of CLAUSIUS.
* Comptes Rendus, xcv., 151,
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v=29'354 ,\/ z
o

where 7 is the absolute temperature, calculated on the assumption that the molecules
contain all the heat disengaged in the reaction, and « is the mean density of the gases
remaining after combustion.

The rate of explosion and the calculated velocity of the gaseous molecules agree
fairly well in the case of hydrogen and the simpler hydrocarbons exploded with
oxygen. For instance, they find the velocity of explosion of electrolytic gas to be
2810 metres per second, the ‘ theoretical velocity ” being 2831 metres per second.
But with carbonic oxide the velocity observed is only 1090 metres per second, the
calculated velocity being 1940. This gas they consider, therefore, to be an exception
to the general rule. 'When, however, a mixture of carbonic oxide and hydrogen is
exploded with oxygen, they find the observed velocity of explosion to approximate to
the calculated velocity, and explain the fact by supposing the hydrogen to com-
municate to the carbonic oxide a law of detonation analogous to its own. With
mixtures of carbonic oxide and nitrous oxide, a similar divergence between the cal-
culated and observed velocities of explosion is found, whereas with hydrogen and
other gases containing hydrogen, exploded with nitrous oxide, there is a very close
agreement between the observed and calculated velocities. BERTHELOT and VIEILLE
dried the explosion tube before each expervment, and employed dry gases. In their
experiments with hydrogen and oxygen they found that the rate of the explosive
wave was independent of the material of the tube, and of its diameter above 5 millims,
The velocity was the same whether the tube was curved or straight. The maximum
velocity was attained only after the explosion had travelled between 50 and 500
millims. from the spark. The “ variable state” preceding the régime of the explosive
wave differed according to the strength of the spark employed to fire the mixture,
The velocity of explosion was determined by making the flame break two thin strips
of tin, stretched across the explosion tube near either end, each strip forming part
of one of the circuits of a BouLeENGE chronograph. A grain of fulminate was folded
in the strips to ensure their being broken by the flame, BrrrHELOT and ViILLE
have published no experiments on the duration of the variable state preceding the
establishment of the explosive wave with carbonic oxide and oxygen.

Measurement of the initial velocity of explosion of carbonic oxide and oxygen.

To determine directly the initial velocity of explosion of carbonic oxide and oxygen
from the point of ignition, with varying quantities of aqueous vapour, the following
apparatus was employed :—

A is a brass pipe of 13 millims. internal diameter soldered into a metal trough, so that
each end projected a short distance from the end of the trough. To one end of the brass
tube the firing piece B was cemented. This consisted of a short thick glass tube in
which were sealed two platinum wires connected with the secondary coil of a large
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RunMKORFF, and of a short brass tube and tap for admitting the gases. To the other
end of the brass pipe was screwed the cap C containing the metallic bridge to be broken
by the explosion : this consisted of a thin strip of silver foil soldered with fusible
metal on to two insulated brass pieces let into two vulcanite plugs, one on each side of
the cap. The silver strip was sufficiently thick to convey the current of one Grove
cell without becoming heated. No fulminate or other explosive was employed. The
silver strip was invariably broken by the flame. The distance from the platinum wires
to the silver bridge was 1049 metre. In the circuit, of which the silver strip formed
a portion, a chronograph was inserted. This consisted of two small electromagnets
which, when the current was flowing, held down a style against a spring. The chrono-

Plan of cap C, Section of cap C.

graph was adjusted so that the end of the style pressed lightly against the blackened
surface of a glass plate carried by a heavy pendulum. The pendulum, at the lowest
point of its swing, overturned a brass upright moving on a horizontal axis,and so broke
the primary coil of the RUEMKORFF, inducing a direct current in the secohdary coil.
This induced current caused a spark between the platinum wires which fired the explo-
sive mixture. Until the explosion reached the silver foil the style continued to
describe an arc of a circle on the moving blackened plate. When the silver was
broken, the style, released from the magnet, sprang upwards, marking the moment of
interruption. To correct for the error due to the retardation of the chronograph a
blank experiment was always made immediately before firing the mixture. The wires
of the chronograph were attached to the break of the primary coil of the RUHMKORFF,
so that the circuit was completed through this break instead of through the silver foil.
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On allowing the pendulum to fall the style registered a mark on the moving plate
when the circuit was broken. Without moving the chronograph the wires were
readjusted, and the explosion made. The distance between the two marks on the
blackened plate gave the time which elapsed between the breaking of the primary coil
of the RUEMKORFF and the rupture of the silver foil by the explosion, independently
of the error of the chronograph; for the position of both marks was affected
equally by the retardation of the electro-magnet. The rate of the pendulum, and
therefore the interval of time corresponding to the two marks, was determined by
taking the trace of a standard tuning fork on the blackened plate allowed to fall from
the same height. By filling the trough with water and heating it with two argand
burners, the explosion tube could be kept at any desired temperature.

Three sets of experiments were made, one at 10° C., the second at 35° C., and the
third at 60°C. The mixture of gases, containing two volumes of carbonic oxide to one
volume of oxygen, was contained in a copper holder over water. After the explosion tube
had been dried by heating and drawing through it for some hours air which had passed
through three long tubes containing pumice saturated with oil of vitriol, the mixture
of carbonic oxide and oxygen was driven slowly into the tube, (1) through two
sulphuric acid drying tubes, and (2) through two long tubes containing anhydrous
phosphoric acid. When two or three litres of the mixture had been driven through
the tube, the stopcocks at both ends were closed and the mixture fired at a tempera-
ture of 10° and under the atmospheric pressure. The interval between the spark and
the rupture of the silver foil was found to be *0291 second, giving a mean velocity of
36 metres per second. The tube was then heated to 35° by means of warm water in
the trough, and some more of the same mixture was driven in through the same
drying tubes. The gases fired at 35° had a mean velocity of explosion of 69 metres
per second. On recharging the drying tubes with fresh phosphoric acid and repeat-
ing the experiment at 35° the mean velocity of explosion was found to be 44 metres
per second. With the same drying tubes as in the last experiment the mean velocity
at 60° was found to be 53 metres per second.

When the mixture was made to bubble through two sulphuric acid wash-bottles
only, a far higher velocity was obtained. At 10°C. the mean velocity was found to be
119 metres, at 35° C. 103 metres and 102 metres, and at 60°C. 120 metres per second.

When the mixture was exploded at 10° C. and saturated with steam at that
temperature a mean velocity of 175 metres was reached. At 10°C., therefore, the
velocity of explosion of carbonic oxide and oxygen under atmospheric pressure is
greatest when it is saturated with steam. At 35° C. a similar result was found.
In three successive experiments the mixture was driven into the warm tube through
a wash-bottle containing water at 6°, 8°, and 12° C. respectively. The velocity of
explosion increased with the quantity of steam present. "When saturated with steam
at 35° C. the mixture gave a velocity of 225 metres per second. When the tube was
heated to 60° C., and the mixture driven in over water at different temperatures, the
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velocity of explosion increased with the quantity of steam added. When the mixture
was saturated with steam at 60° C. the mean velocity was 817 metres per second.
The following table gives the results of these experiments :—

TaBLE V.—Mean rate of explosion of carbonic oxide and oxygen through one
metre with different quantities of aqueous vapour under atmospheric pressure.

Exploded at 10° C. Exploded at 85° C. Exploded at 60° C.
Rate in Rate in Rate in
Hygrometric state. metres per Hygrometric state. metres per Hygrometric state, metres per
second. second. second.
Dried by passing slowly 36 | Dried by passing slowly 44 | Dried by passing slowly 53
over fresh PyO; over fresh P,0; over P,O; used before
Dried by passing slowly 69
over P,0; used before
Dried by bubbling| 119 |Dried by bubbling| 102 |Dried by bubbling| 120
through two bottles through two bottles through two bottles
of H,S0, of H,SO, of H,S0,
” 2 103
Saturated at 6° . . .| 129
” ’ ... 1238
Saturated at 8° . . .| 155 Saturated at 8° . . . 158
" ’ RN 166
Saturated at 10°. . .| 175
” ’ .. .| 176
Saturated at 12°. . .| 200 | Saturated at12°. . .| 211
Saturated at 35°. . . 225 Saturated at 35°. . .| 244
’ ” ... 226
Saturated at 50°. . .| 289
Saturated at 60°. . .| 317

In each series of experiments the mitial wvelocity of explosion of a mixture of
carbonic oxide and oxygen is seen to increase with successive additions of steam.
It is this initial velocity with which we have to deal in experiments with an ordinary
eudiometer. When a mixture composed of two volumes of carbonic oxide and one
volume of oxygen, saturated with steam at 10° is exploded under atmospheric
pressure, the velocity of the explosion increases rapidly from the point of inflam-
mation. In a tube of 13 millims. diameter and 55 metres long the rate of explosion
is found to be constant after travelling 700 millims. along the tube; the constant
velocity of the “explosive wave” attained under these conditions being rather
over 1500 metres per second. At the extremely high temperature accompanying
the explosive wave, carbonic oxide is possibly decomposed ; after the explosion the
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tube is found coated with a very fine layer of carbon. Whether under these con-
ditions steam is necessary for the propagation of the explosive wave is doubtful,
it is possible that the initial reaction between the carbonic oxide, steam, and
oxygen increasing in velocity as the flame travels down the tube, produces at last
a temperature at which a new reaction is determined. But such conditions do
not occur in the partial burning of the comparatively short columns of gases that
have been employed in researches on the incomplete combustion of gases.

The result of these various experiments may be thus summarised :—

1. The drier the mixture of carbonic oxide and oxygen, the greater the pressure
it can withstand without igniting when a spark is passed through it.

2. The addition of a trace of aqueous vapour to the non-inflammable mixture
causes it to become inflammable, all other conditions remaining the same.

3. The addition of a trace of hydrogen or of a volatile body containing hydrogen
causes the dry mixture to become inflammable, all other conditions remaining the
same.

4. The rapidity of explosion of the mixture in a tube one metre long is greater
with a large quantity of aqueous vapour than when only a trace is present.
~ These well-established facts, coupled with the fact that carbonic oxide does de-
compose steam at a high temperature, appear to me to show conclusively that in
the ordinary explosion of carbonic oxide and oxygen, the union is not a direct one,
but is effected indirectly by the agency of hydrogen. /

In a paper on the alkaline peroxides,* the late Sir B. Bropik has thus described

such an indirect action :—* The alkaline peroxides have a double function, and can
be used as agents either of oxidation or of reduction. By certain modifications
of the conditions of the experiment, we can produce separately either result. It is
not unreasonable to suppose that, among the numerous and varied forms of chemical
decomposition, instances would be found in which these phenomena would occur
simultaneously. If this were to be the case the result would be what is termed
a contact or catalytic decomposition, but caused by two successive changes of a
normal chemical character.”
- The action of steam in determining the union of oxygen with carbonic oxide is of
this kind ; that is to say, when carbonic oxide and oxygen are exploded in a eudio-
meter, the heat of the spark causes the carbonic oxide in its immediate neighbourhood
to decompose the steam usually present, and the hydrogen, liberated by this reaction,
unites with the oxygen to re-form steam. The steam so formed reacts with more
carbonic oxide, and so the alternate changes go on until all the carbonic oxide is
oxidized according to the two equations

CO0 + H,0 = CO0, + I
o, + 0, = 2H,0.

* Phil. Trans., 1860.
MDCCCLXXXIV. 4 N
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The ignition of a mixture of hydrogen and oxygen and of other explosive mixtures by
an electric spark, may be stopped either by sufficient rarefaction or sufficient dilution
with a neutral gas such as carbonic acid or nitrogen.  Probably, in the first case, the
mean distance of the molecules is increased to such an extent that the necessary
molecular disturbance cannot be communicated from molecule to molecule, and the
combustion is confined to the space between the platinum wires; in the second case,
the neutral gas both increases the mean distance of the reacting molecules, and also
decreases the temperature by absorption of heat. In the reaction under consideration
—viz., in a mixture of two volumes of carbonic oxide and one of oxygen—although a
single molecule of water should suffice theoretically for the oxidation of any number of
carbonic oxide molecules, it is evident that the explosion cannot be propagated unless
a certain minimum number of steam molecules are present. For when the mean
distance between the water molecules reaches a certain magnitude, each molecule of
water becomes surrounded by a crowd of carbonic acid molecules, the product of its
action on the carbonic oxide and oxygen under the influence of the electric spark ; and
the incipient combustion dies out, because fresh molecules of carbonic oxide and
oxygen do not come in contact with it while it has still enough kinetic energy to react
with them. The slow rate of propagation of explosion in a nearly dry mixture is also
readily explained. The carbonic oxide molecules have to wait their turn. Though
probably an enormous number of steam molecules are present in the tube, yet since
they are comparatively very few, each one must do duty a vast number of times.
Each steam molecule must in turn present an atom of oxygen to as many molecules
of carbonic oxide as the number of times the volume of carbonic oxide exceeds the
volume of the steam. Since each reduction and each oxidation of the oxygen-carrier
takes time, a given number of carbonic oxide molecules takes longer to burn in presence
of a comparatively small than in presence of a comparatively large number of steam
molecules.

Explosion of dry carbonic oxide and electrolytic gas.

Having determined the action of aqueous vapour on carbonic oxide at high tem-
peratures, I began in Nov., 1876, a second series of experiments with dry carbonic
oxide and electrolytic gas in a well dried eudiometer. After each explosion the
residual gas was analysed. Only those experiments were accepted in which the
residual analysis confirmed the first part of the operation. The gases were exploded
under pressures varying between 200 millims. and 300 millims., and at temperatures
between 6° and 11°. The following table gives the composition of the mixtures and
the ratio between the carbonic oxide and hydrogen burnt in the several explosions.
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TaBrLeE VI.—Explosion of dry carbonic oxide and electrolytic gas.

Combustible gases cont in in 100 vols, Ratio of carbonic
No. acid to water formed
) CO,
Carbonic oxide. Hydrogen. =H,0
1 837 163 2-07
2 818 182 1-77
3 808 - 19-2 162
4 781 219 1-29
5 776 224 1-27
6 774 - 226 1-31
7 758 24-2 1-08
8 755 24°5 1-05
9 734 266 97
10 726 274 1-:00
11 69-3 307 74
12 689 311 73
13 667 333 74
14 535 465 42

While I was making these experiments I heard that Professor HorsTMANN, of
Heidelberg, had already published a paper® in which he had shown that BUNSEN’S
results were vitiated through his having exploded the gases in a eudiometer saturated
with aqueous vapour. IorsTMANN had repeated BUNSEN’s experiments using a dry
eudiometer. With all mixtures he found less carbonic oxide and more hydrogen burnt
than BunseEN found with similar mixtures. He then made a series with a wet eudio-
meter and found that when water was present more carbonic oxide and less hydrogen
was burnt than when the gases were dry. He concluded rightly that some of the
steam already present was reduced during the explosion by the excess of carbonic
oxide. He then showed, by making comparative experiments with and without the
previous addition of carbonic acid, that a similar action takes place between the
carbonic acid added and the excess of hydrogen. With mixtures of carbonic oxide
and electrolytic gas, less carbonic oxide and more hydrogen is burnt when carbonic
acid is added to the mixture before explosion.

In these experiments HORSTMANN proved conclusively that the alteration in the
proportion of carbonic oxide and hydrogen burnt took place gradually and not
per saltum. To compare HORSTMANN'S results with mine, I have interpolated from the
curve given in his paper the ratios of carbonic acid to water formed by explosion of
mixtures of similar composition to mine. These ratios I found to be always smaller
than those I had obtained. In the last column of the table I have compared in a
similar way the new set of experiments given by BUNSEN™ in the second edition of his
“ Gasometry.” This series was made with dry gases which were exploded by a chain of
sparks simultaneously sent through the length of the eudiometer. By fusing short

* Verh. des Heidelb. naturf. med. Vereins, N.S., I., 3.
t Gasometrische Methoden, IIt. Auflage. 1877.

4 N 2
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pieces of platinum wire into small glass beads, BuNseN constructed a chain of alternate
links of metal and glass, each piece of platinum being insulated from its neighbours by
a glass bead round which the spark passed when the two ends of the chain were
connected with an electrical machine. This chain was fastened to two platinum wires
fused through the glass near the top and bottom of the eudiometer. The object of
this mode of ignition was to prevent the formation of an “air-wave ” down the tube
and the consequent compression of the still unburnt gases by the expansion of the
burning gases above. The results obtained in this way by Bunsun agree well with
those obtained by HorstMaNN. My experiments show a greater proportion of carbonic
oxide burnt in every case.

TasLe VII.-——Explosion of dry carbonic oxide and electrolytic gas.

Combusubllgogs‘x,iel:contam mn Ratio of carbonic acid to water formed =%6
No.
Carbonic oxide.| Hydrogen. DIxoN, HORSTNANN. | 10y g‘;};;?rgénts.)

1 837 163 2:07 ..

2 818 182 177 152

3 80-8 19-2 1-62 1-43 ..

4 781 219 129 114 115

5 776 ' 224 127 109 112

6 774 22-6 1:31 108 111

7 758 2402 1-:08 ‘95 101

8 755 2405 105 ‘94 99

9 734 266 ‘97 ‘88 89
10 726 274 1-:00 81 ! 84
11 693 307 74 70 74
12 689 311 73 69 73
13 ‘ 667 333 74 63 70
14 535 465 ' 42 41 ..

The chief differences in the condition of the gases in the three series of experiments
tabulated above lay in the initial pressure under which they were exploded, and in the
length of the path traversed by the flame from the point of ignition. In my experi-
ments the pressures were between 200 millims. and 300 millims.; in HORSTMANN'S
experiments the pressures were between 360 millims. and 480 millims. ; and in BUNSEN’S
between 600 millims. and 650 millims. To determine what difference, if any, is pro-
duced in the division of the oxygen by a variation of (1) the initial pressure, and (2)
the length of the column of gases along which the explosion is propagated, a
fresh series of experiments was begun in the autumn of 1877.



IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 645

Experiments on the influence of initial pressure and of the length of the column of the
gases on the division of the oxygen.

In the first experiment a mixture of carbonic oxide and electrolytic gas, containing
70 parts of carbonic oxide to 30 of hydrogen, was exploded in two portions, the first
under 120 millims. pressure and the second under 400 millims. pressure. In the first
portion the ratio of carbonic acid to steam produced was 12, and in the second portion
‘8. A nearly similar mixture was divided into three portions. The first, exploded

IC{OQ ; the second, exploded under the
;0

same pressure, but only forming a column half as long as the first portion, gave 1'06
for the ratio 1(3[_:2)? ; the third, forming a column equal to the first, but exploded under
225 millims. pressure, gave "85 for the ratio.

A set of experiments was then made with different portions of the same mixture
under nearly constant conditions of temperature and pressure, but with variations in
the length of the column of exploded gases.

In these and all the subsequent experiments the following method of drying the
apparatus, charging the eudiometer and calculating the results, was adopted. The
whole apparatus being emptied of mercury, air was drawn for twelve hours by a pump
attached to the top of the barometer, through two long horizontal drying tubes
charged with oil of vitriol, through a bent tube passing under the mercury in the trough
and opening into the laboratory tube, thence through the capillary connecting tubes
down the eudiometer and up the barometer. The taps at the top of the barometer
and at the bottom of the eudiometer were then closed and the drying tubes were
attached to the mercury reservoir. Dry air was then drawn for some hours through
the reservoir and long connecting tube, and up the barometer. The mouth of the
reservoir being closed, the drying tubes were again connected with the laboratory tube,
and dry air was drawn through the eudiometer and barometer while the water in the
jacket surrounding them was heated to 90°-~100° C. After some time the tap at the
top of the barometer was closed and hot mercury poured into the reservoir. By raising
the reservoir the hot air in the eudiometer and barometer was expelled. The reservoir
was lowered until the eudiometer and barometer were empty. As the mercury ran
down, bubbles of air always rose from the sides of the tubes and from the lower tube
connected with the reservoir. The lower stopcock being closed the air remaining in
the laboratory tube was allowed to pass over into the eudiometer, the laboratory tube
being thus completely filled with dry mercury, The mercury was again run up to the
top of the eudiometer and barometer and the air expelled, and once more the mercury
was run down to extract bubbles of air sticking to the glass. On again running up
the mercury and letting it overflow from the barometer and eudiometer all traces of
air were got rid of. The hot water in the jacket was then replaced by a constant

under 100 millims. pressure, gave 1-24 for the ratio
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current of cold water from the main, running into the cylinder near the bottom and
being siphoned off at the top. In the experiments made at ordinary temperatures a
drop of water was drawn into the top of the barometer and the space thus saturated
with aqueous vapour, while the eudiometer remained dry. On lowering the mercury
in the two tubes, the level stood lower in the barometer than in the eudiometer by the
difference of aqueous tension in the two tubes. By comparing this difference with the
values given in REGNAULT’s table for the aqueous tension at the particular temperatule
observed, the dryness of the eudiometer was verified.

The carbonic oxide was prepared from magnesium formate by the action of sulphurlc
acid. Tt was passed through a small wash-bottle containing a strong solution of potash,
thence through a U-tube containing fragments of caustic potash, and collected over
hot mercury in cylinders of glass containing phosphoric oxide. As I found that a
trace of air was always introduced with the sticks of compressed oxide, I allowed the
gas to stand some time in each cylinder with the oxide, and then poured it away by
inclining the tube under the surface of mercury, leaving the stick of oxide in the tube.
The tubes were then filled with the gas used in the experiments, and were used over
and over again for collecting the gas without being recharged with phosphoric oxide.
The hydrogen was prepared by the electrolysis of dilute sulphuric acid, an amalgam of
zine and mercury being employed for the positive electrode. The gas was collected
and dried in the same way as the carbonic oxide. The oxygen was prepared by
heating re-crystallised and well-dried potassic chlorate in a bent tube dipping under
mercury. The oxygen and the electrolytic gas were collected over mercury and dried
in the same way.

After the explosion of the gases and the absorption of carbonic acid formed, the
residue was exploded with an excess of oxygen, and the contraction on explosion and
subsequent treatment with potash observed. The two portions of the experiment
together made a complete analysis of the original mixture, which served to control the
result of each part of the experiment. In calculating the results, the measurement of
the gases originally taken and the analysis of the residual mixture were taken to give
an independent determination of the quantity of each gas burnt in the first explosion,
and the mean of these two determinations was taken as the correct number.

The following table contains the results of the experiments made to test the effect
of varying the length of the column of gases exploded:—

Composition of Mixture.

Carbonic oxide . . . . . . . . 67°10
Hydrogen . . . . . . . . . 21-91
Oxygen . . . . . . . . . . 1109

100-00
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Tapre VIII
*Reference Lenath of col Rati CO, T . Pres
number; gth of column. atio H,0 'emperature. ressure. ,
millims. ° Q.
1 200 1-17 105 210
2 300 117 97 210
3. 300 119 11-1 210
4 400 1-21 105 210
5 400 1-21 111 210
6 600 124 103 210
7 800 1-32 103 200
8 400 133 85 200

In this set of experiments the proportion of carbonic oxide burnt gradually
increases as the length of the path of the explosion is increased. It is evident,
therefore, that under pressures as low as 200 millims., one of the conditions which
affects the division of the oxygen is the shape of the vessel containing the gases. In
the last experiment the gases were fired at a temperature of 85° C. The increase of
initial temperature acts in the same way as an increase in the length of the columns.

A second series of experiments was then made with another mixture containing
equal volumes of carbonic oxide and electrolytic gas. Portions of this mixture were
exploded alternately at the line 200 in the eudiometer and between the lines 700 and
800. The pressure in every case was 250 millims., the temperature near 10° C.

Composition of Mixture.

Carbonic oxide . . .. . . . . . 49°60

Hydrogen. . . . . . . . . . 3352

Oxygen . . . . . . . . . . 16-88

100°00

Tasre IX.
CO, ) N . Co
R)::‘:;%’;ff ofllﬁglﬁltxlrl\n. Ratio 0,0 Temperature. Iiif;fl‘;gﬁe oche:,]ﬁtII; - Ratio H—zé Tewmperature.
willims, °C. millims. °q,
9 200 52 10'5 13 700 55 9:6
10 200 53 101 14 800 54 10'5
11 200 53 9 15 750 545 95
12 200 52 105
200 Mean 525 Mean 750 Mean *545

* In this and in the subsequent tables each experiment is marked by a “ Reference number.” Under
the same number in the Appendix the details of that experiment will be found.
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In this series a slight difference is produced by a change in the length of column.
The difference is in the same direction, but not so well marked as in the previous
experiments, in which the mixture was poorer in oxygen and was fired under
50 millims. less pressure. It seemed likely that with higher initial pressures or
with more oxygen the difference would disappear altogether.

To test this point another mixture was made still richer in electrolytic gas, and
was exploded alternately near lines 200 and 800 in the eudiometer, under 250 millims.
pressure and between 677 and 9° C.

Composition of Mixture.

Carbonic oxide . . . . . . . . 41-02
Hydrogen . . . . . . . . . 39-28
Oxygen . . . . . . . . . . 1970

10000

TaBLE X.—AT 250 millims. pressure.

Reff\{(f)z.nce Length of eolumn. Ratio %E% Temperalure.
millims. °C.
16 200 ‘39 90
17 200 385 74
18 800 385 79
19 800 39 67

These experiments show that with mixtures containing 20 per cent. of oxygen under
250 millims. pressure, the division of the oxygen is independent of changes in the
length of the column of gases. But with a lower initial pressure, this mixture is
susceptible to an alteration in the length of column, as is shown by the following ex-
periments :—A portion of the mixture was exploded under 100 millims. pressure, at
the line 300 ; and a second portion was exploded under 100 millims. pressure, at the
line 800.

Taere XI.—At 100 millims. pressure.

Ref;rg‘nce Lengih of column. Ratio %I% Temperature.
millims, °C.
20 300 42 86
21 800 4D 98

Tt appears from these series of experiments that for a given mixture of carbonic
oxide and electrolytic gas, a change in the length of column causes an alteration in the
division of the oxygen between the combustible gases so long as the pressure is kept



IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 649

below a certain limit. The lower the pressure below this limit the greater is the
change produced. The limit varies with different mixtures: when a small percentage of
oxygen is present the limit is higher than when the mixture is richer in oxygen. With
pressures in excess of this limit no alteration is produced in the division of the oxygen
by changes in the length of the column.

To determine what is the effect produced by a change of initial pressure alone on
the proportion of carbonic oxide and oxygen burnt with the same length of column
and at the same temperature, a series of experiments was made with portions of one
mixture, starting at the lowest pressure at which the explosion was propagated, and
increasing the pressure up to 600 millims.

CoMrosITION of mixture.

Carbonic oxide . . . . . . . 6164
Hydrogen . . . . . . . . . 2550
Oxygen . . . . . . . . . . 12-86

10000

This mixture would not explode under 50 millims. or under 60 millims. pressure.
It exploded under a pressure of 75 millims.

TasLE XIL.—Experiments at different pressures. Length of column =450 millims.

Refi,;f;“ce Pressures. Ratio IC{?S Temperature.

millims. °C.
22 75 1-27 65
23 100 1-21 56
24, 125 1:01 64
25 150 95 6'5
26 200 62 58
97 300 85 6:9
28 425 8L 70
29 600 82 64

From this table it appears that, as the pressure is increased, less carbonic oxide and
more hydrogen is burnt until a pressure of about 400 millims. is reached, after which
a further increase of pressure makes no difference in the division of the oxygen. To
establish this important point more surely, a second series of experiments was per-
formed in a similar way. Different portions of a mixture were exploded between the

lines 400 and 500 on the eudiometer, under pressures varying from 75 millims. to
1000 millims.

MDCCCLXXXIV. 4 0
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Carbonic oxide .

Hydrogen

Oxygen

o o

ComposrtToN of mixture.

CONDITIONS OF CHEMICAL CHANGHE

6331
2440
12:29

100-00

Experiments at different pressures. Length of column =450 millims.

TasLE XITI.—Pressure 75 millims,

Refle\r‘rs-nce Pressure. Ratio % Temperature,

millime, ° O,
30 75 1-36 157
31 " 146 166
32 1 143 150
33 . 138 13
34, » 145 14-0
35 13 1:36 13-2
36 . 135 14-2
37 » 1-37 145

75 Mean 1-395

TasLe XIV.—Pressure 100 millims.

Refl%rsflce Pressure, Ratio g% Temperature,
millims. TR
38 100 1-40 14-4
59 X 142 133
40 ” 1-39 148
100 Mean 1403

TaBLE XV.—Pressure 125 millims.

Re%r;nce Pressure. Ratio %% Temperature.
| millims, ° C.
41 125 119 1479
42 » 115 149
I 125 Mean 1-17
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TArLE XVI.—Pressures from 75 millims. to 1000 millims.

Retiev:;‘:nce Pressure. Ratio g—j& Temperature.

millims, °C.

75 mean 1:395

100 mean 1403

125 mean 1°17

43 150 1-07 151
44 175 1-03 15-2
45 200 ‘99 151
46 250 94, 150
47 300 92 117
48 400 ‘91 153
49 700 90 14-9
50 1000 90 157

Under very small pressures considerable difterences were found in the ratio CO, : H,0,
in several experiments repeated under the same conditions. Thus under 75 millims.
pressure this ratio was found to vary from 1:35 to 1°46 in eight experiments. These
discrepancies may partly be accounted for by errors of manipulation, for on the very
small masses of gases employed at this pressure, the error of experiment becomes
serious. If the mean value of the ratios found in the several experiments made at
the lower pressures be taken as correct, we see that the ratio rises very slightly as the
pressure is increased from 75 millims. to 100 millims., and then falls abruptly as the
pressure is increased to 150 millims., after which the fall is more gradual, until at about
400 millims. the ratio becomes constant. This result entirely confirms the previcus
series of experiments, and proves that for a mixture of carbonic oxide and electrolytic
gas containing 12 per cent. of oxygen, there is a “critical pressure;” below this critical
pressure alterations of pressure affect the division of the oxygen, above it alterations of
pressure have no effect. _

In working at low pressures, therefore, there are two sources of variation to be taken
into account : one springing from changes of pressure, the other from changes in the
length of the column of gases exploded.

We have seen above that changes in the length of the column cease to have any
effect on the ratio of the products of combustion, when a mixture containing 19 per
cent. of oxygen is exploded under a pressure only as high as 250 millims. The
question arises, what is the “critical pressure” for such a mixture? To determine this
point a series of experiments was made at different pressures with a mixture of the
following composition.

ComposiTioN of Mixture.

Jarbonicoxide . . . . . . . . . 5847
Hydrogen . . . . . . . . . . 2254
Oxygen . . . . . . . . . . . 1899

100°00
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TasrLe XVIL.—Length of column=400 millims.

Ref;}r;nce Pressure. Ratio %(‘)6 Temperature.
millims, °C
51 75 154 188
52 100 1-40 182
53 125 1-29 16-2
54 200 119 126
55 400 1119 137
56 500 1-19 88

For a mixture containing 19 per cent. of oxygen the critical pressure is about
200 millims. Now since a mixture containing 19 per cent. of oxygen was found to be
unaffected by changes in the length of column under 250 millims. pressure, it seemed
likely that in other mixtures changes in the length of column would cease to affect the
division of the oxygen as soon as the critical pressure was reached. The critical
pressure for the mixture containing 12 per cent. of oxygen is 400 millims. The
following experiments with some of this same mixture show that at this and higher
pressures changes in the length of column have no effect.

Tarre XVIII.—Pressure = 400 millims.

o f . CO, P
Rgt&lﬁnce [g‘ﬁﬁgn(? Ratio H_{) Pemperature. ’
millims. °C. ‘
57 200 905 13 !
58 200 ‘88 95
48 450 01 153

TaBLEe XIX,—Pressure = 1000 millims.

Re%r(ince L(;;ll%glln?f Ratio % Temperature,
millims, °C.
59 100 ‘89 10-4
60 100 92 129
50 450 ‘90 157

The critical pressure of a mixture may therefore be defined as the lowest pressure
at which any further increase of pressure or any change in the length of the column of
exploded gases ceases to affect the ratio of the products of combustion. The critical
pressure is lowered as the quantity of oxygen in the mixture increases.

These facts account for the agreement of HorsTMANN'S first series of experiments
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and those made by BUNSEN with his chain of sparks given in Table VIL. Although
the path traversed by each flame from the point of ignition is very small in BUNSEN’S
experiments compared with HORSTMANN’S, yet since the pressures employed by both
experimenters were near to or above the critical pressures of the mixtures exploded,
this great difference in the length of column had no effect on the division of the
oxygen. The same facts also account for the disagreement between my experiments and
those of BunsEN and HorstMaNN. For since the first ten experiments in my series
were made at pressures below the critical pressure of the respective mixtures, both the
lower pressure and the longer column increase the proportion of carbonic oxide burnt.
In the four Jast experiments of this series the increase in the quantity of oxygen
taken brings the critical pressure below the pressure employed. The results are in
close accordance with those of BuNsEx and HoRSTMANN.
A third series of pressure experiments was next made with a mixture containing
only 8 per cent. of oxygen.
ComrosiTioN of Mixture.

Carbonic oxide . . . . . . . 6628
Hydrogen . . . . . . . . 2566
Oxygen . . . . . . . . . 806

100°00

This mixture would not explode under 100 millims. pressure. It exploded under
125 millims.
TaBLE XX.—Length of column = 400 millims.

Reflsl;ince Pressure. % Temperature.

millims, °C.
61 125 1-02 11-3
62 150 1:08 112
63 175 1:09 112
64 200 109 125
65 250 109 78
66 300 1:04 86
67 400 103 145
68 600 100 12-4
69 1000 98 10:0

In this series the proportion of carbonic oxide burnt increases at first with increase
of pressure, reaches a maximum, and then falls continually. No critical pressure
appeared to be reached as far as the pressure was pushed. If the critical pressure
for a mixture containing only 8 per cent. of oxygen is above 1000 millims., it follows
that under this pressure a change in the length of column will affect the division of
the oxgyen. The following experiments, in which some of the same mixture was
exploded under 1000 millims. with a short column, prove this to be the case.
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TabLe XXi.—Pressure = 1000 millims.

CHANGE

Reference Length of . CO ,
No. (?(?l;g,\mn(f Ratio ﬁ—z% l'emperature.
miilims. ° C.
71 50 ‘91 84,
69 400 .98 10:0

As the general result of these pressure experiments, it appeared that the law of mass
might be tested by the incomplete combustions of carbonic oxide and hydrogen, pro-
vided that each mixture of gases was exploded above its critical pressure. It will,
perhaps, be most convenient, before proceeding to describe the experiments made with
this view, to give here an account of HorsTMANN’s second paper, which advanced the
inquiry another stage.

HoRSTMANN’S experiments.

HorsTMANN* having shown that no sudden alterations occur in the ratio of carbonic
acid and water produced by the combustion of carbonic oxide and electrolytic gas
mixed in various proportions, and that BUNsEN’s earlier experiments were vitiated
by the presence of varying proportions of aqueous vapour in the eudiometer, proceeded
to repeat v. MEYER’s experiments, in which mixtures of carbonic oxide and hydrogen
were exploded with successively increasing quantities of oxygen.

HorstMaNN found in these experiments that, for a given mixture of carbonic oxide
and hydrogen, the proportion of carbonic acid formed gradually diminishes at first with
increase of oxygen, reaches a minimum when between 30 and 40 per cent. of the com-
bustible gases is burnt, and then gradually increases towards the limit that would be
reached if all the gases are burnt. Nowhere did he find any alteration per saltum in
the proportion of the products of combustion. But an examination of the numbers
given by these experiments led HOrRsTMANN to detect a remarkable rclation between
the ratio of the unburnt carbonic oxide to the unburnt hydrogen, and the ratio of the
burnt carbonic oxide to the burnt hydrogen, He found that when mixtures of car-
bonic oxide and hydrogen in any proportions are exploded with the same quantity of
oxygen, the ratio between the quantities of the two gases burnt is proportional to the
- ratio between the quantities of the two gases left unburnt. Thus, if A and B are the
quantities of carbonic oxide and hydrogen in any mixture exploded with a certain
quantity of oxygen, then the quantity of carbonic acid formed («) and the quantity of
steam formed (h) are given by the equation

Awa @
Bob = 5 %K
where « is a constant depending on the quantity of oxygen taken.
* Verh. des Heidelb. naturf. med. Vereins., N.S. II., 1 ; Lizsic’s Annalen, 190-228,




IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 655

HorsTMANX states his results in the following way : ¢ The law by which the division
of the oxygen between the combustible gases s governed, can be expressed as follows :
The ratio of the resulting water-vapour to the resulting carbonic acid is equal to the
ratio of the unburnt hydrogen, to the unburnt carbonic oxide, multiplied by «  coefficient
of affinity,’ which is independent of the proportion of the combustible gases, but which
changes with the relative mass of the oxygen added.” With equal quantities of oxygen
the “ coefficient of affinity ” remains constant, not only when the ratio of the hydrogen
to the carbonic oxide is altered, but also when the unburnt portion of the combustible
gases is replaced, entirely or in part, by an indifferent gas of a similar physical con-
stitution, such as nitrogen.

The numbers from which HorstMaNN deduces this law are only fairly concordant.
From the ten series of experiments made with different mixtures I have placed together,
for the purpose of comparison, those in which nearly equal proportions of oxygen
were taken. The first series, which HORSTMANN regards as incorrect, is omitted. In
the following table the mean ratio of the oxygen to the combustible gases, the compo-
sition of the mixtures, the percentage burnt, and the * coefficient of affinity ” calculated
from these experiments are given.

TasLe XXII.—HorsTMANN’S Experiments.

Mean ratio of . .
Ratio of combustible . Percentage of .

bus o s i stible gas Coefficient of
coxgﬁﬁ%éf% (';%sf“' gases be}f}):e:: géf)loswn. combxﬁglrl:llg gases aﬂi:ﬁ,y,
11 3648 990 430
6142 99:() 381
3648 251 498
‘127 6142 258 4043
12035 257 4°48
1:0392 249 478
192 { *9061 o 384 635
[ 9061 480 594
1:0392 485 592
1-2035 487 547
245 J 3:0308 489 596
6142 49-4 603
7247 497 567
‘9061 529 ! 5-09.
268 12035 53-9 e
3:0308 54:7 486
-390 3:0308 638 01
3493 641 5 00
L 3648 613 +17
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A glance at the last column in this table shows that for equal quantities of oxygen,
Horstmany’s coefficient of affinity is fairly constant: in the third, fifth, and sixth
sets the extreme values differ by about 20 per cent.; the other sets show a better
agreement.

In a later paper HorsTMANN gives the following table of the coefficients of affinity
corresponding to different percentages of the combustible gases burnt.

TasLe XXITT.-——HorsSTMANN’S new table of coefficients.

Percentage of combustible Coefficient of affinity
gases burnt. :
15 2:68
20 3-8
25 483
30 565
35 616
40 635
45 6:12
50 588
55 564
60 538
65 511
70 4-85

The alteration in the coefficient of affinity, with increase of oxygen, HorstmaNN
attributes (1) to the increased temperature of combustion, and (2) to the alteration
of pressure and physical characteristics of the whole mixture produced by the combus-
tion. e was led to this conclusion by the following experiments: Different mix-
tures of hydrogen and carbonic oxide were exploded with air. In each experiment,
therefore, a certain quantity of nitrogen was present. The  coefficients of affinity ”
were found to agree approximately with those previously obtained in explosions with
mixtures containing the same percentage of oxygen, and not with mixtures containing
the same relative proportion of oxygen and combustible gases.

For instance, 100 volumes of carbonic oxide and hydrogen were mixed with 76
volumes of air containing 16 volumes of oxygen. In the explosion, therefore, 32 per
cent. of the combustible gases is burnt, but only 20 per cent. of the mixture of carbonic
oxide, hydrogen, and nitrogen. From the previous experiments the coefficient of
affinity corresponding to a combustion of 32 per cent. is 59, and for a combustion
of 20 per cent. it is 4'0. The coefficient found is 3'7.
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TaBLE XXIV.
Volume of nitrogen Volume of burnt gascs Coefficient of affinity.
added to 100 volumes in 100 volumes of
of carbonic oxide carbonic oxide,
and hydrogen. bydrogen and nitrogen. Found. Caleulated.
60 20 37 40 e
75 23 43 44 e YT
113 28 51 53 co
70 22 44 43 H
90 25 52 47 2303
115 28 58 52 ¢
59 20 37 39 N
80 23 47 45 | H
99 20 48 4-9 s 1:04]
114 23 62 59 co
125 30 53 53 J

These coincidences, HORSTMANN considers, prove that the presence of the nitrogen
affects the coefficient in the sume way as the presence of an equal quantity of
carbonic oxide or hydrogen, and point to the conclusion that the constancy of the co-
efficient of affinity in the different experiments depends upon a.similarity of physical
conditions.

In two later papers HorsTMANN* has shown that when carbonic acid is added to
the mixture previous to explosion, more hydrogen and less carbonic oxide is burnt
than when the mixture is fired without carbonic acid. When a mixture of carbonic
acid and hydrogen is exploded with insufficient oxygen to burn all the hydrogen some
of the carbonic acid is redunced to carbonic oxide.

The influence of carbonic acid, he says, is not the same as that of nitrogen,
but resembles it ; direct experiments show that it is impossible to replace the excess
of combustible gases in part by carbonic acid, without altering the coefficient of
affinity. Carbonic acid, which has a higher specific heat than the simpler gases, pro-
duces a greater effect than an equal volume of nitrogen, hydrogen, or carbonic oxide.
This fact confirms the earlier conclusion that the coefficient not only depends upon the
percentage of oxygen, but also on the temperature of combustion. Steam acts in
a manner analogous to carbonic acid. Such are HorsTMANN’s conclusions as to the
function of inert gases in the explosive mixture. But in one paragraph he views the
reaction in a different light :—

“The burning appears as a preliminary of secondary importance, through which are
established the conditions antecedent to the reactions coming particularly into con-
sideration. The chemical equilibrium is brought about by the two reciprocal trans-
formations between carbonic acid and hydrogen on the one hand, and carbonic oxide

* Ber. Deut. Ch. Ges., x., 1628 ; xii., 64.

MDCCCLXXX1V. 4 p
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and steam on the other, which can take place at the high temperature produced by
the combustion.”

This view of the final result of the reaction, which appears to me to be substantially
correct, seems difficult to reconcile with HORSTMANN'S previous conclusions as to the
function of nitrogen and carbonic acid in the explosive mixture. For if the final result
depends upon an equilibrium being established between the reduction of the carbonic
acid by the hydrogen and the oxidation of the carbonic oxide by the steam, how is it
possible for nitrogen to take the place, and play the part, of an equal quantity of
hydrogen or carbonic oxide ?

The following is HORSTMANN’S conclusions with regard to the variation of the
coeflicient with the percentage of oxygen taken :—

“ The coefficient is probably dependent aloneupon the temperature. The influence of
the temperature is of a complicated kind. A portion of the carbonic acid and steam is
dissociated at the temperature reached. As the temperature sinks, the equilibrium
alters with it. The composition of the mixture corresponds therefore to an equilibrium
for some unknown middle value between the temperature of combustion, which varies
with the composition of the mixture, and the lower limit of temperature, at which
the mutual action of the gases is just possible. This lower limit of temperature is
the same with all mixtures.”

From his latest experiments (not yet published) HorstMANN concludes that the
values of the coefficient, which by the earlier experiments fell between 4 and 7, may
be much lower at low temperatures: for the lowest temperatures even less than 1.
This shows that, contrary to what is found at high temperatures, the affinity of
oxygen for carbonic oxide at low temperatures is greater than for hydrogen ; a result
which confirms the statement of E. von MEYER that in the slow combustion effected
by platinum at ordinary temperatures more carbonic oxide is burnt than hydrogen.

I shall show later that the proportionality discovered by HorsTMANN between the
ratios of the unburnt gases and the products of combustion is a fact independent of
the percentage of combustible gases burnt, and dependent only on the conditions (1)
that a sufficiently high temperature should be reached in the explosion, (2) that none
of the reacting molecules should be withdrawn from the sphere of action during the
chemical change, and (3) that no indifferent gas should be present.

Eaxperiments with dry gases above the critical pressure.

To test the accuracy of HorsTMANN’s conclusions, the following experiments were
made with dry gases exploded at high pressures. A dry mixture of carbonic oxide
and oxygen and a dry mixture of hydrogen and oxygen, each containing 124 per
cent. of oxygen, were made. Varying proportions of each of these mixtures were
brought together in the eudiometer and exploded under 1000 millims. pressure. In
these experiments the ratio of carbonic oxide and hydrogen is varied ; about 12-4
per cent. of oxygen is employed in each case; and the pressure is such that no
increase of pressure or variation in the length of column makes any difference in
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the result. For the purpose of comparing the experiments one with the other, the
volume of the combustible gases before the explosion is taken as 100 in each case;
then the volumes of gases left unburnt and the volume of the burnt gases
together make up 100, Tn the following table these volumes are given in
separate columns. In the first column is given the “reference number,” in the second
the temperature of the mixture before explosion. ‘

TaBLE XXV.—Pressure = 1000 millims.

Before Explosion. After Explosion.
Reference -
No. Temp. . a.
Oxygen. C%‘;:)ig’;jc Hydrogen. co. CO,. H.. H,0.
oC ’

72 14:6 140 13-46 8654 12:33 113 5972 2682 490
73 1474 14°1 30°13 69-87 2714 2:99 44-63 2524 514
74 152 14-1 4063 5937 36:07 456 3566 2371 526
7% 136 14-2 5246 4754 4581 715 2628 21-26 513
76 13-4 14-25 6634 3366 5504 | 11-30 1642 17-24 511
77 147 1425 7757 2243 6139 16-18 10-06 12-37 476
78 156 14-25 ' 83'6C 16-40 64-58 | 1902 691 949 467
14:5 Mean terup. _ Mean coefficient 500

Of the four reactions, namely, the two direct reacticns symbolised by the equations

(1) 2H, + 0, = 2 H,0
2) 2CO + 0, = 2CO,

and the two indirect reactions symbolised by the equations

(3) H,0 + CO = H,+CO,
(4) Hy, + CO, = H,0 + CO

It has been shown that both the indirect and only one of the direct actions actually
occur under the conditions of the experiments. Mr. Esson,* who discussed the results
of these experiments, found that the numbers obtained agree with the theory that the
final division of the oxygen depends upon an equilibrium being established between the
two reverse changes 3 and 4. The quantities found in these experiments satisfy the

equation
K x h

m =&
where & and &’ represent the volumes, or the number of molecules, of steam and
hydrogen remaining at the end of the reaction, and £” and k represent the number of
molecules of carbonic oxide and carbonic acid remaining at the end of the reaction.
The product of the steam and carbonic oxide molecules bears a constant ratio to the
product of the hydrogen and carbonie acid molecules. FEach experiment gives a value

* Vide Mr. Esson’s Note at the end of this paper.

4 p 2
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for a. These values are given in the last column of the table. The mean of the seven
‘experiments gives a=>5. From this mean value the quantity of hydrogen and
carbonic oxide burnt in any given mixture can be calculated. In the following table
the quantities of hydrogen burnt, calculated for the mixtures employed in these
experiments, are compared with those actually observed.

TapLe XXVIL—Volume of hydrogen burnt.

Reference Caleulated. Observed.
78 97 95
vy 126 124
76 171 172
v5 21-3 213
74 235 237
7 269 26-8

According to this theory, the chemical changes vary as the explosion proceeds.
The explosion starts with the direct union of oxygen and hydrogen, the change
proceeding until all the oxygen is converted. into steam, according to equation (1); as
soon as steam is formed by this union it begins to oxidize the carbonic acid, according
to equation (3) ; the carbonic acid so produced is in turn reduced to carbonic oxide by
free hydrogen, according to equation (4). The heat developed by the direct union of
the oxygen and hydrogen raises the whole body of the gases to incandescence. After
all the oxygen is converted into steam, four gases remain at a high temperature—
hydrogen and steam, carbonic oxide and carbonic acid. Of these four gases, one pair,
hydrogen and carbonic acid, react at the high temperature to form the other pair,
steam and carbonic oxide ; but steam and carbonic oxide themselves react to form the
first pair, hydrogen and carbonic acid, so that two reverse changes take place
simultaneously in the mixture. The quantity of each pair present at any moment
during the reaction depends on the relative rates at which the two changes proceed.
Possibly these rates may vary with the temperature as the whole body of gases cools
down. The quantities actually measured are those in equilibrium at the moment the
gases cool to the temperature at which the reaction ceases. But since in the fall from
the highest temperature reached in any explosion to the lowest at which reaction
occurs there is a large range of cooling common to all the experiments, the relative
rate of the two changes observed is in all cases that which is found under similar
conditions of temperature.

According to HorsTMANN the coefficient varies with the proportion of oxygen
employed, at first increasing with the increase of oxygen, reaching a maximum when
from 15 to 20 volumes of oxygen are mixed with 100 of the combustible gases, and
finally diminishing gradually as the oxygen is increased beyond this point. The
volume of oxygen added to 100 volumes of the combustible gases was 142 in
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my experiments. The number found (@=35) is considerably below the maximum
observed by HorsTMANN. To observe the effect of an increase of oxygen, a second
series of experiments was made similar in all respects to the first, but with 17-7
volumes of oxygen instead of 14'2 added to 100 volumes of the combustible gases.
The gases were exploded under 1000 millims. pressure in each experiment.

TasrLe XXVII.

Before the explosion.
Ref;;‘gnce Temperature. Coeflicient a.
Oxygen. Carbonic oxide. Hvdrogen.
°C.
79 13-4 . 17-7 839 161 48
80 13-4 »” 798 202 50
81 126 ’ 782 21-8 49
82 136 ” 687 313 53
83 . 130 . ’ 454 54:6 52
84 132 » 359 641 52
85 137 2 158 84-2 50
Mean 13-3 i Mean 506

These experiments entirely confirm the previous series; the proportion of gases

burnt is expressed by the equation

I xh

Exi ™ *
and the mean value of « closely approximates to the value previously found. No
appreciable rise in the coefficient is produced by increasing the amount of oxygen from
142 to 177 volumes. These experiments are therefore at variance with HorsTMANN’S
conclusion.

To test this point further a mixture was made containing 159 vols. of oxygen to
100 volumes of the combustible gases. Two experiments were made with portions of
this mixture ; then more oxygen was added to the remainder and two more experiments

made.
TasrLe XXVIIIL —Pressure =1000 millims.

Before the explosion.
: Refg{;nce Temperature. Coefficient a.
Oxygen. Carbonic oxide. | Hydrogen.
°C.
86 67 159 732 268 57
87 89 ” ” » 56
88 88 24-3 732 268 56
89 80 2 2 ” 55
Mean 81 Mean 56
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No difference was found in the coefficient whether 15'9 or 243 volumes of oxygen
were used, but the mean value of the coefficient in these four experiments was
appreciably higher than in the two previous series, which gave 5 for the valve of «
both with 142 and 177 volumes of oxygen. Apart from the variation of the oxygen,
the only other difference between these and the previous experiments was a small
difference in temperature amounting to some five or six degrees. In the first series
the gases were exploded at a mean temperature of 14°5, in the second series at a mean
temperature of 13°3, and in the last four experiments at a mean temperature of 8°1.
On calculating out the coefficient @ from BUNSEN’s later experiments,® and omitting
the first as being below the critical pressure, its mean value is found to be 5'8 for a
mean temperature of 7°°2.

TaBLe XXIX.—BUNSEN'S experiments with dry gases.

Temperature. Oxygen. Carbonic oxide. Hydrogen. Coefficient a.
°C.
10-3 107 786 214 49
46 125 7409 251 567
| 53 14:5 709 291 58|
73 14-1 718 282 62
87 1t-9 661 339 60 |
(10" 207 585 415 55 )
Mean 7°2 Mean 58

Here o, high value for the coefficient is also accompanied by a low temperature, Tt
appeared possible then that a variation of a few degrees in the temperature of the
gases before the explosion might materially alter the result. A few experiments
showed this to be the case.

Eaxperiments on the influence of initial temperature.

Portions of a mixture of the dry gases were exploded successively under 1000
millims. pressure at different temperatures. In the first two experiments the
eudiometer was cooled down by placing ice water in the jacket, in the other experi-
ments the eudiometer was warmed by hot water.

The mileure was of the following composition :

Carbonicoxide . . . . . . . ., 708
Hydrogen . . . . . . . . . . 292
1000

Oxygen added . . 168

*  (tasometrische Methoden, 1Itt Auflage.”
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TAaBLE XXX.—Pressure = 1000 millims.

Before the explosion. After the explosion:
Ref&rz'nce . ‘ ’ . Temperature. Coeﬂ;itcient
Oxygen. Czl}‘ggg‘lc Hydrogen. Czili)gglc t Ca;l?:)({l' 1e Hydrogen, | Steam. )
!‘ °C.
90 16-8 708 292 553 155 113 180 3 57
91 ’s ' . 549 } 159 11-7 17°6 19 52
92 . ' y 54-8 161 118 17-3 20 50
93 . . . 539 } 169 121 17-1 40 45
94 5 ’ 5 531 | 17:7 12-8 16-3 60 38

These experiments show that a small change of initial temperature makes a very
considerable difference in the division of the oxygen. To carry the range of temperature
further, portions of a similar mixture were exploded under 1000 millims. pressure at
temperatures ranging from —10° to 120° C.

TasLe XXXI.

Before the explosion. - After the explosion.
Re%rgnce . ) ‘ ‘ Temperature, .
Oxygen. Cz;l;g:jc Hydrogen. C:;];Sg.w C“;(l;i?;'“c Hydrogen. | Steam. '
°C.
95 17'5 733 267 563 170 36 181 —10 70
96 ’ ” ” 54-0 19-3 11-2 155 60 39
97 » » ” 536 19-7 114 153 80 37
98 . N 537 196 114 | 152 100 37
99 17:6 734 266 536 19-9 11-3 153 120 37

In the last two experiments the eudiometer was heated by hot glycerin in the jacket.

These additional experiments confirm the previous series ; a change of initial tem-
perature greatly influences the division of the oxygen. But they also bring to light a
very important fact. The coeflicient of affinity does not materially alter when the
temperature is raised from 60° to 120°. The coefficient found at these two tem-
peratures in the second series is also the same as that found at 60° in the first series.
The two sets together show a progressive diminution of the coefficient as the tem-
perature is raised from —10° to 60° and a nearly constant value between 60° and 120°

Another mixture was now made containing about three times as much hydrogen as
carbonic oxide ; portions of this mixture were exploded successively under 1000 millims.
pressure at, 0% 70° 80° and 100°. A nearly similar mixture was exploded at 125°
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TaBLE XXXII.

Before the explosion. After the explosion.
Reference
No. Temperature. a.
Oxsgen. | Gt oz, | Choie | O | sy, | Steam
°C
100 173 24, 76 214 2:6 44:1 319 0 59
101 ' ’ ” 205 34 44-7 31-3 70 42
102 ., . . 204 35 447 313 80 40
103 ” » ’ 20-4 36 44-4 316 100 40
104 159 24:5 755 21-2 33 470 285 125 4-0

Between 0° and 70° a large fall of the coefficient occurs ; between 70° and 80° there
is a slight fall ; from 80° to 125° it remains constant. The high temperature constant
with this mixture is rather higher than with mixtures containing excess of carbonic
oxide.

A fourth mixture, containing about equal volumes of carbonic oxide and hydrogen,
was next exploded at 70° 80°, and 120° under 1000 millims. pressure. For the purpose
of comparison an experiment previously made with a nearly similar mixture at 14° is
included in the table.

TasLr XXXTII.

Before the explosion. After the explo-ion.
Reference
No. ] ] ] Temperature. a.
Oxygen. C&:}l}'{bjﬁxgc Hydrogen. Cg};gl:c Ca:é:)it()ir.uc Hydrogen. | Steam,
) °C, i

75 14-2 525 475 453 2 263 213 14 ool
105 154 517 483 42-7 89 260 22-3 70 I
106 ., . ., 429 87 26-6 218 80 40
107 ”» » ” 428 88 264 219 120 40

Between 14° and 70° there is a large fall in the coefficient ; between 80° and 120°
the coefficient remains constant.

It is difficult to assign the marked change in the coefficient, as the initial tempera-
ture is raised from 0° to 60°, to a higher temperature being reached in the combustion
when the eudiometer is warmed. In the first place if the temperature of the flame is
increased by the whole amount of the initial warming of the gases, this increase is
not more than 2 or 3 per cent., whereas the coeflicient is altered some 40 per cent. ;
and secondly if such a small increase in the temperature of the flame affects the
coefficient, we should expect the small further increase in the temperature of the flame
by heating the eudiometer from 60° to 120° to make a further change in the coefficient.
No change in the coeflicient occurs as the temperature of the eudiometer is raised from
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60° to 120°. The cause of the change must be sought in some condition present
up to 60° and absent at higher temperatures. There is such a condition—the
condensation of the steam by the sides of the vessel during the progress of the
chemical change. By this condensation one of the reacting bodies is removed from
the sphere of action. If we conceive the gases to be composed of a vast number of
molecules moving in straight lines and coming into collision one with another and with
the sides of the vessel, and that an appreciable time elapses during which the gaseous
molecules are in sufficiently rapid motion to change atoms when they come into
collision, then it must happen that while the change is proceeding a number of steam
molecules strike the sides of the vessel. Now a vapour diffused through a gaseous
mixture is condensed to a liquid by a cool surface when the pressure of the vapour in
the mixture is greater than the tension exerted by the liquid at the temperature of
the cool surface. On the contrary, when the surface is at such a temperature that a
liquid film upon it exerts a tension greater than the pressure of the vapour of that
liquid present in the atmosphere in contact with it, the liquid volatilizes from the
surface. Under the latter conditions no vapour would be condensed from a gaseous
mixture. For a surface at a given temperature, condensation depends upon the
tension of the vapour in the mixture, and for a given tension of the vapour, condensa-
tion depends on the temperature of the surface.

These facts permit the question to be readily tested by experiment. In the first
" series of temperature experiments, if 37 be taken as the constant coefficient at high
temperatures, then in the last experiment the tension of the steam formed by the
unimpeded reaction would be 162 millims. at 60°. At this temperature the tension
exerted by a film of water is about 150 millims. During the explosion, therefore, the
sides of the vessel might condense a small quantity of steam, and the coefficient might
in consequence be slightly raised. In the previous experiment at 40° the tension of
steam formed by the unimpeded reaction would still be 162 millims. at 40°; but at
this temperature the tension exerted by a film of water is only 55 millims. So that
a considerable condensation might take place, and the coefficient be considerably
raised. At lower temperatures the effect would be greater still. In the same way, if
3'7 be taken as the constant coefficient in the second series of temperature experi-
ments, then in the second, third, fourth, and fifth experiments the tension of steam
formed by the unimpeded reaction would be 152 millims. at 60° 80° 100°, and 120°
respectively. At 80° the maximum tension of aqueous vapour is 855 millims., so that
at 80°and at higher temperatures no condensation could take place; but at 60° a slight
condensation might occur. The two series of experiments show therefore that the
coefficient remains constant when no condensation is possible during the reaction :
with decrease of initial temperature the coefficient begins to increase as soon as con-
densation becomes possible. Similarly in the third series of experiments, if we take
4 as the constant coefficient, no condensation could take place at 80° or higher tem-

peratures ; at 70° some condensation might occur. The coefficient begins to increase
MDCOCLXXXIV. 4Q
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as soon as condensation is possible. In the fourth series the maximum tension of
aqueous vapour at 70° (233 millims.) is just greater than the tension of steam formed
(219 millims.). Perhaps incipient condensation accounts for the very slight rise in
the coeflicient observed. ‘
Now by varying the initial pressure the point of possible condensation can be
altered without varying the temperature of the vessel. For instance, by reducing
the initial pressure from 1000 millims. to 500 millims. in the two first series, the
tension of the steam formed in the unimpeded reaction would have been reduced to
81 millims. and 76 millims. respectively; no condensation could therefore have taken
place under these conditions until the temperature had been reduced below 50°, and
so on for other initial pressures. By changing the initial pressure the truth of the
hypothesis can therefore be tested ; if the condensation of steam interferes with the
reaction in the manner indicated, the increase of the coefficient will always occur
when the tension of steam formed is equal to the maximum tension of aqueous
vapour at the temperature of the eudiometer. Some of the mixture containing 734
parts of carbonic oxide and 266 parts of hydrogen in 100, was exploded under 400
millims. pressure and at different temperatures with the following results.

TaBLE XXXIV.—Pressure = 400 millims.

Before the explosion. After the explosion.
Refﬁrence Temp. @
o . . .
) Carbonic . Carbonic Carbonic . .
Oxygen. o;i o, Hydrogen. oxide. i, Hydrogen. | Steam.
°C.
108 176 734 26°6 54:0 196 10-7 160 40 41
109 v o ' 53'5 199 112 153 5_0 37
110 ” I ’ 535 199 11-2 155 100 37

In these experiments the tension of steam formed by the unimpeded reaction is only
The maximum tension of aqueous vapour at 50° is 92 millims. and at 40°
it is 55 millims. If condensation causes the increase in the coefficient, this increase
should not take place until the temperature is reduced below 50°.  The coefficient is
found to be the same at 50° as at 100°, whereas at 40° a distinct increase is observed.
When this same mixture was exploded under 1000 millims. pressure the steam pro-
duced had a tension of 153 millims., and at 60° where the maximum tension of aqueous
vapour is 149, the coefficient began to rise. These experiments also show that the
coefficient is the same whether the gases are exploded under 400 millims. or 1000
millims., provided that no condensation takes place.

Again, the same mixture was exploded under 100 millims. pressure at varying

62 millims.

temperatures.



IN GASES: HYDROGEN,

CARBONIC OXIDE, AND OXYGEN.

667

TapLe XXXV.
Before the explosion. After the explo-ion.
Reference - Temp. @
No. Oxveen Carbonic Hydrogen Carbonic Carbonic | 1Tydrocen Steam
yeen oxide. yarogen. oxide. acid. ydrogen. R
_ o)
111 176 734 266 535 199 11-7 148 16 34
112 ’ ’y ) 522 21-2 128 138 30 27
113 » " ’ 52-1 214 126 14-0 60 27
114 ’ ' ' 520 214 12-7 139 100 27

The maximum tension of aqueous vapour at 16°is 13} millims., at 30°it is 314
millims. ; the tension of the steam produced in the unimpeded reaction is 14 millims.
As the temperature is reduced from 100° to 30° no alteration is found in the coeffi-
cient ; at 16° the coefficient is distinctly raised. The constant coefficient under
100 millims. is lower than that under 400 millims.

From all the experiments made at various temperatures, it follows that when the
steam jformed during the reaction vs more than sufficient to saturate the space at the
temperature of the enclosing vessel, some of the steam is condensed on the sides of the
vessel during the progress of the chemical change.

By the removal of a portion of the steam during the reaction, more steam and less
carbonic acid are found after the explosion than if all the steam had remained as a gas
capable of reacting with the carbonic oxide.

When no condensation occurs, a change of initial temperature has no effect on the
division of the oxygen in the explosion.

Experiments on the “ critical pressure” at high temperatures.

In the experiments previously described, in which portions of a mixture were
exploded under increasing pressures at ordinary temperatures, it was found that the
ratio of carbonic acid to steam formed continually diminished until at about 400
millims. pressure it became constant. ‘' The lowest pressure at which the ratio became
constant varied in different mixtures. The larger the percentage of oxygen taken, the
lower the critical pressure was found to be. In these experiments, condensation of

H, O

In the temperature experiments last described, it was seen that this ratio varied with
the pressure when no condensation took place. To determine the amount of this
variation, and the ‘“ critical pressure,” with different mixtures, three series of explosions
were made under stccessively increasing pressures, at a temperature sufficiently high
to prevent any condensation of steam. In the first series a mixture of nearly equal
volumes of carbonic oxide and hydrogen was taken. 100 volumes of this mixture
were exploded with 154 volumes of oxygen at 80°. '

4Q2
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TasLe XXXVI—Temperature of Eudiometer = 80° C.

Before the explosion. After the explosion.
Reference Pressure. a
No. Oxygen. Ci;l;ngc Hydrogen. C?)l;l;gr;.ic Ca::;gr'\ic Hydrogen. Steam.
millims.

115 154 51-7 483 420 97 274 209 150 33
116 ” ' ” 421 96 267 21-6 200 36
117 ” » » 42-7 89 266 21-8 300 39
118 » » » 425 91 261 222 400 | 40
106 » 5 » 429 87 266 218 | 1000 | 40

This mixture would not explode when the spark was passed under 100 millims. or

125 millims. pressure.

to be between 300 mallims. and 400 mallims.

equilibrium 1s established.

At 150 millims. it exploded. The critical pressure s found
Below the critical pressure a different
The constant coefficient for this mixture is the same as

that for a mixture containing three volumes of hydrogen to one volume of carbonic

oxide.

From the experiments previously given the following table is made up.

TapLe XXXVII.—Temperature of Eudiometer = 100° C.

Before the explosion. After the explosion.

Co- -

Ref&r:nce ] . . . Pressure. | efficient.
) Oxygen. Cg;li)g:.lc Hydrogen. (Jz:[i)gg.w Ca;ggx.nc Hydrogen. Steam. a.

millims.

114 17-6 734 266 520 214 12-7 139 100 2-7
110 ’e ' ’ 535 199 111 155 400 37
98 ’ ’ 5 537 196 114 152 1000 37

This mixture exploded under 100 millims. pressure at 100°.

is below 400 millims.
Another set of experiments was made with a mixture containing about three times
To 100 volumes of the combustible gases, 158

as much hydrogen as carbonic oxide.
volumes of oxygen were added.

TasLe XXXVIIL—Temperature of Eudiometer = 100° C.

The “ critical pressure ”

Before the explosion. ’ After the explosion.
Co-
Reference . -
. . . Pressure. efficient.
No. Oxygen. Czt’:ti)g:lc Hydrogen. 1 Cz;l;gr:c Cs:(ggr.uc Hydrogen. Steam. a.
millims,

119 158 245 755 204 41 486 26-9 100 28
120 ’s ” ” 212 33 47-2 28'3 300 38
104 » ’ ’ 21-2 33 470 285 1000 40

The critical pressure is above 300 millims.
p
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Experiments were next made with smaller quantities of oxygen. To 100 volumes
of a mixture containing nearly equal quantities of carbonic oxide and hydrogen, 8-5
volumes of oxygen were added. Portions of this mixture were exploded under
increasing pressures at 90° C. The coefficient continued to increase as the pressure
was raised up to 2000 millims. of mercury.

TaBLE XXXIX.-—Temperature of Eudiometer = 90° C.

Before the explosion. After the explosion.
Refﬁrgnce Carbon Garboni Carboni Pressure. a,
’ Oxygen. 2;3:"’ Hydrogen. ';;igre‘?c ?ci?ll.uc Hydrogen. | Steam.
millims.
121 85 482 51-8 436 47 393 12:5 400 2:9
122 ” » ’ 439 43 391 12:6 800 | 338
123 ” ” ” 438 45 387 13-0 1000 33
124 . ” » 439 44 386 131 1500 34
125 s 5 " 44-1 42 390 12-8 2000 35

The critical pressure of this mixture is above 2000 millims. Another mixture,
containing 102 volumes of oxygen to 100 volumes of the combustible gases, was
exploded in a similar way under increasing pressures at 90° C. The coefficient con-
tinued to increase as the pressure was raised up to 2000 millims. ; but in each
case the coefficient was higher than under the same pressure with the lower pro-
portion of oxygen.

TaBLE XL.—Temperature of Eudiometer = 90° C.

Before the explosion. After the explosion.
Refl?:nce ‘ ) . Pressure. a.
Oxygen. C:;?g:lc Hydrogen. Cz;li)gzjc Ca;:)ic&x‘nc Hydrogen. | Steam,
millims,
126 102 532 468 47'1 61 325 14-3 400 34
127 ’ ' ’s 47°3 59 321 146 1500 36
128 ' ’ o 475 58 321 14-7 1750 37
129 ” ’ 5 476 57 32:1 14-6 2000 38

"The critical pressure of this mixture is above 2000 millims.
A third mixture with rather more oxygen was exploded in a similar way.



670 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE

TaBLe XLI.—Temperature of Eudiometer = 90° C.

Before the explosion, After the explosion.
Ref;;‘:nce . . . Pressure, a.
’ Oxygen, Cﬁ;?g:.]c Hydrogen, ci;b.lgléfc Czr(l::%rjlc Hydrogen. | Steam.
millims.
130 115 467 533 411 56 357 17-5 400 36
131 » ), ” 41-3 54 356 17-7 600 38
132 . . . 414 53 355 178 800 3-9
133 1 ’ ’ 414 53 354 17-8 1000 39

The “ critical pressure ” of this mixture is near 1000 millims.

From these series of experiments at a high temperature it appears that when the
proportion of oxygen is low, the division of the oxygen varies with changes of pressure
even beyond 2 metres of mercury. As the proportion of oxygen is raised, the point is
sooner reached at which no further increase of pressure affects the result. In these
experiments no condensation of steam was possible during the reaction.

These experiments also show that a variation in the quantity of oxygen from 11'5
to 154 (for every hundred of the combustible gases) has no effect on the coefficient a.
According to HorsTMANN this coefficient varies from 3'8 to 5'6 when the proportion of
oxygen is increased from 10 to 15 parts for every 100 of combustible gases. In the
following experiments larger proportions of oxygen, increasing from 175 to 386 parts,
were exploded with a mixture containing three of carbonic oxide to one of hydrogen.

In each case the explosion was made under a pressure of 1000 millims. of mercury.

Tasre XLII.
Before the explosion, After the explosion.
Reference
No. Carboniz Carbonic | Carboni Temperature. *
Oxygen. g;i de_“ Hydrogen. oxige. acid. ¢ Hydrogen. | Steam.
°C

97 175 733 267 536 197 114 153 80 37
134 26'3 753 24:7 413 34°0 61 186 ' 37
135 27-2 757 2404 39'8 359 58 186 ' 36
136 305 753 2407 345 408 47 200 s 36
137 386 753 2407 206 547 2:3 22-4 Lo 36

The increase in oxygen from 17°5 to 386 for 100 of the combustible gases produces
only the slight change in the coefficient from 37 to 3°6.

According to HorstmaNnw, this change in the quantity of oxygen should be
accompanied by a fall in the coefficient from about 6 to 4°5.

With a mixture containing three times as much hydrogen as carbonic oxide a
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change in the quantity of oxygen added from 16 to 26 made no difference in the
coefficient, when the mixtures were exploded at 100° and above the critical pressure.
The following table contains the results of these experiments.

TaBLE XLIII.—Pressure = 1000 millims.

Before the explosion. After the explosion,
Reference - a
No, ’ ; $ ; : '
° Oxygen. Cg;‘{ggc Hydrogen. Cz;;l;g:}c Cd;(g?i?lc Hydrogen. | Steam.
104 158 24:5 755 21-2 33 470 285 40
103 173 240 76:0 204 36 44-4 316 40
139 259 24-5 755 17-9 66 304 451 40

With another portion of the third mixture, containing about 26 per cent. of oxygen,
an explosion was made under 1000 millims. pressure at 80° C. The tension of the
steam formed in the unimpeded reaction being 451 millims., and the maximum
tension of aqueous vapour being only 855 millims. at 80° it follows that condensation
of steam should occur during the explosion at the lower temperature. The coefficient
was found to be 42, a result which confirms the previous experiments made on
condensation.

TABLE XLIV.—Pressure = 1000 millims.

Before the explosion. After the explosion.
Refﬁ?nce . . . Temperature. a.
) Oxygen. oﬁ;?g:’c Hydrogen. Cg;?g::c Ca;:;(()il.nc Hydrogen. | Steam.
{
139 259 2405 755 17-9 66 304 ! 451 160 40
138 ”» 5 s 180 65 302 ' 453 80 42

When a dry mixture of carbonic oxide and hydrogen is exploded with 12 to 15
per cent. of oxygen, at a pressure greater than the critical pressure, and at a tem-
perature sufficiently high to prevent any condensation of steam, the coeflicient « is
found to be 4 when the hydrogen is equal to or greater than the carbonic oxide, but
37 when the carbonic oxide is three times the hydrogen. This difference I believe to
be due to the fact that carbonic oxide and oxygen, under the conditions of these experi-
ments, are incapable of direct combination, so that when the volume of hydrogen taken
is less than double the volume of the oxygen, there is present during a part of the
reaction an excess of oxygen chemically indifferent to the three other gases present—
steam, carbonic oxide, and carbonic acid.
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For instance, in the last three experiments of Table XL., where 17°5 parts of oxygen
were exploded with 73°8 of carbonic oxide,and 267 of hydrogen,there was only sufficient
hydrogen to burn at once 13'3 parts of oxygen ; now, supposing the hydrogen to have
been all burnt at once, then the other 42 parts of oxygen had to wait until the corres-
ponding quantity of steam, formed at first, had been decomposed by the carbonic oxide.
Of course the steam produced at first immediately began to react with the carbonic
oxide, but owing to the deficiency of hydrogen, the rate of formation of steam was
limited, during a considerable portion of the reaction, by the rate of formation of
carbonic acid through the double decomposition of steam and carbonic oxide. The
intensity of the reaction was thus diminished.

Now the presence of an inert gas, such as nitrogen, is found to affect the coefficient
o in the same way. To a mixture containing about three times as much hydrogen as
carbonic oxide and some 14 per cent. of oxygen, was added about two-thirds its volume
of nitrogen. When this mixture was exploded under 1000 millims. pressure at 100° C.,
the coefficient was found to be 3-2. A similar mixture without the addition of nitrogen
gave 4 for the coefficient under the same conditions.

TaBLE XLV.—Pressure = 1000 millims,

Before the explosion. After the explosion.
Reference Tempera- a
No. . . . ture. .
Oxygen. C?)':’iggfc Hydrogen | Nitrogen. Cig;g%‘:.c (’a;:l((’;‘“c Hydrogen. | Steam.
°C
104 Mixture without 159 245 75'5 .. 212 33 470 285 100 4.0
nitrogen . . .
140 Mixture with 16'5 24'5 755 72:0 20'5 40 463 292 100 32
nitrogen . . .

The diminution in intensity produced by the presence of the inert nitrogen favours
the formation of carbonic acid in preference to steam in the explosion.

If the fall of the coefficient from 4 to 3'7 is due to the presence of inert oxygen
during a portion of the reaction, it will follow that, so long as the oxygen employed 1s
not more than half the hydrogen, the coeflicient will remain normal whatever be the
proportions of carbonic oxide and hydrogen present ; but whenever the oxygen is more
than half the hydrogen the coefficient will fall. The change of the coefficient will not
be abrupt, but the chief gradient will occur at the point when the hydrogen is double
the oxygen.

This explanation can therefore be readily tested experimentally. Two mixtures were
made ; one of carbonic oxide and oxygen, the other of hydrogen and oxygen—both con-
taining the same percentage of oxygen. Varying proportions of these two mixtures
were brought together in the eudiometer and exploded at a high temperature, and at
a pressure greater than the critical pressure. It was found that when the hydrogen
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was more than double the oxygen, the coefficient was almost exactly 4 ; when the
hydrogen was just double the oxygen, the coefficient was slightly lowered, and when
the hydrogen was less than double the oxygen, the coefficient fell gradually from
4 to 36. In the following table the results of these experiments are tabulated,
together with one or two previous experiments which fit into the series.

TasLe XLVI.-—Temperature = 90°~100°. Pressure = 1000 millims.

Before the explosion. ' After the explosion.

Reference

No. Carbonic | Carbonic

oxide. acid.

Carbonic

Oxygen. |~ ride,

Hydrogen. Hydrogen, | Steam.

141 172 183 817 158 25

103 17-3 240 760 204 35

142 169 39-7 60-3 330 68 332 271 397

106 154 517 483 42:9 87 26'6 21-8 4-02

143 174 588 412 458 13-0 19-4 21-8 397

144 17-35 616 384 475 14-1 178 206 393

145 1735 660 340 500 160 153 187 381
98 175 733 267 537 19-6 114 152 3-67

146 167 792 208 57°9 21-3 88 12:05 3-68

147 16-6 843 157 603 24-0 64 925 361

49-9 318 398
447 31-3 4-03

Again, similar experiments were made with a smaller proportion of oxygen ; instead
of 17-4 parts of oxygen 124 were taken. With 174 parts of oxygen, the percentage
of hydrogen could not be reduced to 34 per cent. of the combustible gases without
lowering the coefficient, but with only 12'4 parts of oxygen the lowering of the
coefficient should only occur when the percentage of hydrogen is reduced to about
25 per cent.

The experiments agreed perfectly with the theory.

With 82 per cent. of hydrogen the coefficient was normal, with 28 per cent. it was
still nearly normal, with 24 per cent. it had fallen.

TaBLE XLVII.—Temperature = 90°. Pressure = 1000 millims.

Before the explosion. After the explosion.
Reference ; a
‘No. : o . .
Oxygen. C:g)&)gc Hydrogen. Cz;li)gxenc i Ca;‘l:i(:imc Hydrogen, | Steam.

148 1245 679 32:1 569 11-0 182 139 396
149 12-45 720 280 596 12-4 155 12-5 391
150 1245 761 239 62-1 14:0 129 | 110 377

The results of these two series of experiments are expressed graphically below. The
MDCCCLXXXIV. 4 R
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abscissee are parts of carbonic oxide in 1000 of the combustible gases, the ordinates are
the coefficients found.

The continuous curve is drawn through the coefficients given by the mixtures with 174
parts of oxygen. The vertical line shows the point where the hydrogen is just twice the
oxygen in the first series. The dotted curve is drawn through the coefficients given by the
mixture with 12'4 parts of oxygen. The vertical line shows the point where the hydrogen
is just twice the oxygen in the second series.

General conclusions.

1. BUNSEN’s original experiments on the incomplete combustion of carbonic oxide
and hydrogen are vitiated by the presence of aqueous vapour in the eudiometer.
Both HorsTMAXN’s experiments and my own show that no alteration per saltum
occurs in the ratio of the products of combustion.

2. A mixture of dry carbonic oxide and oxygen does not explode when an electric
spark is passed through it. The union of carbonic oxide and oxygen is effected
indirectly by steam. A mere trace of steam renders a mixture of oxygen and
carbonic oxide explosive. The steam undergoes a series of alternate reductions and
oxidations, acting as a carrier of oxygen to the carbonic oxide. With a very small
quantity of steam the oxidation of carbonic oxide takes place slowly. As the
quantity of steam is increased the rapidity of the explosion increases.

3. When a mixture of dry carbonic oxide and hydrogen is exploded with a
quantity of oxygen insufficient for complete combustion, the ratio of the carbonic
acid to steam formed, depends on the shape of the vessel and the pressure under
which the gases are fired. By continually increasing the initial pressure a point is
reached where no further increase in the pressure affects the products of the reaction.
At and above this “ critical pressure ” the result is independent of the shape of the
vessel. The larger the quantity of oxygen used the lower the « critical pressure ” is
found to be.

4. When dry mixtures of carbonic oxide and hydrogen in varying proportions are
exploded above the  critical pressure” with oxygen insufficient for complete com-
bustion, an equilibrium is established between two opposite chemical changes
represented by the equations
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(1) CO +H,0=C0,+H,

(2) CO+H, =CO +H,0
So that at the end of the reaction the product of the carbonic oxide and steam
molecules is equal to the product of the carbonic acid and hydrogen molecules multi-
plied by a “ coefficient of affinity.” This result agrees with HoRSTMANN’S conclusion ;
but HorsTMANN considers the coefficient to vary with the relative mass of oxygen
taken.

5. A small difference in the initial temperature at which the gases are fired makes
a considerable difference in the products of the reaction. This difference is due to
the condensation of steam by the sides of the vessel during the explosion, and its
consequent removal from the sphere of action during the chemical change. When the
gases are exploded at a temperature sufficiently high to prevent any condensation of
steam during the progress of the reaction, the coefficient is found to be constant
whatever the quantity of oxygen used, provided that the hydrogen is more than
double the oxygen.

6. The presence of an inert gas, such as nitrogen, by diminishing the intensity of
the reaction favours the formation of carbonic acid in preference to steam. When the
hydrogen is less than double the oxygen the excess of oxygen cannot react with any
of the three other gases present—carbonic oxide, carbonic acid, and steam—but has
' to wait until an equal volume of steam is reduced to hydrogen by the carbonic oxide.
The excess of inert oxygen has the same effect as the inert nitrogen in favouring the
formation of carbonic acid. _

The variations in the coefficient of affinity found by HomrstMANN with different
quantities of oxygen are due partly to this cause, but chiefly to the varying amounts
of steam condensed by the cold eudiometer during the reaction in different experi-
ments.

7. As the general result of these experiments, it has been shown that when a
mixture of carbonic oxide and hydrogen is exploded with insufficient oxygen for
complete combustion, at a temperature at which no condensation of steam can take
place during the reaction, and at a pressure greater than the critical pressure, an
equilibrium between two opposite changes is established, which is independent of the
quantity of oxygen taken, so long as this quantity is less than half the hydrogen.
Within the limits marked out above, the law of mass is completely verified for the
gaseous system composed of carbonic oxide, carbonic acid, hydrogen, and steam at a
high temperature.

The experiments described in this paper were made partly in the laboratory of
Christ Church, and partly in the laboratory of Balliol College, Oxford. I desire to
express my sincere thanks to Mr. A. G. VerNoN Harcourt and to Mr. W. Esson for
their constant help and advice in all stages of the inquiry, and to the Government
Grant Committee of the Royal Society for giving me the leisure and the appliances to

complete this research.
4 R 2
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APPENDIX.

1. In the following tables the actual numbers obtained in each analysis are given—
beginning with those summarised in Table VIIL of the paper—in which the pressure
~of the gases at explosion was observed. The first column gives the reference number.
In the three next columns the percentage composition of the gas is given, as deter-
‘mined by mixture or analysis previous to each experiment. The next two columns
give the pressure (P) and the temperature (T) of the gases just before the spark was
passed. In the seventh and succeeding columns are given the volumes reduced to
“cubic centimetres at 0° C. and 760 millims, before the explosion (V,), after the
“explosion (V,), after absorption with potash (V,), after addition of excess of oxygen
(V7), after explosmn (V"), and lastly after absorption with potash (V”,).



IN GASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 677

By the two explosions and absorptions a complete analysis of the mixture is made.
The second part of the operation not only serves to control the whole, but gives a
second independent value for the amount of hydrogen and carbonic oxide burnt in the
first explosion. By subtracting the quantity of hydrogen burnt in the second explo-
sion from the quantity of hydrogen originally measured, a number is obtained which
should be identical with the quantity of steam formed in the first explosion—if no
experimental error occurred. In the column under “% found” is given the quantity of
hydrogen burnt in the first explosion as directly determined by the contraction and
absorption; in the column under “% calculated ” is given the quantity of hydrogen burnt
in the first explosion as calculated from the quantity originally measured and that
found in the second explosion. The mean between these two numbers is taken as the
correct quantity of hydrogen burnt in the first explosion.

Exactly in the same way the mean between the found and the calculated quantity
of carbonic oxide burnt is taken as the correct quantity.

From the numbers given the entire analysis may be calculated out in the following

way :—
No. 1. ComPosIiTION of mixture.

Carbonic oxide . . . . . . . . 6710

Hydrogen . . . . . . . . . 2191

Oxygen . . . . . . . . . . 1109

100°00

VoruMmes reduced to 0° C. and 760 millims.

. Cub. centims.
Volume of mixture taken . . . . . . 825

,,  after explosion. . . . . . . 650

’ », absorption . . . . . . 551

, ,» addition of oxygen , . . 1614

. » explosion. . . . . . . 1240

» o absorption . . . . . . 7°83
First contraction =1'74=c¢ First absorption = '99=#%k
Second ,, =374=¢ Second ,, =4'57=F

By first explosion and absorption :—
Oxygen =%(c+%)='908, Hydrogen =%<c—- %): ‘83, Carbonic Qgide = 99

By second explosion and absorption :—

Hydrogen =%<c’ —Zi>

3 97, Carbonic oxide =4°57

Il

Total hydrogen‘ =180, Total carbonic oxide =556
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ComPosITION of mixture by analysis.

CO. . . 556 67°39
H,. . . 180 2182
0, . . . 91 11-01

8:27 10022

Then by calculation from the original mixture, 825 cub. centims. contain 5'54 cub.
centims. carbonic oxide and 1'81 cub. centims. hydrogen.

554 181
457 _ ‘97
97 k calculated ‘84 A calculated
‘99 k found ‘83  } found
‘98 mean £ ‘835 mean A
k98 117
—m—m—=" /
A 835
I
Reference Carbonic | , ’ , h b k
No. | Oxygen. oxide, /Bydrogen.| P. T. Voo | Vool Voo | Vioo | Vieo | Via found. ;:aazgg— W
millims.| °C. . i
1 11009 | 67:10 | 21°91 210 | 10°5 | 825 | 650 | 551 |16-14 [12:40 | 7:83 || 83 | -84 || 117
2 R , . . 97 ||11-26 | 8-87 | 7'58 | 17:06512-087| 5:940| 1-150| 1-195]| 1-17
3 . M " » | 1111 ||12:82 [10°10 | 858 [21:33 |1551 | 847 | 1:31 | 1-28 || 1-19
4 . ) . . 105 ||16:61 |13:10 |11°11 |21°51 |14:04 | 4-97 || 1-67 | 168 || 1-21
5 . . " , | 111 || 1704 1341 | 1184 [21°25 1863 | 432 || 1-73 | 174 || 1-21
6 " ” » . 103 ||28'61 1866 |1579 [28:88 |18-22 | 534 | 2:35 | 2:36 || 124
7 ” » » , | 108 || 81-25 |2471 | 20°81 | 8560 | 2154 | 478 || 806 | 3-06 || 1-32
8 ” " » 200 | 85 |[12:52 | 995 | 887 |1851 |12:82 | 602 || 1-19 | 121 | 133
9 1688 | 4960 | 38352 250 | 105 | 989 | 602 | 486 |11-40 | 785 | 4:08 | 2119 | 219 | -52
10 " R ' , 11071 |1061 | 645 | 522 |14'40 |10°58 | 657 || 236 | 285 | 53
11 » ” » ” 9:0 |[10770 | 658 | 528 1614 [1229 | 823 | 236 | 2:37 || ‘58
12 » ” » . 105 ||1119 | 684 | 555 |15'30 |11-28 | 7:02 || 2-47 | 249 | 52
13 . . ., . 98 ||8543 |21°75 |17-59 | 8852 |25°85 |12:63 || 778 | 784 || 55
14 . " » | 105 | 3854 {23:66 | 1911 | 8699 {2293 | 838 | 840 | 840 || -54
15 " » » N 95 ||36°83 [22:569 | 1821 |32:96 |19'53 | 562 || 8:03 | 8:03 | ‘545
16 1970 | 4102 | 3928 250 | 90 | 37-42 |19-445| 1532531594 19-834| 8656 10°61 | 1059 || -39
17 Y R R . | T4 (3252 |16°89 | 1333 | 2520 | 1504 | 525 | 9-28 | 925 || -385
18 . , N , 1 T9 ||11°026) 5724 4:512) 17-406| 13-974/ 10661 3-181] 8-146] 885
19 . . ” . 67 ||11°264] 5°836] 4:599| 16°960| 18'440| 10060/ 8-206 8204 °39
20 1970 | 4102 | 39-28 100 | 86 | 799 | 419 | 326 | 1520 1273 |1041 | 222 | 222 | 428
al » » » N 98 || 1564 | 834 | 644 12890 |1878 [14:29 || 423 | 4-22 || -453
22 12:86 | 6164 | 2550 75 | 65 || 6083 4580 8-712]13-990| 11-272| 8412| 679 -679| 1-27
23 R » R 100 | 56 || 8370 6321 5145/15-063|12:224| 8240 -974| 969! 1-21
24 " " " 125 | 64 ||1033 | 769 | 634 [19:65 | 15718 |10-14 | 1-310| 1-333] 1-01
25 " ” 150 | 65 ||12:47 | 9:21 | 765 |20°440 15:090| 8-976| 165 | 165 | -95
26 ”» ” » 200 | 58 |/18:80 |13'83 |11°53 |29:09 | 21°07 |11-84 || 255 | 2:514|| -92
a7 " " » 800 | 69 | 2468 [18°06 | 15714 |34:35 | 23:06 | 1166 | 344 | 3'46 || -85
28 » ,, " 425 | 70 | 34:528|25°177 21-189|38°090| 23-630| 6:350|| 4-00 | 4-922] -81
29 ” » » 600 | 64 | 49-069|85:826|80:165 49-530| 28'880| 4-340| 6-942] 6920/ -g2
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I. (continued.)

. h
Refle\rrg'nce Oxygen. Cix);l;g:.m Hydrogen P. T. Vool Veo | Vao | Voo | Vo | Vi fou}; a ;:aa%:s- %
millims. | °C.
30 12:29 | 63-31 | 2440 75 | 1567 | 6024 4666 3:81512:824/10047| 7060 622 -614| 1-36
31 ., . ) ., | 166 || 5479 4-276| 3-466/10°651) 8104| 5396| 532 -542| 146
32 . . . | 150 || 5884 4516| 3-673|13'25510:582) 7-744] -598| -588| 143
33 . . . Y | 143 || 6645 5158 4:206|15489|12:442| 9160 -674| -684| 138
34 . . . o | 140 || 6511 5083 412612292 9290, 6:082| -634 -657| 1-45
35 ,, Y . o132 || 6997 5411 441412468 9283 5841| 725 -731| 136
36 . M . Y | 142 || 6207 4800, 3-920{15:000|12:156| 9-084| -645| -643] 185
37 N . . o | 145 || 5758 4430 $602)15908|18-271|10:438| -606| -590| 1-37
38 N N . 100 | 144 | 9124/ 7071 576516118/ 11-926] 7442 933 -926| 140
39 " . . . | 138 || 9082 7-044| 5725|18:565|14-441| 10012 -919 -942| 1-42
40 . , . o148 || 997 73s7| 5998 20:051| 166151 11-956] -974| 979! 1-89
41 N . . 125 | 199 | 10214 7795 6487|2167 17-211| 12187 1160/ 1-146| 119
49 . . i ., | 149 | 10811| 7-874| 6'518|17-430|12:835 7-654] 1-171] 1-180|| 115
43 . , N 150 | 1571 | 12:575| 9587 '7-949|20-249| 14710| 8:356| 1-496| 1-493| 1-07
44 Y . 175 | 152 | 15'538 11738 9-811| 21-077|14-260| 6-405| 1-891| 1-874| 1-035
45 . . . 200 | 1571 ||1545 |11'63 | 975 |27-84 |21-15 |13-29 | 1-92 | 1-93 || 99
46 . . 250 | 150 | 20502 15-360| 12:920| 26-650| 17-836 7-327|| 2:610| 263 || 94
47 . . . 300 | 117 | 2774 | 2077 | 1751 |87'53 | 2561 |11-36 || 856 | 857 || 92
48 Y , ., 400 | 153 | 3300 | 2468 | 2080 | 8961 |25°42 | 8-43 | 425 | 425 || 915
49 » . . 700 | 149 | 5995 | 4483 (3785 | .. | .. 75 | .. -90
50 Y ., . 1000 | 15% | 8847 | 6289 |52:66 | .. .. 1081 -90
51 1899 | 5847 | 2254 75 | 188 || 6:100| 4-026| 2:615(10-359| 8572 6:399| -912| -908| 1-54
52 ) , . 100 | 182 | 9-080| 5920 390611445 8876 5568 1-435 1-487| 140
53 » ” , 125 | 162 | 10-193| 6562 4:877|15:889| 13110 9-339) 1-682 1-701| 1-29
54 . . . 200 | 126 | 1710810894 '7-349| 22:946| 18-420| 11-965] 2:961| 2-990 1-19
55 . . " 400 | 1877 | 3861 | 2468 |16:82 | 3786 |27-44 |12:82 | 667 | 6:632| 119
56 . ,, . 500 | 88 | 45°511]28-927|19-566|33:597|21-479| 4-337| 7936 7-892| 1-19
57 1229 | 6381 | 2440 400 | 180 |16:89 | 1259 | 1063 | 2266 |1545 | 679 || 221 | 2:20 | ‘905
58 N . . ., 95 || 17°730| 13-228| 11-205 21-528| 18-922| 4-759! 2327 2:810| -88
59 N N . 1000 | 104 | 17665 18:161| 11148 20-479| 12:916| 8-847| 2:332| 2-291) -89
60 . . . | 129 ||16:808| 12:568| 10-610| 22-475| 15-262| 6:656| 2-176| 2-160|| -92
|
61 806 | 6628 | 2566 125 | 11°3 ||11-992)10:665| 9-116|17:037|10-878| 3-426| -963| -955| 1-02
62 ,, . . 150 | 11+ | 18:020|10°950| 9-883| 20-488|13-265| 5769 1:028| 1-023|| 1-08
63 . . . 175 | 112 | 16'562] 13-032| 12:532| 24-638| 15463| 5913| 1-287| 1-316|| 1:09
64 . . . 200 | 125 | 17-262| 14531 13-074| 26-236| 16-673| 6-722| 1334/ 1-371| 109
65 . . ” 250 | 78 | 21°757|18-857| 16-527| 28-152| 15°099 8-393| 1-657| 1-682!| 1:09
66 , . . 300 | 86 | 25468 21-424| 19-820| 81-982| 17-816] 3-004| 1:995| 2-027] 1-04
67 . . . 400 | 145 ||32:85 | 2759 |24°97 |4678 [28-34 | 927 | 263 | 2:33 || 103
68 . . . 600 | 12:4 | 48700| 40780, 36820 .. | .. | .. | 3960 .. |l 1:00
69 . . . 1000 | 10:0 |{84'369|70'512] 63699 .o | .. | .. | 6966 .. ‘98
70 . . . . 80 (10342 8642 7-869| 16-421/10-708| 4-643| 876 -866| 90
71 » ” ” . 84 | 15004 12'526|11'379 23632/ 15374 6595 1+270| 1-270|| -91
2. The experiments 72 to 150 are given in detail in the following table. The last

column contains the coefficient found by dividing the product of the carbonic oxide and
steam molecules by the product of the carbonic acid and hydrogen molecules.
values of /» and 7’ in this column are the means between the found and calculated values
for the hydrogen burnt in the first and second explosion respectively ; and the values
of and & and %" are the means between the found and calculated values for the carbonic
The other columns are exactly similar to those in

oxide burnt in the two explosions.

the previous table.

The
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Experiment 72 is here given in full :—

CoMPosITION of mixture.

Carbonic oxide . . . . . . . . 7319
Hydrogen . . . . . . . . . 1436
Oxygen . . . . . . . . . . 1245

10000

Vorumzs reduced to 0° C. and 760 millims.

Cub. centims.

Volume of mixture taken . . . . . 22075
) after explosion . . . . . . 17:503
. ,» absorption . . . . . . 13836
" ,» addition of oxygen . . . 28:055
" » explosion . . . . . . 19:829
. ,» absorption . . . . . . 7357
First contraction =4'572=¢ First absorption = 3'667="F
Second ,, =8226=¢’ Second ,, =12472=F
k
0=1(c4-k)=2746 h:%{c —§}=1'826

/

, k
%{c —5}—_—1-327

Total hydrogen =3-153 Total carbonic oxide =16°139

4

ComposiTION of mixture by analysis.

CO. . . 16139 7312
H, . . . 3153 14-28
0, . . . 2746 12-44

22038 99-84

By calculation from original mixture 22°075 cub. centims. contain 16159 cub. centims.
carbonic oxide and 3:169 cub. centims. hydrogen :—

16°159 3°169

12°472 1:327

3687 calculated 16°159 1:842 calculated 2 3169

3667 found 3677 1826 found A 1'834

3677 mean k 12482 mean k&’ 1884 mean A 1'835 mean A’

W xh__12:482 x 1:834
kxI/— 3677 x1335

=467,
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I1.
. i )
Reference Carbonic| Hydro- ) , ’ / h . Eh
No. Oxygen- |~ xide. gen L. T Vo | Ve | Ve | Vi | Vieo | Vi, found. ]c:'zé’g' 74
millims.| °C.
72 12:45 7319 14-36 1000 | 156 (122075 |17-503 [13-836 (28:055 (19'829 | 7-357 | 1826 | 1848 | 467
73 12-44 6776 19:80 » 14'6 ||26°406 |20°198 (16501 |29°847 |19°806 | 5-178 || 2906 | 2:911 || 476
74 1240 5812 2948 2 18:4 16842 12-207 |10°556 22:259 |14'578 | 6476 || 2:540 | 2545 || 5°11
75 12-38 4596 4166 ' 13'6 ||17°057 {11-768 [10°716 {18-880 | 9°609 | 2:658 | 3180 | 8-176 || 513
76 12:36 3560 5204 » 15°2 ||19-116 |12-797 [12+026 24917 |12°957 | 6907 || 3:956 | 3:990 || 526
T 12:33 2642 61°25 “ 15°2 ||22°284 {14°612 (14-035 (30°214 {14:505 | 9:200 || 4-922| 4-942|| 514
78 1280 | 1180 | 7590 » 14'6 |[19-911(12-767 (12°563 |23790 | 7°050 | 4890 || 4:695| 4671 | 490
79 1508 7176 18-21 1000 | 184 |121°411 (16265 |11°677 |22+693 |15°898 | 5:171 | 1-901| 1-869 || 4'68
80 14-98 6785 17°18 9 184 ||15°347 |11°259 | 8:387 |21-983 |16°854 | 6-402 || 1-768 | 1735 5°09
81 1500 66°77 1823 ” 12+6 ||21°410 15610 {11-717 127°870|20°170 | 9-800 || 2:569 | 2'559 | 5:09
82 14-98 5855 26°47 » 186 ||15°070 {10°306 | 8257 |20-119 |14°498 | 7788 || 2:498 | 2-478 | 5:36
83 15-01 3908 4591 1 13:0 ||11°445| 7°018| 6+310{14-132| 8-412| 4°784 || 2715 | 2:667 || 522
84 15-01 3055 54-44 5 182 ||15:080| 8948 | 8-287(19-298 |10°827 | 6901 || 3-868| 3872 | 523
85 14-99 1348 7153 » 137 |118-222 110°283 | 9988 128-725 |10°917 | 8764 | 5-194| 5214 | 4'80
86 1381 | 6310 | 2309 1000 67 |[11-125| 8008 | 6°495 17:648 (18:412 | 7-909 || 1574 | 1'579 || 5°77
87 N N . ) 80 |[10:070 | 7241 | 5:882(15-617 [11°784 | 6790 || 1438 | 1-434 || 5-91
88 » » N 2 8-8 ||11°197 | 7-044 | 4-460(13°536 |10-810 | 6852 || 1907 | 1917 5-82
89 » » » » 80 ||13:527 | 8°510 | 5408 13-884 (10585 | 5821 || 2:311| 2306 || 5°82
90 14-08 60-80 2512 1000 3 []15°820|10°760 | 8762(22:147 (16°297 | 9-066 || 2:378 | 2:359 || 569
91 » » “ » 19 1112999 | 9209 | 7478 120-807 [15°791 | 9°687 || 1'948 | 1'956 || 5'15
92 . . . . 20 |15°063 [10681 | 863822925 |1'7:085 |10°030 | 2:240 | 2242 || 4-94
98 ’s ” » » 40 ||18903| 9:874 | 7°930 21385 |16°007 | 9°590 || 2:088| 2047 || 457
94 . . 2 3 60 |{10°640 | 7°635 | 6°060 [16°558 {12:351 | 7°490 || 1'480| 1489 || 3-83
95 1473 62+50 2277 1000 |—10 |[|11-127] 7763 | 6°170|22°010 |18'130 (12800 || 1-712| 1-724 | 708
96 » ” » ' 60 ||14-322 (10304 | 7963 |22:434 |17-096 |10-524 || 1-898 | 1-893 | 3-87
97 » »”» » 1 80 ||12-782| 9231 | 7:100 (16-358 [11-598 | 5°756 | 1'657 | 1°683 || 368
98 » » » 5 100 (|17:348 (12529 | 9°647 [21°508 (15°014 | 7-078 | 2252 2'269 || 8:67
99 15°02 5240 2258 » 120 ||19706 (14-207 {10°852 |24°429 |17-133 | 8143 || 2-548| 2582 366
100 1478 2044 6478 1000 0 ||15122 8779 | 8:435|21-536 |11:642| 8-888 | 4'114| 4-119 || 5-86
101 5 » 9 » 70 ||19:920 [11°685 (11°105 |24°746 |11-665| 8171 || 5300 | 5840 || 4-19
102 ,, . 5 » 80 |[15560| 9-137 | 8656 |17-571| 7:350 | 4:622| 4:121 | 4-173 | 4°03
103 » » 5 » 100 |[17°816 (10455 | 9°914 [19°244 | 7684 | 4°616 || 4-737 | 4859 | 3:98
104 1371 21°12 65°17 » 125 ||17-27410°671 [10°204 |19-706 | 7°616 | 4-449 || 4246 | 4°252 || 405
105 1342 4472 4186 1000 70 ||12°508| 8397 | 7°422(19°508 |12:975 | 8337 || 2:412| 2:425 || 4°12
106 9 » » » 80 |15°060{10°214| 9°061 [19-779 |11'763 | 6°156 || 2-846 | 2829 || 4'02
107 5 » s »” 120 ||13°462| 9-112| 8:084 {18286 (11171 | 6°186| 2557 | 2'558 | 4°01
108 15:02 62:40 22:58 400 40 7948 | 5685 | 4'356 |11-760 | 8:872| 5-223 || 1-062| 1-084 | 411
109 » 2 2 s 50 9:270| 6°679| 5117 (18047 | 9616 | 5-408 | 1-207| 1-209 || 867
110 »” » » . 100 8:281| 5961 | 4+565 18776 |10°738 | 6-981 || 1°081 | 1-097 || 874
111 1502 | 6240 | 2258 100 16 || 7-379| 5'362| 4089 12871 | 9574 6-217)| -920| 940 | 8:39
112 » » . » 30 8:362| 6:139 | 4°620|12-241| 9-081 | 58305 ;| -976| -989 || 267
113 » » " »”» 60 6611 | 4+844| 8627 | 9754 | 7-241| 4299 -772| -798| 270
114 . Y , o 1100 || 6:248| 4565 | 8-442 | 8:576 | 6:184 | 3:406| -733| 742 267
116 1842 4472 41-86 150 80 6987 | 4764 | 4165 (11456 | 7-730| 5190 1-249| 1-267 || 332
116 » ” ” 200 3 7°661| 5198 | 4556 11°477 | 7-429 | 4°628 || 1°428 | 1442 | 855
117 » » » 300 5 |110°385 | 7°058| 625216003 10510 | 6-662 | 1949 | 1-968 || 3-93
118 » » » 400 ,  |111'858| T°647 | 6755 (15353 | 9:417| 5238 2177 | 2:190 || 3'97
119 1371 21'12 6517 100 100 6:942 | 4:391 | 4:12514°100| 9-118| 7-876 | 1°612| 1617 || 276
120 » " » 800 » 9'988| 6°206 | 5910 (14'713 | 7702 | 5-863 || 2:423 | 2°448 | 385
121 788 | 44:47 | 4770 400 90 |13192(10632 10072 |15455 | 5:640| +356| 1520 | 1510 || 294
122 » » » 800 ,»  |[14:815(11°940 {11-840 |30°297 |19°280 |13-268 || 1717 | 1725 || 3-28
128 |, . " 1000 » |lz0-991| 8-788 | 8:346 [16-773 | 8668 | 4-247 || 1-321| 1:312 3-28
124 » » " 1500 » |{18830(10°678(10°130 |17°580| 7-798 | 2-398 || 1-585| 1:637 | 3-39
125 » » 1 2000 5 ||17°167(13:807 (13'1562 |25°171 [12:434 | 5459 || 2:022 | 2022 | 348
MDCCCLXXXTIV. 4 8
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II. (continued).

I

Reference , Carbonic| Hydro- - , I kh
No. Oxygen. |” vide. gen. L. T. Vo | Ve Voo | Voo | Ve | Voo puna, f:'égg- I

millims, | °C.

126 924 | 4833 | 4242 400 | 90 |{15'311(11-924 11:062 |21-223 11-200 | 4645 | 1971 | 1:098 || 8-38
127 . " " 1500 | -, [16°630 |12:889 |11°995 (21223 |10-390 | 8:246 | 2:196 | 2:214 || 3'63
128 ” . " 1750 | ., |17°010 13177 [12:286 |24-894 [13-804 | 6:479 || 2258 | 2:264 || 374
129 . . N, 2000 | ,, ||22'667 |17:543 |16:391 |20-567 |14-747 | 4:966 || 3-032| 2:996 || 3-84
180 1085 | 4189 | 4776 400 | 99 |17°914 (12250 [12:334 |28:801 [16:905 [10-297 || 2:804 | 2:829 || 857
131 N » ” 600 | , |14'591 (107785 10 079 |22:548 |12:886 | 7495 || 2:302| 2325 || 876
132 " . > 800 | ,, |12680| 9343 | 8742[18:014| 9-627 | 4931 || 2:024| 2:030 || 3:90
133 " ,, ” 1000 | ,, |18:828|13-874 1298123078 |10622 | 3637 || 8:005| 3021 || 3:93
134 21°18 | 5987 | 1945 || 1000 | 90 |19652|127712| 7-432 (19707 |15:087 | 8:667 | 2:867 | 2:883 | 369
135 2119 | 5963 | 1918 " s |[17840 |11°442 | 6:424 14555 |10-585 | 5-013 | 2:593 | 2:632 | 359
136 2396 | 5780 | 1894 ,, »  |17°807/10°945 | 5+379 [15°210 |11-930 | 7-224 || 2719 | 2755 || 364
137 27775 | b442 | 1783 » »  ||167757) 9-404 | 2:805|10-288 | 8574 | 6:087 || 2702 | 2708 || 3-62
138 2067 | 19442 | 5991 || 1000 | 80 |17168| 7501 | 6:607 |15°664 | 8302 | 5'841 | 6-143| 6-195 | 4-16
139 ” ” » » | 100 |16°777| 7:340 | 6°486 17°944 10676 | 8:281 || 5998 | 6:016 || 405
N,| 0,
140  [[382877| 1298 | 40°04 || 1000 | 80 |17-346 13143 (12:776 21-350 |14-020 |12:134 | 2:680 | 2:687 | 3:25
141 1466 | 1564 | 6970 || 1000 | 90 |[22:615(18-177 )12:677 [34-165 | 8:642 | 5:580 | 6:125| 6133 | 398
142 1433 | 3403 | 5164 ” » (19661 [12:291 {11148 [93:335 12:204 | 6:648 | 4532 | 4584 | 397
143 1463 | 50119 | 3513 . »  |[15°056 [10:047 | 8:381 [18:260 |11°609 | 57725 | 27784 | 2816 || 397
144 1470 | 5256 | 3274 . » 2387215787 [12:990 |26'522 16°467 | 6-997 || 4124 | 4°106 || 393
145 1479 | 5629 | 29:02 . »  |18578(12:880 [10-328 (21633 |14-054 | 6:121 || 2:948 | 2:083 || 3-81
146 1433 | 6783 | 17-84 . » | 21'868|16.501 [12:506 |20°879 [12:981 | 2148 | 2:246 | 2:247 || 3:68
147 1433 | 72:23 | 1344 ,, » | 20051 (16°282 [11:978 (21008 |14740 | 8:918 | 1'676 | 1°645 | 3'61
i
148 1107 | 6035 | 2858 | 1000 | 80 |20600|15°769 (13760 |28-151 |17:927 | 7-508 || 9:551 | 2:547 || 8:96
149 1106 | 6402 | 24:92 ” » 20885 (16:243 |13-042 |23-82518-978 | 2:900 || 2-328 | 2:331 || 391
150 1106 | 6769 | 2125 " » 18417 14581 |12:297 (22754 |14°488 | 4:316 || 1796 | 1794 | 877

Note on the preceding Paper.
By W. EssoN, M.A., F.R.S., Fellow of Merton College, Oxford.

IN January, 1882, Mr. Dixon sent to me the results of the experiments recorded on
p. 659 of the preceding memoir, and asked me to discover if I could the relation
between the guantities of the gases at the beginning and end of the explosion. The
facts already discovered by Mr. DixoN (1) that the union of carbonic oxide and
oxygen does not take place except in the presence of steam, and (2) that carbonic
oxide 1s oxidized by steam at a high temperature, led me to conjecture that the first
effect of the explosion was to combine all the oxygen present with the proper amount
of hydrogen to form steam. An action was then set up between the steam and
carbonic oxide resulting in the formation of hydrogen and carbonic acid, and
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simultaneously a reverse action took place between the hydrogen and carbonic acid
resulting in the formation of steam and carbonic oxide. Finally an equilibrium was
established between the action and reverse action when the amount of each per unit
of time was equal to that of the other.

In a paper by Mr. HArRcourT and myself, communicated to the Royal Society in
November, 1865 (Transactions, Vol. 156, p. 217), it is shown that the amount of action
per unit of time between two substances is proportional to the quantity of each
substance. In the course of a hitherto unpublished investigation on the reaction of
hydrogen iodide and peroxide a case of equilibrium occurred in November, 1865,
precisely analogous to the present case, and admitting of the same explanation. The
two cases are represented by the following chemical equations

(1)

H,0,+2HI=2H,0+1,
9H,0+1,=H,0,+2HI

H,0+4+CO=H,+CO, } &

H,+C0,=H,0+CO

If in general A,, B,, A, B, are substances reacting according to the chemical
equation

A +B=A+B,,
Ay+By=A+B,

and if a,, ay, b, b, are the quantities of A, A, B, B, respectively in an unit of
volume, the amount of the first action per unit of time is aa,b,, and the amount of the
second action per unit of time is Bayb,, so that when equilibrinm is established
aa,b,=Ba,b,.

In the present case, if H,0, CO, H,, CO, represent the quantities per unit of
volume of steam, carbonic oxide, hydrogen, and carbonic acid respectively, the ratio of
H,0x CO to Hyx CO, is a ratio independent of the quantities of substance taking
part in the reaction, and depending only upon the conditions of temperature, pressure,
&c. In the experiments which Mr. Dixox submitted to me this constant is 5, and on
p. 660 the numbers calculated on this hypothesis are compared with those actually
found.

The calculation of the steam and carbonic acid ultimately remaining after the
explosion of given quantities of hydrogen, carbonic oxide, and oxygen is effected in
the following way:—

Let a, b, ¢ be the original quantities of hydrogen (H,), carbonic oxide (CO), and
oxygen (O,) respectively, and @ the ultimate quantity of steam, then the ultimate

48 2
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quantities of carbonic oxide (CO), hydrogen (H,), and carbonic acid (CO,) are
vespectively b—2¢+x, a—x, 2¢—a, hence if H,O X CO : Hy X COy=p

w(b—2c+a)=p(a—x)(2c—x)
or
(p—1)*— {u(a+2¢)+b—2c} x4 2uac=0,

the lesser root @, of this quadratic is the amount of steam, and 2¢—a, is the amount
of carbonic acid after the explosion. In the experiments recorded on p. 659 a+b=100,
c=142, p=>5, and a has values varying from 16'4 to 86'54. The gunadratic in the
case of the experiment in which ¢=28654 is

42*—558'16x4121156=0

the lesser root of which 1s 26°89.
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prominences bb.-over wh indiarubber

 tubes are slipped .
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. Body of Tap.
. Barometer tube surrounded, at lower end with

indiarubber rings b, these are compressed by
the collar b* ond the nut b?

. Glass tube surrounding boarometer, it stands on
the brass tube ¢’ the Jont being maode with tndia-
rubber c? bound With copper wWive. :

. Union joint conmecting iron tabe with body of tap
the tube carries aflange d' and by means of w
nub, is pressed. against the leather washer d*

. Joint stmilar to D.

Slot and screw to allow the ‘]oint.D to be made or
unmade, without disconnecting B. and E.

eE
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ELEVATION OF TAP.

showing tn section the wosher and
screw, which keep it in place.

SECTION OF TAP
throngh a.b.

Scale of Inches.

West, Newman & C2 sculp?

To wmercury reservoir



