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Second—The helium content of the gas tends to increase as the nitro-
gen increases, thongh no direct relation is observed.

Third—1In Kansas, lines of iso-helium and iso-paraffin content can be
traced across thie state and these follow approximately the lines of out-
crop of tlie various geological strata.

Fourth—A very wide variation in composition is noted in the gases
examined ; hydrocarbous varyimg from 15.00 per ceut. to g8.00 per cent.,

and helium from a trace up to 1.84 per cent.
LAWRENCE, KANSAS.
Angust 26, 1907,
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Introduction.

In a paper published about a year ago' a new method was described
for determining the ignition temperatures of gaseous mixtures and tlie
results obtained for mixtures of lhiydrogen and oxvgen were given in
detail, The ignition temperature was defined as the temperature at
which a gaseous mass wonld ignite if left entirely to itself for some time,
the catalytic action of thie walls of the vessel in whicl the gas was en:
closed being eliminated. The new method for determining these tem-
peratures consisted of instantaneonsly compressing the mixtures en-
closed in a suitable vessel. This compression raises the temperature of
the gas, and, if carried ont with sufficient rapidity, is adiabatic, no heat
being lost by radiation or conduction. The rise in temperature of the
mixtnre may then be calculated from the initial and final volumes of tie
gas, its initial temperature, aud the ratio of tlie specific lieats of the gas
at constanut pressure and constant volume. In compressing tlie mixtnres,
as soon as the temperature of ignition is reached there is a sudden reac-
tion (explosion), enough force beiug developed by the reaction to make
the determination of the final volnme of the mixture a comparatively
simple.natter as was shown in the first paper.

In the present paper, the results obtained by this method for mixtures
made up of carbon monoxide and oxygen ; liydrogen, oxygen and nitro-
gen; carbou monoxide, oxygen and nitrogen; and carbon mouoxide,
oxygen and hydrogen are given, and the results obtained before for mix-
tures of hvdrogen and oxygen coufirnied. In the resnlts given for mix-
tures of livdrogen and oxyger in the first paper a small correction was
overlooked, but this has been introduced here and will be discussed

later.
! This Journal, 28, I517.






F1G.



IGNITION TEMPERATURES OF GASEOUS MIXTURES 1537

Althougl there has been a considerable amount of work done on the
deterinination of the ignition temperatures of mixtures of hydrogen and
oxygen, there has been comparatively little with mixtures of other gases.
V. Meyer and Krause' found the ignition temperature of the mixture
2CO + O, to lie between 791° and 879° absolute, using the method of en-
closing the mixture in sealed bulbs which were plunged into baths heated
to definite temperatures, ‘They found the same ignition temperature for
the mixture 2H, 4- O,. (For adiscussion of this method, cf. first paper,
p- 1531.) Mallard and Le Chatelier,’ by passing the gas into a tube
heated to a definite temperature, found the ignition temperature of the
mixture containing 70 per cent. carbon monoxide and 30 per cent. oxy-
gen to be about 923°. They also found that diluting this mixture, as
well as the detonating gas mixture, with one of the active constituents
or with an inert gas, modified the ignition temperature only slightly.

Description of Apparatus and Method of Experimenting,

In the determination of the ignition temperatures of mixtures contain-
ing hydrogen and oxygen, two pieces of apparatus (I and II) of different
sizes were used. In the work to be described here, two new pieces of
apparatus (III and IV) entirely of steel, were constructed. Apparatus
111 is shown in Figure 1.

Apparatus IV is of exactly the same construction, only larger. The
general plan of all four is the same, and since I and II were described in
detail before, the cut of III and the dimensions of III and IV will suf-
fice here :

Apparatus II1. Apparatus IV.

Inner length of cylinder ......oovvcviviin ciiiin it 25.460 cm. 24.142 cm.
Inner diameter of cylinder, and diameter of piston head 2.580 cni. 5.078 cm.
Thickness of walls of upper portion of cylinder ...... .. 1.325 cnL. 1.278 cm,
Thickness of walls of lower (thickest) portion of cyl-

T 1= < 2.823 cm. 3.276 cm,
Distance from lower inner edge of iulet tube to bottom of

cylinder «ovvvenane crii i e 19.500 cm. 18.640 cni,
Thickness of steel at bottom of cylinder ............... 3.514 cm, 5.163 cm.
Length of pistoflee.veecene i i 37.688 cm. 36.405 cm.
Volume of gas measured at atmospheric pressure used in

each experiment «.....coovvie i i 10I.7 cC. | 377.5 cc.

With Apparatus I, 69.8 cc. gas were used, with II, 283.¢ cc.

The method of experimenting was essentially the same as used before.
The mixture was passed into the cylinder through a thin rubber tube"
passing through the inlet tube, E, the piston being clamped in position
so that the lower edge of the piston head was just above the opening of
the inlet tube. The air displaced passed out through the inlet tube

around the rubber tubing. Assoon as sufficient of the mixture had been
! Ann., 264, 85.
2 Annales des Mines (8), 4, 274.
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run in to ensure of the air being completely displaced, the rubber tube
was rapidly withdrawn, and the piston pushed down past the opening of
the inlet tnube. The lieight of the piston liead from the base was thien
measured, from which the initial volunie of thie mixture was calenlated.
To cause adiabatic comipression, a weight was dropped on the piston.
The device for accomplishing this is shown in Figure 2, which reqnires
no further explanation.

Apparatus IV is showu here ready for an experiment.

By the compression brought abont in this way, the piston was forced
down until the heat developed by the compression was sufficient to ignite
the gas, when an explosion occurred, the eutire mass of gas reacting at
once, and the downward motion of the piston stopped. From the posi-
tion of the movable ring, A, which was forced up as the piston de-
sceuded, the final volnme (2. .. the volume at the instant of ignition ), was
calenlated. The ring wasnade of fiber board and was clamped to the piston
rod by a screw by means of which it conld be tightened as much as was de-
sired. The piston head was furnished with two leather rings (as shown in
Fig. 1), which were renewed wlien necessary. Lanoline wasagain used as
Inbricant, and the two pieces of apparatus were as air-tight as Apparatns
IT had been found to be, The initiai temperatnre of the mixtnre was
taken to be the room temperatnre. The initial pressnre was alwavs
greater thau one atmospliere, and was calculated by dividing the distance
from tlie lower edge of the inlet tube to the bottom of the cylinder by
Ay, the initial height of the enclosed mixture.

The livdrogen used was obtained in cyvlinders from Ilimer & Amend,
and was mmade from ziuc and sulphuric acid.  The oxygen was prepared
by the S. S. White Dental Mannfacturing Company for medicinal pur-
poses, and was the purest obtainable. 'The carbon monoxide was pre-
pared by dropping formic acid (9o per cent. ! into concentrated sulphuric
acid, pure carbon monoxide being evolved in large amounts very conve-
niently by this method. When an inert gas (nitrogen: was nsed, air
was taken and the mixtures calcnlated on the assmmption that it cou-
sisted of 80 per cent. nitrogen and 20 per cent. oxvgen by volune.
Althongh this is not exactly true. the ignition temperature of a mixture
wliose coniposition varies at most 2-3 per cent., as is the case here, 1s
practically constant. ‘This is shown most clearly by the curves for the
-ignition temperatures of mixtures of livdrogen and oxvgen and of car-
bon monoxide and oxygen. The gases were mixed over water i a two-
liter graduated glass gasomieter, from which they were run directiy into
the cylinder, passing tlhirougl a small wash bottle containing water. In
this way the gas was always saturated with water at the ordinary temp-
erature.

Apparatus IIT was first constructed and used. then Apparatns IV was
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constructed in order to have as greatly differing amounts of gases to
work with as possible. It was found, however, that the mechanical
difficulties, which need not be detailed here, connected with the use of
the larger apparatus, due to the large mass of exploding gas and the con-
sequent violence of the explosion, resulted in so much time being taken
up for repairs, etc., that after the results shown in Tables 10and 16 were
obtained, after working two months, this apparatus was abandoned tem-
porarily, since the same results were obtained with Apparatus III, which
could be handled much more easily. With Apparatus III, a 22.7 kg.
weight was used, with Apparatus IV, a 31.8 kg. weiglt.

The distances were measured with a steel measuring rod graduated
directly to o.5 millimeters, and carrying a circular vernier with which
readings to o.or millimeter could be made. The initial height was read
to o.1 millimeter, and the fiual height to o.o1 millimeter. Although the
readings may appear to be more accurate than the method apparently
justifies, it was thonght best to make the actual experimental measure-
ments as exact as possible,

The experimental work was carried out in the laboratory of Professor
Charles E. Lucke, of the Mechanical Engineering Department of Colum-
bia University, and it is due to his aid in assisting to overcome the me-
chanical difficulties, and in having the repairs which were constantly
required made, that it was possible to proceed with this investigation as
rapidly as has been the case.

Calculation of Results.
The method of calculatihg 1s the same as already given. The formulas

used are:
T, __: (/zl>/e—1 and P _ (,}ll_y"
Tl }lu 2 hy /s
in which

T, represents the initial (absolute) temperature of the mixture.

T,, the ignition temperature (absolute).

4, the height in centimeters of the initial volume of the mixture
(heights may be used in place of volumes since the diameter is con-
stant).

i, the final height in centimeters of the mixture (at the ignition
temperature).

2., the initial pressure of the gas in atmospheres.

2., the pressure of the gas in atmospheres at the ignition temperature.

%, the ratio of tbhe specific heats of the gases at constant pressure and
constant volumie, taken asequalto 1.4 for the gases (H,, O,, CO, N,)
used.! Since these are diatomic gases, 4 is the same for all. This

brings up the question of a small error which was overlooked in the first
! The possible source of error introduced in this way will be discussed later.
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paper. ‘The gases are saturated with water vapor at the ordinary tem-
perature and are then compressed adiabatically. ‘Therise in temperature
produced in this way is the sae for the diatomic gases, but water vapor
being triatomic would uot be heated to such a temperature and wonld
consequently lower the temperature of the mixture. Since the gases
were saturated at the ordinary temperature (17°-23°) the amount of
water vapor present is perfectly definite and may be corrected for.
Since /4==1.29 for water vapor, the rise in temperature of the water vapor
as well as of the other gases present may be calculated, and since their
specific heats are known by applying the method of mixtures, the tem-
perature of the mixture at the ignition point may be calculated. This
ignition temperature would be lower than the one calculated on the as-
sumption that the water vapor had no effect on the lheating, but the dif-
fereuce is small. The correction will be applied in detail to one case.
The initial temperature being 293° (20° C.) the temperatures produced
by the same compression in a diatomic (£ = 1.4) and in a triatomic
(£ = 1.29) gas are:

L=1.4 k= 1.29
736° 571°
842° 630°
931° 678°

1009° 718°

For the mixture 4H, + O,, Table 1, the average ignition temperature,
omitting the correction for water vapor, was calculated to be 874°. The
temperature to which water vapor would be raised by the sanie compres-
sion is 647°. One cubic centimeter of the mixture contains c.072 mg.
H,, 0.286 mg. O,, and 0.0173 mg. H,0. Tle specific heat at constant vol-
unie of hydrogen at 874° in thousandths of calories is 2.75, of oxygen at
874°, 0.17, and of water vapor at 647°, 0.38.! By the method of mix.
tures’, the corrected ignition temperature of the mixture 4H, 4+ O, is:

(0.0173 X 0.38 X 647) - (0.72 X 2.75 X 874) + (0.286 < 0.17 % 8.74)
(0.0173 < 0.38) - (0.072 )X 2.75) -+ (0.286 < 0.17)

The method is exactly the same for the other mixtures. The cor-
rected final average results will only be given, however. The correc-
tions are small and of the same order of magnitude throughout.

Experimental Results.

Only the corrected results for Tables 1-8 are given. The complete

results will be taken up and discussed in groups after the possible sources

! Mallard and Le Chatelier, Compt. rend., 96, 1358.

! The cooling effect of the water vapor on the gases is of course exerted con-
tinuously from the beginning of the compression, but the final result is essentially
the same if the total effect is assumed to take place at tlie final volume, as has been
done in the calculations.

=:868°
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of error have been spoken of. The corrected values of T, refer to the
correction due to water vapor just explained.
TABLE 1.
4H, + O,. Apparatus I.
Corrected T, — 868.
TABLE 2.
2H, + O,. Apparatus [,
Corrected T, — 806.
TABLE 3.

H, + O,. Apparatus I.
Corrected T, — 781.
TABLE 4.
4H, 4+ O,. Apparatus II.
Corrected T, —- 887.
TABLE 5.
2H, + O,. Apparatus II.
Corrected T, — 814.
TABLE o.

H, + O,. Apparatus II.
Corrected T, — 79I.
TABLE 7.

H, + 20,. Apparatus II.
Corrected T, — 803.
TABLE 8.

H, 4 4 O, Apparatus II.
Corrected T, — 844.

TABLE gq.
2H, + O,.. Apparatus III.
3 hy Ty Te Fat 21
14.78 1.076 2go. 827, 1.32 51.7
13.48 1.004 291. 822, 1.45 55.0
13.31 0.994 2go. 819. 1.47 55.6
13.29 0.979 29I. 826, 1.47 56.6
Average ... ...... 823

Corrected T, — 818.

TABLE 10.
H, —~ O,. Apparatus IV.

G 2y T T, p2t .8
14.50 1.185 291I. 793. I.29 43.0
Corrected T, — 788.

TABLE 11.

H, 4 O0,. Apparatus III.

I &) T Tq 7 22
14.12 0.852 293. go1. .38 70.4
13.92 0.906 294. 877. 1.40 64.2
13.75 0.903 204. 874. 1.42 64.2

Average..coooeviains 884.

Corrected T, — 878.
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14.88,
14.48
14.31
13.86

13.33

7y

15.70
14.86
14.83
14.09
12.73

Ity

15.13
14.71
14.63
14.40
13.99
13.80
13.55
13.47
12.37

Ay

15.39
1535
14.68
14.49
13.87
13.85

Iy
14.88

14.25
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TABLE 12.
6CO + O,. Apparatus I11.
T T,

2 u

0. 669 280. 1000,

0.651 2971. 1006,

0.669 291. 491.

0.575 290, 1036,

0.637 2q0. 979.
Average...... ... 1002.

Corrected T, — gg4.
TABLE 13.
4CO 1 Q,. Apparatus II1.
A T, T,
0.900 290, gl0,

0.833 28g. 915,
0.837 290. 916,
0.869 292. Sgo.
0.740 . 28q. 02,

AVErige. vovenoannn. go7,

Corrected T, —- go:.
TABLE I4.

2 CO «+ O, Apparatus Il1.
fry w Ty
©.975 260, S6¢c.
0.891 292. 8g6.
0.960 290. 562,
0.878 290, 8S8.
0.go8 291. 869.
0.831 293. 893.
0.807 212, 903,
0.857 292, 867.
u.785 291. 877.

AVETage . cooneviennn 88a.

Corrected T, - §74.

TABLE 15.
CO - 0, Apparatus III.

/e Ty r,
0.860 288, g13,
0.9338 292. 593,
0.857 28g. gol,
0.861 2ge, Sg7.
0.825 290, S97.
0.782 2¢0. 916,

Average...... ... 903.

Corrected T, - Sg7.
TABLE 16.
CO 13, Apparatus IV,

b T Ty
0.811 28g. 923,
0. 827 2g2. 912,

A\*erage..,‘.. . ....-()IS,

Corrceled T, g1z,

.31

35

il alalin

1.41

Ly 3 N
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N
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£
100.8
103.8

99.1
121.4
103.1

67.9
74.0
73.3
68.1
8r.6

P
72.1
63.6
71.0
70.3
733
78.8

70.5
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hy

13.90
13.89
13.78
13.64

2

14.60
14.16
14.14
13.80
13.75

71

14.18
14.15
13.92
13.85
13.67

3

14.65
14.22
14.00
13.84
13.58

G\
14.27
14.16
14.10
13.95
13.90

TABLE 17.

H, + O, + N,. Apparatus III.
ke T T, P!
1.083 294. 816. 1.40
1.046 293. 824. 1.40
1,041 294. 826. 1.42
1.003 293. 832. 1.43

Average........ov 825,

Corrected T, — 820.
TABLE 18.

H, + O, + 2N,. Apparatus III.
Ry Ty Ty F 20
0.932 2g2. 860. 1.34
0.913 293. 8y7. 1.38
1.007 294. 846. .38
0.971 293. 847. 1.41
0.962 293. 849. I.42

Average.....ooouns 856.

Corrected T, — 851.
TABLE 1g.

H, 4+ O, + 4N,. Apparatus III
o T Ty 2l
0.863 294. gor. .38
0.808 204, 924. 1.38
0.802 204, 921I. 1.40
0.786 204. 926. I.41
0.815 294. go8. 1.43
Average . ...ov i, 916,

Corrected T, — gIo0.
TABLE 20.

2H, + O, + N,. Apparatus I1I.
hy T Ty 2
1.061 294. 840. 1.33
1.035 294. 839. 1.37
0.957 204. 860. 1.59
0.895 292. 873. I.41
0.953 294. 849. 1.44

Average. .ooovuiinns 832.

Corrected T, -- 846.

TABLE 21.

2H, + O, + 4N,. Apparatus III.
hq T Ty /
0.797 204. 930. 1.37
0.829 204. 915. 1.38
0.813 294. 921. 1.38
0.793 264. 926. I.40
0.736 294. 952. I.44

Average........ ... 929

Corrected T, — g22.

F2)
50.0
52.5
52.6
55.2

?2
58.5
63.9
55.7
58.1
58.7

F2
69.2
75.8
76.1
78.2

739

5
52.5
53.7
59.6
65.2
59.2

b2
77.5
73.2
75.1
77.4
87.3
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Iy
14.10

14.08
14.06
14.04

oy
14.26

14,18
13.90
13.85
13.2Q

2

14.03
13.90
13.78
13.28

n

14.05
13.72
13.22
12.95

n

14.12
13.96
13.63

13.37

2y

14.96
14.38
13.98
12.48
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TABLE 22,
H, - 20, N, Apparatus III.

Jry T Ty "

1.009 294. S44. 1.38
0.974 294. 836. 1.39
1.051 294, 830. 1.39
1.025 204, 833. 1.39

AVerage s ceverseann 842.
Corrected T, - 837.

TABLE 23.
H, + 20, - 4N,. Apparatus III.

ha T Ty 7

0.833 293. 913. .37

0.849 293. 904. .58

0.733 294. 944. 1.40

0.824 294. 909. 1.41

0.734 293. 931. 1.48
Average ............ 9

20,
Corvected T, - - g14.

TABLE 24.
2CC0 ~- 0, -~ N,. Apparatus III.

oy T, T, »
0.806 293. 919. 1.39
0.81g 293. gro. I.40
0.756 293. 9Q21. 1.42
0.719 2G93. Q41 1.47
Average...oviaonann 9

23.
Corrected Ty ~ g17.

TABLE 2s.
2 CO - O, - 2N,. Apparatus IIL

Jos T T 1

0.708 203. 968, 1.39

0.691 293. 968. .42

0.712 293. 943. 1.48

0.631 293. 981. I.51
Average . ceeeesiaees 965.

Corrected T, --- 958.

TABLE 26.
CO ~-- 0, - N, Apparatus IIT.

oy T, [ 5

0.691 293. 9S0. 1.38

0.689 293. 976. 1.40

0.621 293. 1008, .43

0.656 203. 979. 1.46
AVErage v e eerins 986

Corrected T, --- 97§,

TABLE 27,
CO -+ O, -+ 2N,. Appsaratus III.

L T T, 2

0.744 293. I1103. 1.30

0.496 2g1. I11g. 1.36

0.581 2g2. 1042. 1.39

0.441 292, 1112, 1.56
Average . s-voi e 1094,

Corrected %, 1085.

C/JUI.,b

% i G n

w L
N

(22 BRI
UL O
= PPy
10 = 00 N\D T

O 0"

SO0 LY e
<

OGSt ~1 ~1

91.0
93.3
88.1

103.4

18,0
99.3

e
134.9
151.2
119.8
168.4
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hy

14.53
13.96
13.94
13.34

gl

15.22
14.58
13.90
13.63

A

14.30
14.13
14.02
13.98
13.76
13.74

Ay

14.19
14.16
14.03
13.94
13.63

14.24
13.93
13.90
13.84
13.78

TABLE 28,

4CO — O, + N,. Apparatus III,
hy T Ty A
0.773 292. 944. .34
0.771 292. 930. I.40
0.789 292, 921, I.40
0.735 292, 93I. 1.46

Average......... r++932.
Corrected T, — 925.
TABLE 29.

4 CO + O, + 2N,. Apparatus III,
hy Ty To yat
0.819 292. g40. 1.28
0.787 292. 939. 1.34
0.733 292. 947. 1.40
0,692 292, g62. 1.43

Average... ... i 947

Corrected T, -— 940
TABLE 3o0.

H, + 0, + CO. Apparatus III.
ha T T, 21
1.081 204. 826, 1.36
1.075 204. 824. 1.38
I.104 294. 813. 1.39
1.093 204. 815. 1.39
1.075 204. 815. 1.42
I.10I 294. 807. .42

AvVerage . reeciiaien 817

Corrected T, — 812
TABLE 3I.

H, + O, -+ 2CO. Apparatus III.
hog T Te Pal
0.974 204. 858. 1.37
1.0I9 204. 842. 1.38
0.963 294. 858. 1.39
0.923 294. 871. 1.40
0.955 294. 851. .43

Average..oo.eiiiinn 856.

Corrected T, — 851.
TABLE 32.

H, + O, + 4 CO. Apparatus III.
e Ty Ty b
0.891 294. 8g1. .37
0.831 204. go8. I.40
0.822 294. 9rII, I.40
0.815 294. 913. I.41
0.852 294. 895. 1.42

Average............ g04.

Corrected T,. — 898.

be
81.6
80.6
78.0
84.6

)23
76.6
79.6
86.1
92.8

23
50.7
50.8
48.8
49.5
50.3
48.6

)23
58.5
54.8
58.9
62.6
50.1

2]
66.3
72.5
73.5
74.3
69.7
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TABLE 33.
2H, O, - 2CO. Apparatns [1I.

3 foy kE 2 P P

14.63 ©.883 294. go4. 1.33 67.9

14.18 0.921 293. 875. .38 63.2

13.91 0.562 293. Sg1. 140 68.8.

13.86 0.90I 293. 874. I.43 64.6

13.54 n.893 294. 372. 114 64.83
Average ..o aaan. 883,

Corrected T, — 877,
TABLE 34.
2H, - O, - 4 CO. Apparatus ITL

y Sy T Ty I b

14.19 ©.749 29, 954 1.37 84.5

14.09 0.756 293 944. 1.38 83.1

13.78 0.771 204. 932. 1.42 So.1

13.76 0.716 294. 959. 1.42 88.8

13.66 0.750 2g3. 936. 1.43 83.0
AVErage coeeeiuns 945

!

Corrected I, — 938,
TABLE 35.
H, -~ 20, 2CO. Apparatus I
T

it N T, . b y 2

14.02 0.942 293. S63. 1.39 61.0

13.98 0.857 263 S93. 1.39 69.6

13.597 0.947 2G5. 837 1.41 60.2

13.36 .91y 293. S67. 131 62.8

13.53 0.855 293. 593. 141 69.5
;\\'erﬂgc. B Y

Corrected T, - S6g,
TABLE 36
L, 20, - 4CO. Apparatus IIL

i Iy T Ty 14 I
14.42 0.845 292, gos. 1.35 71.8
13.98 0.895 292, b .39 65.4
13.91 0.844 2g2. Sg6. 1.40 70.9
Average............ Sg4.
Corrected T, -— S88.
TABLE 37
2 H, + 30, + 2 CO.  Apparatus I,
oy R RN Ty 7t Py
14.59 Los! 291, 834, .34 53.1
13.75 1.039 2g1. 318. 1.42 52.7
13.17 0.947 290, 531, 1.48 59.0
12.61 0.887 289. $36. 1.55 63.6
AvVerage ......o..an 330.
Corrected T, S23.

The initial temperatures of the mixtures can have no effect on their ig-
nition temperatures. This was shown in the first paper and the proof will
therefore not be repeated. The effect of the pressure of the gasin any
nmiixture ou the ignition temperature of this mixtnre is so slight, if it exists
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at all, that it could not be determined from the experinients. (This, of
course, refers directly only to the high pressures at which the ignition
temperatures were determined, but theoretically, as shown in the first
paper, the pressure should cause only small differences in these tempera-
tures).

Possible Sources of Error.

In discussing the possible sources of error, the method of calculating
is the first to suggest itself, as to whether it is justifiable to assume 4
equal to 1.4 between the ordinary temperature and the temperature of
ignition. Although the earlier work on this subject showed a consider-
able decrease in 4 with rising temperature, more recent work especially
by Kalahne' indicated a different result. Kalahne found, working with
air by the ‘‘resonance method ” that at 723° (450° C.) no decrease in £
could be observed, and that at 1173° (go0°C.) A=1.309, the decrease being
so small that only the most accurate measurements would show it.
There has been no recent work on hydrogen and carbon monoxide at
high temperatures, but the results obtained for air can doubtless be ap-
plied to them as well. It appears then that £ varies from a value
slightly greater than 1.40 to a value of about 1.395 for the temperatures
used here. Increase in pressure, however, increases the value of £
slightly, so that 1.4 differs from the true value of 4 as used in this work
by not more than o.1 per cent. The correction introduced by the water
vapor has already been spoken of and applied to the results. The igni-
tion temperatures are all affected equally by it.

In the compressions used in this work, there is a possibility of waves
of compression and reflection being set up in the cylinder during the
downward motion of the piston.” These waves would cause the temper-
ature of the mixture to be higher than that calculated by the ordinary
adiabatic formula. There is no expression which takes into account
these waves, which may be considerable, and if so, would invalidate the
results. The experimental results show, however, that this is not the
case. The initial height, % varied for the different mixtures and even
for the same mixture. The effect caused by the waves would differ
greatly for the different heights, if this effect was in any way large.
The experimeutal work, however, shows that no regular differences can
be perceived with different values of %,, so that this effect must be very
small. Whatever error is introduced iu this way, would make the cal-
culated temperatures slightly too low.

In dropping the weight on the piston, there is a possibility of the ex-
plosion not developing sufficient force to stop the downward motion of

! Ann. Phys., 11, 225 (1903).
?’The possibility of this and the following error were also pointed out to the
writer by Professor E. Jouguet.
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the piston immediately. ‘This has already been spoken of (cf. first
paper), and it was shown (in detail in Table 2), that dropping the
weight from different heights made no practical difference in the igni-
tion temperatures. ‘There remains the possibility of a small constant
error, hlowever. This would tend to make the calcnlated temperatures
slightly higher than thc actual ignition temperatures, that is, the error
would lie in the opposite direction from the former and would tend to
neutralize it, These two sources of error, if they exist at all, niust be
small and act in opposite directions, so that the effect on the ignition
temperatures as calculated is entirely negligible.

That there is uo radiation or loss of heat in any other way during
compression is true because tlie four pieces of apparatus differing so much
in size give essentially the sanie results,

Discussion of Results.

In the following discussion of results, when the ignition temnperature
of a mixture was determined in more than one apparatus, the average
resnlt obtained with the different sizes was taken. It is impossible to
state with Certainty that one piece of apparatus gave niore accurate
results than another, and in any case the resultsdiffer by such small
quantities that any other way of averaging would show no appreciable
difference. The numbers in parentheses refer to the tables which give
the details of the experiments.

TABLE A.
HYDROGEN AND OXYGEN,
Ty
4H, -+ Oy (I, 4, 11} evevvint i e 878
2H, = 0, (2,5, g)eevrvereraninii e, 813
H, + 0,(3,6,10) cvvuivrviiiinini i 787
H, + 20, (7) ererennnrirnaniiiian e So3
H, - 40, (S) ovvvnviiiii i ;844

Tle following curve (1) shows the ignition temperatures of the dif-
ferent mixtures of hydrogen and oxygen.

The fact that the maximum affinity is shown by the mixture H, + O,
proves that H,0, minst be the first product of the reaction between
hydrogen and oxygen. This was spoken of in detail in the first paper.

TABLE B.
CARBON MONOXIDE AND OXYGEN.

6 CO - 0, (

4C0 2- 0, (I3)eevn e 901

2CO F Oy (I4)eeeeveeiniiane i e S74
COF+ 0, (I5,I6)ceveer i, gog
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\ /Curre J
\_|

N

From the curve (II) and by extrapolation as shown in the dotted por-
tion, the ignition temperatnres of different mixtures of carbon monoxide
and oxygen can be determined.

The maximum affinity is shown by the mixture 2CO + O,, doubling
the carbon monoxide or the oxygen, causing the samerise in the ignition
temperatures of the resulting mixtures.

TABLE C.

HYDROGEN, OXYGEN AND NITROGEN.
T» (obs.) T (calc.)

H, + 0, + Ny(I17) cvvvvvnnnns 820 817
H, + O + 2N, (18) v evvnvnnnn , 851 847
H, + Oy 4+ 4N, (1g9) «vvvvrnnnn 910 907
2H, + Oy + N, (20) -vvvvnness 846 843
2H, + O + 4N, (21) «vvevivnns 922 933
H, +20, + Ny (22) <o oovnnen 837 833
H, + 202.-}-41\:2 (23)ceenevnnns 914 923

The values of T' (calc.) are obtained by means of the empirical equa-
tion :
(a) T =T. + 3zon,
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T denoting the calculated ignition temperatures, T, the ignition temper-
atures of the pure hydrogen-oxygen mixtures as obtained from Curve 1,

I

| $ | Curvelll

\]L/ i
[

and 7, the volume of the inert gas divided by the lesser volume,

of the two active constituents.
volunie inert gas )

(n_.. volunie of H, or O, (whichever is present in smaller amount).
Sinuce nitrogen acts only as an inert gas, the above equation (a) taken
in conjunction with curve 1, allows the ignition temperature of any mix-
ture of liydrogen and oxygen, alone or in the presence of an inert gas
to be calculated very simply. This equation does not say anything
about the limit of inflammnability, but such a limit must exist for the

mixtures containing a large excess of one of the constituents.

TABLE D.

CARRON MONOXIDE, OXYGEN AND NITROGEN.

T, (obs,} T {calc)
2CO -~ 0, - N, (24)vevenens g17 914
2CO 4 O, - 2N, (25)evvven 9358 554
CO - O, -+ N, (26)... ... 979 954
CO 4+ O, 42N, {27) o vvnnn 1085 1064
4CO+ 0,4 N, (28)..-00vnns 925 921
941

4 CO <4 0Oy - 2N, (29) ««vvnens 940
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The values T (cale.) are obtained by means of the empirical equation
(bh)y T = T, + 8ox'

in which T denotes the calculated ignition temperatures, T. , the igni-

tion temperatures of the mixtures without the inert gas as obtained

from curve II, and »’ = volume inert gas. ——  With the aid of

volume carbon monoxide.

curve IT and equation (b), the ignition temperature of any mixture of
carbon monoxide and oxygen, alone aud in the presence of an inert gas,
may be calculated up to the point where ignition is impossible,

TABLE E.
HYDROGEN, CARBON MONOXIDE AND OXVGEN.,
T (obs.) Tea (cale.) Ts (calc.)
H,+ 0,1+ CO(30) ¢evneen 812 817 984
H, + 0,4 2C0 (31) - 851 847 914
Hy, + O, +4CO (32) ------- 898 907 921
2H, + 0,4 2C0 (33) +----.. 877 873 954
2H, + O, +4CO (34) ----- - 938 933 %1
H, + 20, 4+ 2C0O (35) «----- 869 863 944
H, + 20, + 4CO (36) ++-..-- 888 923 894
2H, 4+ 30, + 2CO (37) .--..- 825 822 1030

The values under T, (calc.) were obtained from equation (a) and
cnrve I, assuming carbon monoxide to act as a neutral gas, under T}
(cale.) from equation (b) and curve II, assuming hydrogen to be neutral.
As seen from the table, the experimentally determined value agrees in
every case with the lower of the calculated values, indicating that the
ignition temperature is fixed by two of the constituents, the third simply
acting as an inert gas. This evidently holds also if nitrogen, carbon
dioxide, or auy other inert gas is present, so that to calculate the ignition
temperature of any mixture of hydrogen, carbon monoxide, oxygen,
and an inert gas, it is simply necessary to calculate first the ignition tem-
perature of the hiydrogen and oxygen, assuming the rest of the mixture
to be inert (curve I, equation (a) ), and then, to do the same with the
carbon monoxide and oxygen with the other constituents inert (curve II,
equation (b) ). The lower of these two temperatures will be the re-
quired ignition temperature of the mixture.

A number of experiments were tried with hydrogen and nitrogen,
nitrogen and oxygen, and carbon monoxide and hydrogen mixtures, but
in no case could any sign of a reaction having taken place under the con-
ditions described, be perceived.

Producer gas which is used in gas engines consists essentially of
hydrogen, carbon monoxide, oxygen, nitrogen, and carbon dioxide. The
results given in this paper show how the ignition temperature of any
such mixture may be calculated. A general discussion of this phase of
the subject would not be of much value without a large number of
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analyses of the gas and a complete acconnt of the working of the engine.

Sonie light may also be thrown on the causes of explosions in mines by
the results given liere,

Theoretical.

Consider a bimolecular reaction taking place in a homogeneous gaseons
system. Let » denote a definite volume of the mixture at the ignition
temperature, x the part by volume of one of the coustituents, » that of
the other (x 4 ¥ == »). Tlen, if v denotes the velocity of the reaction
at the ignition temnperature, and % thecorrespon ding velocity constant,

o o kay Ly (r - x) .

dv ’ 4
dx'———kx-{—k(r X)oexE and 1 == ,
or, for the velocity at the ignition temperature to bea maximuni, the two
constituents must be present in equal volumes or parts by volume, The
maximum velocity of reaction evidently corresponds to the greatest
affinity, or to the lowest ignition temiperature of a mixture containing
these two constituents. Conversely, if a mixture of two gases shows the
lowest ignition temperature wlen these gases are present in equal
volumes, the reaction between them inust be bimolecular. The lowest
ignition temperature for mixtures containing oxygen and hydrogen was
found for thie mixture containing equal volumes of the two gases. The
reaction between them is therefore one of the second order. Bodenstein'
measured directly the velocity of the reaction between liydrogen and
oxygen and concluded it to be trimolecnlar. but Rowe’ on recalculating
Bodenstein's results, found the constant to agree just as well for a
bimolecular as for a trimolecular reaction. He assunies, liowever, that
since hydrogen peroxide is decomposed with very great rapidity at higher
temperatures® it is incapable of being formed at all at these temperatures,
and that the reaction is therefore trimolecular The results obtained by
determining the ignition temperatures of the different mixtures of hydro-
gen and oxygen, show that the reaction must be bimolecular and that
hydrogen peroxide is the first product formed, although it may decom-
pose again immediately.

The ignition temperature corresponds to a certain definite reaction
velocity. If an inert gas is present, the velocity of the reaction between
the two gases will be less at the former ignition temperature, and a higher
temperature will be required to reach the required velocity and cause
ignition,

With the bimolecular reaction just cousidered, v == Ax(» — x) or with

1 Z. physik. Chem., 29, 665.
* Z. physik, Chem., 59, 41. In thereview of this paper in Chemical Abstracts

1907, 1662, owing to a printer’s error. " bimolecular ™ appears in place of * tri-
molecnlar, 7

* Nernst, Z. physik, Cliew., 46, 720.
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k7’
equal volumes of the gases present, x = -2, and v = — . Assumean
inert gas, occupying one-third of the volume » to be present. Then
x, = %, and for the maximum velocity 7, x, = ¥, = g Then

27 C .
v, = Ay, = /elxl(g — x1>. At the ignition temperature of the mix-

.. . k7 .
ture containing no inert gas, £ =%, and v, = o or the velocity of the

kv’
reaction with the inert gas present will be 4 thus | since 2+ =- 9; =4
9 v kP9
4

of the reaction velocity of the pure mixture at the ignition temperature
of the latter. To increase the velocity of the fornier until the velocity of
the latter (or ignition) is attained will require a rise in temperature.
Experimentally this was found to be 30° (equation (a)). A riseintem-
perature of 10° for this mixXture increases the velocity of the reaction by,
{/% , or the velocity coefficient is equal to 1.31 between the limits 787°
and 820° (the ignition temperatures of the mixtures H, + O, and H, -
0, + XN,

The effect of the pressure on the ignition temperature, whiclh must also
be considered, should be small according to the theoretical view developed
by Nernst.! This is born out by the experiments on any one mixture,
but it must be remembered that the final pressures, p, given in the tables
represent only an upper limit, since whatever leakage took place between
the time of enclosing the gas in the cylinder and of igniting it, tended to
decrease the value of p,, the initial pressure, and therefore also of 2,.
The effect of these pressures on comparing the reaction velocities of differ-
ent mixtures has been entirely disregarded in the theoretical treatmient,
but this effect would decrease the velocity coefficient for a 10° rise only
slightly, as the pressures at which the ignition temperatures were deter-
mined were high and with the exception of a few mixtures, of approxi-
mately the sanie magnitude.

Returning to the temperature coefficient of the reactiou velocity, the
following table shows some of the values calculated, together with the
ignition temperatures of the mixtures which show within what tempera-

ture liniits these valies hold :
Temperature coefficient Between the

per 10° rise temperature limits
(H, - O0,and H, + O, + N,) I.31 787. — 820.
(H, + 0, 4+ N,and H, + O, + 2N,) .21 820. — 85I.
(H, + O, + 2N, and H, + O, + 3N,) 1.16 851. — 880, (approx.)
(H, -- O, + 3N, and H, + O, - 4N,) .13 880. — g10.

! This Journal, 28, :519.
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The temperature coefficient decreases from 1.31 at abont 800° to 1.13
at about goo®. A list of tlie ratios of the velocities for a number of re-
actions at intervals of 10° is given by van’t Hoff.! These ratios do not
differ much for different reactions, and are alimost all hetween 2. and 3.
for temperatures uot far removed from: the ordiuary temperature. For
two reactions, however, tlie ratios are giveun for higler temperatures; for
the decomposition of pliosphine between the temperatures 583° and 785°,
the ratio per 10° rise is 1.2, and for the decomposition of arsine, the ratio
between 529° and 640° per 10° rise is 1.23. These temperature coeffi-
cients (or ratios) are very nearly the same as those fonnd for the reaction
between hydrogen and oxygen.

The effect of adding an excess of one of the active coustituents will
now be considered. If one of these (x) is present iu double the qnantity

] 27 r
of the other (y), then ¥ + ;= », but x = and y == and o,
’ 3 3

24k

b7 . . . . .
kxy = (-)‘---- (since the reaction is bimolecnlar). Applied to the

hydrogen-oxygen mixtures for equal volumes of hydrogen and oxygen
8

- 2,
o= 4, and therefore at the same temperature (4 == £%,), ,.;_ 0

For the mixtures H, «— O, and H, -+ O N, as shown before

PR

k7
k%— = V;L, a rise of 30° being sufficient to increase the velocity of z; so
4

. . v, . .
that it becomes equal to 2. The ratio of Ui is half as great as the ratio

v . . .
7)—‘ so that half the rise in temperature, or 15°, should equalize the veloci-

ties. With the mixture 4H, - O, or H, -~ 40, similarly v, = A,

AT 4'%372, and when 4, =#, - —I-é. Since 15° corresponds to
355 25 v 25

an increase in velocity of ;, to correspond to an increase of ,.;,95_’ 15 X
2

»2-»15- = 49° should be required. The calculated and experimentally
9

determined temperatures are as follows:
! Chewmical Dynamics, Translation hy Lehfeldt, p. 228
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Experimental Calculated

H, + 0, 787
H, + 20, 8o3.

2H, £ Op 83, [ it 802,
Hy +40, 8aa.y
JH, + 0, 88 } .......... e e 836.

The ignition temperatures of the mixtures containing an excess of
oxygen agree fairly well with the calculated ignition temperatures, those
containing an excess of hydrogen do not agree at all. In fact the mix-
tures containing an excess of hydrogen agree better if the hydrogen in
excess of that required to react with the oxygen is assumed to be inert,
the mixture H, + O, + 3H, corresponding to the mixture H, + O, +
3N,, etc. There is at present no explanation for this abnormality (from
the theoretical point of view) on the part of the hydrogen.! The only
certain feature appears to be the fact that an excess of hydrogen or
oxygen should affect the ignition temperature of the mixture H, + O,
equally which is not the case, and to judge from theoretical considerations
and from the experimental work, the cause of the abuormality is the
hydrogen. It must be borne in mind, however, that the methods of cal-
culating the ignition temperatures of different mixtures (Curve I, Equa-
tion (a)) based upon purely experimental work, hold true, even if the
theoretical views at present are not sufficiently developed to support the
conclusions arrived at from the experiments.

The same method of treatment may be applied to a trimolecular reaction.
Since the experimental data are at hand for the reaction between carbon
monoxide and oxygen, a reaction in which two molecules of one consti-
tuent react with one of another will only be considered, although, of
course, the reasoning may be applied to other cases as well. Let x repre-
sent the amount of the former substance present and y of the latter, both
measured as fractions of a definite volume 7, then the velocity of the reac-
tion at the ignition temperature will be (4 being constant for this
temperature) :—

v = kx'y = kX'(r — x),

dv . . 2
T = 2kx(r — x) — kx* == o, and x = o, or =r.
x = o has no physical significance, but for x = —z 7, v will be a

maximum. One substance must therefore be present in twice the quan-
tity (by volume) of the other for the reaction to proceed with the maxi-
mum velocity in a trimolecular reaction, and conversely, a reaction which
proceeds with the maximum velocity at any given teinperature when two

volumes of one substance react with one of another must be one of the

! Greater radiation from the mixtures containing a large amiount of hydrogen
cannot be the cause as the mixture 2H, + O, 4+ 4N, among others shows the same
relative behavior.

2
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third order. The reaction between carbon monoxide and oxygen wlere
the maximum velocity (or lowest ignition temperature) is shown by the
mixture 2CO + O, is trimolecular, and the reaction between liydrogen
and oxygen where the maximum velocity is shown not by the mixture
2H, 4 O, but by the mixture H, 4+ O, cannot be trimolecular.

The value of v at the ignition temperature for the mixture 2CO -+ O,

2 3
—2:; ) L= 4k If inert gas is added to take up omne-fourth

3 27
. . r\*r Lt
of the volume, the velocity will be z = £ )T e , or atthe

isv:/e(

L . 2 2
ignition teinperature of the first mixture, £, = 4, and - = 53— Atthe
v

same temperature the velocity of reaction of the mixture 2CO -:- O, +
. 2 . , . .
N, will be 6% as great as that of the mixture 2CO + O,. Experinen-

tally (equation (b)) it was found that a rise in temperature of 40° would
cause the same velocity for the former mixture as for the latter, ignition
being brought about then in botli cases. For a 10° rise, therefore, be-
tween the limitsof the ignition temperatures of these mixtnres, the tem-

|
perature coefficient is 4\/2-‘; := 1.24. For other mixtures the following
values are obtained :
Tewmperature coefficient Between the
per 10° rise temperature liniits

(2CO -+ 0, and 2CO - O, - N,) 1.24 874. — 917.

(2CO + O, -+ N, and 2CO - O, ~- 2N,) 1.13 917. -~ 938,

(2CO 4- O, = 2N, and 2CO - O, - 3N,) 1.14 958. — 1000 (approx.)

The temperature coefficient decreases from 1.24 at about goo® to 1.14
at about 1000°, values which are very close to those obtained for the
reaction between liydrogen and oxygen.

The attempt to apply these principles to mixtures of carbon monoxide
and oxygen containing an excess of one of the active constituents will
not be made here, as there are some apparently contradictory and inex-
plicable features in the ignition temperatures of these mixtures. For
instance, the ignition temperature of the mixture 6CO 4 O, is 9g94°, but
replacing part of the carbon nionoxide by nitrogen lowers the ignition
temperature so that for the mixture 4CO + O, + 2N, the value g40°
is found. An excess of carbon monoxide above a certain amount has a
negative catalyzing effect.

Bodeustein aud Ohlmer' found the same effect on measuring the
velocity of the reaction on quartz surfaces between carbon monoxide and
oxygen, an excess of carbon monoxide retarding the reaction. As shown

' Z. phiys. Chem., 53, 166.
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above, hydrogen appears to exert a similar negative catalyzing effect, but
not as pronounced, on the reaction between hydrogen and oxygen.

Conclusions.

The ignition temperatures of mixtures of:

Hydrogen and oxygen, carbon monoxide and oxygen, hydrogen,
oxygen and nitrogen, carbon monoxide, oxygen and nitrogen, and hydro-
gen, carbon monoxide and oxygen, were determined by the ‘‘adiabatic
compression method,’’ and the possible sources of error fully discussed.

It is shown how the ignition temperature of any gaseous mixture con-
taining hydrogen, carbon monoxide, oxygen, and an inert gas, may be
calculated.

The reaction between hydrogen and oxygen is shown to be bimolecu-
lar and between carbon monoxide and oxygen, trimolecular.

The velocity coefficient per 10° rise in temperature is calculated to be
I.31 at about 800° and 1.13 at about goo® for the reaction between hydro-
gen and oxygen, and 1.24 at about goo® and 1.14 at about 1000° for the
reaction between carbon monoxide and oxygen.

The reactions between hydrogen and oxygen in the presence of an excess
of hydrogen and between carbon monoxide and oxygen in the presence of
an excess of carbon monoxide do not follow the simple laws of chemical

kinetics.
ILABORATORY OF PHYSICAL CHEMISTRY,
July, 1907.
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INTRODUCTION.

The present investigation was undertaken for the purpose of obtaining
evidence regarding the nature of the process of electrical conduction in
metals. In order to indicate in what respect the solutions of metals in
non-metallic solvents are of especial importance in connection with the
problem of metallic conduction, it will be necessary to consider, briefly,
the experimental aspects of this problem, particulary in relation to the
methods to be employed in its attack.

To account for the electromagnetic properties of metals, especially for
the relation between electrical and thermal conduction, the electron
theory of metallic conduction has been advanced. According tothis theory,
the passage of electricity through a metallic conductor is effected by the
movement of charged carriers, the electrons, whose mass, relative to
charge, is many tiines smaller than that of the hydrogen ion, and whose



