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ABSTRACT. Part I : With a view to determining the heat of formation of nitrous oxide 
by means of a direct decomposition into its elements, the conditions of initiation and of 
pressure under which this action will propagate itself progressively and explosively 
through the gas has been examined. Part I1 : The heat of formation of nitrous oxide has 
been directly measured, use being made of this explosive thermal decomposition. The 
figure obtained is 19-52 f 0.1 Cal./mol. at constant pressure. Part 111: A simple method 
is given for comparing the values for two gases of the product pressure x volume, and is 
applied to the measurement of this product at pressures between IO and 45 atmospheres 
in the cases of nitrous oxide and of carbon dioxide. 

PART I:  T H E  DECOMPOSITION OF NITROUS OXIDE 

BY H. R. AMBLER AND T. CARLTON-SUTTON 

T has long been known that nitrous oxide can be decomposed by heat, and that 
a burning body will decompose it progressively if the combustion is sufficiently I hot. Berthelot(’) effected the decomposition of nitrous oxide by compressing it 

very suddenly to 1/5oo of its original volume. A less drastically applied compression, 
however, had little effect, although it was sufficient to initiate the explosion of a 
mkture of hydrogen and oxygen(’). M a q ~ e n n e ( ~ )  stated that when 0.1 g. of mercury 
fulminate was detonated in one atmosphere of nitrous oxide, the gas was decom- 
posed with sufficient violence to shatter the vessel in which it was contained. 
Houseman(4) stated that “when under pressure (e.g. in the saturated state) de- 
composition may be propagated throughout the entire mass of N,O with explosive 
violence; if the compressed gas has a temperature above the critical value (38.8” C.) 
this method of ignition”, i.e. ignition by means of heated iron or platinum wire, 
“seldom fails to cause explosion” ; exact figures and experimental details were 
lacking however. 

Our experience with this gas was not in accord however with the above state- 
ments, and a further investigation was undertaken. This has shown that decom- 
position is not propagated at pressures below 13 atmospheres but can be propagated 
at pressures above 13 atmospheres. 

When small quantities of lead azide were detonated in atmospheres of nitrous 
oxide at various pressures, it was found that the proportion of nitrous oxide de- 
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66-89 
05-85 

composed increased 
higher pressures the 
nitrous oxide itself, 
spheric pressure, IO 
IO atmospheres and 

4 
23 
41 

88 

rapidly with increase of the initial pressure, and that at the 
explosion was complete and was an intrinsic property of the 
For example, while decomposition does not occur at atmo. 

per cent of the nitrous oxide is decomposed at a pressure of 
, more than 99 per cent is decomposed at pressures above 

35 atmospheres. 
A simpler method of initiation was found in the fusing of an electrically heated 

platinum wire. The initiation was not due entirely to the energy supplied to the wire 
and the temperature attained by it, since the fusion of a wire in a low-voltage, low- 
resistance circuit of low inductance was not sufficient to cause explosion. Explosion 
was obtained, however, when the production of a spark on the fusing of the wire 
was ensured by either (i) the introduction of additional inductance and capacity, or 
(ii) an increase of the voltage above 20. The initial temperature was approximately 
20' C. throughout. 

As will be seen from table I. the Dressure which determines whether explosion 
is propagated lies between 12 and 15 atmospheres. 

Table I 

Initial pressure Number 
of nitrous oxide of I (atmos.) 1 determinations 

2 
5 
7 
IO 
I1 
I 2  
I3 
I 4  
I5 
30 
37 
42 
48 

Nitrous oxide decomposed 
(per cent) 

Extreme values I Mean values 

j 'I.. 
I :: 91-95 

91-93 92 I $93 

PART 11: MEASUREMENT O F  T H E  HEAT O F  FORMATION 
O F  NITROUS OXIDE BY DIRECT DECOMPOSITION 

BY T. CARLTON-SUTTON, H. R. AMBLER AND G. WYN WILLIAMS 

5 I. H I S T O R I C A L  

The measurement of the heat of formation of nitrous oxide has become im- 
portant in recent years on account of its being a datum in the determination of the 
specific heats of gases at high temperatures. Hitherto the heat of formation has been 
deduced from measurement of the heat produced when nitrous oxide reacts with 
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hydrogen or with carbon monoxide. Whichever of these reactions is used, some 
80 per cent of the heat measured comes from the oxidation of the combustible gas, 
h e  heat of formation of the nitrous oxide contributing the remaining 20 per cent; 
any error in the thermal measurement will therefore be magnified by about five. 

Figures which have been obtained for the heat of formation of nitrous oxide by 
these combustion methods are given in table 2. The present writers have also used 
these methods, employing pressures of about 50 atmospheres; the figures which 
have been obtained and the causes which have made the procedure unsatisfactory 
at these pressures are discussed in 9 4. 

Table 2. Determination of heat of formation of 
nitrous oxide by combustion methods 

Berthelot(5) 

Thomsen(@ 

Observer ~ 

Combustion with CO at constant 

Combustion with Ha at constant 

88.2 

86.3 

volume 

pressure 

Method Heat of reaction 
(Cal./mol.),, 

Combustion with CO at constant I Thomsen(6) I pressure 

Awbery and Combustion with CO at constant 1 Grfiths(7) I pressure 1 Fenning and I Combustion with CO at constant 
volume; pressure about 5 a m .  Cotton@) 1 Fenning and 1 Combustion with Hz at constant 
volume; pressure about 5 atm. Cotton(*) 

Deduced heat 
of formation of 
nitrous oxide 
(Cal./mol.),, 

- 20.6 

- 18*01 

- 17-47 

- 19'5 

- 19-75 

- 19-74 

During these investigations, however, it was found that nitrous oxide at a 
pressure of from 40 to 50 atmospheres can be made to decompose as a mild ex- 
plosive when initiated by about 0.5 g. of lead azide; on exploring further, it was 
found that the decomposition can also be produced by fusing a wire in the com- 
pressed gas, provided the applied voltage is sufficient to give an arc as the circuit 
breaks. The latter method has now been applied and will be detailed here. 

0 2. E X P E R I M E N T A L  

Method. Nitrous oxide at a pressure of approximately 42 atmospheres was 
exploded in a calorimetric closed vessel of stainless steel. The heat produced was 
measured according to a procedure developed in connexion with the calorimetry 
of propellants and with which measurements are habitually made to one part in a 
thousand(9'. Two mercury-in-glass thennometers(''), calibrated to O*OOIO C. and 
certified to 0*002O C.", were used. 

* N.P.L. Ref., Th. 13319. 
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The closed vessel contained initially nitrous oxide, which was found on analysis 

to be substantially pure, and finally a mixture which was found to correspond to a 
decomposition of 90-95 per cent of the original nitrous oxide. The measurement of 
the heat of formation depended therefore on the precise determination of the 
quantity and composition of these final products. T o  determine the mass of nitrous 
oxide decomposed, three possible methods were available : (i) weighing the nitrous 
oxide originally taken and determining the amount of nitrous oxide which remained 
undecomposed ; (ii) determining the total free nitrogen produced ; and (iii) deter- 
mining the total free oxygen produced. 

Method (i) is limited by the necessarily large mass of the containing vessel, which 
necessitates the use of a balance capable of taking a load of IO kg." It involves also 
a difficult and somewhat unsatisfactory determination of nitrous oxide in the final 
gases. AS nitrogen is habitually determined by difference, method (ii) also involves 
this unsatisfactory determination of nitrous oxide in the final gases. Method (iii) is 
free from these objections, in that the oxygen may be determined directly. The 
presence of nitrous oxide, however, seriously affects the accuracy of the standard 
methods of accurate measurement of oxygen-content hitherto employed. This 
problem has been investigated at some length therefore in this laboratory, and 
methods have now been evolved for measuring the oxygen-content of the initial and 
of final gases to within 0.1 per cent. 

The mass of nitrous oxide was approximately 15 gm. See table 6.  



Thermochemical properties of nitrous oxide I93 
The heat of formation has been calculated by each of the three methods. The  

most accurate figure, that given by method (iii), table 6, has been confirmed, table 7, 
by methods (i) and (ii) within the accuracy obtainable by these latter methods. 

Closed vessel. The closed vessel, illustrated in the diagram, was made of Stay- 
brite steel and had a capacity of 128 cm? The main seal 12 was made by means of a 
steel knife-edge and lead washer. The lead was protected from the action of the hot 
gases by the presence of two narrow annular passages, 0.015 in. and 0.005 in. wide 
respectively, through which the hot gases had to pass before reaching the lead; by 
this means the gases were sufficiently cooled, before coming into contact with the 
lead, for the lead to be unaftacked. Inspection of the seal after each experiment 
showed that no oxidation of lead had occurred. 

Water equivalent of calorimetric apparatus. The closed vessel was one of a 
number used in the calorimetric examination of propellants. When the water 
equivalent of these was being measured, the possibility of erroneous effects due to 
reactions between the gases and the steel surfaces was considered, and a diversity 
of methods were employed for the determination of the water equivalent under 
varied conditions. These determinations are summarized in table 3, and the effect 
of the reactions is seen to be inconsiderable. 

Table 3. Determination of water equivalent 

Method 

Firing I g. benzoic and salicylic acids .in 
IOO atm. of oxygen 

Exploding gaseous mixtures containing 
22 atm. CO, 11  atm. Na and 67 atm. Oa 
and determining the COa produced 

Comparing with standard vessel? by firing 
charges of cordite in an inert atmosphere 

Accepted figure. 

Water" 
equivalent 

(g.1 

3769 

3771 

3774 

377 1 

Number 
of 

determinations 

IO 

4 

4 

Mean 
difference 

from mean 

* Adjusted to water equivalent = 3 g. 

Nitrous oxide. Nitrous oxide of very high purity can now be obtained com- 
mercially; the gas used for these measurem'ents was stated by the makers, Messrs 
Coxeter, London, to be 99.995 per cent pure. A sample for analysis was taken from 
the closed vessel before firing, and tested for oxygen by a sensitive colorimetric 
method described elsewhere("). In no case was a figure greater than 0.05 per cent 
of the nitrous oxide obtained. This procedure served the dual purpose of checking 
the composition of the nitrous oxide and of showing whether any air had become 
mixed with it during the process of filling. 

Filling of closed vessel. At the beginning of an experiment, the closed vessel, 
containing I cm? of water1 and one atmosphere of air, was weighed. It was then 

The water equivalent of this vessel had been determined both electrically and by the com- 
bustion of carbon monoxide(9). 

1 In order to absorb the small quantities of higher oxides of nitrogen in the products. 
P H Y S .  SOC. XLVIII, I 13 
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evacuated and filled two or three times with nitrous oxide to about I O  atmospheres 
and the gas released. It was finally filled to about 45 atmospheres. 

Method of initiation. Decomposition was initiated by fusing at 50 volts a 
platinum wire 3 cm. long and 0.01~ cm. in diameter. The voltage could be lowered, 
however, if the production of an arc on fusing was assured by a strongly inductive 
circuit. The wire was attached by small grooves to two rods of Staybrite steel fixed 
to the head of the closed vessel. T o  fire the charge, the circuit was completed and 
the switch was kept in until, as was shown by an ammeter, the wire fused. 

In  blank experiments in which the nitrous oxide was replaced by nitrogen or 
oxygen, the heating effect (4 cal.) was insufficient to be clearly measurabIe even 
when it had been magnified by replacing the wire by two similar wires connected in 
parallel. When a system of smaller thermal capacity was used in the same way, 
however, rises of 0.004~ C. and 0.003~ C. were observed, the firing-currents being 
8 A. and 6 A. respectively. These rises corresponded to 8 cal. and 6 cal., i.e. to 
approximately one calorie per ampere. Since this quantity is a small proportion of 
the total heat, a correction at this rate has been considered adequate. 

Measurement of total gas. After each calorimetric measurement, the volume of 
the final gases was measured by connecting the closed vessel with an evacuated 
bottle and reading the rise in pressure. The bottle was one of a series of measured 
volume which are used regularly(") for measuring the volumes produced on burning 
propellants of various compositions. The volumes of the constituent gases were 
obtained by analysing samples taken separately from the bottle and from the closed 
vessel". 

Analysis of $nul products. Gases. Samples from the bottle and from the closed 
vessel were transferred to a gas-analysis apparatus already de~cribed"~). In the later 
experiments, (4) to (7), i.e. those from which the accepted result is derived, the 
oxygen-content was determined in two stages. First about 99.5 per cent of the oxygen 
was removed by absorption with solid phosphorus confined over mercury("), and 
next the remainder was determined colorimetrically by means of pyrogallol("). The 
accuracy of these methods has already been discussed('I). The measurements were 
made in duplicate or triplicate; the error in the figures given in table 6 for the 
oxygen-content does not exceed 0.1 per cent, and it is considered probable that it 
may be much smaller than this. In  +he earlier experiments (I), (2) and (3), the 
nitrous oxide and oxygen were determined by reduction with excess of carbon 
monoxide('2) combined with a density-measurement. 

On account of the highly oxidizing nature of the products of explosion, the for- 
mation of hydrogen or ammonia from water is precluded. For the same reason 
nitric oxide is absent. A small proportion of nitrogen dioxide ("peroxide") remains 
unabsorbed by the water in the closed vessel, and thus occurs in the gases in the 
bottle. It was determined by bubbling an aliquot part of the gas from the bottle", 

* The proportion of nitrous oxide remaining in the closed vessel was higher than that in the 
bottle, because the decomposition did not propagate past the narrow annulus at the bottom ofthe 
head, and also because on the release of the pressure some nitrous oxide which had been dissolved 
in the I ml. of water in the vessel was released. 

t This was done immediately after the gas-measurement. 
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e.g. about 2 litres, through weak hydrogen peroxide acidified with sulphuric acid, 
and determining the nitric acid so formed by the phenoldisulphonic acid method(14). 
The nitrogen dioxide did not exceed 0.3 per cent on the permanent gas. 

In view of the lack of any reliable direct chemical method for the determination 
of nitrous oxide, a physical method is preferred for the determination of this gas. 
The large proportional difference between the density of nitrous oxide and that of 
nitrogen or of oxygen makes the measurement of density a suitable method. The 
densities were measured by the method of direct weighing""' of the gas, with water 
vapour and nitrogen dioxide removed, in a glass bulb of approximately 600 cm? 
capacity, a similar bulb containing dry air being used as a counterpoise. The 
densities were accurate to & 0.002 g. per litre, corresponding to & 0.3 per cent of 
nitrous oxide in the gas. 

Non-gaseous residues in the closed vessel. The closed vessel originally contained 
I cc. of distilled water which absorbed the bulk of the higher oxides of nitrogen. 
The closed vessel was washed out with distilled water, and an aliquot portion of the 
washings examined for nitric acid by the Devarda method. In  some cases, check 
tests were made by the phenoldisulphonic acid method. Nitrous acid was shown by 
Griess tests never to exceed 1.5 mg. 

The closed vessel was then opened and washed out with water, and the nitric 
acid in the washings was determined. Further portions of the washings were tested 
for iron and for nickel, in order to check whether the walls of the vessel had been 
attacked by the nitric acid. The iron did not exceed I mg. in any case. Nickel was 
not detected; 0.03 mg. would have been detected. 

Checks on anaZysis. It was considered desirable at this stage to estimate in the 
final products the ratio of the total nitrogen to the total oxygen. Since the vessel 
originally contained pure nitrous oxide, any deviation from z of this value is a 
measure of the limit of reliability of the analytical procedure and the extent to 
which minor reactions, for instance with the walls of the vessel, may occur. 

As is shown in table 4, no consistent deviation has occurred, and the magnitude 
of the deviaticns observed is within the estimated limits of measurement. 

Quantities of substances present in  closed vessel after 
firing (cm? at n.t.p., molecular volumes being taken as Number 

experi- 
of 22.40 litres) 

Total N Total 0 
Ne0 NzOs NOz (as NJ (as 0,) -------- 

3 
4 

22 7482 3746 
7 4 7166 3586 

Mean 

Table 4. Balance of elements 

Ratio of 
nitrogen to 

Oxygen 

1'997 
2.004 
2.026 
2.003 
2.016 
1'997 
1.998 
2.006 
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Heat pro- 
duced (cal.) 

Substance Reaction per mg. of 
substance 

0.236 
- 0'037 

~ 

HNOs 
NO, 

zN, + 5 0 ,  + 2H,O = 4HN08Aq. + 59.6 Cal. 
Nz + 2 0 ,  = 2N0, - 3-4 Cal. 

Oxygen ab- 
sorbed per mg. 

of substance 
(cm? at n.t.p.) 

0.45 
0.49 

Table 6. Heat of formation of nitrous oxide 

(3) (4) (5) Number of experiment . . . 
Estimation of reactant nitrous oxide by 

measurement of resultant oxygen 

Mass of nitrous oxide (g.) 

sent (an? at n.t.p.) 

Initial : 

% oxygen 
Whence, free oxygen initially pre- 

8890 
128 

34.78 

19'4 
10310 

146 

30'9 
5'0 

64.1 
28.5 
12.5 
59'0 

3228 

0270 
0'039 

8890 
128 

D 0 ' 2 2  

20'0 
10883 

I54 

31.0 
4.6 

64.4 
28.2 
13.0 
58.8 

3417 

0'224 
0.009 

8890 
128 

01.36 

21'0 

10970 
156 

31.1 
5'0 

63'9 
30'3 
7'0 

62.7 
3459 

0.028 
0'220 

8890 
128 

00.84 

21.6 
10894 

I55 

31.0 
5'3 

63.7 
30.1 
8.2 

61.7 
3424 

0.024 
0' I48 

8890 
128 

98.72 

m.4 
10635 

151 

31.0 
5'8 

63.2 
29.0 
10.5 
60.5 

3341 

0148 
0.046 

Final : 
Volume of gas measuring bottle (cm:') 
Volume of closed vessel (cm?) 
Pressure of gas in bottle and closed 
vessel (cm. of mercury at 20' C.) 

Temperature (" C.) 
Whence, gas in bottle (a? at n.t.p.) 

gas in closed vessel (an? 

8890 
128 

87.26 

19.6 
9488 

I34 

30.8 
5'8 

63.4 
27.0 
18.0 
55'0 

2958 

0'220 
0'037 

3075 

0.2748 

at n.t.p. excluding water 
vapour) 

Percentage composition of 
gas from bottle 

Percentage composition of $o 
gas from closed vessel { Ni 

closed vessel (cm? at n.t.p.) 
Nitric acid in products (g.) 
Nitrogen dioxide in products (g.) 

Whence, Oxygen produced by decom- 
position of nitrous oxide 
(cm? at n.t.p.) 

and, Nitrous oxide decomposed (mol.) 

Whence free oxygen in bottle and 

Measurement of energy 
Temperature rise (" C.) 
Water equivalent (g.) 

Whence, total measured heat 

Correction for ignition current (cal.) 
Correction for nitric acid (cal.) 
Correction for nitrogen dioxide (cal.) 

Whence, energy evolved by decom- 
position of nitrous oxide (cal.) 

Hence, Heat of formation of nitrous 
oxide at constant volume (cal./mol.) 

(cal. =4'186 joules) 

- 2 0 . o ~  cal./mol. (from experiments 4 to 7) 

3368 

0.300~ 

3572 

0.318, 

3503 

0*31z9 

3431 

0.306, - 
1.6371 
3771 
6175 

3 
35 

6139 
-2 

1.465: 

5520 

12 

-1 

3767 

52 

5457 

1.679 

6332 

53 

3771 

2 

0 
6277 

1'7071 
3771 
6439 

9 
, 52 

6379 
-1 

I '672 
3767 
6298 

5 
35 

-1 
6259 

1'595 
3771 
6015 

3 
64 
-1 

5949 

- 20'0 - 19.8 - 19'7 - 19'9 - 20'0 - 20'0( 
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Mean 
Mean of (4) to (7) 

I97 

- 19'93 - 19.8, 
- 19'9s - 19-97 

$3. RESULTS 

The thermochemistry of the reaction is primarily that of the decomposition of 
nitrous oxide according to the equation. 

2N20 = 2N2 + 0,. 
It has been found that side reactions are few. These are limited to the formation 

of higher oxides of nitrogen and their absorption by water; the corrections applied 
for the energy and volume changes produced by them have been made in accordance 
with the constants given in table 5. 

Table 6 gives the results of seven successive experiments. Of these, numbers 
(4) to (7) are considered the more reliable because the oxygen figure was obtained 
by the direct and accurate method developed for the purpose, and because the 
general technique had become more familiar ; the value - 20.0, cal./mol. at constant 
volume has therefore been derived from these four experiments". 

Table 7 .  Heat of formation, reactant mass of nitrous oxide 
being estimated by alternative (less accurate) methods 

I Heat of formation (cal./mol.) at constant 
volume. Mass NzO estimated from Number of 

I expernnent I Weight and residual I Ne in products I N,O 
- 20'29 
- 19.8, 
- 19.6, 
- 19% - 19.8, 
- 19.8, 

- 20'37 

- 19.91 
- 19'74 
- 19'70 
- 19'97 - 19.8, 
- 20'08 
- 19'99 
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I c~nstan't pressuie 

54. D E T E R M I N A T I O N  O F  H E A T  O F  F O R M A T I O N  BY COMBUSTION 
M E T H O D S  A T  PRESSURES O F  ABOUT 5 0  ATMOSPHERES 

In the course of these investigations, the combustion in nitrous oxide of 

hydrogen and carbon monoxide were examined at pressures of about 50 atm., and 
one of us published an early value(15) obtained for the energy of the former reaction. 
Values for the heat of formation of nitrous oxide deduced from these two reactions 
were found however to differ by as much as I cal./mol., corresponding to I per Cent 
on the measured heats. 

A further investigation which was thereupon put in hand showed that thermo- 
chemical measurements involving the use of hydrogen in steel vessels at pressures of 
this order, while likely to give consistent results in any single series of measure- 
ments, may be misleading on account of absorption('62 ") (or in some cases emission) 
of hydrogen at the walls of the vessel. The behaviour of mild gaseous explosions of 
this kind is thus similar to what occurs when high explosives are detonated in closed 
vessels('*); in the case of the former, however, no effects which exceed I per cent of 
the measured value have been detected. In the estimation of the heat of formation 
of nitrous oxide in this way, I per cent on the measured heat of reaction corresponds 
with 44 per cent on the heat of formation, and the method becomes an unsatis- 
factory one. 

The mean figure obtained by using carbon monoxide (table 8) was substantially 
in agreement with the best results obtained by other methods; the variation between 
individual determinations was, however, considered unsatisfactory. 

Table 8. Heat of formation of nitrous oxide by explosion with carbon monoxide in 
calorimetric closed vessel. Approximate composition : NzO, 14 atm. ; CO, 
24 atm.; N,, 12 atm. 

1 Measured heat of re- I 87.2, 86.9, 86.8, 87.2, 87.21 87'48 86-74 I 

Mean - 19.4~ 

action I N20+CO=Na+COz I 1 Heat of formation of 1 -19.6, -19'30 -1g.2, -19.6, -19.5~ -19.8, -19'Ia I 
N,O (cal./mol.) at 
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PART 111: THE DEVIATION OF NITROUS OXIDE FROM 
THE SIMPLE GAS LAWS 

BY T. CARLTON-SUTTON AND G. WYN WILLIAMS 

The value of the product pressure x volume has been measured for nitrous 
oxide at pressures of I atmosphere and less by Rayleigh(Ig) and by Batuecas("). 
Values'of this product at pressures between 40 and 50 atmospheres were required 
in connexion with the measurement of the heat of formation of this gas. The 
method devised for this purpose measures the value of this product in tenns of that 
of a standard gas, and has the advantages that the measurements involved are simple 
and the apparatus required is such as may be found in any laboratory. 

To obtain a check on the general accuracy of this method, the values for carbon 
dioxide were measured in terms of those for nitrogen and compared with the 
classical values of Amagat("), table 9. In  view of the agreement thus obtained the 
method was considered suitable, and the measurements were extended to pressures 
lower than those employed by Amagat. 

Measurements were also made to obtain data for nitrous oxide in terms of those 
for nitrogen, and from these the deviation of the former gas from the simple gas 
laws has been deduced. 

For any mixture of dry gases, and subject to the restriction that the constituents 
must act independently in accordance with their partial pressures, the relation 
between pressure, volume, temperature and mass is given by 

m Zap Z - = v -  
M RT' 

where m is the mass, M the molecular mass and p the partial pressure of each con- 
stituent, v is the total volume, T the absolute temperature, R the gas constant, and 
U the deviation of each gas from Boyle's law expressed as the ratio of the products 
pv for the perfect and for the actual gas. 

A strong closed vessel of volume v1 containing a dry gas X at high pressure 
p,, and a large vessel of volume v2 containing dry air A at a low pressure Po are con- 
nected and the pressure changes to pz  when the contents have mixed isothermally. 
The total mass remains unchanged and the pressure-volume relations may be obtained 
by equating the two expressions for this quantity, X:m/M, which can be derived from 
the initial and final conditions. 

Initially the mass, Zm/M moles, is 
I 

&xa1Plvl +A%Po(go + V Z h  

where the generalized =alm signifies the deviation of gas X at pressure (PI-?,) 
and g, signifies the volume of the gauge and connexions at pressure p, . 

Finally, when the gases have mixed, the total pressure$, is composed of a partial 
pressure p, of air and a partial pressure (pz -p3) of the gas X ,  where 

A%$%/A%pO= (go + vZ)/(g2 + vl + %). 

Ps 
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The mass XmlM moles is then 
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(sa23 (Pz -P3) +aaSP3) (VI + v2 +gd, 
I 

Equating these two expressions for Em/&! we find that 

In a practical case whenp,= 113 atm.,p,= 1/3ooatm., vl= 128 cm?, v,= 16litres) 
and (gz-go)= I cmB, the second term on the right is less than 0.01 per cent of the 
first term and the remaining terms are still smaller. For such cases, therefore, all 
terms but the first may be neglected. 

If there is no diffusion of .air from the large vessel to the strong closed vessel, 
the final value of XmlM may be written 

I Lazo (PZ - PO) + X O ~ P ~ V ,  + xxzo (PZ -PO> (gz + 4 + A ~ P O  (gz + 92)) 

and equation (I) becomes 

. .  
A%O 

For this expression, also, all terms but the first may be neglected. In practice, 
xazo and xa23 are to a high order of accuracy equal, and the two expressions conse- 
quently become the same. The final values obtained by this method, therefore, are 
not affected by the amount of diffusion that takes place. 

The simple relation obtained by neglecting the small terms in equation ( I )  

involves two pressures p, and po which can be measured on an open mercury mano- 
meter, and one pressure p ,  which is too great to be measured conveniently in this 
way. T o  compare the values of xa1/xa23 with the corresponding values for a standard 
gas, however, no measurement of this pressure p, is required, since if the pressure 
can be reproduced (without measurement) in two experiments, the relation becomes 

x 3 /  xa,; Pz -Po V1+ vz +gz . . . . . ( 2 ) )  
xazs XG P,' -PO' * VI + 02 +gz' 

where the dashes denote that the quantities refer to the standard gas. 
The differences between g, and g,' have not exceeded v, x 10-4, and the second 

factor on the right-hand side has consequently been taken as unity. 
With considerable accuracy, therefore, xal/xa,, the ratio of the deviations at 

pressures p ,  and (pz-ps) respectively, is directly proportional to the measured rise 
in pressure in the small vessel. When, as in the present cases, the deviation X%S at 
low pressure is known, the deviation =al at any pressure p, can be measured in this 
way. 
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It is to be noted that equation (2) does not involve p,, the initial pressure in the 

large vessel. In  practice, this pressure has been adjusted so as to be the same for 
the.gas under test as for the standard gas; it has not been necessary to measure it 
directly since the condensation of the standard gas at pressure p ,  is given by the 
expression =%' (p2' -p3') v2/vl, and from the known properties of this gas the come. 
sponding value of p ,  can be obtained. 

To meet these requirements the following apparatus has been used: A strong 
closed vessel o1 of capacity 128 cc., designed for use in the calorimetry of pro- 
pellants; a large bottle o2 of capacity 16 litres, which had been carefully calibrated 
for measurement of the volumes of the gaseous products of explosives; a mercury 
manometer for the measurement of the pressures, p ,  and p 2 ,  less than one atmo- 
sphere; and an aneroid gauge which, while not measuring the pressure, enabled the 
vessel U, to be filled to the same initial pressure in each of a series of experiments, 

A complete series consisted of five experiments in which (i) nitrogen, (ii) carbon 
dioxide, (iii) nitrous oxide, (iv) carbon dioxide and (v) nitrogen were used suc- 
cessively. Agreement between the first and fifth and the second and fourth experi- 
ments has been taken as a sign that the indications of the gauge were satisfactory 
throughout the series. The results are given in table 9. 
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