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Ix the Second Part of these researches we have given the results of our experiments on
the difference between the temperatures of an elastic fluid on the high- and low-pressure
sides of a porous plug through which it was transmitted. The gases employed were
atmospheric air and carbonic acid. With the former, 0>0176 of cooling effect was
observed for each pound per square inch of difference of pressure, the temperature on
the high-pressure side being 17125. 'With the latter gas, 0>0833 of cooling effect was
produced per lb. of difference of pressure, the temperature on the high-pressure side
being 12°-844.

It was also shown that in each of the above gases the difference of the temperatures
on the opposite sides of the porous plug is sensibly proportional to the difference of the
pressures.

An attempt was also made to ascertain the cooling effect when elastic fluids of high
temperawure were employed ; and it was satisfactorily shown that in this case a consider-
able diminution of the effect took place. Thus, in air at 91°68, the effect was only
0°:014; and in carbonic acid at 91°-62, it was 0°-0474. '

In the experiments at high temperatures there appeared to be some grounds for
suspecting that the apparent cooling effect was too high; for the quantity of trans-
mitted air was very considerable, and its temperature possibly had not arrived accurately
at that of the bath by the time it reached the porous plug.

The obvious way to get rid of all uncertainty on this head was to increase the length
of the coil of pipes. Hence in the following experiments the total length of 2-inch

copper pipe immersed in the bath was 60 feet instead of 35, as in the former series.
" The volume of air transmitted in a given time was also considerably less. There could
therefore be no doubt that the temperature of the air on its arrival at the plug was
sensibly the same as that of the bath.

The nozle employed in the former series of experiments was of box-wood,—the space
occupied by cotton-wool, or other porous material, being 272 inches long and an inch
and a half in diameter. The box-wood was protected from the water of the bath by
being enveloped by a tin can filled with cotton-wool. This was unquestionably in most
respects the best arrangement for obtaining accurate results; but it was found necessary
to make each experiment last one hour or more before we could confidently depend on
the thermal effect. The oscillations of temperature which took place during the first
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part of the time were traced to various causes, one of the principal being the length
of time which, on account of the large capacity for heat and the small conductivity of
the box-wood nozle, elapsed before the first large thermal effects consequent on the
getting up of the pressure were dissipated. No doubt the results we arrived at were
very accurate with the elastic fluids employed, viz. atmospheric air and carbonic acid;
but we possessed an unlimited supply of the former and a supply of the latter equal to
120 cubic feet, which was sufficient to last for more than half an hour without being
exhausted. In extending the inquiry to gases not so readily procured in large quantities,
it was therefore desirable to use a porous plug of smaller dimensions enclosed in a nozle
of less capacity for heat, so as to arrive rapidly at the normal effect.

Various alterations of the apparatus were made in order to meet the new require-
ments of our experiments. A small high-pressure engine of about one horse-power was
placed in gear with a double-acting compressing air-pump, which had a cylinder 4} inches
in diameter, with a length of stroke of 9 inches. The engine was able to work the piston
of the pump sixty complete strokes in the minute. The quantity of air which it ought
to have discharged at low pressure was therefore upwards of 16,000 cubic inches per
minute. But much loss, of course, occurred from leakage past the metallic piston, and
in consequence of the necessary clearance at the top and bottom of the cylinder when
the pressure increased by a few atmospheres; so that in practice we never pumped more
than 8000 cubic inches per minute.

The nozle we employed will be understood by inspecting Plate XXVT. fig. 1, where
aais the upright end of the coil of copper pipes. On a shoulder within the pipe a perfo-
rated metallic disk (5) rests. Over thisis a short piece of india-rubber tube (¢ ¢) enclosing
a silk plug (d), which is kept in a compressed state by the upper perforated metallic
plate (¢). This upper plate is pressed down with any required force by the operation of
the screw f on the metallic tube gg. A tube of cork (%4) is placed within the metallic
tube, in order to protect the bulb of the thermometer from the effects of a too rapid
conduction of heat from the bath. Cotton-wool is loosely packed round the bulb, so as
to distribute the flowing air as evenly as possible. The glass tube (¢¢) is attached to the
nozle by means of a piece of strong india-rubber tubing, and through it the indications
of the thermometer are read. The top of the glass tube is attached to the metallic
tube 77, for the purpose of conveying the gas to the meter.

The thermometer (m) for registering the temperature of the bath is placed with its
bulb near the nozle. The level of the water is shown by #n; and 00 represents the
wooden cover of the bath.

When a high temperature was employed, it was maintained by introducing steam into
the bath by means of a pipe led from the boiler. The water of the bath was in every
case constantly and thoroughly stirred, especially when high temperatures were used.

The general disposition of the apparatus will be understood from fig. 2, in which A
represents the boiler, B the steam-engine geared to the condensing air-pump C. From
this pump the compressed air passes through a train of pipes 60 feet long and 2 inches
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in diameter, and then enters the coil of pipes in the bath D. Thence, after issuing
from the porous plug, it passes through the gasometer E, and ultimately arrives again
at the pump C. This complete circulation is of great importance, inasmuch as it permits
the gas which has been collected in the meter to be used for a much longer period than
would otherwise have been possible. A glass vessel full of chloride of calcium is placed
in the circuit at F, and chloride of calcium is also placed in the pipe at . A small
tube leading from the coil is carried to the shorter leg of the glass siphon gauge G, of
which the longer leg is 17 feet, and the shorter 12 feet long.

The thermometers employed were all carefully calibrated, and had about ten divisions
to the degree Centigrade. We took the precaution of verifying the air- and bath-ther-
mometers from time to time, especially when high temperatures were used, in which
latter case a comparison between the thermometers at high temperature was made
immediately after each experiment.

Atmospheric Air.

In the experiments described in the present paper, the air was not deprived of its
carbonic acid. It was simply dried by transmitting it in the first place, before it entered
the pump, through a cylinder 18 inches long and 12 inches in diameter filled with
chloride of calcium, and afterwards, in its compressed state, through a pipe 12 feet long
and 2 inches in diameter filled with the same substance. The experiments were princi-
pally carried on in the winter season; so that the chloride kept dry for a long time.
From its condition after some weeks’ use, it was evident that the water was removed,
almost as much as chloride of calcium can remove it, after the air had traversed three
inches of the chloride contained by the first vessel.
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Oxygen Gas.
This elastic fluid was procured by cautiously heating chlorate of potash mixed with a
In its way to the meter it passed through a

small quantity of peroxide of manganese.

tube containing caustic potash, in order to deprive it of any carbonic acid it might con-

tain. The same drying-apparatus was employed as in the case of atmospheric air.
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Nitrogen Gas.

In preparing this gas the meter was first filled with air, and then a long shallow tin
vessel was floated under it, containing sticks of phosphorus so disposed as to burn in
succession. Some hours were allowed to elapse after the combustion had terminated,

in order to allow of the deposition of the phosphoric acid formed.
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Carbonic Acid.

This gas was formed by adding sulphuric acid to a solution of carbonate of soda. It
was dried in the same manner as all the other gases.
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Hydrogen.

Our method in procuring this elastic fluid was to pour sulphuric acid, prepared from

sulphur, into a carboy nearly filled with water and containing fragments of sheet zinc.
The gas was passed through a tube filled with rags steeped in a solution of sulphate of
copper, and then through a tube filled with sticks of caustic potash. The rags became
speedily browned, and we therefore adopted the plan of pouring a small quantity of
solution of sulphate of copper from time to time into the carboy itself. This succeeded
perfectly ; the rags retained their blue colour, and the gas was rendered perfectly inodo-

rous, whilst at the same time its evolution became much more free and regular.
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Remarks on the Tables.

The correction for conduction of heat through the plug, inserted in column 6 of
Table I., and in column 7 of the rest of the Tables, was obtained from data furnished
by experiments in which the difference between the temperature of the bath and the
air was purposely made very great. It was considered as directly proportional to
the difference of temperature, and inversely to the quantity of elastic fluid transmitted
in a given time.

The 10th column of Tables II., III., IV., and V. is calculated on the hypothesis that,
in mixtures with other gases, atmospheric air retains its thermal qualities without
change.. This hypothesis is almost certainly incorrect, since it is reasonable to expect
that the effect of mixture on the physical character is experienced by each of the con«
stituent gases. 'The column is given as one method of showing the effect of mixture.

Effect of Mixture on the Constituent Gases—Although the experiments on nitrogen
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given in Table III. are not so numerous as might be desired, we may infer from them,
and the results in Table II., that common air and all other mixtures of oxygen and
nitrogen behave more like a perfect gas, . e. give less cooling effect than either one or
the other gas alone. We might expect the mixture to be something intermediate
between the two. But this does not appear to be the case. The two are very nearly
equal in their deviations from the condition of a perfect gas. Nitrogen deviates less
than oxygen, but oxygen mixed with nitrogén differs less than nitrogen!

In the case of carbonic acid, which at low temperatures (7°) deviates five times as much
as atmospheric air, we might expect that a mixture of CO, and air would deviate more
than air and less than CO,. This is the case (see Table IV.). Further, we might
expect the two to contribute each its proportion of cooling effect according to its own
amount, and its specific heat volume for volume. But do the mixtures exhibit such a
result? No! See column 10, Table IV., in which also note, under experiments 8 and-9,
the great diminution produced by the admixture of hydrogen.

If, instead of attributing to air and carbonic acid moments in proportion to their
specific heats, or 1:1:39, as we have done in column 10, we use 1: ‘7, we obtain more
consistent results. ' 4 ‘

Let 5 denote the cooling effect experienced by air per 100 inches of mercury, & that
by carbonic acid, and A that by a mixture of volume V of air, and V’ of carbonic acid ;
then we may take VeIV

= mV4+m'V

to represent the cooling effect for the mixture, where m and m' are numbers which we
may call the moments (or importances) of the two in determining the cooling effect for.
the mixture. The ratio of m to ' is the proper result of each experiment on a mixture,
if we knew with perfect accuracy the cooling effect for each gas with none of the other
mixed. Now for common air we have direct experiments (Table I.), and know the
cooling effect for it better than from any inferences from mixtures. But for pure CO,
we know the effect, for the most part, only inferentially. Hence, having tried making
m:m/ ::1:1-39 without obtaining consistent results, we tried other proportions; and,
after various attempts, found that m :m/:: 1:-7, for all temperatures and pressures
within the limits of our experiments, gives results as consistent with one another as the
probable errors of the experiments justify us in expecting. Thus, using the formula

VeV Xy

TV
we have, for calculating the effect for CO, from any experiment on a mixture, the follow-

ing formula.
8 ’ V4V xNA=Vs

_(
= Vix-q

Hence, using the numbers in columns 3 and 9 of Table IV. which relate to mixtures of
air and carbonic acid alone, we find
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TasLe VI
No. of Proportions of Temperature [Thermal effect| Deduced thermal
experiment. mixtures. of bath. for air. . |effect for pure CO,.
Alr. CO.,. o o o
1 6842  31-58 7+36 —88 —4-51
2 8916 1084 7-36 —88 —4-61
3 352 96-48 7-38 —+88 —4+46
4 62'5 375 741 —-88 —4-19
5 88:13  11-87 7443 —*88 —398
6 97:46 2:54 761 —+88 —3-89
16 1-83 9817 356 —75 —344
14 67-7 323 497 ) — 7 —3:04
15 8777 1223 49-76 — 7 —277
13 0-83 99-17 54 —66 —2:96
10 211 97-89 9352 —*51 —219
11 5678  43-22 91-26 —51 —2:21
12 7777 2223 9164 —51 —3+08
17 1-66 9834 97:55 —+49 —2:16
1 2 3 4 5

The agreement for each set of results at temperatures nearly agreeing (with one excep-
tion, No. 12), shows that the assumption m: ' ::1: -7 cannot be far wrong within our
limits of temperature.

[Received subsequently to the reading of the Paper.]

Application of the preceding results to deduce approximately the Equation of Elasticity
Jor the gases experimented on.

The ¢ equation of elasticity ” for any fluid is the most appropriate name for the equa-
‘tion expressing the relation between the pressure and the volume of any portion of the
fluid.  As this relation depends on the temperature, the equation expressing it involves
essentially three variables, which, as in our previous communications on this subject, we
shall denote by p, v, 2. Of these, p is the pressure in units of force per unit of area,
v'the volume of a unit mass of the fluid, and ¢ the temperature according to the abso-
lute thermodynamic system of thermometry * which we have proposed. ~As before, we
shall still adopt a degree, or thermometric unit, agreeing approximately with the degree
Centigrade of the air-thermometer; according to which, as we have demonstrated by
experiment f, the value of ¢ for the freezing-point is within a few tenths of a degree of
2737 (its value at the standard boiling-point being, by definition of the Centigrade
scale, 100° more than at the freezing-point).

Instead of, as in our previous communications, taking v and ¢ as independent variables,
we shall now take p and ¢; and we shall accordingly consider the object of the equation
of elasticity as being to express v explicitly as a function of p and . Whatever may be
the relation between these elements, the thermal effect, dY (reckoned as positive when
it isarise in temperature), produced by forcing the fluid in a continuous stream through
a narrow passage or porous plug by an infinitely small difference of pressures, dp, will

* Philosophical Transactions, 1854, p. 850. ' + Ibid. p. 852.
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he given by the formula

@ 'IJ m*uf& a‘;s

where K denotes the thermal capacity, under, constant pressure, of unit of mass of the
fluid. This formula may be derived from equation (15.) of our previous communica-
tion already referred to, by substituting p, v, and —% for P, V, and 0 in that equation,
changing to p and ¢, instead of v and 7, as independent variables, and differentiating
with reference to p. It is scarcely necessary to remark that a direct demonstration of
our present formula, founded on elementary thermodynamic principles, may be readily
obtained.

Each experiment, of the several series recorded above, gives a value for & d_’ which is

299218 to reduce from the

2114 °’
amounts per 100 inches of mercury to the amounts per pound per square foot. Now

by examining carefully the series of results for different temperatures, in the cases of
atmospheric air and of carbonic acid, we find that they follow very closely the law of

varying inversely as the square of the absolute temperature (or temperature Centigrade
with 273-7 added). Thus for air the formula

g (273 7)
£°64 % (2737>

express, the former almost accurately, the latter with a deviation which we shall here-
after investigate, the results through the whole range of temperature for which the
investigation has been carried out.

found by multiplying the *corrected thermal effect” by

and for carbonic acid

Air.
Temperature. Actual cooling effect. Theoretical cooling effect.
0 "92 "92
71 -88 -87
396 75 70
92-8 51 61
Carbonic acid.
Temperature. Actual cooling effect. Theoretical cooling effect.
0 464 464
74 4-37 44
356 341 363
640 2-95 3:23
93+5 216 2:57
976 2:14 2-52
MDCCCLXIL ‘ 4 L
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We have not experiments enough to establish the law of variation with temperature
of the thermal effect for the pure /g.ases ofhygen and nitrogen, or for any stated mixture
of them other than common air; éiut therb can be no doubt, from the general character
of the results, that the sam‘é Zla’WLv‘vill be’la?hféut as approximately followed by them as
it is by air.

Hence we may presume that in all these cases the cooling effect is very well repre-
sented by the formula

—R_a (273 7)
dp

Comparing this with the general formula given above, we find

dv 2737
1 —v=AIK (T71)"

The general integral of this differential equation, for » in terms of ¢, is
v=Pt—JAIK (71

P denoting an arbitrary constant with reference to #, which, so far as this integration is
concerned, may be an arbitrary function of p. To determine its form, we remark in the

first place, in consequence of BoyLE’s law, that it must be approx1mately , C being

independent of both pressure and temperature; and thus, if we omit the second term,
we have two gaseous laws expressed by the approximate equation
v="CL
P
Now it is generally believed that at higher and higher temperatures the gases approxi-

mate more and more nearly to the rigorous fulfilment of BovLe’s law. If this is true,
the complete expression for P must be of the form %, since any other would simply

show deviation from Bovie’s law at very high temperatures, when the second term of
our general integral disappears. Assuming then that no such deviation exists, we have,
as the complete solution,

A 2737
b= AJK( )

This is an expression of exactly the same form as that which Professor Rankive found
applicable to carbonic acid, in the first place to express its deviations from the laws of
Boyre and Gav-Lussac, as shown by REGNAULT’S experiments, and which he afterwards
proved to give correctly the law and the absolute amount of the cooling effect demon-
strated by our first experiments on that gas*.

That more complicated formule were found for the law of elasticity for common
air both by Mr. RANKINE and by ourselves, now seems to be owing to an irreconcile-
ability among the data we had from observation. The whole amounts of the devia-

¥ Philosophical Transactions, 1854, Part IT. p. 836.
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tions from the gaseouslaws are so small, for common air, that very small absolute errors
in observations of so heterogeneous a character as those of REeNaULT on the law of
compression and on the changes produced by pressure in the coefficients of expansion,
and our own on the thermo-dynamic property on which we have experimented, may
readily present us with results either absolutely inconsistent with one another, or only
reconcileable by very strained assumptions. It is satisfactory now to find, when we have
succeeded in extending our observations through a considerable range of temperature,
that they lead to so simple a law ; and it is probable that the formula we have been led
to by these observations alone, will give the deviations from BoyLr’s law, and the changes
produced by pressure in the coefficients of expansion, with more accuracy than has
hitherto been attained in attempts to determine these deviations by direct observation.
We must, however, reserve for a future communication the comparison between such
results of our theory and experiments and REGNAULT’S direct observations. In the
mean time we conclude by putting the integral equation of elasticity into a more con-

b

venient form, by taking C=7, where § denotes the *height of the homogeneous atmo-
o

sphere” for the gas under any excessively small pressure, at any temperature 7., and
taking ¢_to denote the absolute temperature of freezing water, in which case we shall
have, as nearly as observations hitherto made allow us to determine,

¢, =273>1.
Then, in terms of this notation, and of that above explained, in which ¢, p, v denote
absolute temperature, pressure in pounds weight per square foot, and volume in cubic
feet of one pound of air, the equation of elasticity investigated above becomes

{a¢ ¢, 2
QJ:E—%AJK (7) N

where A denotes the amount of the thermal effect per pound per square foot, deter-
mined by our observations, reckoned positive when it is a depression of temperature.
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