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XII. Tue BAKERIAN Licrure.— Experimental Researches to determine the Density of
Steam at different Temperatures, and to determine the Law of Expansion of Super-
heated Steam. By WiLLiaM FAIRBAIRN, Esq., F.R.S., and THoMAs TaTE, Esq.

Received March 23,—Read May 10, 1860.

THE object of these researches is to determine by direct experiment the law of the
density and expansion of steam and other condensable vapours at all temperatures.
Duwmas determined with great accuracy the density of steam at 212°, but at this tempe-
rature only. Gav-Lussac and other physicists since his time have deduced the density
of steam at different temperatures from a theoretical formula, which assumes that steam-
follows the same law of expansion and contraction as a perfectly elastic fluid.
The law which determines the relation between temperature, volume, and pressure, in

the case of a perfect gas is expressed by the equation '

VP 4T

Vl—P;—_—;—,ﬁ,............(l.)
where V is the volume of the gas at P pressure and T temperature ; V, the volume at P,
pressure and T, temperature ; ¢=a constant, the value of which, according to REGNAULT’S
experiments, is for air 469. Now, assuming that steam follows the gaseous laws, we
have, according to the experiments of Dumas, V,=1669, the volume of steam raised
from a unit of water at the temperature of 212° and at the pressure of 14-7lbs. per
square inch. Making these substitutions in equation (1.), we get for the volume of
steam from a unit of water at any other temperature T and pressure P,

4594 T

V=1669x 14-7 §7Tx P

459 +T .
=365="5—. . . . . ... ... (2)
From this well-known formula all the tables of the density of steamhave hitherto
been deduced, on which calculations of the duty of steam-engines have been founded.
Although experimentalists have for some time questioned the truth of this theoretical
formula, yet up to the present time no reliable direct experiments have been made to test
its truth. More recently, Dr. JouLt and Professor THOMSON announced as the result of
the application of the dynamical theory of heat, that for temperatures above 212° Fangr.
there would prove to be a considerable deviation from the gaseous laws in the case of
steam. In 1855, Professor RANKINE gave a theoretical formula for the density of steam
confirmatory of Professor THOMSON'S views. About the same time, and without any
knowledge of Professor RANKINE’S formula, Mr. TaTE made some experiments with the
MDCCCLX. 2 ¢
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186 MR. W. FAIRBAIRN AND MR. T. TATE ON THE DENSITY

vapour of ether, which led him to conclude that at pressures somewhat above the atmo-
spheric, the vapour of this substance does not follow the gaseous laws. Although these
experiments were conducted on a scale too limited for deriving exact quantitative results,
they enabled him to test the precision and delicacy of the saturation-gauge, which forms
the leading feature of the method on which the following experiments were conducted.
As yet, therefore, the results derived from the dynamical theory of heat require to be
verified by direct experiments.

The general features of our method of ascertaining the density of steam consist in
vaporizing a known weight of water in a large glass globe with a stem, of known capa-
city and devoid of air, and observing the exact temperature at which the whole of the
water is just vaporized. Then, knowing the weight, volume, and temperature of the
steam, its specific gravity may be calculated. In order to pursue this method with
safety and with the requisite amount of accuracy, the following peculiarities of construc-
tion of the apparatus were adopted :—

First. In order to secure the thin globe from bursting, and at the same time to have
it uniformly heated, it is placed in a strong closed copper steam-bath, having a thermo-
meter and pressure-gauge attached, and a strong glass tube, closed at its exterior extre-
mity, passing through a stuffing-box for receiving the stem of the globe. By this
arrangement the glass globe is secured from bursting ; for whatever may be the elasticity
of the steam, the internal pressure in the globe is always exactly balanced by the external
pressure in the steam-bath.

Second. When a given weight of water is vaporized in a closed vessel, devoid of air,
the steam is said to be in a state of saturation so long as any portion of liquid remains
in the vessel; but after all the water is vaporized, heat being still applied, the steam
becomes superheated, or heated beyond the temperature just requisite for vaporizing all
the water; by way of distinction, we shall call this point the maximum temperature of
saturation. Now since we have to find by observation the temperature of the steam
exactly at the point when the whole of the water is vaporized, the determination of this,
with sufficient accuracy and delicacy, has hitherto formed the great practical difficulty
attending experimental researches on the density of vapours. We have overcome this
difficulty by using what may be called a safuration gauge, the form of which varies
according to circumstances, but the principle on which it is constructed may be illus-
trated as follows :— Fig. 1.

Imagine two globes, A, B, fig. 1, connected by a bent tube con-
taining mercury and immersed in a large bath of liquid, to secure
uniformity of temperature. Suppose these globes devoid of air, but
containing weighed portions of water, say 20 grains in A and 30 in
B. If heat be now applied to the liquid-bath so as to increase the
temperature of the globes, this weighed portion of water will gra-
dually pass into steam, and the elastic force in each globe will increase in a ratio corre-
sponding with the temperature, but without in the least affecting the uniformity of level
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of the mercury columns @ and 4, because the pressure on each side will be the same.
But after the whole of the water in the globe A has been evaporated, this equality of
pressure no longer exists, and the column @ will rise. The pressure in B increases in
the ratio for saturated steam, whilst that in A increases in the much smaller ratio of
superheated steam, and hence the difference of level of the columns. The instant at
which the columns begin to rise on one side and to fall on the other, is the point at which
the whole of the water in A is converted into steam, and the temperature then noted is
the maximum temperature of saturation. The following theoretical Table gives, approxi-
mately, the rise of the mercury column at several temperatures :—

Increments of pressure for 1° FAuR.

1bs. o for expansion.  for vaporization. Difference.
At 4 and 152 0-012 0-222 0-21
At 7 and 176 0-022 0-32 0-30
At 15 and 213 0-044 0-60 0-56
At 20 and 228 0-060 0-80 0-74
At 61 and 295 0-16 2-00 1-84
At 74 and 308 0-20 2:22 2-02

In Plate VIL. fig. 1 is an elevation, fig. 2 a section, and fig. 3 a plan of the apparatus
employed in these researches for pressures varying from 15 to 70 lbs. on the square inch,
or from one to five atmospheres. A is the glass globe for the reception of the weighed
portion of water, drawn out into a stem about 32 inches long. The average size of the
globes was 51 inches in diameter, or 75 cubic inches capacity; the stems were about
% to % inches bore. B Bis the copper boiler or steam-bath in which the globe was
heated uniformly throughout. The copper bath is prolonged by a strong glass tube, 00,
1} inch in diameter, and hermetically sealed at the bottom: this tube is fixed to the
boiler by a stuffing-box, ss, its upper part being trumpet-mouthed to prevent its being
forced down by pressure; the joint in the stuffing-box was made by a thick ring of
vulcanized india-rubber, which, with the temperatures employed in this apparatus,
answered its purpose perfectly. To heat this outer tube uniformly, which, from being

~exposed to pressure as well as temperature, was exceedingly liable to explode, an outer
oil-bath, C C, was used, made of blown glass, 20 inches long, and resting in a sand-bath,
[l This bath was supported on the tripod m mm. The copper bath was heated by
a spiral coil of jets of gas, EE, and the oil-bath by a large and powerful wire-gauze
lamp, % &, protected from draughts by a simple ring of sheet iron, £% The tempera-
ture thus obtained and distributed uniformly throughout the glass tube and steam-bath
by convection, was measured by the thermometer » in the oil, and the thermometer £ in
the steam, exposed naked, and fixed by the stuffing-box ». Opposite to the thermometer,
¢, is the stopcock, p, by which the steam is, if necessary, blown off; and on the top of the
boiler is a gauge, G, of the Scheffer construction, for roughly indicating the pressure in
the boiler. The two mercury columns, the outer in the tube 0 0, and the inner in the
globe stem ¢ ¢, separating the vapour and water in the steam-bath from that in the
2¢2
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globe, form the saturation-gauge to which reference has been made. So long as the
steam in the globe A remains in a state of saturation, the inner column remains stationary,
at a point a little above the level of the outer column, so as to balance the column of
water in the steam-bath. But when, in raising the temperature, the whole of the water
in A is evaporated, the steam becomes superheated, and then the pressure in A no
longer balances the pressure in the steam-bath B, and the inner column of mercury
rises and the outer one falls, the difference of level forming a measure of the expansion
of the steam. It was found a matter of the greatest importance that the observer should
not in these experiments trust to the unaided eye to determine the point at which the
columns began to diverge, but that a careful series of measurements of the difference of
level should be made, not only near the saturation point, but also at various tempera-
tures of superheating; thus affording data for determining the law of expansion near
the saturation point, and for estimating the maximum temperature of saturation from a
point at which any error arising from the cohesion between the water and the glass, or
from the retention of portions of water in the steam itself, might be eliminated. For
reasons hereafter assigned, it was also found advisable to take these readings of the
levels of the columns rather in a descending than in an ascending series of temperatures.

To read the column levels with rapidity and facility, seeing that they could not be
approached within six or eight inches, a simple form of cathetometer was devised, suffi-
ciently accurate for the purpose, and much more convenient than the complicated
French instrument sometimes employed for this purpose. 'This cathetometer is shown in
elevation, in Plate VIIL fig. 2; ais a heavy iron base resting on three levelling screws ;
into this is screwed firmly the planed iron'stem ¢ ¢, and adjusted by the levelling screws
in a vertical position; on the stem slides a brass block, , carrying a small telescope, %,
with sight wires, and fixed by a thumb-screw behind. Fig. 3 shows a part of the stem,
¢ ¢, with the graduation into inches and tenths, the block 4 and vernier v moving with
the telescope, by which the levels of the columns were read off to hundredths of an
inch. In Plate VIL fig. 1, £/ shows the position of the cathetometer in the experiments,
on its iron base or pedestal, g. '

The steps in the process for determining the specific gravity of steam by this appa-
ratus were as follows :— . '

A glass globule, of a size to contain as nearly as might be the required quantity of
water for vaporization, was selected from a series similar in form to those shown in
fig. 6, Plate VIII. In order to avoid the collision produced by the bursting of a sealed
globule of water, as in Gay-Lussac’s method, these globules had open stems, and after
being filled with water were immersed hot in a cup of mercury (fig.7), so that in cooling
the mercury should rise and fill in part the capillary stem. The weight (w,) of the cup,
mercury and globule, all perfectly dry, was first ascertained by means of a delicate
balance; the globule being then filled with water, the stem plunged in the mercury, and
the surface of the mercury being dried, the weight (w,) of the whole was determined.
In this state the cup of mercury was transferred, and the globule passed into the large



OF STEAM AT DIFFERENT TEMPERATURES. 189

globe, in which a Torricellian vacuum had been formed. Here the weight of water
introduced =w=w,—w,.

To form the Torricellian vacuum, the globe, filled with warm dry mercury, was heated
upon a sand-bath until the mercury boiled; the stem was then filled with dry mercury
and the globe inverted, with its stem inserted in a basin of mercury. The globule was
then introduced into the stem, and allowed to ascend through the mercury column into
the globe. In order to transfer the globe from the basin to its place in the steam-bath,
a cap, k (Plate VIII. figs. 4 & 5), filled with mercury, was suspended from the stem by
an india-rubber strap, a platinum wire being placed between the cap and globe-stem to
ensure free passage for the mercury. 'The cover of the boiler, B B (Plate VIL.), being
then taken off, and the outer tube, 0 o, partially filled with dry mercury, the globe was
raised and inserted into its place, resting on a tripod in the boiler, as shown in the dia-
gram. The cover was then fixed with a flax and red-lead joint, and the cock p con-
nected with a single barrel air-pump; exhaustion was effected so that the columns in
the globe-stem and outer tube came nearly to a level ; the air-pump was removed, and a
portion of water allowed to enter through the cock. The gas-lights were then kindled,
and until the water reached the boiling-point, the columns were maintained in position
by the air-pump. The object of this, it will be seen, was to prevent any water passing
round from the boiler to the globe. After boiling for a time the cock p was closed,
and the process of vaporization went on simultaneously in the bath and globe, the tem-
perature being kept sufficiently high in the oil-bath C C to maintain the water in the
outer tube in a state of ebullition.

When all the parts of the globe have attained the same temperature as the steam in
the bath, the mercury in the stem of the globe will stand a little above the mercury in
the outer tube C C, the difference, @ 4, balancing the column of water, & ¢, and pos-
sibly the pressure of any air left in the steam-bath. The temperature of the baths is
slowly and uniformly increased until the temperature of the vapour in the globe is con-
siderably above the maximum temperature of saturation: after having been maintained
for a considerable period at this temperature, the levels of the columns were observed ;
then, the temperature being allowed to sink some degrees, the operation was repeated,
and the temperature again reduced until the columns became stationary, indicating
saturated steam in the globe as well as the bath. The readings of a series of file marks
on the globe-stem were taken at the same time, by which the capacity of the globe in
each position of the mercury column could be calculated. All the elements were thus
ascertained for calculating the density of the steam.

Let w be put for the weight of distilled water, at a temperature of 39> 1 Fanr., filling
the globe to the point at which the mercury columns stood at the maximum tempera-
ture of saturation; let w be the weight of water vaporized; v = the specific volume of
the steam, or the number of times the volume of steam exceeds the volume of the water
from which it is raised ; then

=S (3)
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By at once superheating the steam in the globe and then slowly reducing the tempe-
rature until the maximum temperature of saturation is reached, we secure the following
advantages :—The cohesion of the water to the surface of glass being once overcome,
that force of cohesion, it may be presumed, cannot be regained until the glass again
becomes wet, which can only occur on condensation, that is, by the reduction of the
temperature below that which corresponds to the maximum temperature of saturation.
Moreover the observation of the columns at different temperatures of superheating, not
only supplies us with data for determining the law of expansion of the superheated
steam, but also data of verification or correction, as the case may be, of the point of
maximum saturation determined by direct observation.

The results of the experiments show, first, that the density of saturated steam at all
‘temperatures, above as well as below 212° is invariably greater than that which is
derived from the gaseous laws; second, that the law of expansion of a perfectly elastic
fluid does not hold strictly true for superheated steam. At the maximum temperature
of saturation, and for some degrees above it, the rate of expansion of the steam greatly
exceeds that of a perfect gas.

SkcrioN I.—Eaxperiments at Pressures varying from fifteen to seventy pounds per
square inch.

In these experiments the thermometers were, it will be seen, exposed naked in the
steam of the copper boiler, and this method offered the great advantage of rapidity in
the indications of change of temperature round the globe, and enabled the observers, by
constant and vigilant attention to the regulation of the supply of gas, to keep the
temperature in the copper bath as nearly as possible uniform. But the thermometers,
from exposure to pressure, require a correction. For this purpose the following expe-
riments were obtained with simple water pressure.

Laxperiment 1.—Thermometer A.

Pounds pressure per square inch. Temperature indicated. Rise from pressure.
0 482 —
20 488 06
40 491 09
60 495 1-3

Here the mean rise is 0°022 for each pound of pressure above the atmosphere.

Experiment 2.—Thermometer B.

Pounds pressure per square inch. Temperature indicated. Rise from pressure.
0 1980 —
50 198-9 0-9

Here the rise is 0>°018 per pound pressure per square inch.
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In the Tables of the experiments the temperatures are given as registered. In the
summaries they are given reduced for pressure in the proportions above stated. No
correction has been made to reduce the temperatures from the mercurial to the air-
thermometer.

Capacity of Globes.

First. Globe A.—Water introduced =18009 grains at 63° Fanr. This corrected
to 39°1=18033 grains. Hence the capacity at the several file marks,—

Graduation: First filemark . . . . . =18033 grains.
Second file mark . . . . =18159-2 grains.
Third file mark. . . . . =182854grains.
Fourth filemark . . . . =18411-6 grains.
Fifth filemark . . . . . =18537-8 grains.

Second. Globe B.—Water introduced =17642 grains at 62°5. Corrected to
39°1=17663 grains.

Graduation: First filemark . . . . . =17663 grains.
Second file mark . . . . =18420'4grains.
Third file mark . . . . =18672'9grains.
Fourth filemark . . . . =189253 grains.
Fifth fillemark . . . . . =191777 grains.

Third. Globe C.—Capacity taken with mercury equivalent to 18025 grains of water
at 62° Famr. Corrected to 89°1=18046 grains.

Graduation: First filemark . . . . . =18046 grains.
Second file mark . . . . =18298'4grains.
Third file mark. . . . . =18550-8grains.
Fourth file mark . . . . =188032grains.
Fifth filemark . . . . . =18929-4grains.
Sixth file mark . . . . . =190556 grains.
Seventh file mark . . . . =19181'8grains.

The following Tables give the results of the experiments between the ordinary atmo-
spheric pressure and 60 Ibs. per square inch. The first Table gives the observed results
in full in each case, and the second gives a summary in which the column levels at the
same temperature are averaged and corrections made for pressure in the thermometer
bulb, expansion of mercury, &c.

Time.—The time between each reading is given as an indication of the rehab1hty of
the determinations of the column levels; changes of temperature could be made with
great rapidity in the steam-bath, even without blowing off any steam, by lowering the
gas-lights; but it required ten to fifteen minutes before the temperature of the glass
globe had become uniform with the surrounding steam, and the columns had become
stationary under thenew temperature. When this was found to have taken place, a
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series of readings was taken at intervals of three to five minutes, to obtain a reliable
average, and the temperature again reduced. |

Thermometers—It was found necessary to maintain the temperature of the oil-bath
considerably higher than that in the steam-bath, in order to make up for the radiation
from the exposed portion of the tube and for the great retardation to the passage of the
heat offered by the thick outer glass tube. The rule followed was to sustain such a
temperature as would cause a gentle ebullition in the glass tube, trusting to the rapid
convection of the water to secure a uniform temperature. No appreciable error could
arise from this source from the smallness of the volume of steam in the globe-stem, and
it was found in practice that a deposition of moisture almost immediately followed any
cessation of the ebullition in the outer tube.

For another reason the necessity of a higher temperature in the oil-bath became a
source of serious difficulty. The difference between the temperature of the water and
oil required to be constantly increased as the temperature and pressure became higher,
because the radiation increased in a higher ratio than could be prevented by the use of
flannel coats, and a point was at last reached at which the unequal expansion of the
thick glass tube on its cooler and warmer side, combined with the great pressure in its
interior, caused a rupture attended by a dangerous explosion of great violence. Twice
with glass tubes, which should have borne a pressure of 500 Ibs., and each time under a
pressure of only about 70 lbs. per square inch, an explosion occurred. In each case the
fracture began in the bottom or closed end of the tube (unfortunately thickened by the
glass-blower), as was evidenced by the boiler being lifted vertically from its seating,
although the entire disruption of the tube immediately followed in the course of the
explosion.

Temperature reduced for pressure—This column is calculated from the observed
temperatures according to the ratio arrived at in the experiments with water pressure.
The thermometers were made expressly for these experiments at the Kew Observatory,
and the graduation was accurate within the limits of errors of observation.

Capacity, in grains of water.—This column has been calculated from the readings on
the cathetometer of the graduation marks, taken during each experiment. The capacity
of the globe it is evident decreased as the inner column rose.

Difference of level has been corrected to 32° FAHR., at which temperature one atmo-
sphere of pressure is assumed to be equivalent to 299218 inches of mercury.

Pressure of saturated steam, calculated from the experiments of M. REeNavLT.—This
is evidently the pressure of the steam in the steam-bath; and if we deduct from this
the column cof mercury in the globe-stem which this pressure balances, we arrive at
the pressure of the superheated steam in the glass globe, given in the next column.

Specific volume of the steam, obtained by dividing the capacity of the globe at each
temperature by the quantity of water introduced.

In these experiments we were ably assisted by Mr. W, C. Unwin; and we have much
pleasure in stating that to his untiring zeal and superior skill in manipulation we are
indebted for many important results.
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Experiment 1.—Globe C.

Thermometer A. March 8, 1859.
- Weight of water introduced =20-126 grains.

193

Thermometer. Cathetometer. Ditference
Time, of level of Remarks,
columns.
In steam. In oil. Inner column.|Outer column.
h m o o inches. inches. inches.
2 25 253 264 29-44 19:66 978
2 30 253 2945 19:69 9-76
2 40 258 | ... 29-45 1962 9-83
2 45 253 29-47 19:64 9:83
2 50 253 | ... 29:45 19-66 979
2 55 253 2948 19:69 979
3 18 251 262 28:13 20:24 789
3 22 251 | .. 2810 20-26 784
3 26 251 | ... 28:00 2018 7-82
3 30 251 | ... 2816 20°15 8:01
3 37 251 264 28:17 20°16 801
3 42 251 | ... 2819 2013 806
490 249 260 2672 20-63 6:09
4 12 249 1 ... 2658 2068 590
417 249 | ... 2659 2063 596
4 21 249 259 2672 2054 6:18
4 25 249 | ... 26:60 20:53 607
4 30 249 | ... 2658 2059 599
4 55 246 258 24-62 21+24 3:38
53 246 | ... 2470 21-16 3:54 Steam began to condense in globe-stem
5 20 246 264 24-61 21-24 3-37 ab 58 10™.
5 23 246 | ... 2477 21°19 358
5 26 246 | ... 2475 2122 353
5 32 244 280 2371 2157 2:14
5 38 244 | ...l 2362 2160 2:02
5 42 244 | ... 2346 2160 1:86
5 46 244 | ... 23:58 2152 2:06
5 50 244 282 2370 21:53 2:17
6 10 243 282 2336 2167 1-69
6 12 243 | ... . 23:30 2169 161
6 15 243 | ... 23-30 2168 162
6 17 243 & ..., 23:38 2164 1-74
6 20 243 | ... 23+31 2165 1-66
6 26 242 280 23-20 2169 151
6 30 242 | ... 2314 21+70 1-44
6 35 242 | ... 23:10 2172 1:38
6 40 242 22:97 21:75 1-22
6 45 242 | ... 2311 2168 1-43 !
6 50 242 268 2316 21-68 1-48
6 55 240 268 22:99 21472 127
70 240 | ... 22:99 2172 1'24  |Condensation visible in globe-stem.
Summary of Column Determinations.
S{peciﬁcf
- i ifference | Ri% Of [Pressure of [Pressure of| Yolume o
Thermo- Catheto- | 1y;frerence Number ’{“::J?III?:, Sf? gfgll)te{’ g}lle?elngf column  “gotivated | steam in stelarg mn
meter, meter, | o level of | Of deter-| o oted | in grains | columns, from steam, in globe, g0 e,d
Fahr. nimer columns. mmatlor(;s for of water | correoted p{;’;&g&f_‘n inches of | in inches c‘;.?;ezi
column. averagel.| pressure. | at 39°1. | to 32° n?lescent. mercury. of mercury. pansion of
glass.
o inches. inches. \ inches. inches.
240 22:99 1-26 2 23979 | 189382 1-24 | ... 4943 4943 94312
242 2311 1-41 6 24176 | 18929-8 1:38 014 52:53 52:39 942:72
243 23:33 1-67 5 242°75 | 189224 1-64 0°40 5347 5307 942-32
244 2362 2:05 6 24374 | 189089 2:01 0-77 54+43 5366 94167
246 2469 348 5 24572 | 188574 3:41 2:17 56-38 5421 939-11
249 2663 6-03 6 24869 | 187714 590 466 59-42 5476 934°86
251 2812 7°93 6 25067 | 186813 7:76 652 6152 5500 930-41
253 29°46 9-80 6 25265 | 18609-8 959 8:35 63-68 5533 92691
MDCCCLX. 2D
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Experiment 2.—Globe B. Thermometer A. March 3, 1859.
‘Weight of water introduced =21-193 grains.

Thermometer. Cathetometer. Difference )
Time. of level of Remarks,
In steam. In oil. TInner column./Outer column. columns.
h m o o inches. inches. inches.
4 20 254 290 29:42 2052 8:90
4 25 254 290 29-54 20-36 9:18
4 30 254 290 2954 20:32 9:22
4 37 254 290 2927 2047 880
4 45 254 290 . 2956 20-34 9-22
4 55 251 284 27°78 21°11
5 3 251 284 27°53 21:14 6-39
513 251 284 2758 2103 6+55
5 15 251 284 27'50 21°16 6-34
5 18 251 285 27+55 2107 6-48
5 25 251 285 27-32 21+19 6-13
5 30 251 285 27°54 21:03 651
6 0 248 273 2541 2180 361
6 5 248 | ... 2540 2181 259
6 10 248 | ... 2561 21-66 395
6 17 248 | ... 2526 21-87 3-39
6 20 248 266 2561 2154 4:07
6 35 245 278 23:94 22:13 1-81
6 45 245 | ... 24:02 22:08 1-97
6 50 245 | . 23:98 22:06 1:92 No water visible in globe-stem.
7 5 245 cereen 24-04 2204 2:00
7 17 245 | ... 24:12 2213 1-99
7 22 245 262 23:98 22:02 1-96
7.32 243 | ... 2373 22°14 1-59
7 35 243 | ... 2369 2212 157
7 42 243 | ... 2374 29212 1:62 No water visible in stem.
7 50 243 254 2374 22:10 1:64
7 57 241 | ... 2357 22°11 1-46
8 5 241 ceeens 2357 2213 1-44
8 20 244 | ... 23-81 22:12 1-69
8 25 244 23+86 22:12 1-74
8 30 245 260 24-10 22-06 2:04
8 35 245 | ... 24-11 2206 2:05
8 50 246 260 2460 21-84 2:76
9 0 246 | ... 2459 21:87 272

Summary of Column Determinations.

Ri Slpeciﬁcf
Tempe- | Capacity | Difference 1€ |Pressure of | Pressure | VOIWMe 0
Thermo- | Catheto- | pifepence | Number ra,tuge, of globe},’ of level of | OF column |"satnvated | of steam in | Steam in
meter, meter, | ¢ 1oyl of | OF deter- | oo oited | in grains | columns, from steam, in | globe, globe,
TFahr. nner columns, |Muinations) “ g, of water | corvected | POt Of | inches of | in inches | corrected
colunmn. averaged. prossure. | at 89°1. | to 82°, |MAXIMUM | yoronpy lof meveury.| for the ex-
descent. pansion of
glass.
o inches. inches. o inches. inches.
241 2357 1-45 2 24078 | 19200°3 142 | ... 5098 50°98 | 90803
243 2370 157 5 24274 | 191988 154 012 5347 53:35 | 90798
244 23-83 1-71 2 24372 | 191866 1-67 025 54-43 54°18 | 90741
245 24-04 197 8 24471 | 191770 1:93 051 5540 5489 | 906-94
246 24:59 2:74 2 24570 | 191479 269 1:27 5638 55°11 90559
248 2562 3-89 5 24770 | 190978 3:81 2:39 5841 56:02 | 90325
251 27-54 6-44 7 25067 | 189989 631 4:99 6152 56:53 | 89861
254 - 2946 9:06 5 25363 | 18893-2| 887 7°45 64+69 57:24 | 893-64




Experiment 3.—Globe C. Thermometer A. December 8, 1858.
Weight of water introduced =21-175.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
columns.
In steam. In oil Inner column.|Outer column.
h m o . inches. inches, inches,
12 0 T O e e Lamps lighted.
1.5 212 | ... 30-33 2030 10-03 Steam blowing off.
1 40 2116 226 2475 2272 2:03 Steam-cock shut.
3 50 252 256 2952 2110 8:42 The differences -in the cathetometer
3 55 252 256 29:50 21°16 8:34 readings arise from the oscillation of
4 0 252 255 2965 21-14 851 the colu‘mns, which had to be read
consetiutlvely y 1aJnd )2:}; c:nftf;rllfoz-ﬁ-
neously ; par e
4 7 2563 256 30-13 2093 920 obscur"irng pof t{le' 1real Iljevel in the
418 253 265 30°16 21-00 916 outer tube by steam bubbles. These
4 22 253 265 30°15 21:00 915 differences, however, are not great.
4 37 251 262 2894 21-36 7:58*
4 42 251 262 2892 21+42 750
4 50 250 260 28+50 21-68 682
5 0 250 263 2853 2168 6+85
5 10 249 262 2798 21+73 6-25
5 30 248 255 27+57 21-85 572
5 50 247 268 27-09 21-99 510
6 10 246 275 26-68 22:14 4-54
6 25 245 272 26-43 2225 418
6 35 244 260 26+05 2235 3:70
6 40 244 257 26-22 2232 390
6 50 244 260 26-18 22:32 3-86
7 40 244 265 26-20 2231 3-89
7 55 242 268 2558 22:48 3:10
8 0 242 268 2556 2250 306
810 240 271 2516 22:62 2:54
8 20 242 271 2556 2252 3-04
8 35 244 273 26:13 2232 381
8 45 246 274 27+01 2215 486
9 10 250 274 28+54 2154 7:00
9 30 252 277 2979 21°12 867
10 0 246 276 2666 22:15 451
10 8 245 274 2642 22:22 420
10 11 245 274 2645 2222 423
10 20 247 | ... 27:10 2199 511
10 23 247 | . 2713 2202 511
10 30 244 276 26-14 2234 3:80
10 34 244 | .. 2618 22:33 385
10 50 243 | ... 25-94 2245 3:49
11 0 243 2590 2235 355
11 10 240 ceeae 2528 22-56 2:72 i
i
Summary of Column Determinations.
. Specific
Tempe- | Capacity | Difference (R‘xsc of 1 Pyessure of Pressure of V‘C)lume. of
Thermo- | Catheto- | Digerance Number rature, | of globe, | of level | €W | gaturated | steam in steam in
meter, meter, | ¢ Jovel of | Of deter-| coprected | in grains |of columns, from steam, in globe, globe,
Fahr, _inner columns, [inations) =g, of water | corrected | PO OF | 5hihes of | in inches | corrected
column, averaged. | huessuve. | at 39°1. | to 82°. n:iaxlmum mereury. [of meroury.| for ex-
escent. pansion of
glass.
o inches. |- inches. o inches. inches.
240 2522 263 2 239-79 | 188566 2:68 | ... 4943 49-43 802+54
242 2556 3:07 3 24177 | 188405 3:01 043 5253 5210 89174
243 2592 3:34 2 24276 | 188235 3:28 0-70 5347 5277 890+92
244 26-16 383 7 24375 | 188121 3-76 1:18 5443 5325 890°40
245 26-43 419 2 24474 | 187989 4-11 153 5540 5387 88986
246 26+78 464 3 24573 |18780°1 455 1:97 5638 5441 88898
247 2711 511 3 246:72 | 187624 | 501 2:43 57-36 5493 88814
250 2852 6-89 3 247-69 | 186867 | 675 417 6052 5635 884+60
252 2961 848 4 251-66 |18628°1 8:30 572 62:65 5691 88183
253 30-15 917 3 25265 | 185991 898 6-40 63-68 5728 880:46

2102




Experiment 4.—Globe B. Thermometer A. March 11, 1859.
Weight of water introduced ==25:35 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
. columns.
In steam. In oil. Inner column./Outer column.
h.m o o inches. inches. inches.
2 b 264 204 29°43 19°86 957 A more abundant command of heat was
2 10 264 | ...l 2934 19:90 9°44 obtah}ed in this than in preceding
215 264 | ... 29+41 19-83 9:58 experiments.
2 20 264 ©29-33 19:86 947
2 25 264 285 29:37 19-81 956
2 40 264 | ... 29:30 19-86 944
2 45 264 291 29-34 19-86 9:48
2 51 261 294 2730 20+65
3 2 261 | ... 26-90 20-71 619
3 5 261 | ... 2702 20-66 6+36
3 8 261 | ... 26-98 2070 628
3 14 21 | ... 2695 20°71 6-24
3 17 261 | ... 26-89 - 20:71 6:18
3 22 261 26-94 2071 6:23
3 27 261 26-90 20-71 6-19
3 35 261 286 2691 2071 6:20
4 0 259 vees 2557 21:18 4-39 Interrupted for a short time.
4 35 259 | ... 2567 - 21°10 4:57
4 43 259 290 2550 21:12 4-38
4 55 269 | ... 2554 21-18 4-36
4 58 259 | ... . 2554 21+14 4-40
5 8 269 | ... 2552 2111 4:41
516 257 290 24:16 21+54 262
5 20 267 | ... 2416 21:55 261
525 27 | ... 2425 21+51 274
5 30 257 | ... 24:16 21-54 2-62
5 35 257 | ... 2416 2153 263
5 40 257 300 2416 2151 2:63
5 50 2656 | ... . 2335 2176 1:59
6 0 256 | ... 23°32 21471 1-61
6 5 256 | ... 2335 2171 1-64
6 10 266 | ... 2336 2170 1:66
6 20 253 | ... 2314 2179 1:35
6.23 253 | ... 2314 2179 1:35
6 27 253 veeaas 2314 21:80 1:34
6 30 263 | ... 2317 2179 1-38
6 35 251 2316 2178 1-38
6 40 251 | ... 2312 2177 1:35
6 45 251 23-14 21479 1-35
Summary of Column Determinations.
Ricoof Slpeciﬁcf
Tempe- paci iffere 1801 | Progsure of|Pressure of] YOItme o
Thermo- | Catheto- | pimerence Number ratu}')e, (3{2" g'?s;)tg: i)fl?egs{lgg column \“eotirated | steam eir? steam in
meter, meter, | f1avel of | OF deter- | oo ected | in grains | columns, from . | steam, in | globe, globe,
Fahr. inner columns, |minations for of water | corrected | PO OF | iyches of | in inches | COrTected
column. averaged. pressure. | at 89°1. | to 320, |MAXIMWMY yeneyry, |of mercury. for ex-
descent. pansion of
glass.

o inches. inches, o inches. inches. .
251 23°14 1:36 3 25066 | 192064 134 | ... 6152 61-52 759-44
253 23:15 1:36 4 25264 | 192064 134 | ... 63+86 63-86 759+44
255 23:34 1:62 4 25462 | 191964 160 0-26 65-89 6563 759-06
257 2417 2:64 6 25660 |19154-1 259 125 6817 66-92 75745
259 2556 442 6 258:58 | 19082°5 4:32 298 7052 6754 75462
261 26-93 623 8 26054 |19012:3 6:10 4-76 7290 6814 751-87
264 29-37 9-52 7 26351 |188780 930 7-96 7664 68-68 74670




ON THE DENSITY OF STEAM AT DIFFERENT TEMPERATURES.

Experiment 6.—Globe C. Thermometer A. December 10, 1858.
Weight of water in globe 29-145 grains.

197

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. Inoil.  [Inner column./Outer-column. columns.
h m o ! o inches. inches. inches
1 0 T T S RPN TLamps lighted.
5 25 2732 300 3222 20-18 12:04
6 8 268 290 2887 2132 755
6 14 268 289 28+55 21+41 7°14
6 20 268 288 2886 21-34 7°52
"6 43 264 286 2660 22:10 4:50
6 55 262 284 26404 2229 375
7 0 262 284 26-11 22:27 384
7 8 260 283
7 15 260 285 2548 2244 3:04
7 25 260 288 2565 22:42 3-13
7 42 256 293 2477 22:68 2:09
7 55 256 293 2451 2262 1-89
9 0 2732 315 32:31 2008 12 23
9 7 270 315 2973 20+99 874
9 12 268 315 2841 2139 7:02
9 16 266 315 2756 21:72 584
9 22 264 310° 2651 22:06 4:45
9 26 262 308 25°82 22:27 355
9 33 260 | ... 2540 22:40 3:00
9 38 . 260 | ... 2567 22:32 . 3:55
9 58 264 | ... 26+80 21:95 4-85
10 10 266 300 27-80 21+55 625
10 15 266 | ... . 27-64 2162 6-02
10 30 268 297 2886 21-22 7:64
10 35 268 | ... 2886 21-29 757
11 7 2732 310 32:35 19:94 12:41
Summary of Column Determinations.
R Slpeeiﬁcf
. Tempera- | Capacity | Difference 186 \Pregsure of| Pressure | VOIWMe O
Mercurial | Catheto- | yifroponce | Number etuge, of 1g)lobey; of level of | OF column "o, v oted |of steam in| SR In
thermo- | meter, | ofeye] of | OF deter- | oomnected | in grains | columns, from | gteam, in | globe, globe,
meter, inner | oo)myg, |MInations) gy, of water | corrected | POt Of | inches of | in inches | cOrrected
Fahr. column, averaged. pressure. | at 89°1. to 320, 1r:iax1mum mercury. |of mercury. for ex-
escent. pansion of
glass.
. inches. inches. o inches. inches.
256 24-64 1-99 2 25561 | 18876°0 1:95 vees 67-03 6703 649-24
260 2552 318 4 2569:56 | 188344 312 1-17 7171 7054 647-82
262 2599 371 3 26153 | 18814-1 363 1:68 7409 7241 647:65
264 2663 4:60 3 263-50 | 187819 450 2:55 7664 7409 646+08
268 2873 7°40 6 267+45 | 186663 7:23 528 81-84 7556 64212
270 2973 8-74 1 . 26941 | 18612:6 854 6-59 84:53 7794 640°28
2732 32:29 12:23 3 27256 | 18475-1| 11'95 10-00 89:01 7901 63559




Experiment 6.—Globe C. Thermometer A. March 12, 1859.
Weight of water introduced =29-95 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. In oil. Inner column.|Outer column. columns.
h m o o inches. inches. inches.
2 25 279 310 3160 1745 14:15  Lamps lighted at 11» 30™,
2 30 279 | ... 3159 17-40 14-19
2 32 279 | ... 31:60 1735 14:25
2 35 279 3162 1746 14416
2 37 279 | ... 31-64 17:36 14-28
2 50 275 294 28-34 1875 9:59
3 5 275 | ... 2829 1871 958
3 8 275 | ... 28:33 18470 963
315 274 R 28-36 1868 968
316 275 | ... 28:34 18:73 961
319 275 | . 2835 1868 967
3 22 275 | ... . 2840 1869 971
3 30 271 290 24+71 1996 475
3 35 271 | ... 24-67 19:95 472
3 45 271 | ... 24+78 1978 5°00 |No moisture could be detected in stem.
3 50 271 | ... 2478 1978 500
3 55 271 | ... 2491 19:78 513
4 4 271 PR 2474 19:83 491
4 15 27 | ... 22-38 20-52 1-86
4 18 267 | ... 2230 2057 173
4 21 267 | ... 22:38 2052 1-86
4 24 267 | ... 22:37 2050 1-87
4 25 266 | ... 22°28 2053 1-75
4 26 266 | ... 2226 20-56 1-70
4 27 266 | ... 22:26 2053 1-73
4 29 266 | ... 22:26 20:51 175
4 35 265 | ... 2211 2058 153
4 36 265 | ... 2218 20:55 1:63
4 37 265 | ... 2216 2054 162
. |
4 39 263 | ... 22:02 20458 1-44  |Condensation became appavent in the !
4 40 263 | e | e e stem at this temperature. i
4 43 263 | ... 22:10 2060 150
4 45 263 | ... 22:03 2057 1-46
4 47 263 | ... 22:01 2057 1-44
Summary of Column Determinations.
Risb of . Slpeciﬁcf
Tempe- | Capacity | Difference 156 01 'prossure of v yolume o
Thermo- | Catheto- | pifrerence Number mtuge, of globe),’ of level of | column "copvated P:f::lrtll eil‘? ! steam in
meter, meter, | of1ave] of | Of deter- | oopreoted | in grains | columns, from steam, in | globe, globe,
Fahr, nner columns. [inations for of water | corrected | POIb of | 3 el of | in inches | corrected
column. averaged-| pressure. | at 39°1. | to 32°, | Maximum mercury. |of mercury. for ex-
descent. ) pansion of
glass.
o inches. inches. o inches. inches.
263 22:04 1+46 4 262-52 18979 1443 | ... 7537 7537 | 63530
265 2216 160 3 26449 18974 1:56 0:13 77°94 7781 63513
266 22-26 1-73 4 26547 18970 1-69 026 79:24 7898 63500
267 22-36 1-83 4 266-46 | 18966 179 0-36 80-54 80-18 | 634-87
268 2277 2:37 2 267-45 | 18948 2:32 0-89 81-84 80-95 | 634:28
271 2476 4-95 6 270°40 18853 4:83 340 8592 82:52 | 63115
275 28:34 964 7 274°34 18657 9-41 798 9162 83-64 624:62
279 3161 14°19 5 27827 18489 13-84 1241 97-61 8520 61903




ON THE DENSITY OF STEAM AT DIFFERENT TEMPERATURES. 199
Experiment 7.—Globe B. Thermometer A. March 15, 1859.
Weight of water introduced =31-730 grains.
Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. In oil. Inner column./Outer column. columns.
h m o ° inches. inches. inches.
2 20 279 320 31-64 20-16 11-48 Lamps lighted at 12 o’clock.
2 30 279 | ... 3163 2014 11-49
2 33 279 | ... 3174 20°16 11:58
2 35 279 | .. 31-70 2014 11-56
2 37 2719 | ... 3158 20-14 11-44
2 50 275 300 2818 2140 678
2 54 275 | ... 28-38 21:33 705
2 57 275 | ... 2820 2143 677
3 0 275 | ... 2830 21:38 692
3 7 275 300 2826 21:38 6-88
315 275 | ... 28-36 21:41 695
3 25 273 | ... 26-38 2202 4:36
3 30 273 | ... 26+30 22:02 428
3 35 273 | ... 26-45 22:00 445
3 38 273 | ... 26+36 22:01 4-35
3 40 273 | ... 26-40 22:01 4-39
3 41 273 | ... 26-38 22:02 4:36
3 42 273 | ... 26+41 2202 4-39
3 50 271 301 2489 22:47 2:42
3 56 271 | ... 2504 22:48 2:56
4 0 271 | ... 24+99 2245 2:54
4 3 271 DT 2509 22:44 2:65
4 4 271 | ... 25406 2246 2:60
4 6 271 | ... 24-95 22:50 245
410 271 | ... 2508 2246 2:62
4 55 267 310 2393 2279 1-14
4 56 267 | ... 2395 2279 1-16
4 57 267 | ... 2398 2277 1-21
4 58 267 | ... 2395 2279 1-16
5 0 265 | ... 2381 22:80 1-01
5 3 265 | ... 2389 2278 1'11
5 5 265 | ... 23:95 2278 1-17
5 7 265 | ... 23-89 2275 1-14
Summary of Column Determinations.
) Specific
Catheto- . Number Tempera- | Capacity | Difference ¢ R)lse Pressure of| Pressure votlume‘of
Thermo- ‘ Difference | - moer ture, | of globe, | of level of | O COMMN | satyated |of steam in| SUCAID 1N
meter, moter, | oravel of | OF deter- | o5 rected | in grains | columns, from steam, in | globe, globe,
Fahr. nner columns, |minations| g, of water | corrected | PO Of | inchosof | in inches cquected
column. averaged. pressure. | at 39°L. to 32°. n}imﬂmum mercury. |of mercury. for ex-
escent. pansion of
glass.
o inches. inches. o inches. inches.
265 2389 1-11 4 264+49 | 191685 109 | ...... 7794 77-94 605-65
267 2395 1-19 4 26646 | 191655 1-16 0-07 80°54 8047 60555
271 2501 2:55 7 27040 | 191112 2:50 1-41 8592 84+51 603-90
273 26:38 4:37 7 27236 | 19041-1 426 317 8871 8554 601-71
275 28-26 693 7 274'34 | 189345 6+76 567 91-62 8595 598+34
279 31-65 11-51 5 27827 | 18731-2| 11:23 1014 [ 97605 | 87-465 | 591:95
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MR. W. FAIRBAIRN AND MR. T. TATE ON THE DENSITY

Experiment 8.—Globe A. Thermometer B. October 11, 1859.

Weight of water introduced =31-58 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. Inoil.  |Inner column.Outer column. columns.
h m o o incher. inches. inches.
4 30 282 301 22:72 1232 10-40 Premature.
4 33 282 301 22-74 12:30 10-44 Premature.
4 37 282 301 2268 12:30 1038 Gtlobe-stem dry.
4 43 282 300 22:66 12:35 10:31
4 53 278 300 19:00 1370 530
5 0 278 297 19:01 1367 ° 5434
5 b 278 297 18:91 1360 531
510 278 297 18:90 1363 527
515 278 297 18:85 1362 523 On sinking to 276°, moisture became
. visible in stemat 5 257, the tempera-
5 55 278 307 19:00 1370 530 ture was therefore raised again.
5 58 278 | . 18-85 13-70 515
6 0 278 304 18-85, 13-74 511
6 8 276 cees 17-47 14-16 331 A trace of moisture perceptible.
6 15 276 | ... 17:45 14:17 328
6 17 276 308 17-40 1421 319
6 19 276 | ... 17°50 14-17 333
6 23 276 | ... 17-40 1411 329 |Moisture still preserved.
6 33 274 | .. 1666 14-34 2:32
6 35 274 | L. 16:60 14-34 2:26
6 40 274 | ... 16-80 14-35 2:45
6 45 274 | ... 16:70 14-28 2:42
6 50 214 | ... 16:70 14:33 2:37

Summary of Column Determinations.

Specific
N Tempe- | Capacity, | Difference Rllse of  Ipyessure of [Pressure of| YoLume of
Thermo- | Catheto- | piroence flhmber rature, | of globe, |of level of cc}‘ umn - saturated | steam in stglezrg n
meter, meter, | ¢ jovel of | OF deter- | oouected | in grains | columns, rom steam, in | globe, globe,
Fahr. inner columns, [fRinations for of water | corrected | PO Of | jnches of | in inches | corrected
column. averaged. pressure. | at39>1. | to 820 |TMAXUDUM| mepcury. |of mercury. for ex-
descent. pansion of
glass.
o inches. inches. . inches. inches
274 16-69 2:36 5 27348 | 184067 2:31 | ... 9035 90:35 | 584-44
276 17-44 3-28 5 275:46 | 183729 320 0-89 93-29 92:40 | 58337
278 1892 525 8 277-43 | 18306-1 513 2:82 9630 93:48 | 581:26
282 22:67 10-34 2 281-38 | 18118°1| 1009 7478 102:56 94+78 | 57400




OF STEAM' AT DIFFERENT TEMPERATURES.

Experiment 9.—Globe A. Thermometer B. October 14, 1859.

Weight of water introduced =34-01 grains.
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Thermometer. Cathetometer. Difference
Time. of level of Remarks.
) | columns.
In steam. In oil. Inner column. Outer column.
h m o ° inches. inches. inches.
4 15 289 318 24:13 12:12 12:01 Lamps lighted at 2 o’clock. Water
417 289 24:30 12:10 12+20 boiling at 3 o’clock.
4 20 289 | ... 24-22 12:12 12:10
4 25 289 24-29 1212 1217
4 27 289 | ... 24-20 12-07 12-13
4 30 289 316 24-26 12:06 1220
4 47 285 314 2070 1363 7:07
4 49 285 . 20°75 13-64 7:11
4 51 285 | ... 2065 13:63 7:02
4 53 285 | ... 20-65 1360 7-05
4 56 285 | ... 2066 1360 7:06
5 0 285 315 2072 1364 7:08
5 5 283 18-82 14-24 4:58
5 10 283 | e 18-85 1422 463
5 14 283 . 18-84 14-25 4:59
517 283 | e 18:90 14:25 465
519 283 . 18:90 1426 464
5 21 283 18:86 14-29 457
5 30 27 vecane 16-65 1510 1-55
5 33 278 16-64 1510 1:54
5 35 278 16:66 15-09 1:57
5 40 274 | ... 1644 15-11 1-33
5 42 274 | ... . 16-50 1513 1:37
5 45 274 | ... 16-45 15°10 135
5 50 274 veeaee 16-43 15:05 1-38
Summary of Column Determinations.
. ; Rise of Bpecifio
Catheto- . Number Tempe- | Capacity, | Difference column Pressure of | Pressure of| volume of
Thermo- Difference rature, of globe, | of level ° saturated | steam in steam,
meter, meter, | oriovel of Of de?er- corrected | in grains |of columns, fr.'om steam, in | globe, in | corrected
Fahr. mnner columns, [Minations for of water at| corrected | Point of inches of | inches of | for ex-
oolumn, averaged-| ocoure, | 39°1. to 32°. ’?le“m mercury. | mercury, | pansion of
escent. glass.
o inches. inches. o inches. inches.
289 24:23 1213 6 28825 | 18040-1 1178 10+45 114-24 | 10379 | 531:96
285 20+69 706 6 284:32 | 182354 686 553 107-44 | 101-91 | 537-68
283 1886 461 6 282:34 | 183197 448 - 3:15 104°14 | 10099 | 540-17
278 16:65 1565 3 277-43 | 184154 1-51 018 9630 96:12 | 54291
274 16-45 1-36 4 27348 | 184238 133 | ...... 9035 90°35 | 54317
MDCCOLX. 2E



202 ON THE DENSITY OF STEAM AT DIFFERENT TEMPERATURES.

Experiment 10.—Globe B. Thermometer A. December 14, 1858.
Weight of water introduced =3758 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. In oil. Inner column.|Outer column. columns,
h m o . inches. inches. inches.
12 45 285 316 | ... 1950 | ...
2 15 285 304 30-20 2263 757
2 20 285 307 3073 2242 8:31  |Probably erroneous.
2 30 285 330 30-20 2264 7:56
2 40 285 325 2953 2301 652

Summary of Column Determinations.

i . Capacity Difference Rise of
Thermo- szgtzi? Difference N&g&?i&?f Tiﬁﬁz&gge’ of globe, of level of | column from
meter, g, of level of nations for n} grains columns, point of
Fahr. columns. of water corrected maximum
column. averaged. pressure. at 89°1. to 39°. doscont.
inches. inches. . inches. inches.
Max. desc. 24-3317 2507 | .o | el 18930 2457 | ...
285° 2998 721 4 284:16 18872 7-04 4-59

After obtaining these determinations, and whilst the experiment was incomplete, the
oil-bath cracked at the bottom and stayed further progress. In consequence of having
these vessels so deep, difficulty was found in getting them blown, and we had to be con-
tent with such as could be obtained. These were very thick at the bottom, where the
heat was greatest and danger most to be apprehended, and in consequence at the higher
pressures they became a fertile source of annoyance.

Pressure of saturated Pressure of steam Specific volume of steam
steam, in globe, in globe, corrected for
in inches of mercury. in inches of mercury. expansion of glass.
.................. 514-98
107-17 102-58 503+60




Experiment 11.—Globe B. Thermometer A. March 19, 1859.
Weight of water introduced =38-745 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. In oil. Inner column.[Outer column. columns,
h m o o inehes. inches. inches.
2 25 291 320 31:04 19°40 11-64 Lamps lighted at 11% 45™,
2 28 291 | ... 3102 19-42 11-60 )
2 30 291 | ... 3097 19:44 11-53
2 40 287 | ... 2685 20-78 6-07
2 45 287 27:00 20-85 6415
2 53 287 | e 2672 2078 594
3 0 287 | ... 26+74 2077 597
3 20 285 320 2490 2134 356
3 25 285 | ... 24:80 21-33 347
3 30 285 | ... 24-85 21:34 351
3 35 285 | ... 24-85 21:37 3+48
3 50 284 | ... 24-20 2159 261
3 55 284 vee 24-15 21°56 259
4 0 284 | ... 24-19 21:56 2:63
4 4 284 | ... 2413 21458 2:55
410 284 | ... 24-20 21-52 2:68
4 17 283 | aeees 2374 21470 2:04
4 30 283 2380 21-66 2:14
4 34 283 ver 2375 2165 2:10
4 40 283 | e 2379 21+64 215
4 50 282 | ... 23:46 2175 171
4 57 282 | ... 23-46 21472 174
5 3 282 | . 2350 21-76 174
5 8 281 316 2310 21-79 1:31
513 281 | ... 23:37 21:71 1:66
5 2 281 | ... 2341 2174 167
5 23 281 vee 23:38 2176 162
5 30 279 | . 2329 2179 1:50
5 35 279 | .. 2316 21+79 1-37
5 40 279 | e 2330 21:82 1:48
5 45 275 | ... 23-00 21-83 1-17
5 43 275 | ... 2305 2187 1-18
5 50 275 | ... 2300 21:85 1-15
5 55 275 | ... 23-00 21:86 1-14
6 0 275 | ... 2293 21-91 1:02
Summary of Column Determinations.
Rise Specific
Catheto- . Numb Tempera- | Capacity, | Difference | of column |[Pressure of| Pressure vtﬂamne.of
Thermo- | meter, | Difference | ZHPO" | ture, | of globe, |of level of | from | saturated |of steam in ke
meter, inner | of level of | of deter- | oo ented | in grains | columns, | point of | steam, in | globe, &0 g’ 4
Fahr. column. | columns, |Minations) =gy, of water | corrected | maximum | inches of | in inches cc;‘r ’; octe
: averaged. pressure. | at 89°1 to 32°. descent. | mercury. |of mercury. pm(x)sisz-o "
glass.
o inches. inches. o inches. inches.
275 2300 1-14 5 274:34 | 19214-0 1-11 | ... 91:62 9162 | 49725
279 2325 1-45 3 278:27 | 19201-2 1:42 0°31 97:61 97:30 49691
281 23-31 1:56 4 28024 | 191979 1-563 042 100-73 | 100-31 | 49683
282 2347 173 3 28122 | 191899 169 0-58 10231 10173 | 496-63
283 2377 2-11 4 28220 | 191747 2:06 095 10391 10296 | 496-24
284 2417 261 5 28318 | 191542 255 1-44 105°53 | 104-09 | 49571
285 2488 351 4 284:16 | 191178 342 2:31 107:17 104'8(} 494-81
287 2682 603 4 286:13 | 190184 598 487 110:53 10566 | 491-12
291 31-01 11-59 3 290-05 | 18771-9| 11-30 10-29 117-47 | 10718 | 48591
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Experiment 12.—Globe B. Thermometer A. March 24, 1859.
Weight of water introduced =41-877 grains.

Thermometer. Cathetometer. Difference
Time. of level of Remarks.
columns.
In steam. Inoil.  |Inner column./Quter column.
h m o o inches. inches. inches.
3 36 295 325 30-94 2084 10°10 Lamps lighted at 12 o’clock.
3 40 295 ceaees 31-02 20-81 10-21
3 45 296 | ... . 31-03 20-77 10-26
3 48 295 | ... 30-91 2084 10°07
3 51 295 | ... . 30-91 20-89 10:02
3 54 296 | ... 30°96 20-87 10-09
4 35 295 320 31-02 20-81 1021
4 0 291 320 27°00 22:22 478
4 8 291 o 27:03 2223 4-80
4 50 291 . 2695 2220 475
4 55 291 | ... 2703 22:22 481
4 57 291 e 2700 2217 483
5 5 290 | ... 2640 2243 397
510 290 . 26-42 2244 398
512 290 e 26-40 22-39 4-01
5 25 287 2500 2284 2:16
5 26 287 | ... . 2504 22-87 2:17
5 28 287 tevens 2489 22:90 1-99
5 30 287 ceeene 2500 2283 217
5 35 285 | ... 24:55 22+89 166
5 40 285 | ... 24°62 22:93 169
5 42 285 | ... 2466 22:98 1-68
5 43 285 | ... 2467 2301 1-66
5 45 285 | ... 24+58 2302 1-56
5 50 283 | ... 24-39 2307 1:32
5 53 283 | .. 2443 2310 1-33
5 55 283 cevees 24:50 23+06 1-44
5 57 283 | ... 2451 23+06 1-45
6 0 281 | ... 24-36 2309 1-27
6 3 281 | ... 2438 23:11 1-27
6 5 281 | . ... 24°33 2311 1-22
6 36 293 | .. 29+56 21-40 816
6 38 293 | ... 2962 21-43 8-19
6 40 293 | ... 29:51 21-40 - 811
6 45 2938 | ... 29°52 21-41 811
Summary of Column Determinations.
. Specific
Catheto- | v Number | Tempe- | o .| Difference Rllse of P ressure of Pressure of volume of
Thermo- | “#Wt0- | Pifference | NWIDOT | pppype, | Capacity, | Topjape) | column o pated | steam in | Steam in
meter, meter, | ¢ joye] of | Of deter- | o ireq | In grains | e columns, from steam, in | globe, globe,
Fahr, mnner columns, |Mnations, g, of water "o vrected | PO Of | "5 pis | i inches | corrected
column. averaged. pressure. at 39°1. to 82°. n;f,xxmum of mercury.jof mercury. for ex-
escent, pansion of
glass.
o inches. inches. ° inches. inches.
281 2436 1-26 3 280°24 | 191500 123 | ... 100-73 | 10073 | 45830
283 2446 1-39 4 28220 191449 1-36 013 103-91 10378 | 45844
285 2461 1-65 5 284:16 [19137-2 162 0-39 107-17 | 106°78 | 45825
287 24-98 2:12 4 286:13 |19118-1 2:08 0-85 11053 | 10968 | 457°79
290 2640 398 3 289-07 | 190451 388 2:65 11570 11305 | 45610
291 27:00 479 6 290:05 |19014-2 467 344 11747 | 114-03 | 45534
293 29°55 814 4 292:02 | 188723 7:94 671 121-11 114:40 | 451-95
295 30-97 10-14 6 293-97 |18780-3 9-88 865 124:75 116:10 | 449-72
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Experiment 13.—Globe A. Thermometer B. October 19, 1859.
Weight of water introduced =42680 grains.
Thermometer. Cathetometer. Difference
Time. of level of Remarks,
In steam. Inoil.  |Inner column.Outer column. colummns.
h m o N inches. inches. inches.
1 33 302 339 2327 12-86 10-41
1 35 302 | ... . 2322 12-86 10-36
1 37 302 ceeane 2326 12-86 10-40
1 42 302 336 2325 12-83 10-42
1 53 299 329 19:97 1391 6-06
157 299 cevsen 19:98 13-85 6-13
2 0 299 e 19:93 13-84 6-09
2 5 299 330 19:96 1385 6-11
2 8 299 ceesee 19-89 13-83 6-06
2 10 299 | .. . 1994 13-85 6409
2 20 297 | e 17-94 14:27 367
2 25 297 | e 18:00 14:27 373
2 27 297 327 1790 14:25 365
2 30 297 | e 18:03 14-23 3:80
2 35 297 | ... . 1795 14:24 371
2 43 293 | .. 16-44 14+72 1-72
2 47 293 ceeees 16-44 14-69 1:75
2 49 293 | .. 16+43 14-73 1-70
2 51 293 | . 16-47 1472 175
2 58 289 | s 16-39 14-80 1:59
3 0 280 | . 16-36 14-82 1:54
3 5 289 vesaee 16-40 14-82 1-58
310 289 | e 16-39 14-76 163
Summary of Column Determinations.
) i Specific
Numb Tempe- | Capacity | Difference Rllse of pressure of Pressure of | Yolume of
Thermo- | Catheto- | Diference fu(i" °r | rature, | of globe, | of level of cc;‘umn saturated | steam in ste?n]; n
meter, meter, | of Joyel of | OF deter= | ooprected | in grains | columns, rom ¢ | steam, in | globe, globe,
Fahr, inner | 51ympg, |unations for of water | corrected | PO OF | 5yches of | in inches c?_rrected
column, averaged. | | eqeure, | at 89°1. | to 32°. n(lla,xlmum mercury. jof mercury.| *OF €X-
escent. pansion of
glass.
o inches. inches. o inches. inches. ‘
289 16-39 1:59 4 288:25 | 18433°8 156 | ... 11424 | 114°24 | 43312
293 1644 1473 4 292:19 | 184318 1-68 013 12140 | 121-27 | 43308
297 17:96 371 5 296-13 | 183647 3:60 2:056 12892 | 126-87 | 431:50
299 1994 | 609 6 | 298-09 | 18268:3| 591 | 436 | 13280 | 12844 | 429-28
302 2325 10:40 4 301-03 | 18097:1| 10-09 854 13878 | 13024 | 42541
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Experiment 14.—Globe A. Thermometer A. April 6, 1859.
Weight of water introduced =41-069 grains.

. Thermometer. Cathetometer. Difference
Time. of level of Remarks.
In steam. Inoil.  |Inner column.! Outer column. columns.
h m o o inches. inches. inches.
210 297 348 31-88 19-40 12-48 Premature,
215 297 | e 3178 19-38 12:40 | Premature.
2 18 297 | ... 3150 19:40 12410
2 20 297 | s 3164 19-38 12:26
2 22 297 | ... 31-60 - 19-38 12-22
2 24 297 veeees 31-79 19-30 12:49
2 28 297 31-50 19-35 12-15
2 30 297 ceenes 31-38 19°50 11-88
2 45 297 | . 3125 19:59 11-66
Summary of Column Determinations.
Capacity Diﬂ'erex;ce Rise of
Thermometer, | Cathetometer,| Difference g-‘g;lt];‘:f Temperature, | of globe, in | of level of |column from
Fahr.  |inmer column,| ©f levelof | o tions | corrected for | grains of columns, point of
: 1 columns, averaged Ppressure. water at corrected maximum
gos. 39°1. to 82°. descent.
o inches. inches o inches. inches.
...... 23-30 18414 15
297 31-52 12-11 7 29593 18011-2 11-79 1029

This experiment was arrested whilst incomplete by the breaking of the thermometer.

Pressure of saturated
steam, in inches of

Pressure of steam in
globe, in inches of

Specific volume of steam
in globe, corrected for

mercury. mercury. expansion of glass.
44962
12840 11811 439°85

Reduction of the preceding Experiments.

The inner column of mercury having attained its maximum point of descent, remains
stationary so long as vaporization is going on in both vessels, and then the temperature
at which the first decided indication of ascent of the inner column is observed, obviously
gives us the maximum temperature of saturation. Thus, for example, in Experiment 2,
we should at once fix this temperature at, or nearly at, 244°71; for at this temperature
the inner column of mercury stands about half an inch above the level corresponding to
saturation pressure, the differences of level at less temperatures being too small to war-
rant us in taking them as indications of superheating. But as slight oscillations in this
column, arising from accidental changes of temperature or from other causes, might lead
us to infer that the steam had arrived at its maximum temperature of saturation before
it had actually attained this point, we considered that there would be less chance of
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error, if this point were in all cases determined by a reduction taken from observations
made at a point of temperature somewhat above that of saturation. -

For small ranges of temperature, we may presume that the relation expressed by
equation (1) will apply within small limits of error to superheated steam. LetV,,p,, ¢
be the specific volume, pressure, and temperature, respectively, of a given weight of
steam when superheated ; then we find

Vip—Vopo=e(t,~t,), . . . . . . . . . (4)
where the constant «=74'8 nearly. Moreover, let T, be the maximum temperature of
saturation of the steam, and V, its corresponding specific volume, then, from equation

(1), we get
V,P.=V,p,4+o(T,—2), . . . . . . . . (5)

and hence

Vv a
P,= ‘fo’2+vl(Tl—t2). R (8|

Now having given from the Tables of the experiments the values of V,, p,, 7,, and taking
V, as the specific volume at the maximum descent of the mercury, the value of T, may
be assumed with a near approach to accuracy from the indications in the experiments;
then, if the value of P, deduced from this assumption coincide with the pressure of
saturated steam at that temperature, the maximum temperature of saturation has been
rightly assumed. If not, the value of T, deduced from the value of P, given by the
equation may be taken for a second approximation, and so on till the value of P, does
coincide with the pressure of saturated steam deduced from the experiments of
M. REGNAULT.

The following Table gives the temperature of saturation thus deduced from the pre-
ceding experimental Tables, the two highest temperatures of superheating being in most
cases assumed as the data for calculation. In one or two cases, where the lower of these
two temperatures is manifestly within the limits of imperfect expansion, the reduction
from the higher temperature alone has been retained.

The point thus determined (strictly speaking) is the temperature of maximum satura-
tion of the steam, assuming that at this point it retains all its watery vapour in an
aériform state. This ideal point of temperature, it must be observed, will always be a
trifle higher than the actual point. As the coefficient « is always small as compared
with V,, the value of P, in equation (6.), is not much affected by any possible variations
of value which may be given to this coefficient.
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TABLE of Results, deduced from the preceding determinations of the maximum tempe-
rature of saturation and specific volume of steam, at pressures of from 15 to 70 lbs.
per square inch.

Number | Maximu, tomperainre | Prossuro of steam, | Specific volume of |Yaximum empora-) Pressure of steam,
Exper. Fahrenheit, In inches of mercury. the steam. Centigrade. ' of mercury.
1. Zig:gg} 242:90 gg:gg } 5361 94312 117-16 13617
2 zﬁjgg 244-82 gg:gg } 5552 90803 118-23 1410°1
3. Ziﬁfﬁﬁ} 24522 gggg} 5589 89254 118+45 14196
4. 25 } 255:50 gg:gg} 6684 | 75944 12416 16977
5 ggg:ﬁg} 26314 gg:?g } 7620 649-24 128+41 1935+4
6 gg;gg} 26721 g}:gé} 8153 63530 - 130:67 2070+8
7 gggfé} 269-20 gj:gg } 84:20 60565 13177 21389
8. 27476 92-23 554-44 134-86 2342+
9 27330 90-08 54317 134:05 22879
10 279-42 99-60 51498 13745 25298
n o220 oggus8 Lo e 10454 197-25 139-21 26552
12, |- Zgggg} 28725 HZ?? } 11278 |. 45830 141-80 28646
13, 292'53 12225 433-12 144+74 8105°1
14. | 28825 114-25 44962 142:36 29019

SecrioN IL.—ZExperiments at Pressures less than that of the Atmosphere.

As there would be a difficulty in maintaining the copper steam-bath perfectly air-
tight when the elasticity of the steam is considerably less than that of the atmosphere,
the construction of the apparatus was modified in the following manner :—

The extremity of the stem of the glass globe, passing through the outer tube, had its
extremity inserted in a deep mercury-bath, the surface of which was exposed to the
pressure of the atmosphere. The elevation of the column of mercury in the globe-stem
above the level of the mercury in the bath being taken at different temperatures, and
the corresponding elevation of the mercury in the barometer being observed, the differ-
ence of these two columns at once gives the elasticity of the vapour in the globe for the
corresponding temperature. The maximum temperature of saturation, in this case,
takes place at that point where the column of mercury, measuring the elasticity of the
vapour in the globe, begins to deviate from the column of pressure measuring the elasti-
city of saturated steam.

Plate VIIL. fig. 1 is a section of the copper boiler and apparatus arranged for the low-
pressure experiments. B is the copper boiler, with its cover removed and supported on
the strong tripod as before ; 00 the outer glass tube 1} inch diameter and 32 inches
long, fixed as before in the stuffing-box s, but in these experiments open at the bottom,
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and after the insertion of the globe A, closed by an india-rubber cork. CC is the large
mercury-bath for heating the glass tube, with its lamp A, and shade of sheet iron %:
the globe A rests on a tripod, n, in the copper bath, and its stem passing down through
the outer tube, is open at bottom in the mercury-bath. To transfer this globe from
its place over the basin in which it has been inverted, to form the Torricellian vacuum
to the boiler, the cap of india-rubber (fig. 9) is placed over the end. A small block of
wood, z, fixed by a wedge, slides over the outer tube and carries a double-pointed screw,
by which the level of the mercury in the bottom bath could be read off by the cathe-
tometer, the length of the screw being added to the height taken from the upper point.
A frame of wood carried the two thermometers # and ¢ placed above and below the
globe in the copper bath. The boiler was heated by gas-jets, E, as before.. The
difficulty arising from the retardation of the passage of heat through the outer glass
tube, already alluded to, was found in an increased degree in these experiments, owing
to the small surface exposed to the heat of the mercury-bath. After the fracture of two
or three tubes, which from their large size were very imperfectly annealed, an iron
tube, p, was cemented to the lower part of the glass, and entirely removed the difficulty.
1t enabled a violent ebullition to be maintained in the glass tube, if necessary, at more
than twenty degrees lower temperature in the mercury than before.
The globes were filled with mercury, inverted, and the water introduced as before.

Capacity of Globe G.
Water introduced =18425 grains at 50° Fanr., this reduced to 39°1 =18427 grains.

Graduation: First file mark . . =18427-0 grains.
Second file mark. . =185563-2 grains.
Third file mark . . =186794 grains,
Fourth file mark. . =188056 grains.
Fifth file mark . . =18931-8 grains.

The utmost care was taken throughout the experiments to prevent the admission of
air or any other influence likely to affect the accuracy of the results.

MDCCCLX. 2F
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Experiment 1.—Globe G. Thermometers B and C. November 16, 1859.

Weight of water introduced =2-215 grains.

Thermometers in water-bath. Thermomet Cathetometer. Difference

Time. in meré?lf‘;r of level of

B. C. Globe-stem. | Mercury-bath. columns.
h m Fahr, | Fahr. | Fahr. | inches. inches. inches.
4 35 170 170 22 2928 4:37 2491
4 40 170 170 222 29:28 4-37 24+91
4 43 170 170 222 29-28 4-37 2491
4 45 170 170 226 29-28 437 24-91
5 20 140 140 227 2954 4-37 2517
5 25 140 140 228 29:53 4-37 2516
5 28 140 140 228 29°56 4-37 2519
5 30 140 140 228 2956 437 25°19
5 50 136 136 224 29-64 434 2530
5 53 136 136 224 2971 434 2537
5 55 136 136 225 2967 434 2533
6 5 133 133 226 30-04 434 2570
6 10 133 133 226 3006 434 2572
6 15 132 132 228 30-23 4-34 2589
6 17 132 132 230 3022 4-34 2588
619 132 132 230 30-22 4-34 2588

The barometer reading during this experiment (corrected to 32°) was 30-15.

Summary of Column Determinations.

Specific
Mean . Difference | Tlastic volume of
" .| Number | level of Capadty | 1y erence of level | force of Prossure of steam in
Tempe .| of globe, ? saturated
rature of deter- | column in in grains of level |of columns,| ‘steam in steam. in globe,
Tahr, | Minations |  globe- of water (Of columns,| corrscted | globe, in | ;4.0 o | corrected
: ' averaged. stem, at 39°1 in inches. | to 32°, inches of mereur for ex-
in inches. in inches. | mercury. 5 pansion
of glass.
132 3 30-22 18289 25-88 2542 472 472 82653
133 2 3005 18297 2571 2527 4-87 4-85 8269°2
136 3 29-67 18310 2533 24-90 524 525 82753
140 4 2955 18313 2518 2475 539 583 82784
170 4 20°28 | 18322 24-91 2448 566 12:16 82844
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Experiment 2.—Globe G. Thermometers B and C. November 11, 1859.
Weight of water introduced =3-455 grains.
- : Thermometeis in water-bath, Thermometer Cathetometer, Dfﬂlfereln ¢ ?
1me. : of level o
B. C. 1 mereury. Globe-stem. | Mercury-bath. columns,
h m Fabr. | Fahr. | Fahr. inches. " inches. inches.
11 25 190 190 265 26-42 477 21-65
11 30 190 190 263 2642 477 21+65
11 35 190 190 267 2642 477 2165
11 37 190 190 266 2642 477 21-65
11 40 190 190 266 26+41 477 21-64
11 55 180 180 270 26+59 477 2182
12 0 180 180 268 26°59 477 21-82
12 5 180 180 268 26-59 477 21-82
12 20 170 170 276 26+76 4-80 2196
12 25 170 170 274 2675 480 21:95
12 27 170 170 274 26-76 4-80 21-96
12 30 170 170 270 26-76 480 2196
12 47 160 160 284 26:92 4-80 2212
12 57 160 160 284 26492 480 2212
115 150 150 280 2805 - 480 2325
Summary of Column Determinations.
Mean Specific
Mean ¢ | Capacity | Mean | difference |Pressure of Pressure of volume of
Tempe- | Number | level of | oro15he | difference | of level of | steam in | saturated | Steam in
rature, of deter- | column in | 3, grains | of level of | columns, | globe, in | steam, in globe,
Tahr, | Minations | globe- | “oplooter | columns, | corrected | inches of | inches of | corrected
averaged. | stem, at 89°1. | ininches. | to 32°, | mercury. | mercury. | for ex-
in inches. in inches pansion
) of glass.
150 1 2805 | 18364-4 2325 2291 753 7°52 532149
160 2 26:92 |18402:5 22°12 2179 8:65 9+61 53335
170 4 26+76 | 184079 21-96 21:63 8:81 12:16 5336°1
180 3 26-59 | 184135 2182 21-49 895 1526 5338°1
190 5 26:42 |18420-7 2165 21-33 911 1899 5341-2

The barometer read from 30-44 to 30°45 during this experiment.

2¥F2
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Experiment 3.—Globe G. Thermometers B and C. November 7, 1859.
Weight of water-introduced =3-76 grains.

Thermometers in water-bath. Cathetometer. Difference

Time. Thermoraeter of level of
B. C. 1 mereury. Globe-stem. Mercury-bath. columns.

h m Fahr. | Falr. Fahr. , inches. inches. inches.
1 6 2099 | ... 264 2426 4-83 19+43
120 2099 209-9 258 2422 4-83 19:39
125 2099 2099 260 24°22 483 19-39
1 30 206 206°5 268 2436 4-83 19-53
140 206 2065 271 24:26 4-83 1943
1 45 206 2065 | ... 2427 483 19-44
1 48 206 206+5 272 -24-26 4-83 1943
1 50 206 206+5 272 2426 4-83 19443
210 198 1984 265 24-39 4-82 19°57
2 15 198 1985 265 24-38 482 19°56
2 20 198 198-4 266 24-38 483 19-55
2 25 198 1984 270 24-38 482 19-56
2 41 190 1905 270 2450 482 19:68 -
2 45 190 1905 266 24-51 482 19-69
2 49 190 1905 270 24:47 482 19+65
3 2 180 1804 268 24-67 482 1985
3 8 180 1804 268 24+67 4-82 19-85
311 180 1804 268 2467 4-82 19-85
3 25 170 1704 273 24-84 482 20-02
3 30 170 1704 268 2482 482 20:00
3 33 170 170-4 269 2482 482 20-00
3 50 160 160-1 270 25403 4-82 20-21
3 55 160 160-1 270 2500 4-82 2018
4 0 160 160-1 260 2500 4:82 20°18
4 17 155 1551 280 25°93 4-82 2111
4 25 155 1551 285 2595 4-82 21-13
4 27 155 1551 280 2593 482 21-11
4 30 155 1551 280 25:90 4-82 21:08
4 35 155 1551 280 2594 482 21:12
4 41 155 1551 280 2595 482 21:13
4 52 157 157-2 280 2553 482 2071
4 55 157 1572 280 2552 4-82 20:70
5 0 157 157:2 280 2553 4-82 20-71
5 7 159 159:3 280 2518 4-82 20-36
510 159 1594 280 2519 482 2037
515 159 1594 275 2518 4-82 20-36
5 25 160 160 276 2507 4-82 20:25
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Summary of Column Determinations.

Mean Specific
Numb lMelanf Capacity | Mean | difference |Pressure of Pressure of volume of

Tempera- | ~omber | level of | opaiohe | difference | of level of | steam in | saturated | Steam in

ture, of doter- colx‘xmn | in grains | of level of | columns, | globe, | steam,in | 8L0Pe,
Fahr, | Mminations | globe- of water | columns, | corrected | in inches | inches of | corrected

averaged. | stem, at 391, | ininches. | to 32°, |of mercury.| mercury. for ex-

in inches. in inches. pansion

of glass.

1550 6 2593 | 184472 21-11 2086 8:52 8:51 49119
157°1 3 2553 | 18460-7| 20-71 20-46 8:93 8:96 49157
159:2 3 2518 | 18472'4| 20:36 2012 9-28 942 49187
160-0 4 25:02° | 184779 20°20 19:97 9-32 961 4920°2
170-2 3 2482 | 18484'5| 2000 19476 9-61 12:21 49226
1802 3 2467 | 18489'6| 19'85 19°60 977 15-31 49249
190-2 3 24:49 | 184958 | 1967 19-42 9:94 19-06 4927+0
198-2 4 2438 | 18499-3| 1956 19-31 1004 2259 49284
2062 5 2428 | 18502:7| 1945 1920 | 10°14 2667 4930-0
2099 2 24°22 | 18504+7| 19-39 19:14 | 10-21 2869 49307

The barometer read from 2934 to 29-40 during this experiment.

Experiment 4.—Globe G. Thermometers B and C. November 12, 1859.

Weight of water introduced =4985 grains.

213

Thermometers in water-bath. Ther tor Cathetometer, Difference

Time. i;e;m;fg;ﬁye'n of level of
B. C. Globe-stem. | Mercury-bath. columns.

h m Fahr. | Fahr. | Fahr. inches. inches. inches.
1 0 211 211 280 2154 4+45 17:09
1 211 211 285 21-54 4:45 17°09
1 25 190 190 285 21:96 4+45 1751
1 30 190 190 285 21:96 4-45 17:51

At this point progress was stayed by the cracking of the outer tube.

Summary of Column Determinations.

Mean Specific
N ) lMe{m ¢ | Capacity | Mean | differenco [Pressure of|Pressure of volume of
Tempe- umber leve 0% | of globe, | difference | of level | steam in | saturated Ste{“{)‘ n
rature, of deter- | column in | ;) grains | of level |of columns,| globe, steam, in | §00%
Fahr, |Mminations | globe- of water |of columns,| corrected | in inches | inches of e;).l rected
averaged. | sterm, | 548907 |'ininches, | to32°, |of mercury.| mercury. | 10F €X-
in inches. in inches. pansion
of glass.
170 | covee | aeeen 18529 17:90 17:98 1216 12:16 | 37226
190 2 2196 18516 17-51 17-26 12:88 18-99 | 37209
211 2 21+54 18508 17-09 16-84 13:30 29-41 | 3720°3

The barometer (corrected to 32° Fanr.) read during this experiment 30-14 inches.
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Experiment 5-—Globe G. Thermometers B and C. November 14, 1859,

Weight of water introduced =5-000 grains.

) Thermometers in water-bath. Thermometer Cathetometer. Difference
Time. in mercury. of level of
B. C. GHlobe-stem. Mercury-bath. columns.
h m Fahr. | Fahr. | Fahr. | inches. inches. inches.
4 40 200 200 225 21-87 4-38 verees
4 45 200 200 226 21-82 438 | ...
4 50 200 200 222 2160 438 17-22
5 0 200 200 224 21-60 4-38 17-22
5 3 200 200 224 2160 438 17-22
5 22 180 180 226 22:00 4-38 1762
5 25 180 180 225 21:99 4-38 17461
5 27 180 180 225 21°98 4-38 17-60
5 30 180 180 225 21498 438 17:60
5 40 170 170 226 . 2257 4-38 18°19
5 45 170 170 224 2261 4-38 18-23
5 48 170 170 225 22:59 438 18-21
5 50 170 170 225 22+58 4-38 18-20
5 53 170 170 226 2258 4-38 18-20
6 5 168 168 227 23-11 438 1873
6 8 168 168 227 23°12 438 1874
6 10 168 168 227 23-18 4-38 18-80
6 13 168 168 227 2315 4-38 1877
6 15 168 168 | ... 23°18 4:38 18:80
6 18 168 168 | ... 2315 438 1877
Summary of Column Determinations,
Mean Specifie
Mean | Capacity | Mean | difference [Pressure of [Pressure of| Yolume of
Tempe- Number | levelof | ;¢ globe, | difference | of level of | steam in | saturated steam in
vature, | Of deter- column in | 3 oging | of level of | columns, | globe, | steam,in | &lOPe,
Fahy, |Minations globe- of water | columns, | corrected | in inches | inches of | corrected
averaged. |~ stem, at 39>1. |in inches. | to 32°, of mercury.| mercury. for ex-
in inches. in inches. pansion
of glass,
168 6 2315 | 185290 | 1877 | 1845 | 1161 | 1161 | 37113
170 5 2260 | 18547-5| 1821 1791 12-15 1216 | 37151
180 4 21-99 | 185579 1761 17°29 12-77 1526 | 37176
200 3 21469 | 185810 | 17:22 1688 1318 2345 | 37233

The barometer (corrected to 32° FanR.) read during this experiment 80:06 inches.
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Experiment 6.—Globe G. Thermometers B and C. November 17, 1859.
Weight of water introduced =2'215+3°20=5'41 5 grains.

The barometer (corrected to 32°) read 30-01 inches.

Thermometers in water-bath, Thermometer Cathetometer, Difference
Time. in mercury. . of level of
B, C. Globe-stem. | Mercury-bath., |  columns.
h m Fahr. | Fahr. | Fahr. , inches. inches. inches.
11 18 200 200 222 2050 - 435 16-15
-11 21 200 200 226 2051 4:35 16°16
11 25 200 200 226 20:50 4:35 16-15
11 27 200 200 226 2050 4-35 16:15
11 30 200 200 226 20-49 4:35 1614
11 45 180 180 228 20°89 4-35 16-54
11 48 180 180 226 2090 435 . 16-55
11 50 180 180 226 20°91 4-35 16:56
11 53 180 180 226 20491 4-35 1656
11 55 180 180 228 20°90 4:35 1655
12 10 174 174 228 21-31 4:35 16-96
12 13 174 174 228 21-31 4-35 16:96
12 16 174 174 227 21-35 435 17:00
12 19 174 174 226 21-33 4:35 16-98
12 24 174 174 229 2141 435 17:06
12 30 174 174 230 2135 435 17:00
12 44 169 169 226 2271 4-33 18-38
12 48 169 169 225 2270 4+33 18:37
12 52 169 169 225 2272 4-33 18:39
12 55 169 169 225 2276 4:33 18+43
12 58 169 169 225 22:70 4-33 1837
1 0 169 169 228 22476 4:33 18-43
Summary of Column Determinations.
. . Mean Specific
Numb Mean Cfapflclty Mean | difference [Pressure of [Pressure of volume of
Tempe- wmber | jovel of | OF 8lobe, | gifference | of lovel | steam in | saturated | Steam in
rature, of deter- | 1y in | 10 gYaINS | “orlovel  |of columns,| globe, steam, in | 8globe,
Fahr, | Minations globe- of ‘“?;ter of columns,| corrected | in inches | inches of corrected
averaged. | o | 86391, 15 inches. | to 89°1, |of mercury.| mercury. for ex-
in inches. in inches. pansion
of glass,
16§ 6 2272 | 18542) 18-39 1813 11-88 11-88 34294
174 6 21°34 |18588'5 | 1699 1673 13-28 13:33 34381
180 5 20-90 186058 | 1655 1629 1372 15°26 | 3441-8
200 5 20-50 |18622:4 | 1615 15°87 14-14 2345 | 34452
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Experiment 7.—Globe G. Thermometers B and C. November 8, 1859.
Weight of water introduced =3-764-2:373=6-133 grains.

1 Thermometers in water-bath. Cathetometer. Difference
Time. ’I‘_hernexometer of level of
B. C. 1 mereury. Globe-stem. Mercury-bath. columns,
h m Fahr. | Fahr. Fahr. | inches. inches. inches.
12 35 2095 209-5 262 17°75 4-88 1287
12 41 209-5 2095 265 1775 4-88 12:87
10 190 190 263 1830 4-88 13-42
1 5 190 190 268 18:27 4-88 13-39
112 190 190 268 18:27 4-88 13-39
1 22 186 186 268 18+42 4:88 13:54
1 30 186 186 260 18+42 488 13-54
1 40 182 182 262 18-66 4-88 1378
1 46 182 182 260 18:66 4-88 13:78
1 50 182 182 260 18466 4-88 13-78
2 10 178 178 270 19:70 488 14:82
215 178 178 270 19-61 488 14-73
2 20 178 178 270 1968 4-88 14:80
2 27 178 178 260 1972 488 14-84
2 40 181 181 265 1895 4-88 1407
2 45 181 181 265 18:97 4-88 14:09
2 50 181 181 263 18-90 488 14-02
3 0 182 182 265 1876 4-88 13-88
310 183 183 263 1877 488 13-89
Summary of Column Determinations.
Mean Specific
Numb IMclanf Capacity | Mean | difference |Pressure of [Pressure of| Yolume of
Tempera- fuént er leve Ol | of globe, | difference | of level of | steam in | saturated | Steam in
ture, ot (é.er - |co gmn M | in grains | of level of | columns, | globe, steam, in glf)be,
Fahr, |02 1033 globe- of water | columns, | corrected | ininches | inches of | ©OM7 ected
averaged. | stem, at 391, | in inches, | to 32°, |of mercury.| mercury. for ex-
in inches. in inchos. pansion
of glass.
17§ 4 1968 | 18644:5| 14:80 1461 14:80 14-66 30448
181 3 18:94 | 18672:2| 1406 | 13-85 1558 1560 30496
182 4 1868 | 186807 | 1388 1367 15-82 15:90 30510
186 2 18:42 | 18689-3| 13-54 13-33 1601 17-44 30526
190 3 18:27 | 18694-3| 1340 13:20 16:14 18:99- | 30535
2095 2 1775 | 187124 12:87 12:65 16:67 2857 30567°1
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Experiment 8.—Globe G. Thermometers B and C. November 15, 1859.
Weight of water introduced =5-0042-16="7-15 grains.

Thermometers in water-bath. Cathetometer. Difference
Time. C[;hermo?&eter of level of
B. C. 1 merenry. Globe-stem. Mercury-bath. columns.
h m Fahr. | Fahr. Fahr. inches. inches. inches.
11 45 211 211 226 1585 447 11-38
11 51 211 211 228 15:85 447 11-38
11 55 211 211 226 15-82 447 11-35
11 58 211 211 227 1580 447 11-33
12 0 211 211 227 15-80 4:47 11-33
12 15 191 191 224 16-40 4-47 1193
12 20 191 191 223 16-41 4-47 11:94
12 25 191 191 228 16:39 4-47 11-92
12 28 191 191 228 16-41 447 11:94
12 30 191 191 228 16-41 4-47 11-94
12 40 186 186 225 17-35 4-47 12-88
12 45 186 186 227 1735 4-47 1288
12 48 186 186 227 17:30 447 12:83
12 52 186 186 225 17-25 4-47 12:78
12 55 186 186 228 17-30 4-47 12°83
12 57 186 186 228 17-23 447 12:76
6 0 186 186 227 17-26 447 1279
110 181 181 227 19-28 4-46 14-82
115 181 181 226 19°16 4:46 14:70
118 181 181 226 1918 4+46 14:72
1 20 181 181 226 19-18 4-46 14-72
Summary of Column Determinations.
Mean Specific
Numb lMelan ¢ | Capacity | Mean | difference [Pressure of Pressure of volume of
Tempera- fu&n or leve O | of globe, | difference | of level of | steam in | saturated steizm m
ture, of deter- | co ‘Tn%)n M in grains | of level of | columns, globe, steam, in globe,
Fahy, | minations| globe- of water | columns, | corrected | in inches | inches of cofg-recl:ed
averaged. | stem, at 39°1. | in inches. | to 32°, lof mercury.| mercury. | 'OF X~
in inches. in inohes. pansion
of glass.
{
181 4 1920 | 18660-7| 1474 | 1452 | 1561 | 1560 | 2614-2
186 7 1729 | 187270 | 1282 | 1262 | 17-51 | 17-44 | 26234
191 5 16-40 | 187565 | 1193 | 1175 | 18-38 | 1943 | 26278
211 5 1582 | 187757 11:35 11-16 18-97 2942 | 2631-2
The barometer read 30-13 inches,
MDUCCLX. 2¢a
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Experiment 9.—Globe G. Thermometers B and C. November 15, 1859.
Weight of water introduced =7-15+41:648=28-798 grains.

Thermometers in water-bath. Cathetometer. Difference
Time. Thermometer of level of
B. C. 1 mereury. Globe-stem. Mercury-bath, columns.
h m Fahr. Fahr. Fahr. inches. inches. inches,
4 57 211 211 227 11:56 447 7:09
5 0 211 211 227 1155 447 708
5 4 211 211 227 11:55 447 7:08
5 6 211 211 227 11°55 4-47 708
517 201 201 227 11-90 447 743
5 25 201 201 229 11:95 4-47 7+48
5 28 201 201 229 1195 447 7+48
5 30 201 201 231 11:94 447 7-47
5 33 201 201 230 1194 4-47 7:47
5 45 196 196 230 1279 4-47 832
5 50 196 196 228 1280 447 8:33
5 53 196 196 230 12:82 447 8:35
5 55 196 196 230 1279 4-47 8-32
6 15 191 191 230 1516 4:47 10-69
6 22 191 191 228. 1514 4-47 10467
6 25 191 191 228 14:95 447 10°48
6 27 191 191 227 1510 4-47 1063
6 30 191 191 227 15:10 447 10-63
Summary of Column Determinations.
Mean Specific
Mean Capacity | Mean | difference | Pressure |Pressure of V‘?l“me. of
Tempera. | Number | level of 1 of globe, | difference | of level of 'of steam in| saturated | Steam in
ture, of deter- |columnin | i) oyaing | of level of | columns, | globe, | steam, in globe,
Fahp, | Mminations| globe- | eSaten | Golumns, | corvected | in inches | inches of corrected
averaged. | stem, ab 39°1. | ininches. | to 32°, lof mercury.| mercury. for ex-
in inches. in inches. pansion
of glass.
'.lQiJ 5 1509 | 18799:8| 1063 1047 19°69 19:40 21406
196 4 1280 | 188768 8:33 8:20 21:96 2157 21495
201 -5 11:94 | 18906-4 7-46 7:34 22:82 23:94 21529
211 4 11-55 | 18917°1| 7-08 6-96 23:26 29:33 | 21545

The barometer read from 30-16 inches to 3023 inches during this experiment.

Reduced by the same formule as before, we obtain the following general Table of

Results of the experiments below the atmospheric pressure.
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TABLE of Results reduced from preceding Experiments.

Number | Maximum temperature Pressure, in inches Specific volume Maximum tempe- Pressure,
of experi- of saturation, of mércury of steam rature of saturation,| in millimetres
ment. Fahrenheit. ' ’ Centigrade. of mercury.

N o inches. ° °
1. 13685 . 5367 .. i . .
]36'70} 136°77 5.34} 535 82753 5820 1359
2. 15538 . 8647 . i . . .
‘ 155'28} 15533 8'61}862 53335 6851 2189
3. 15935 945
159'35 »>159°36 9:45 »945 49202 70:75 2400
15940 9:46
4. 170-88 . 12°46 . . . .
170'96} 17092 12'48} 12-47 37226 77°18 316-7
5. 17152 . 12:63 . . Q0.
171.44}171 48 12-60}1261 3715 l‘ 7749 320-3
6. 17492 13 62 34381 79:40 346-0
7. 182-26 o 1601 . . . .
182'34} 182-30 16-02 16-01 30510 8350 406-7
8. 188-30 18:36 2623-4 8683 466-4
9. 198:78 2288 21495 92:65 581-1

SecrionN I1L.—Generalization of Results.

As we purpose to extend these experiments to steam of very high pressure, and to
institute a distinct series of experiments on the law of expansion of superheated steam,
any elaborate generalizations of the results of the present series of experiments would
be premature. In the mean time, however, we give the following general summary of
results.

On the Relation of Specific Volume and Pressure of Saturated Steam.

Let V be the specific volume of a given weight of saturated steam, at the pressure P,
measured by a column of mercury in inches; then

49513

and
49513
P=m—'72 . (8.)

The following Table shows that formula (7.) represents with considerable accuracy
the results of our experiments, and also that they are for the most part perfectly con-
sistent with one another.

# These formule, expressed in French millimetres instead of English inches, would be

—orpg . 1257605
V=2562+ 5 (10.)
_ 1257605
P—ms-_Gz_w% e L)

262
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TaBLE showing the relation of Density, Pressure, and Temperature of Saturated Steam.

MR. W. FAIRBAIRN AND MR. T. TATE ON THE DENSITY

Number Pressure, in Maximum Specific Specific Proportional
of inches of temperature volump from volume from error of
experiment. mercury. of satuzation. experiment. formu‘IrzT (7). formula (7.).
1 535 136-77 82758 - 8183 —
2 862 15533 53335 5326 —rky
3. 9-45 '159-36 49202 4900 —3is
4, 12-47 17092 37226 3766 +3
5 12:61 171-48 37151 3740 +11g
6. 1362 17492 34381 3478 + 5%
7 16+01 182:30 30510 2985 —s
8. 18-36 188:30 26234 2620 +5t7
9. 2288 198-78 21495 2124 —3
1. 53-61 242:90 9431 937 —1ir
2. 5552 244-82 9080 906 —lr
3. 5589 245°22 8925 900 +1hy
4', 66-84 25550 7594 758 —rty
L 5' 76-20 26314 649-2 669 ++5
6, 8153 26721 6353 628 —r
7. 84-20 269-20 6057 608 +337
8'. 92-23 27476 584-4 562 —
9. 90-08 27330 5432 545 +yir
10'. 99°60 27942 5150 519 +1i5
11'. 104-54 282+58 497-2 496 — i
12'. 112-78 28725 4583 461 +1iy
13/, | 12225 292:53 4331 428 —
14'. 114-25 28825 4496 456 -,

On the Law of Expansion of Superheated Steam.

Adopting the notation already employed, and putting # for the rate or coefficient of
expansion of an elastic fluid at ¢, temperature, we find

Vepe_l
1 Vin
r—51+tl—_te—:'—[1—’ L (9)

1 . .
where — represents the rate of expansion at zero of temperature. In the case of air
1

1_1 o . ion pe=— L
=59 50 that at 212° the rate of expansion "= 59212 =61 and so on to other

cases. ~

This formula is strictly true for all perfectly elastic fluids such as air; and if the
intervals (¢,—¢,) and (p,—p,) are small, it will give, with a near approach to truth, the
rate of expansion of any imperfectly elastic fluid, such as superheated steam.
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ad

The following Table gives the value of the coefficient of expansion of superheated

steam taken at different intervals of temperature from the maximum temperature of
saturation.

TaBLE showing the Coefficient of Expansion of Superheated Steam.

Number of Maximum Temperatures between | Coeflicient of Coefficient
experiment. temperature which the expansion expansion of of expansion

of saturation. is taken. steam. of air.

1. 13677 140 , 170 iz -
2. 15533 160 190 st ]
3, 15936 { 159-36, 170°2 T‘;%’G et
v 1702, 2099 3T ]

5. 17148 { 171:48, 180 zb0 i
180 , 200 T 55

6. 17492 | 17492, 180 T wht
180 200 5T 5T

7. 18230 { 1825, 180 T wiT
186 , 2095 54T 15

8. 188-30 191 , 211 - iy
1. 2429 243 249 517 ]
4', 2555 { 57 259 9T 715
257 , 264 w0 1%

6. 267-21 { 268 271 Eli? 71‘%'7‘
271 279 =t +

7. 269-2 { 271, 273 5T 5
218 279 ")"%T 7%3‘

9, 279-42 { 283 , 285 7&1;'5 T'IIF
285, 289 535 it

13", 29253 { 27, 299 T 5%
239 302 "6“215? 71'%7?

The results recorded in this Table distinctly show that, for temperatures within about
ten degrees from the maximum temperature of saturation, the rate of expansion greatly
exceeds that of air, whereas at higher temperatures from this point the rate of expansion
approaches that of air; thus, for example, in Experiment 6, between the temperatures
of 174°92 and 180° the coefficient of expansion is y33, that is, about three times that
of air; whereas between the temperatures of 180° and 200° the coefficient of expansion
is very nearly the same as that of air, and so on in other cases. At temperatures
somewhat removed from the maximum temperature of saturation, the coefficient of
expansion in the high-pressure experiments is decidedly greater than that of air,
whereas in the low-pressure experiments it does not greatly differ from that of air.

The mean of ¢, in the latter case =1(453+4064-467 4424+ 457+ 4444 413)=438,

whilst for air this constant is 459.
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Hence it appears that, as the steam becomes more and more superheated, the coefficient
of expansion approaches that of a perfect gas, but that at and near to the maximum
temperature of saturation the coefficient of expansion greatly exceeds that of a perfect
gas.

EXPLANATION OF THE PLATES.

PLATE VIIL

Represents the apparatus for the experiments on the density of steam detailed in
Section 1.

Fig. 1. Elevation showing the general arrangement of the apparatus, the copper
boiler B, gauge G, thermometer ¢, oil-bath C, inner and outer tubes forming
the saturation-gauge o, 4, cathetometer ff.

Fig. 2. A corresponding vertical section, and

Fig. 3. A plan.

]

PLATE VIIL

Fig. 1. Represents the apparatus for the experiments in Section II., shown in a vertical
section: B copper boiler, ¢, # thermometers, A the globe of glass containing
the weighed portion of water, C the lower mercury-bath, 2 double-pointed
pin for reading the lower mercury level, 7 lamp, and ¢, ¢ gas-jets.

Fig. 2. Represents the cathetometer with its vernier and telescope.

Fig. 3. Represents the vernier and thumbscrew of the cathetometer seen on the other
side.

Fig. 4. The glass globe, after the formation of the Torricellian vacuum, arranged with
its cap %, supported by an india-rubber band for insertion in the boiler for
one of the experiments at the higher pressures.

Fig. 6. A section of the cap and globe-stem of fig. 4, showing the platinum wire, &c.
Fig. 6. Different-sized globules for containing weighed portions of water.

Fig. 7. Cup and filled globule ready for transference to the glass globe.

Fig. 8. Bottom of the globe-stem arranged for a transference to the boiler for a low-

pressure experiment; the india-rubber cap ¢ is removed during the experi-
ment.

PLATE IX.

A diagram in which the relation of temperature and specific volume of steam is
represented in a curve, the ordinates of which represent the increments of temperature,
and the absciss@ the increments of specific volume: the marks (X ) indicate points deter-
mined experimentally, and the three curves the relations of specific volume and tempe-
rature as given by the common formula derived from the gaseous laws, by Mr. RANKINES
formula, and by formula (7.), page 219, of this paper derived from our experiments.
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