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PART L

O~ 1HE METHOD, APPLIANCES AND LiMiTs oF ERROR IN THE DIRECT DETERMINATION
oF THE WORK EXPENDED IN RAISING THE TEMPERATURE oF IceE-conp WATER TO
THAT 0F WATER BOILING UNDER A PRESSURE OF 29°899 INCHES oF lCE-cOLD
MuRrcURY 1IN MANCHESTER.—BY OsBORNE REYNOLDS.

The Standard of Temperature for the Mechanical Equivalent.

L. The determination by JouwLg, in 1849, of the expenditure of mechanical effect
(77269 1bs. falling 1 foot) necessary to raise the temperature of 1 lb. of water,
weighed 71 vacuo, 1° Fahr, between the temperatures of 50° and 60° Fahr. (at
Manchester), together with the second, in 1878, 77255 ft.-lbs., to raise the
temperature of 1 1h. (weighed @ vacuo) from 60° to 61° Fahr., at the latitude of
Greenwich, established once for all the existence of a physically constant ratio
between the work expended in producing heat and the heat produced; while the
extreme simplicity of his methods, his marvellous skill as an experimenter, and the
complete system of checks he adopted, have led to the universal acceptance of the
numbers he obtained as being within the limits he himself assigned (1 foot), of the
true ratio of work expended in his experiments in producing heat and the heat
produced as measured on the scale of the thermometer on which he spent so much
time and cave.

The acceptance of J = 772, as the mechanical equivalent of heat, amounts to the

acceptance of the scale between 50 and 60 on JouLr’s thermometer b as the standard

of temperature over this range.
JOULE's thermometers are now in the custody of the Manchester Literary and
Philosophical Society (having been confided to its care by Mr. A. Joure); so that
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this material standard is available. But the standard of temperature actually
established by JouLe is universally available wherever the British standard of length
18 available, together with pure water and the necessary means and skiil of expending
a definite quantity of work in vaising the temperature of water between 50° and
60° Fahr.,, since in this way the scale on any thermometer may be compared with
that on JouLE's.

The difficulty of access to Jourw's thermometer, and the inherent difficulty of
making an accurate determination of the equivalent, have limited the number of such
comparisons.

The most serious attempts have been made with the very desirable object
of determining the mechanical equivalent of a thermal unit, measured on the scale
of pressures of gas at constant volumes, first rccognised by Jourm as the nearest
approximation to absolute temperature.

The results of these comparisons have been various, all having apparently shown
that Joure’s standard degree of temperature is less than the one-hundred-aud-
eightieth part between f{reezing and boiling points on the scale of pressure of gas at
constant volume, the differences being from 0'L to 1'0 per cent. Joure himself
contemplated comparing his thermometer with the scale of air pressures, but did not
do so.  So that only indirect comparisons have been possible.

Hirx, who was the first to follow JouLs, in one of his researches introduced
a method of measuring the work done which afforded much greater facility for
applying the work to the water than the falling weights used by Jours in his first
determination, and this was adopted by JouLe in his second determination. But not-
withstanding the greater facilities enjoyed by subsequent observers, owing to the
progress of physical appliances, the inherent difficulties remained. The losses from
radiation and conduction could only be minimised by restricting the range of
temperature, and this insured thermometric difficulties, particularly with the air
thermometer, which, it seems, does not admit of very close reading. This, together
with certain criticisias, of which some of the methods employed admit, appenr to
have left it still an open question what exact vise in the temperature in the seale of
alr pressures corresponds to the 772 ft.-1bs.

2. The research, to the method and appliances for which this paper velates, has
heen the result of the occurrence of circumstances which offered an opportunity, such
as might not again occur, of obtaining the measure, in mechanical units, of the heat
in water between the two physically fixed points of temperature to which all
thermometrical measurements ave veferved, and of thus placing the heat as defined
in mechanical units, on the same footing as the unit of heat as defined by tem-
perature, without the intervention of scales, the intervals of which depend on the
relative expansions of different materials such as mercury and glass.

1t has been, so far as I am concerned, undertaken with considerable hesitation, on
account of the responsibility ever in attempting such a determination, and the harm
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to science that might follow frem further confusion owing to error in what, in spite
of opportunities, must be the extremely difficult task of making such complex
determinations within less than the thousandth part. These considerations, together
with my inability to find the large amount of time necessary for making the obser-
vations, prevented any attempt until July, 1894, At that time Mr. W, H. Moorny
offered to devote his time to the research, and so relieve me of all responsibility
except that which attached to the method and the appliances ; and having, from
experience, the highest opinion of Mr. Moorny’s qualifications for carrying out the
very arduous research, there seemed to be no further excuse for delay, particularly
as after seeing the appliances in the laboratory both Lord Krrvin and Dr. Scrustir
expressed strongly their opinions as to the value of the research.

The Opportinity for the Research,

3. This consisted in the inclusion in the original equipment, in 1888, of the labora-
tory of the following appliances :— ‘ ‘

(1.) A set of special vertical triple-expansion steam-engines, with separate boiler,
closed stoke-hold, and forced blast ; these engines being specially arranged to give
ready access to the shafts (3 feet) above the floor, and being capable of running at
any speeds up to 400 revolutions per minute, and working up to 100 H.P. (Plate 3.)

(2.) Three special hydraulic brake dynamometers, on separate shafts, between and
in line with the engine shafts, with faced couplings, so that one brake shaft could be
coupled with the shaft of each engine, leaving each engine to work its own shaft ; or
the brakes on the high-pressure and intermediate engines could be removed, and
their shafts coupled by means of intermediate shafts, so that all three engines worked
on the brake connected with the low-pressure engine. These brakes, which are
shown (Plate 3), are separately capable of absorbing any power up to a maximum of
30 horse-power at 100 revolutions, and increasing as the cube of the speed ; so that a
single brake is capable of absorhing the whole power of the engine at any speed above
100 revolutions a minute.

The whole of the work is absorbed by the agitation of the water contained in the brake,
while the heat so generated is discharged by a stream of water through the brake, with
no other functions than of affording the meansof regulating,independently, the tempera-
ture of the brake and the quantity of water in the brake. The moment of resistance
of the brake at any speed is a definite function ot the quantity of water in the brake.
And as, except for this moment, the unloaded brake is balanced on the shaft, the
load being suspended from a lever on the brake at 4 feet from the axis of the shaft,
if the moment of resistance of the brake exceeds the moment of the load, the lever
rises, and wice versd. By muking the lever actuate the valve which regulutes the
discharge from the brake, and thus regulate the effluent stream, the quantity of water
in the brake is continually regulated to that which is just sufficient te suspend the
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load with the lever horizontal, and a constant moment of resistance maintained what-
ever may be the speed of the engines.

(3.) Manchester town’s water, of a purity expressed by not more than 8 grams of
salts in a gallon, brought into the laboratory in a 4-inch main at town’s pressure (50
to 100 feet), and distributed either direct from the main or at constant pressure from
a service tank 10 feet above the floor of the laboratory.

(4.) Two tanks, each capable of holding 60 tons of water, one in the tower, 116 feet
above the floor, the other 15 feet below the floor, connected by 4-inch rising and
falling mains, each 500 feet long, passing in a chase under the floor. The ricing
main including a special quadruple centrifugal pump, 2 feet above the floor, capable
of raising a ton a minute from the lower to the upper tank, (Shown in Plate 7.)
Also a set of mercury balances, showing continually the levels of water in the two
tanks, and the pressures in the rising, falling, and towns mains. (Shown in Plate 4.)

(5.) A special quadruple vortex turbine, supplied from the falling main and dis-
charging into the lower tank, capable of exerting 1 h.p., and available for steady
speed at all parts of the laboratory. (Shown in Plate 7.) _

(6.) A supply of power to the laboratory by an engine and boiler, quite distinct
from the experimental engine, and distributed by convenient shafting which is
always running. (Shown in Plate 3.)

The Measurement of the Work.

4. Of the appliances mentioned, the brake on the low-pressure engine is the
centre of interest, as it was by this that the work was measured, as well as con-
verted into heat.

The existence of the appliances was largely due to the interest in educational work
taken by Mr. Wirniam MaTHER, who, together with the other members of the firm
of MATHER and PrLaTT, not only placed at my disposal the facilities of their works, but
inspiréd the enthusiasm which alone rendered the execution of such novel and special
work possible.

The development of the brake dynamometer, from its introduction by Proxy, has
an inleresting and important history, but into this it is not necessary to enter.
~ The purpose of these dynamometers is to afford continuous frictional resistance
adapted to the power exerted by the prime mover in causing a shaft to revolve, and
of a kind that is definitely measurable. To fulfil the first of these conditions, the
mean moment of resistance of the brake must just balance the mean moment of effort
of the engine, and the means of escape of heat from the brake must be sufficient to
allow all the heat generated to depart without accumulating to an extent which may
interfere with the action of the appliances. In the first brakes the resistance was
obtained by the friction of blocks or straps pressed against a cylindrical wheel on the
shaft, and, small powers being used, radiation and air-currents round the brake were
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found sufficient to carry off the heat, but, when larger powers were used, these
sources of escape failed to keep the temperatures down to practical limits, which
necessitated the application of currents of water to carry off the heat.

The measurement of the work was invariably accomplished by attaching the brake
blocks, or straps, to a lever, or arm, so that the whole brake would be free to revolve
with the brake-wheel, except for the moment of the weight of the parts which,
adjusted to the power of the engine, was kept in balance by the adjustment of the
pressure of the blocks on the wheel. Then, since the work done is equal to the
product of the mean moment of resistance, over the angle turned through, multiplied
by the angle, if the resistance is constant over time, the moment of the brake,
multiplied by the whole angle, measured the work done.

It is however to be noticed that the assumption that the time-mean of the moment
on the brake is the same as would be the angle-mean of this moment might involve
an error of any extent, provided the resistance and the angular velocity varied in
conjunction., And as steam engines invariably exert an effort within the period
of the revolution while the friction and the pressure causing it are apt to respond to
any variations of speed, it is probable that there has been some error from this cause
in all such measurements although not previously noticed.

Hirn appears to have been the first to recognise that in a steady condition the
resistance of fluid between the brake-wheel and the brake would answer instead of
the solid friction, so that the mean time moment of effort exerted in turning a
paddle in a case with bafflers containing water would be strictly measured by the
mean time moment of the case. And although subject to the same error from periodic
motion as the friction brake, the facility this fluid brake offered for cooling and
regulating led to its simultaneous adoption and development by several inventors,
for measuring power—the late WiLLiam Froupg, for the purpose of measuring the
work of large engines, inventing that arrangement of paddle vanes and bafflers
which gives the highest resistance, regulating the resistance by thin sluices between
the vanes and bafflers, and always working with the case full of water.

The brake under consideration differs from that of Mr. FROUDE in only one funda-
mental particular—the provision by which a constant pressure in the interior of the
brake is secured by the admission of the atmosphere to that part of the brake where
the dynamical effect of the water is to cause the lowest pressure—this admits of
working the brakes with any quantity of water from nothing to full, and thus allows
of the regulation of the resistance by regulating the quantity of water in the brakes
without sluices.

The description of this brake has already been published, together with that of the
engines,* but it will be convenient to give a short description.

This brake consists primarily of (1) a brake wheel, 18 inches in diameter, fixed on

# “Triple Expansion Hngines,” by Professor OsBorNE Ruynorps, ¢ Minutes of Proceedings, Inst.
C.1.;” vol. 99, 1889, p. 18.

VOL. CXC.—A. 2 R
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the 4-inch brake shaft by set pins, so that it revolves with the shaft (figs. 2 and 3),
and (2) a brake (or brake case) which encloses the wheel, the shaft passing ‘through
bushed openings in the case which it fits closely, so as to prevent undue leakage of
water while leaving shaft and brake-wheel free to turn in the case, except for the
slight friction of the shaft (figs. 1, 2 and 3).

The outline of the axial section of the brake-wheel is that of a right eylinder, 4 inches
thick. The cylinder is hollow—in fact, made of two dises which fit together, forming

Fig. 1.

an internal boss for attachment to the shaft, and also meet together at the periphery,
forming a closed annular box, except for apertures to be further described (fig. 3).
In each of the outer disc faces of the wheel are 24 pockets (carefully formed),
4% inches radial and 14 inches deep measured axially, but so inclined that the narrow
partitions or vanes (} inch) are nearly semicircular dises inclined at 45° to the
axis ; the vane on one face being perpendicular to the vane on the opposite face

(fig. 2).
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The internal disc faces of the brake case, as far as the pockets are concerned, are
the exact counterparts of the disc faces of the wheel (except that there are 25
pockets), so that the partitions in the case are in the same planes as the partitions
meeting them in the wheel, there being 44 inch clearance between the two faces.

The pairs of opposite pockets when they come together form nearly closed
chambers, with their sections, parallel to the vanes, circular. In such spaces
vortices in a plane inclined at 45° to the axis of the shaft may exist, in which case
the centrifugal pressure on the outside of each vortex will urge the case and the
wheel in opposite directions inclined at 45° to the direction of motion of the wheel,

Fig. 2.

which will give a tangential stress over the disc faces of the wheel of 1/4/2 of the
sum of these vortex pressures. The existence and maintenance of these vortices is
insured by the radial centrifugal force of the water in the pockets in the wheels
owing to its motion.

This is the late Mr. W. FroUDE’S arrangement. But an essential feature of the
brake is the provision which insures the pressure of the atmosphere at the centre of
the vortices, even when the pockets are only partially filled.

The vortex pressure is greatest at the outsides of the vortices, which occurs all
over the annular surfaces of the pockets, but the actual pressure on these surfaces is

2R 2
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not determined solely by the vortex motion unless the state of pressure at the centre
of the vortices is fixed, for the vortex motion only determines the difference between
these pressures. To insure the constant pressure, and at the same time to allow of
the pockets being only partially full—that is, to allow of hollow vortices with air
cores at atmospheric pressure, it is necessary that there should be free access of air
to the centres of the vortices, and as this access cannot be obtained through the
water, which completely surrounds these centres, it is obtained by passages (% inch
diameter) within the metal of the guides, which lead to a common passage opening
to the air on the top of the case (figs. 2 and 38).

To supply the break with water there are similar passages in the vanes of the
wheel leading from the box cavity, which again receives water through ports which

Fig. 4.,
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open opposite an annular recess in one of the disc faces of the case into which the
supply of water is led, by means of a flexible indiarubber pipe from the supply
regulating valve.

The water on which work has been done leaves the vortex pockets by the clear-
ance between the disc surfaces of the wheel and case, and enters the annular chamber
between the outer periphery of the wheel and the cylindrical portion of the case,
which is always full of water when the wheel is running, whence its escape is con-
trolled by a valve in the bottom of the case, from which it passes to waste.

By means of linkage connected with a fixed support and the brake case, an
automatic adjustment of the inlet and outlet valves, according to the position of
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the lever, is secured without affecting the mean moment on the brake case. And
this also affords means of adjusting the position of the lever. To admit of adjust-
ment for wear the shaft is coned over that portion which passes through the bushes,
the bushes being similarly coned, and screwed into short sleeves on the casing, so
that by unscrewing them the wear can be followed up and leakage prevented.

The brake levers for carrying the load and balance weight, are such as to allow the
load to be suspended from a groove parallel to the shaft, at 4 feet from the shaft, by
a carrier with a knife edge, the carrier and the weights each being adjusted to
25 1bs. (shown figs. 1 and 4). In addition to this load, a weight is suspended from a
knife edge on the lever nearer the shaft, this weight being the piston of a dash-pot
in which it hangs freely, except for the viscous resistance of the oil. This weight
being adjusted to exert a moment of 100 ft.-lbs., and again a travelling weight of
48 1bs., is carried on the lever and worked by a screw with } inch pitch, so that one
turn changes the moment by 2 ft.-Ibs., while a scale on the lever shows the position.
A shorter lever on the opposite side of the case carries a weight of 746 lbs., which is
adjusted to balance the lever and sliding weight when the load is removed.

The Accuracy of the Brake.

5. The principle of these hydraulic dynamometers is that when moment of
momentum is introduced into a fixed space without altering the moment of momentum
within that space, the rate at which moment of momentum leaves the space must
equal the rate at which it enters. The brake-wheel imparts moment of momentum
to the water within the case, and the friction of the shaft imparts moment of
momentum to the case. The water in the case, when its moment of momentum is
steady, imparts moment of momentum to the case as fast as it receives it, and the
time mean of the moment of the load is equal to the time mean of the moment of
effort of the shaft.

This is not affected by water entering and leaving the case at equal rates, provided
it enters and leaves radially.

The condition of steadiness is, however, essential, in order that the moment of
effort shall be at each instant equal to the moment of resistance on the case ; any
change in the moment of momentum of the water in the case being the result of the
difference of the moment of effort on the shaft and that of resistance on the case.

The Time-Mean of the Moment of Effort.

6. When, however, the shaft is run over an interval of time, the mean moment of
resistance on the case, less the difference of the moments of momentum of the water, at
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the end and beginning of the interval, divided by the time, is the time-mean moment
of effort on the shaft.

The possible limit of this error may be estimated when the maximum moment of
momentum of the water is known as well as the minimum moment of resistance, and
the minimum interval of time,

'Thus taking the limits to be 30 lbs. of water, with radius of gyration 066 foot
at 800 revolutions a minute (< 14), the interval of running 8600 seconds, the moment
of the Joad 400 ft.-1bs., the limit of the time-mean of change of moment of momentum
of the water is 14/3600, and this divided by the mean moment of resistance gives
as the limits of relative error, 4= 0:00001. This is supposing the whole of the water
to be absent at the beginning or end of the trial, while the actual difference never
amounts to more than 2 or 3 lbs., so that the limits do not exceed 0:000001, which
is neglected.

The Angle-Mean of the Moment of Ijffort on the Shaft.

7. As already pointed out in Art. 4, when both the angular velocity of, and the
moment of effort on, the shaft are subject to fluctuations of speed, the time-mean of
the moment of effort may differ from the angle-mean. This applies to all brakes, but
in hydraulic brakes, in which the resistance is proportional to the square of the
speed although lagging by an unknown interval, it becomes possible to estimate the
possible limits of this error when the limits of fluctuation of speed are known.

Taking o the angular velocity of the shaft and w, the time-mean of the angular
velocity, 20w, the extreme differences of speed, and assuming the variation to be
harmonic,

o=@y {l+a*cosn(t—T)F . . . . . . . (1),
o’ = w,’ {1—|—ﬁ;*+26&2COS7Z(t_T1)+§LCL4COS2W/(t-—T)} .o (2).

Then to a second approximation neglecting of, if T, is the interval of lagging in
the resistance and M the moment of resistance at the time ¢,

M =M, {14 2¢?cosn (t =T, —T,) + datcos2n(t — T, — Ty} . (8),

where M, is the time-mean of the moment of resistance. Also the rate at which
work is done with uniform velocity, is May, of which the mean is Mw,, and is the
rate of work as measured by the mean moment on the case, multiplied by the mean-
angular velocity. ' '
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‘To a second approximation the rate of work with varying speed is
Mo =Mjo{ L +2a*cos n (t—T, —=T,) 4+ sa' cos 2n (t--T, —T,)} {1+ a,cosn (¢ =T, )} {4),
and from this it appears that the mean rate of work is
w,M, (1 4 a* cos nT,),

which shows that the relative error in taking this as Myw, is 4+ a* cos nT,. Thus the
error arising from fluctuations in speed of 20w is within the limits + o when the
resistance varies as the square of the speed, as in the hydraulic brakes.

Where, as in the brake under consideration, there is an automatic adjustment, by
which the quantity of water in the brakes is adjusted to the speed, so as to maintain
the resistance constant, there will be no error caused by such gradual variations of
speed as result from changes in the boiler pressure, since the automatic adjustment
can keep pace with them. But it takes time for the water to get in and out, and any
variations, so rapid that, owing to the inertia of the brake case with its load, their
effect has been reversed before the case has moved sufficiently to affect the water in
the brake, will produce errors.

Such cyeclic variations of speed attend all motions derived from reciprocating engines,
and it is only these, and not the secular variations, that produce errors.

The Variations wn the Speed of Rotation of the Steam Engine.

. The cyclic variations all go through one or two complete periods in the time of
revo]utlon of the engme, and are approximately simple harmonic functions of the
time.

They arise from three distinct causes :—

(1.) The varying energy of motion of the reciprocating parts ;
(2.) The varying moment of the effort of the steam pressures on the cranks ;
(8.) The effect of gravitation on the unbalanced parts in the engine.

In the case of a simple vertical engine, unbalanced and working with moderate
expansion, these variations of speed may be severally estimated when I, the moment
of inertia of the revolving parts, » the half-stroke of the reciprocating parts, and W
the weight of these parts are known together with N the number of revolutions per
minute, and U the work done per stroke. '

For, considering the variations as existing separately, we may assume that the
angular motion would be steady but for the particular effect, thus :
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(1.) The moment of effort on the crank being constant, and the resistance constant,
and equal to the effort, the energy of motion of all the parts is constant.
Putting o = 2a4N/60, and » = +*W /g,

+lo® + Lio® sin 0t = C,

where C is constant, ¢ is the time since the axis of the crank-pin has crossed the
axis of the cylinder and 7 is @), the mean value of @ or 2#N/60.

Whence neglecting ¢ as compared with I, the extreme variation of o is
approximately

%
2 — 1

whence

)]
P

L]
o ] [

oy

(2.) Inthe same way, considering the effect of the crank effort alone, with a moderate
expansion, the energy that has to be absorbed and given out by the revolving parts
is about one-fourth part of the work per stroke, and

110 — U cos 20 (t — T) = C,

' mo. . . o o
where nT, say —- is the angle of the crank at which »® is a minimum.
o .

The extreme fluctuations in velocity are

207 wy = Zl_w%o’ oﬂg:lfg%s
J— ‘ 1
o= w1+ o, cos 2 (nt — §mw) ¢ .

(3.) The effect of the weight of the reciprocating parts acting alone, causes a
fluctuation on the revolving parts of 2rW ; thus approximately

3 1w® — W cos nt = C,

and
Wr
0 = o, <1 + le; cos nt>

giving an extreme fluctuation on the angular velocity of

Wo
2002w == 2 —— W,
3 Y0 Tw? 0
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The equation of velocity is thus approximately expressed by

U Wr
o= wo[l + 1 %— cos 2t + o7 cos 2 (nt — %m) +TZ>ZQCOSH{I'

In the low-pressure engine used in these experiments, the values of the several
quantities are, the units being linear feet, lbs, seconds.

I =126, 1 = 247, r = 0625, W = 200, rW = 125, U = 1650,

U 148 W90
1 g I two__ Y
Fp = 00049, =, =

whence, substituting

\ \

® = o, <1 -t 0:0049 cos 2wt + \Tq oos 2 ((uot — 7;) -+ — cos wot) ,

from this the approximate joint error can be found. But it is sufficient here to
show that the individual errors are negligible.
The first gives an error in the mean moment

4+ M (a,* < 0:000024).

The second and third are inversely proportional to N* if N is 300, which is the
lowest value.
The second error is between
+ M (ayt < 0:0000025).
The third
+ M (ag? < 0°0000001).

These are all negligible quantities, and, as the corresponding effects in the high-
pressure and intermediate engines, owing to the cranks being set at angles of 60°,
would only be to compensate those of the low-pressure engine, the greatest error
would not exceed z53g5th part.

9. Besides the errors resulting from the terminal differences in the moment of
momentum of the water and the fluctuations of speed in the engine, error in the
measurement of the work may arise from imperfect balance of the brake, from the
frictional resistance of the automatic gear, from unequal resistance in rising and
falling of the piston of the dash-pot, and from the end oscillation of the brake,

VOL, CXC,—A.

O
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The Error of Balance of the Brake.

Although, when the shaft is running, the brake levers are perfectly free between
the stops, yielding to the slightest force even when carrying a load of 400 pounds in
addition to the weight of the brake-case of over 300 pounds, yet, when the shaft is
standing, it requires a moment of some 40 ft.-lbs to move the lever in either direc-
tion, so that the balance can only be obtained as the difference of these moments,
and this can only be obtained to about 1 foot pound. But, it is to be noticed that
as long as the distribution of weights are unaltered and the lever is in the same
position, any error of balance, whatever might be its cause, would be the same for
all trials, no matter what might be the difference in the suspended load ; so that, in
taking the difference of the trials, the error would be eliminated, and, to insure this,
the automatic adjustment was so arranged that, by a screw adjustment, the lever
could be raised or lowered without affecting the automatic adjustment of the valves
(see fig. 4, p. 308). Also an index was arranged adjacent to the end of the lever to
which it might be always adjusted (shown in Plates 4 and 5).

The Error of Balance resulting from Friction of the Automatic Gear,

This had been a matter of serious consideration in designing the brakes, for,
although it was obviously possible to so balance the parts of such gear that there
should be no pressure against the fixed support arising from the weight of this gear,
it was not obvious that the friction of these valves and their gear would not allow of
a steady resistance to motion being maintained—would not allow the brake to lean
against the fixed support within the limits of friction. However, after careful
consideration of various contrivances, I came to the conclusion that, if the gearing
between the support and the valve were inelastic, the joints being an easy fit, the
tremor of the shaft and the brake, when running, might be depended upon to release
any frictional resistance in this gear; so that, after any change, the gear would
rapidly return to equilibrium. This proved to be the case, even to an unexpected
extent, as was shown by the freedom of all the pins.

It was subsequently found by experiment that, even when the valves were so tight
that it required a moment of 80 ft.-lbs. on the brake to move the automatic gear
alone, with the shaft standing, in either direction, when the shaft was running any
tendency to lean upon the support in either direction was the result of imperfect
balance in the gear; and that, by adjusting this balance to an extent which would
not cause a moment on the brake of 0°01 ft.-1b., the tendency of the brake to lean
either in one direction or the other might be reversed--showing that, with a load of
600 ft.-1bs., the relative limits of error are < 4= 0000016, and in the difference of the
trials would be zero.



ON THE MECHANICAL EQUIVALENT OF HEAT. S1H

The Work done n the Brake by End Play n the Shoft.

The clearance in the brake-case would allow of nearly 3%-inch end play along the
shaft ; and when the brake is running, owing to the slight end .play of the engine-
shaft, there is at times a slight backwards-and-forwards movement, in the period of
the engine, of the brake-case on the shaft, but not more than the 64th of an inch at
the greatest. This end play, when it existed at 300 revolutions and 1200 ft.-1bs. load,
could always be prevented by an end pressure on the case of < 50 Ibs. Hence the
limit of work done on the brake is < 2 X 50 /12 X 64 = 0°13 ft.-Ib., which,
compared with the work in one revolution with a load of 1200 ft.-lbs., is
0'13/1200 X 27 = 0000017. This would be the limit if the error is proportional
to the load, while, if constant, the error on the difference of two trials would be
zero ; so that the greatest relative error is less than

+ 0°000017.

The Error from the Dash-Pot.

Since the piston is suspended freely in the oil-cylinder, and the resistance of the
oil is viscous and expressed by pwvs/a, where p is the coefficient of viscosity, v the
velocity of the piston, s the area of surface, and @ the distance between the surfaces,
the total vesistance is thus us/a multiplied by the total displacement (which
never exceeds 0'1 ft.) divided by the time (8600 seconds). This is infinitesimal.
Besides which, with 1200 or 600 ft.-Ibs. load at 800 revolutions, the lever remains per-
ceptibly steady, there being no vertical vibration perceptible to the finger on the
lever. Hence, as long as there are no-oscillations, the limit of error from the dash-pot,
if any, is imperceptibly small.

The only circumstances under which the lever oscillates is when the water flowing
through is less than about 4 1bs. a minute; then a slow oscillation appears, the lever
moving some half-inch, which causes the automatic gear to lean on the fixed support,
and may cause a small error.

The Development of the Thermal Measurements.

The appliances were originally designed, in 1887, solely for the purpose of the
study of the action of steam in the engines, and certain problems in hydraulics and
dynamometry, without any intention of their being used for the purpose of measuring
the heat equivalent of the work absorbed, but rather the other way.

It was, of course, obvious that, as the primary purpose of the brakes was to afford
accurate measurement of the work spent in heating water, it was only necessary to
measure the change of temperature of the water between entering and leaving the

282
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brake, as well as its quantity, to obtain an approximate estimate of the heat equivalent
of the work done. But the recognition of the extreme difficulty of obtaining any
first-hand assurance as to the accuracy of scales of thermometers, and the fear of
creating erroneous impressions as to the value of the equivalent, made me reluctant to
allow such determinations. For this reason, as well as to avoid complicating the
brake, in the first instance I made no provision for the introduction of thermometers,
as may be seen in Plate 3.

But, after the engines and brake had been in use for two years, and had been
found to possess attributes in steadiness of running, delicacy of adjustment and
balance, beyond what I had dared to expect, and particularly in being able to work
with an almost absolutely steady supply of water between steady temperatures, and
the same temperatures for different powers, arising either from differences of speed,
or differences of load, I realized that by working with the same thermometers on the
same parts of their scales, and with the same loads and temperatures at difterent
speeds, since the relative error of balance would be the same, if the surrounding
temperatures were the samme, the difference of two trials would afford the means of
determining the loss of heat by radiation, and, this being determined, the diffevence
of two trials made at the same temperatures as the previous trials, and both at the
same speeds, but with different loads, would afford data for determining the error of
balance without introducing the value of the equivalent or the use of the scales of
the thermometers, except to identify equal temperatures.

T then yielded to the very general wish on the part of those who worked in the
laboratory, and added such provision to the brake on the low-pressure engine as
would admit of the measurement of the heat carried away by the effluent water, but
only for the purpose of verifying the accuracy of balance as determined by mechanical
means.

The Thermal Verification of the Balance of the Brakes.

10. The desirability of such independent determination of the balance arvose in
the first instance from the circumstances already described (Art. 9), viz., that the
statical balance could only be determined to 1 ft.-ib., while the absence of effect
from the friction of the automatic gear, &c., was only arrived at by somewhat
complicated considerations.

The supply of water to the brake came from the service tank, 10 feet above the
floor, and 7 feet above the shaft, the tank being supplied direct from the town main,
and regulated by a ball-cock. The pipe from the tank passes beneath the concrete
floor to a point conveniently close to the brake, whence a branch, in which is a hand-
cock, rises vertically to a height of 4 feet above the floor, at which height is the
automatic inlet valve, and from this the pipe is bent over, so that its mouth is
directly over the inlet opening into the brake, with which the pipe is connected by a
flexible indiarubber tube.
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The first provision made for measuring the temperature of the entering water was
an opening in the bend of the pipe over the inlet valve, with a
vertical $-inch brass tube soldered in, about 4 inches long. This
admitted of an indiarubber cork, through the centre of which a
thermometer was passed into the pipe, as shown in fig. 5. This was
% afterward replaced by a glass thermometer chamber, as shown in the
figure, Plate 5.

To measure the temperature of the water leaving the brake it was
necessary, by means of a pipe fixed to the mouth of the outlet valve,
to bring the effluent water above the balancing lever of the brake,
and to one side of it. This pipe was arranged so as to admit the

Fig. 5.
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introduction of a vertical thermometer into the ascending pipe, much
in the same way as the other. In the first instance the extension
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passage and the thermometer were all rigidly attached to the brake, and moved
with it, which entailed a re-balance of the brake. Subsequently another arrange-
ment was made. The thermometers used were divided to one-fifth of a degree
Fahrenheit ; they were both immersed in the flowing water to within a few degrees of
the top of the mercury. They were compared at equal temperature, but otherwise
subjected to no tests for accuracy of scale. :

Tn making the experiments the link connecting the inlet valve with the antomatic
gear was removed and the valve was set open, the supply being adjusted by the hand-
cock below. The head on the inlet being constant, when the cock was set the flow
was practically steady. The quantity of water in the brake then depended on the
outlet valve, which, with the exception of a little trouble at starting and stopping,
soon overcome, kept the brake lever steady.

To catch the water after leaving the outflow thermometer, the extension pipe
turned horizontally over the lever and then turned downwards into a basin, the lip
of which was above the mouth of the pipe, and from the basin flowed in a short
trough, from which it was caught in buckets. In these it was taken to the scales
and carefully weighed. This was a primitive arrangement, and required several
assistants, but was found capable of considerable accuracy up to about 40 lbs, a
minute.

In making these experiments the engines were kept running at nearly constant
speed by keeping constant pressure in the boiler. The speed being indicated on
the speed gauge as well as recorded on the counter.

The water entering the brake, coming, as it did, from the town’s main, was at
nearly constant temperature between 40° and 50° Fahr., according to the time of the
year, and varying less than a degree throughout several trials.

The rise of temperature was adjusted by the quantity of water admitted, according
to the work, so that the final temperatures as well as the initial were as nearly as
possible the same in the different trials.
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This rise was such as admitted of the temperature of the brake being the same as
that of the laboratory, which could always be adjusted to about 70° Fahr., so that
the rise was from 25 to 30 degrees. This, with 40 lbs. a minute, required from
25 to 30 h.p. |

Before commencing the actual trial everything was adjusted, and the engines
running with steady load and steady speed until the thermometer showed the heat
to be steady at the desired temperature, then, at a signal, the counter was put in
and the water caught, each of the thermometers, and one giving the temperature
of the laboratory, being then read at minute intervals over 15 or 30 minutes, when,
on a signal, the counter was removed and also the last bucket.

The results of these tests were very consistent, within about 0'3 per cent., which
was within the limit of accuracy then aimed at.

Trials with equal loads and different speeds showed that the loss by radiation was
very small, while those at the same speed with different loads showed the balance
was within the limits determined by mechanical tests.

In these trials the only correction was that for the lubricating water which
escaped from the brake bushes. This was caught at each bearing, and the tempe-
rature taken so that the heat might be added, this being seldom more than
3 per cent. It may also be noticed that in these trials the heat lost or gained by
conduction to or from the shaft was included in the radiation. As the brake is
on an overhanging shaft which extends no farther than the outer bush of the brake
case (Plate 3), the only conduction is on the side at which the shaft is continuous,
where the brake bush is only some 4 inches from the brass of the shaft bearing. As
the temperature of the brake on this side, which is opposite to that at which the
cold water enters, was kept by the lubricating water at the temperature at which
the water left the brake, and this was at temperature of the laboratory, there would
be no cause of conduction unless the friction of the shaft in its bearing caused its
temperature to rise above that of the laboratory. When the lubrication was good
this was small, although on one or two occasions it made itself felt.

The Idea of Raising the Temperature from 32 to 212.

11. These tests became an annual exercise in the laboratory, and a very instructive
exercise. But, as the subject—the value of the equivalent—was attracting much
attention, the desire to obtain measures of it from these trials, by those engaged in
them, resulted in Mr. T. E. StaNxtoN, M.Sc., then Senior Demonstrator, effecting,
for his own satisfaction, a comparison of the scales of the thermometers used 1n
the experiments with a thermometer used in the Physical Laboratory, which
had been compared with the air thermometer, and introduced these corrections into
the results of the trials, which so gave values very close to what might be expected.
I could not see however that determinations made with thermometers so corrected
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could have any intrinsic value, but, as the matter was exciting great interest in
the laboratory, I carefully considered the conditions which would be necessary in
order to render the great facilities, which this brake was thus seen to afford, available
for an independent determination.

The institution of an air thermometer was carefully considered and rejected. But
it occurred to me that it might be possible to avoid the introduction of scales of the
thermometers, just as before, and yet obtain the result. If it could be so arranged
that the water should enter the brake at the temperature of melting ice and leave it
at the temperature of water boiling under the standard pressure, all that would be
required of the thermometers would be the identification of these temperatures. At
first the difficulties appeared to be very formidable. But on trying, by gradually
restricting the supply of water to the brake when it was absorbing some 60 h.p., and
finding that it ran quite steadily with its automatic adjustment till the temperature
of the effluent water was within 3° or 4° of 212° Fahr., I further considered the
matter and formed preliminary designs for what seemed the most essential appliances
to meet the altered circumstances.

These involved—

(1.) An artificial atmosphere, or a means of maintaining a steady air pressure
in the air passages of the brake of something like one-third of an
atmosphere above that of the atmosphere. ‘

(2.) A circulating pump and water cooler, by which the entering water (some
30 lbs. a minute) could be forced through the cooler and into the
brake, at a temperature of 32°, having been cooled by ice from the
temperature of the town main.

(3.) A condenser by which the effluent water leaving the brake at 212° Fahr.
might be cooled down to atmospheric temperature before being dis-
charged into the atmosphere and weighed.

(4.) Such alteration in the manner of supporting the brake on the shaft as
would prevent excess of leakage from the bushes in consequence of the
greater pressure of the air in the brake, since not only would the leaks
be increased, but when the rise of temperature of the water was
increased to 180° the quantity for any power would be diminished to
one-sixth part of what it would be for 30° so that any leakage would
have six times the relative importance.

(5.) Some means which would afford assurance of the elimination of the
radiation and conduction, as, with a rise of 140° Fahr. above that of
the laboratory, these would probably amount to two or three per cent.
of the total heat.

(6.) Scales for greater facility and accuracy in weighing the water, with a
switch actuated by the counter.

(7.) A pressure gauge or barometer, by which the standard pressure for the
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boiling point might be readily determined at 8° or 4° Fahr. above and
below the boiling point, so as to admit of the ready and frequent
correction of the thermometers used for identifying the temperature of
the effluent water.

(8.) Some means of determining the terminal differences of temperature and
quantity of water in the brake, which would be relatively six times
larger with a rise of 180° than with 30°

The Special Appliances and Preluminaries of the Research.

12. Having convinced myself by preliminary designs, not only of the practicability
of the appliances, but also of the possibility of their inclusion in the already much
occupied space adjacent to the brake, there still remained much to be done in the
way of experimental investigation to obtain data from which the requisite proportions
of these appliances could be determined, and these preliminary investigations were
not commenced till the summer of 1894, when Mr. Moorsy undertook to devote
himself to the research.

Wewghing Machine and Tank.

18. The first step consisted in obtaining a somewhat special table weighing
machine (Plates 4 to 6), having two rider weights on independent scales, one
divided to 100 lbs. from 0 to 2200, the other to 1 lb. from 0 to 100. Also
a galvanized iron tank, 5 X 2°9” X 2°9"”, capable of holding above one ton
of water, with a 4-inch screw valve at the bottom, opening inwards by a handle
above the top of the tank, the top of the tank being covered with carefully fitted,
but separate, 3-inch pine boards, previously steeped in melted paraffin-wax, to
prevent adhesion or absorption of water. This machine and tank, which is a large
affair, was placed in the only position available, opposite the end of the shaft and
behind the standing pipes for supplying the condensing water to the engine, thus
leaving the passage between these pipes and the end of the shaft open, an important
matter, as this passage was the only place from which the observations on the
brakes could be made. This entailed the carrying the outflow from the brake over
the passage, about 6 feet 6 inches from the floor.

Design of the Outflow.

14. This extension of the pipe further entailed the necessity of making this pipe
a fixture, and connecting it with the outlet below the automatic cock by a bent wire-
bound flexible indiarubber pipe, so as to prevent any moment on the brake. (See
fig. 6.)
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Vig. 6.
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The Thermometer Chambers.

15. A glass chamber for the outflow thermometer was introduced as shown (fig. 6),
and another for the inlet, somewhat similar. These were arranged so that the bulbs
of the thermometers were down in the full current while the scale was in the glass
tube, through which a portion of the water was allowed to flow, that from the inlet
thermometer being conducted away to waste, while that from the outlet was con-
ducted back again into the outflow pipe. In this way, not only the bulbs of the
thermometers, but the entire thermometers were immersed in the flowing water.

The Two-way Switch.

16. A switch, as shown in Plate 5, was also constructed for diverting suddenly
the stream of effluent water from waste to the tank, or vice versd, without exposing
the stream for more than an inch, and without any splashing or uncertainty.

Experience in Making Observations.

17. When these arrangements were completed, and whilst the other appliances
were progressing, Mr. Moorby commenced a series of experiments similar to those
which had been previously made, using the water from the tank at the temperature
of the town’s water, and raising it to temperatures which were successively increased.
This was with a view of testing the improved facilities, and also of gaining experience
and facility in making and recording the observations.

VOL. CXC.—A, 2T
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The engines and brakes were occupied two or three times a week in the ordinary
work of the laboratory, so that there were only one or two days a week available for
these experiments, and every opportunity was valuable.

The Design of the Condenser.

18. At the same time he made experiments to determine the necessary length of
pipe in order that the water flowing along it at the rate of 20 Ibs. a minute would be
cooled from 212° to 70° when the pipe was jacketed by a stream of town’s water at
50° Fahr. ; by the result of which experiments the condenser in which the effiuent
water is cooled to 75° was designed (Plates 4 to 7).

Design of the Ice-Cooler.,

19. To cool the water to 32° or as near as practicable, I had, on account of the
danger of some ice being carried through with the water if the ice were once put
into the water, decided to pass the water through a long coil of ordinary water
piping, immersed in water, towards the top of a tank with ice under the coil,

Fig. 7.
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and from experiments made by Mr. Moorby, I decided on the coil and arrangements
shown. The coil consists of §-inch composition pipe, 200 feet long, the tank being
2 feet 6 inches wide and deep and 4 feet long, the coil being placed near the
surface of the water on a shelf with a wire netted space at the end for the introduc-
tion of the ice, which is pushed down under the shelf, and with a paddle which is
kept in continual motion by a cord from the line shaft, thus securing a rapid
circulation of the water. The tank is constructed of 1-inch pine saturated with
paraffin wax, in preference to a metal tank.
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In this design account had to be taken of the requisite head of water necessary to
force some 20 Ibs. a minute through the coil. It was estimated that this would
require some 30 lbs. on the sqnare inch, which, together with the 5 Ibs. excess of
pressure in the brake above the atmosphere, and a margin of some 25 lbs. in order
to secure steadiness of flow, made a total of 60 Ibs. on the square inch, or 122 feet of
head.

The Circulating Pump.

20. It was essential that this head should be approximately steady, and under
control during the trials, also that the water should be drawn as directly as possible
from the town’s mains, in order to secure both the low temperature and great purity
of this water. This precluded the direct use of the water from the large tank in the
tower, which would otherwise have just afforded this head. It also precluded the
use of such head as there might be in the town’s mains, as this was insufficient and
continually varying, so that some special means of imparting the steady head to the
water after drawing it from the tower mains was necessary. This involved pumping
the water through the ice-cooler and brake. It might be done by pumping it from
the service tank in the laboratory into an accumulator under a constant load, or by
passing the water through a centrifugal pump, running at a steady speed on its way
to the brake.

The facilities in the laboratory decided this question. There already existed the
quadruple vortex turbine, with four three-inch wheels in series, worked from the
water in the tower, which would work steadily up to 1 h.p., in a position which would
be convenient for driving a centrifugal pump in the in-cirenit of the pipe leading to
the brake ; I also had a quintuple centrifugal pump with five 11-inch wheels in series
which was adapted to the purpose. It was decided, therefore, to lead the water from
the surface tank, 9 feet above the floor, into the quintuple pump, driven by the
turbine under a constant and controllable head, so that the head would be raised to
the required amount. Then, to lead the water through the cooling coils to a pressure
gauge close to the brake, and thence through a regulating valve into the passage with
the thermometer leading into the brake. (See Plates 6 and 7.)

The Outlet from the Condenser.

21. In order to prevent the formation of steam, owing to the presence of air in the
water, before it had passed the outlet thermometer, it was necessary to maintain a
certain pressure in the effluent water as it passed the bulb of this thermometer. At
first 1t was thought that a head of 5 or 6 feet would suffice. In order to secure this,
the level of the condenser being some 38 feet above the bulb, the pipe leading from
the condenser was carried up vertically about 38 feet higher, then turned over and
led down again to an orifice immediately over the switch, while from the top of the
bend a vertical branch extended upwards about 3 feet, with its mouth open, to the
air, This was subsequently raised. (See Plate 4.)

2m2
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Prelominary Experiments at 212° Under Pressure.

22. The preliminary investigations and the construction of the appliances so far
described, were not completed till May, 1895. It then became possible to make some
experiments as to the working of the brake under pressure and at high temperature,
so as to obtain guidance as to the artificial atmosphere and means of controlling the
leakages at the bearings. From these experiments two things came out clearly.
It was found that all that was necessary for an artificial atmosphere was to connect
the outlet of the air passage on the top of the brake by means of a flexible india-
rubber pipe capable of bearing the pressure to a vessel of very moderate capacity.

The Avrtificial Atmosphere.

23. A tin can, holding about 8 gallons, with the bottom and top coned upwards,
and strong enough to stand the full pressure of 60 pounds, was adopted. The air
connection with the can was at the top, at which there were also two side openings,
one with a cock, to admit of air being pumped into the can, and the other with a fine

Fig. 8.
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screw stop for allowing a slow and definite escape of air. An opening at the bottom,
with a cock for drawing off water, was also provided. For forcing the air in, a syringe
for inflating bicycle tyres was used in the first instance and proved ample; in fact,
when once the pressure was raised, the small amount of air released from the water
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was more than sufficient to maintain the pressure, so that it was continually allowed
to escape.

T'he Stuffing-box and Cap to prevent Leakage.

24. The thing that was revealed by the experiments at high temperatures was that
the leakage of water at the coned bushes of the brake was so much increased by the
pressure within the brake that even when these bushes were adjusted to run, as close
as was practicable, on the cones of the shaft, this leakage was very considerable, so
that some other method of controlling this escape became necessary.

This matter threatened to present great difficulties. It was apparently impossible
to close in the bushes with stuffing-boxes and stop the leakage altogether, as that
would prevent the lubrication of the shaft, and, apart from this, would cause the
temperature on the shaft side of the brake to rise to the temperature of the brake,
212° Fahr., which would cause a large escape of heat along the shaft. Besides this,
the adaptation of stuffing-boxes to the existing brake presented such difficulties that
it almost seemed as though it would be necessary to have a new brake, which, besides
the delay, would entuil an addition of some £200 to the expenses, which were other-
wise very considerable.
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To avoid this T determined to try a stuffing-box on the shaft side, constructed in
halves to be bolted together on the shaft, and then sweated into one, this stuffing-box
to screw on to the exposed screw of the bush, and make a joint against the lock ring ;
then to open a passage through the box inside the packing-ring, with a tap to control
the escape of water, and at the other end to screw a cap on to the bush, entirely
inclosing the end of the shaft. with an aperture and a tap to regulate the water, also
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a small stuffing-box in the cap, to allow of a spindle for connecting the shaft with the
counter,

These entailed very difficult and exceptional work, but were beautifully executed
by Mr. Fostar, in the Laboratory (fig. 9).

However, the result was very doubtful, as the water flowing from the brake through
the aperture in the stuffing-box not only raised the temperature of the shaft, but was
itself of uncertain temperature.

It was in July, 1895, that this experience was obtained, and for a time the success
of the research seemed doubtful. During the vacation, however, an idea occurred to
me which at once promised to do away with the whole difficulty.

The Cooling and Lubricating of the Bushes.

25. This idea consisted of what seemed to be a practicable plan of forcing a
relatively small, but sufficient portion of the ice-cold water into the brake through
each of the bearings, the quantities being strictly under control.

That this plan should not have presented itself as soon as the addition of the
stuffing-box and the cap were contemplated, becomes intelligible when it is remem-
bered that the main object in the invention of this brake had been to secure a constant
pressure in the air space within the vortices, so that by admitting the water through
passages in the vanes directly into this air space a constant resistance, whether that
of the atmosphere, or artificial atmosphere, on the entering water would be secared,
and that the possibility of maintaining an even flow through the brake, so essential
to any success 1n the research, depended entirely on the realization of this constant
resistance. Iixcept the inlet passage, the interior of the wheel, and the air space in
the vortices, all the spaces in the brake and brake-case are under the full vortex
pressure, excepting where, ag in the bush on the closed side of the brake, and that
between the solid disc faces on the inlet side, the pressure is relaxed by the
escape of the water. This vortex pressure depends on the load on the brake, and
may be anything up to 25 pounds on the square inch greater than that in the air-
cores. It thus seemed like starting de novo to interfere with this arrangement ; and
it was only when one came to realize that the possibility of preventing all leakage by
the introduction of the stuffing-box and the cap had rendered it possible, by controlled
subsidiary supplies under pressure, to reverse the flow of the lubricating water, and so
to do away with leakage, and not only to secure lubrication, but also to cool the
bushes, and then only after considering the amounts of water required, and the pro-
vision in the way of pumping appliances, separate supplies of water and thermometers,
&c., that the altered facilities afforded by the circulating pump came to be recognized.
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The By-channels and Regulator admitting Cooled Water to the Bushes.

26. Since the main supply must enter, as before, at the same pressure as the air
within the vortices, while, in order to reverse the flow through the bushes, that
entering the cap must enter at a little, but only a little, above that of the air within,
while that entering on the brake side of the packing-ring in the stuffing-box must
enter at any pressure up to 20 lbs., according to the load, above that of the air
within, it was clear that there must be three supplies of water at different pres-
sures under separate control; and it was equally clear that these supplies must all
be at the same temperature.

Fortunately, the arrangements already made for the new supply afforded ready
means of securing these conditions, as, in order to insure steadiness in the supply
through the regulating valve, it had been provided, in arranging the pump, that there
should be an excess of 20 lbs. on the square inch above that necessary to force the
maximum water through the coil and to overcome the air pressure in the brake ; also,
as the regulating cock was only an inch or two from the thermometer charmber, the
water would be subject to little heating by radiation after leaving the cock, while
the effect of radiation to the by-channels would be of secondary importance, as it is
eliminated with the rest of the radiation in the difference of the trials.

It thus became possible, by leading cooled water through two short by-branches,
with separate regulators, from the supply pipe, before passing the main regulator,
respectively into the aperture through the stuffing-box on the inside of packing-ring,
and into the cap on the inlet end, to secure controlled inflows of ice-cold water
between each of the bushes and the shaft, and so to adjust the temperature of the
bearing and insure lubrication of the shaft (fig. 9).

In order to render such inflows steady and constant, it was desirable that the
pressures before passing the regulator should be kept at a considerable and constant
quantity above the vortex pressure in the brakes.

From the first preliminary trials made with the branches it appeared that the
turbine and pump were capable of supplying sufficient pressure for this, so that the
only additions necessary were the branches. These were made of 1-inch brass pipe
from the main pipe from the cooler as far as the branch regulators, and thence con-
tinued by {-inch indiarubber vacuum tube # inch outside wrapped with tape. The
branch vegulators have cocks, with provision for fine adjustment, so that the very
small quantities which passed might be definitely regulated to great nicety (Plate 5).
With these it was found practical to maintain the temperature of the bushes from
anything a few degrees above 32 to any required temperature.

It i1s to be noticed that the work done by pressure over and above the pressure p,
in the inlet thermometer chamber is that due to the difference between the pressure
in the main pipe before passing the regulators and p,, through whichever passage the
water enters. And since in that water which passes into the thermometer chamber
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through the main regulator this work has been converted into heat, and is measured
as entering heat by the inlet thermometer, the assumption that the water through
the branches enters at the pressure p, and the temperature given by the inlet
thermometer, involves no other error than that resulting from radiation, which is
constant for all trials, and is eliminated in the difference.

The Regulation of the Temperature of the Bushes.

27. In the preliminary trials this temperature was only ascertained by touch, and
regulated so as to be as nearly as possible that of the laboratory, the branch cocks
being set with a definite opening, and the excess of pressure maintained as nearly as
possible constant, a plan which was found to give consistent results. But it also
appeared that in order to maintain the same temperature in the stuffing-box for the
large and small trials with the same pressure in the main pipe, it was necessary to
open the branch cock wider in the large trials. This was to be expected from the
greater vortex pressure in the large trials. And as owing to the greater resistance
of the cooler in the large trials there was difficulty in maintaining a great excess of
pressure over the vortex pressure, it was decided to run both large and small trials
with the same setting of the cock, and the same head in the cooling pipe, keeping a
record until some means was obtained of estimating the comparative slopes of tem-
perature in the shatt in the large and small trials.

The Measurement of the Comparative Slopes of Temperature in the Shaft.

28. The desirability of some more definite knowledge of the slope of temperature
in the shaft between the brass of the nearest shaft bearing and the stuffing-box was
strongly felt, but it was not at first apparent how this might be done, the shatt being
4 inches in diameter and the gap between the end of the stuffing-box and the brass
of the bearing being only 3 inches.

However, as it became more evident, with the branch cocks set at a constant
opening and the same pressures in the supply pipe, that the temperatures in the
stuffing-box were greater in the large than in the small trials, and that a small
difference in the adjustment of the branch cock to the stuffing-box affected the
apparent loss of heat to the extent of some 0°1 or 0-2 per cent. of the total heat, I
determined to try and obtain some definite evidence of the relative slopes of tempe-
rature in the two trials, by measuring the relative temperatures of the brass and the
stufling-box as far as was practicable. For this purpose, I had thick brass tubes,
radiating outwards, sweated on to the end of the stuffing-box to hold thermometers.
Two such tubes were necessary on account of the screwing-up of the box, which had to
be done whenever it began to leak ; and although this was not done during a trial, one
tube wonld sometimes face downwards, which was inconvenient. In a similar manner
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two tubes were attached, one to the top and one to the bottom brass of the bearing,
holes being bored into the brass and the tubes screwed in. These tubes are shown
in fig. 9. .

In this way, with a thermometer in one of the tubes on the stuffing-box and one in
each of the tubes on the bearing, although the thermometers might not give the
actual temperatures of anything in particular, still the steadiness of the conditions of
the brake warranted the conelusion that the differences in the readings of the thermo-
meters would serve to identify similar conditions as to slope of temperature, and
this turned out to be the case.

These thermometers threw a flood of light on to conditions which had before been
hardly perceptible. Thus, after reading the thermometer during three large trials
and three small trials, with the cocks set as before without having been displaced,
and with the same pressures, it was found that the mean of the three large trials
indicated 13° Fahr. greater slope from the stuffing-box to the brass than that
indicated by the mean of the three small trials.

The Constants and Limits of Error of Conduction.

29. Tt thence became possible in the subsequent trials, by adjusting the cocks,
to bring about a mean condition in which the mean slope in the large trials was the
same as that in the small, and by comparing the mean results of those trials in which
the difference of slope had been in one direction with the mean of those in which it
had been in the opposite, to obtain a constant expressing the quantity of heat lost
for each degree of the recorded slope.

These thermometers, read to 1° Fahr. 7 times during the trial of each sort, would
give a limit of error of the } of a degree which, taking 12 thermal units per hour as
the loss per degree, would give as limit of relative error on 100,000 thermal units of,

on one trial,
000002,

and these being casual, when taken over 40 trials would be less than a millionth.

The Hond-Brake for Regulating the Speed of the Engines.

30. Although it had been found possible to maintain the speed of the engine
constant within 2 or 3 per cent. when the engines were working with a considerable
margin of pressure in the boiler, by maintaining the pressure in the boiler constant,
the care and attention on the part of Mr. J. Harr, who had charge of the engine,
became excessive when the engines were indicating over 80 h.p., particularly as he
could not be attending to the fire and lubrication, and at the same time watching the
speed indicator. To meet this difficulty, as there is no known automatic governor

VOL. CXC.—A., 2v
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which will regulate an engine working against a resistance which is independent of
the speed, without fluctuations, I arranged a hand-brake to be applied to the rope
pulley, 8 feet in diameter, on the brake shaft, by one of the assistants in the
laboratory during the trial. The amount of power to be absorbed by this being less
than 2 h.p. at the most, a $-inch cotton rope, with one end fast, passed round in one
of the grooves of the pulley, the other end being attached to a spring balance, the
position of which could be regulated with a screw, would answer the purpose (shown
in Plate 5).

In this way, as the natural variations of speed of the engines are very slow,
Mr. MaTHEWS was able, after a little experience, to keep the speed to within some-
thing like one revolution, or 03 per cent.

The Corrections for the Terminal Heat of the Brake.

31. As the temperature of the effluent water could be continually regulated by
regulating the supply of water to the brake, whatever might be the speed, the chief
importance of keeping the speed regular arose from the errors (1) caused by small
differences of temperature in the brake together with the water it contained at the
commencement and end of the trial, and (2) by small differences in the weight of
water in the brake at the commencement and end of the trial.

Such errors belong to the class of casual errors to be eliminated in the mean of a
number of trials. Still, it seemed desirable to have some assurance that such
elimination was effected, and, in order to obtain this, I proposed that the actual
quantity of water in the brake for each of the loads used in the experiments should
be determined experimentally at several speeds covering the range of variations
likely to occur, and so to obtain a curve for each load, showing the water at each
“particular speed ; this to be done by running the brake as in the trials, steadily, at
a particular speed, the water passing as in the trial. Then, suddenly, by forcing
down the lever, to close the automatic outlet valve, and, at the same time shutting
the inlet valve and stopping the engines, and thus trapping the working charge of
water in the brake. The water could then be drawn out and weighed.

Putting B for the capacity for heat of the metal of the brake, w for the weight
of water, and T for the temperature observed on the effluent thermometer, the total
heat in the brake is expressed by

(B + w) T,

and, if w;, T refer to the weight of water and temperature at starting, and w, T/
to the corresponding quantities at the end of the trial, the correction which has to
be subtracted from the heat observed is expressed by

(B + ’LU,') Tz‘o —— (B —%— wf) Tfo.
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The Method of Conducting the Trials — Elimination of Radiation.

82. The entire system of working was designed to secure the most perfect elimi-
nation of radiation possible. Thus, it was arranged in the first place that the trials
pe made in pairs, one heavy trial and one light trial, made under circumstances as
nearly similar as possible, except in respect of load and water. The loads in the
first instance being 1200 and 600 foot pounds, and the quantities of water such that
the final temperature should be as nearly as possible 212° Fahr., and, after the pre-
liminary trials, 300 revolutions per minute was adopted as the speed for all the trials,
60 minutes as the time of running. The inlet and outlet thermometers to be read
after the first minute, and every two minutes; also the temperature of the laboratory
as shown by a thermometer in a carefully-chosen place. This temperature to be
maintained as mnearly constant as possible. The setting of the regulators during
each trial to be recorded; also the pressure of the artificial atmosphere, and that
in the supply pipe after passing the coil; and, subsequently, the reading of the
thermometers in the stuffing-box and bearings taken every five minutes, and the speed
gauge every two minutes. The observations and incidents being recorded by the
rules in surveying, in ink, in a book, and distinct from any reductions. The initial
and final reading on the scales and counter being included, as were also the initial
and final readings of the inlet and outlet thermometers and speed gauge for the
purpose of determining the terminal differences of the heat in the brakes.

As it was impossible to make trials simultaneously, and so secure similar conditions
in the laboratory, it was at first arranged that the trials should be made in groups,
including four pairs of trials.

The regular work in the laboratory monopolised the engines and brakes on all days
in term time, except Mondays and Thursdays, so that the trials were confined to two
days in the week. There was a certain likelihcod of the state of temperature of the
walls and objects in the laboratory being systematically different on the Mondays,
after the laboratory had been without steam all Sunday, from what it would be on
the Thursday, after the steam had been on for three days. And besides this, there
would be a systematic difference in the temperature of all the objects during the first
trial in the day, although the brake had been running for an hour before, from that
which would hold in the following trials. In the first instance, therefore, it was
arranged that a heavy and a light trial should be made on the same day, and a light
and a heavy trial on the next available day, under as nearly similar circumstances as
possible, except for the inversion of the order. Then again, a light and a heavy trial
on the next day, followed by a heavy and a light on the following, so as to break the
order and secure the same arrangement, in days of the week as well as in hours of
the day, for the four light trials as for the four heavy trials.

As the results of any group of four pairs of trials would fornish a tolerably close
approximation to the loss of heat by radiation, assuming this to be proportional to

2 U2
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the observed mean difference of temperature between the laboratory and the brake,
it was easy to obtain an approximate constant, R, for radiation for each degree of
difference of temperature, and so to introduce a correction, R (T, —T,), in each
trial for the radiation resulting from the observed mean difference of temperature of
laboratory and brake, T, — T..

These corrections would serve two purposes—first, affording a better comparison
of the resuits of the separate trials for future guidance, and secondly, by recording
the mean difference of temperature, would show how far the mean differences of
temperature in the large trials had differed from those in the small trials, and thus
how far the radiation had been eliminated.

Lagging the Brakes.

83. In order to obtain still more definite assurance as to the elimination, it was
arranged that after consistent results had been obtained in several groups of four
pairs of trials, as above, with the brake naked, the brake should be covered with
non-conducting material, in the best way practicable, so as greatly to reduce the
radiation, at the same time leaving it definite, and then similar trials should be run.

If the coefficient of radiation could in this way be reduced to one-fourth that of
the naked brake, such error as there might be remaining in the mean results with the
naked brake would be reduced to one-fourth with the lagged brake.

In this, however, there was danger of introducing errors of other kinds.

The non-conducting material would absorb heat slowly and take a long time to
arrive at a state of equilibrium, and during the interval the rate of loss of heat from
the brake would be irregular. - The total error that could result from this cause
would be the product of the specific heat of the material used multiplied by the
weight, and again by the 75°, or the half of whatever was the difference in temperature
of the brake and the air. This decided the choice of the material to include cotton
wool. Two pounds of this would, if not too tightly pressed, cover the brake about
1} inches thick, and the total heat it would absorb would be less than 0°4 Ib. of
water raised from 382° to 212° Fahr., and would then be only 0:0008 of the heat
generated by 80 h.p. in an hour, while it would reduce the radiation to about 7.
But as the cotton wool would gradually collapse if subjected Lo any elastic pressure,
it was decided only to use this to such thickness as it could be protected by light
cotton strings extending in axial planes round the brake, and to prevent
absorption of moisture by the cotton wool, to cover it with thick anti-rheumatic
flannel, about 1 inch to 14 inches in thickness, as shown in Plate 5, which would
raise the capacity for heat of the entire lagging to about gy that of the heat
generated in the small trials, and as the brake was kept at steady temperature for
about one hour or more before the trial commenced, the actual differences would not
exceed some one ten-thousandth part.
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The Conduction by the Levers.

This lagging only extended over the body of the brake covering all the brass-
work, leaving the levers and balance weights on the levers bare.

These levers being in metallic contact with the brass of the brake assumed at
these points the temperature of the brake, and would conduct the heat along to
the balance weights till it was lost by radiation. As the temperatures were
constant in all the trials this loss of heat would merely form part of the radiation
and be eliminated as the rest; but, owing to the masses of the balance weights and
the Jength of the levers, it must take a long time for the balance weights and the
further parts of the levers to arrive at a steady temperature, a fact which would
account for a greater loss of heat in the first trial made in the day.

In order to obtain assurance that this delay produced no error it was arranged
that after the completion of the series of trials with the brakes lagged, corresponding
to that with the naked brakes, that the balance weights should be removed, and
only the load at 4 feet from the brake left, and a third series of trials made.

Starting and Stopping the Trials.

84. Having adopted an hour as the length of each trial, and 300 revolutions as the
normal speed, the engines having been running for an hour previously, while the
water entering the brake was being adjusted, and afterwards, so as to insure the
temperature, not only of the brake, but of the surrounding objects, having become
approximately steady at the time of starting the trial, all that was necessary was
that the counter should be pushed into gear, and at the same time the water-switch
pushed over, and the reverse operation at the end of the trial. These operations,
simple as they were, entailed errors, which arose partly from the impossibility of instan-

taneous engagement of the counter simultanecously with the switching of the water.
In order to diminish these as far as possible, the spindle of a counter, on which was
the worm which drove the worm wheel, was wrapped with a spiral spring of steel
wire, which gripped the spindle so tight that it would not slip, the end of the wire
being bent, so as to form a clutch standing off the shaft half-an-inch, the end of the
wire being pointed, the shaft of the counter projecting a little beyond the wire. Facing
the end of this shaft, and in line with it, was a socket in the end of the engine shaft,
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which was brought down to three-quarters of an inch diameter and carried two round
pins, a sixteenth of an inch diameter, standing out radially, the engagement being
effected by pushing the counter forward till the wire crank engaged on one of the
pins. (Owing to the wire being pointed and the pins rounded, the chance of the wire
striking plumb on to the pin and so preventing engagement was reduced to a minimum.)

This engagement was the result of a great deal of experience, and answered perfectly,
but it involved the mean chance of a quarter of a revolution of the engine shaft after
the wire had passed the pin before the actual engagement was effected, whereas on
coming off the disengagement was instantaneous, the counter stopping by the friction
of the worm before the momentum had carried it through any appreciable angle.

This would leave a mean error of the work done during one-fourth of a revolution
on each trial, whence, the number of revolutions during the trial being 18,000, the
relative mean correction would be one seventy-two thousandth part, or 0°000013.
As, however, when the two operations were executed by different observers on a
signal, the personal equations might amount to more than this, although it involved
a difficult piece of linkage, an automatic connection was effected, as shown in Plate 5,
the pushing of the counter into engagement shifting the switch, so that in making the
trials no error was introduced.

The Leakage of Waier.

35. Agthe loss of any of the water, which had entered the brake before it was weighed,
would constitute a corresponding error in the results, the perfect tightness, not only
of all the fixed joints, but of the casting and the pipes, was a matter of first considera-
tion and of continual care. This was one of the reasons why the lagging was delayed
till after consistent vesults had been obtained; for, as long as the brake and pipes
were naked, such leakage could not fail to be observed on close inspection, and before
lagging it was arranged to test the brake and pipes to an excess of pressure, so as to
insure perfect soundness. Besides the fixed joints there were only two working
joints, in addition to the openings into the switch and again into the tank.

(1) The working joints were: The stuffing-box on the main shaft and the stuffing-
box on the automatic cock on the outlet from the brake.

Any leakage from these was open to observation both before and after lagging, as
they were in no way covered ; and arrangements were made so that such leakage
could be separately conducted by pipes and caught in bottles. With care such
leakage could be reduced to insignificant quantities.

The absolute loss of heat resulting from a leakage of wgg lbs. of water from the
stuffing-box on the shaft was equal to the product of the difference of temperature of
the stuffing-box Tg1°, and inlet (T,°) multiplied by w;y,

Ws.p (!J‘S.BO - Tlo)a
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and in the few trials in which this became a sensible quantity it was to be added as
a correction. '

The Loss of Heat by the Leakage of Water from the Automatic Cock.

36. This was the product of (w,), the weight of water which escaped multiplied by
the total rise of temperature. Since the water passing the cock was on its way to the
high temperature thermometer, where any such water was caught it was put into the
tank, and so required no correction. This leakage was very small, at most 2 oz in a
trial, but as there must be some evaporation as the water escaped through the hot
gland, which, though small, might be of some importance on account of the latent
heat of evaporation, it was desirable in some way to enclose this stuffing-box in an
indiarubber bag closing on the spindle, so that the vapour could not escape, and this
was eventually accomplished very effectively and neatly by Mr. FosTER, in a way
which did not interfere at all with the free action of the cock (Art. 14, Part IL).

The result of this, besides preventing any subsequent loss of water, in this way,
was to show that any error that had previously existed from evaporation was
inappreciable. '

The Loss of Water at the Switch.

87. Apart from evaporation which would result from the exposure to the air and
in passing the air-gap into the switch, there was no loss, as the water descended
almost tangentially on to the surface of the tube on the switch which received it,
the switch itself being a vertical knife-edge extension of this surface, which passed
through the vertically descending water at starting and stopping; and further, to
prevent any minute drops of water going astray from the bursting of an occasional
bubble in passing, a sheet brass hood was placed round the descending pipe directly
the trial started.

The outside of the weighing tank is completely exposed to observation, and is
perfectly tight. The valve in the bottom, being a 4-inch leather-faced screw-valve
on a brass seat, is also tight, but for satisfaction it was arranged to place a clean tin
dish under the valve before starting a trial, and only to remove it after the water
was weighed, so that there should be absolutely no loss of water from any of these
causes.

That there must be some loss of water by evaporation to the air as long as the
temperature of the water, after leaving the condenser, was above that of the dew-
point of the surrounding air, was certain. By using sufficient cooling water it would
be possible to bring the temperature down to that of the dew-point; but it was
found that this could not be done under all circumstances without a larger condenser,
for which room was wanting, and, as long as the water lost by evaporation was the
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same in both trials, all error would be eliminated in the difference of the large and

small trials. After careful consideration, it was arranged that the condensing

water should be adjusted so that the water in all trials entered the tank at a

temperature as mnearly as possible 85°; it being probable, as the surface exposed

to the air was nearly the same in the large and small trials, if the differences in

temperature between the air and the water were the same, the evaporation would

be the same, or would at least differ by a constant amount. In order to test

this, it was further arranged that, after the trials were finished, the centrifugal pump

should be temporarily re-arranged so that it could be used to draw water out of the
tank and force it round through the condenser and switch, and so back again into the
tank at rates corresponding to those of the large and small trials, and at the same

temperature (85°), the water in the tank being at this temperature, the arrange-
ment of the pump being such that, when stopped, all the water in the pipes would

run back again into the tank. This would practically insure the same loss of water
by evaporation during one hour’s pumping as during one hour’s trials, and any differ-
ence (w,) thus established between the large and small trials would then be treated
as a standing correction on the difference of the heavy and light trials. This relative
correction, taking W as the mean difference of water in the heavy and light trials,

would be

w,
W

The Standards of Measurement,

38. In these experiments the expressions obtained for the work done in heating
the water and the heat generated are, respectively,

2aN.RW, and SW, (T, — T,

where R, W, T, S are respectively length, weight, temperature, and capacity for heat.

Since these expressions both represent the same absolute quantity of energy, the
difference in the numerical values of these expressions results only from the differ-
ence in the units in the two expressions. These units may be considered as the unit
of work and the unit of heat respectively, as it is the inverse ratio of these units,
measured in absolute quantities of energy, that is expressed by the ratio obtained
from

2 NRW,;
SW, (T, — 1))

But, as there are no actual standards either of work or heat with which quantities
of work and heat can be respectively compared by a simple measurement, such com-
parisons can only be accomplished by the comparison of the several factors involved
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in each of these expressions with the several absolute standards which exist for such
factors.

These standards are the standards of mass, length, and force, on the one hand, and
of mass, quality of matter, and temperature, on the other.

Thus, work being defined as the mean product of force multiplied by the distance,
and the standard of force being the force of gravitation on the unit of mass wherever
it occurs, the work is represented by W.%, where W expresses the number of units of
mass, and / the number of units of length through which it has been raised. Taking
(M) and (L) as expressing these units, the unit of work is expressed as (ML).

Again, the unit of heat is defined to be one n™ part of that quantity which is
required to raise one unit of mass (M) of a standard substance (pure water) from one
definite state of temperature to another definite state. And calling this interval 6,
the unit of temperature is defined to be #/n. And, taking S to express the ratio
of the number of units of heat required to raise W, units of mass of matter from
T,° to Ty’ compared with W, (T,* — T,°), the heat expressed by SW, (T, — T,) is in

units (M %) .
So that, from the physical equivalence of the absolute energy expressed in the

respective forms, it appears that the unit of heat, as defined by < 9) is equivalent
to '

SW.(T,—T,) units of work as defined by (ML),

or that the heat required to raise one unit of mass of pure water through the definite
interval of temperature 6 is equivalent to

7 Wﬁ% units of work (ML).

This is the definition of the mechanical equivalent of heat in Manchester, adopted
by Joure if n =1, and @ is 1° Fahr. between 50 and 60, as determined on his
thermometer. But, since the absolute kinetic value of the unit of force as here
defined varies with the latitude and height of the place, while that of the unit of
heat is constant, this mechanical equivalent varies from place to place with 1/g,
where g is the expression, in kinetic units, for the unit of force (M).

Thus, expressing the work in kinetic units, the unit of heat, as already defined, is
equivalent to

2eNRW

I§W, (1, — 1y = &

where the dimensions of C are (I*T~*n6-1).
VOL. CXC.~- .. 2 X
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Whence, since ¢ has dimension (LT %),

2rNRW C
SW, (T, —T) ¢’
where the dimensions of C/g are (Lnf~1).

The object in this research being to replace the standard of temperature, as defined
by the scale on a particular thermometer, by the standard obtained from the states
physically defined by melting ice and by water boiling under a standard pressure, ¢ is
here defined to express this interval, and S is, in accordance with the definition already
given, used to express the ratio which the heat required to raise unit mass over any
interval, per degree of rise, bears to that required to raise pure water over the

interval 0, per degree of rise.

The Standards Involved.

39. Tt appears from the dimensions of C/g, as obtained in the last article, that the
only general standards to which reference need be made are those of length and
temperature. '

It is, however, to be noticed that the determination of the work and the heat
involve the determination of separate masses, and that the units only disappear on
the condition that they are equal.

The Measurement of Mass.

40. Since it was not necessary to refer the mass to a general standard, the
weights used were only referred to a Board of Trade standard for convenience.

Thirteen of the 25 lb. weights used for loading the brake were adjusted to the
Board of Trade weight, then carefully balanced against each other, till, balanced in
groups of four in any arrangement, there was less than 001 1b. difference. Four of
these weights were then taken as the standard.

The compound lever machine, which had two scales on the same lever, one notched
to each 100 lbs. for the position of the large rider, the other with a flat scale for
every 1 lb. for the position of the small rider, was taken to pieces and the knife
edges re-ground and re-set (by MRr. FosTrRr) till consistent results were obtained to
the one-hundredth of 11b. Another rider was also made to work on the same scale
as the small rider, being adjusted to one-hundredth of the weight, so as to read
0°01 1b.

The scales were then carefully surveyed by the standard 100 lb. weight, the
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