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PREFACE.

AVING found the various reprints of papers by the same author,
which have been published during the last thirty years, of the
greatest assistance, and being assured that it would be a convenience
to some of my scientific friends if the papers on mechanical and physical
subjects, which I have communicated to various societies and scientific
journals, were published in a collected form, also having secured the able
assistance of Mr Charles B. Dewhurst, M.Sc., in collecting and arranging
the papers and correcting the press, I gladly availed myself of the oppor-
tunity afforded me by the liberality of the Syndics of the University
Press of having papers I have written between the years 1869 and 1900
reprinted in a collected form. These include all the papers which I have
published in the transactions and journals, with the exception of certain
abstracts of papers which were printed in full at somewhat later dates, six
short papers of only temporary interest, and a Memoir of James Prescott
Joule which is published separately, being Vol. vi. Fourth Series of the
Memoirs and Proceedings of the Manchester Literary and Philosophical
Society. The titles and text of the first forty of these from 1869 to 1882
are included in this volume.

In reprinting the papers errors resulting from inadvertence have been
corrected, where discovered; but otherwise there have been no alterations
nor have any notes been added.

The chronological order has been followed in arranging the papers
notwithstanding that it entails a somewhat excessive amount of discon-
tinuity in the sequence of papers on the same subjects. With a view
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to obviate the inconvenience of this discontinuity, in addition to the
references back to the earlier paper, references forward to the papers in
which the subjects are continued have been added.

As affording some explanation of the absence of any connection between
many of the subjects in this collection of papers it may be pointed out
that these subjects have not been determined by arbitrary selection,
neither have they been the result of following up one line of research.
They have, for the most part, been suggested by the discrepancies between
the actual results obtained in definite mechanical arrangements, such
as occur in some parts of the large field of practical mechanics, and the
conclusions arrived at, as to what these results should be for the same
circumstances, by means of geometrical and physical analysis as far as
this analysis was developed at the time.

When such discrepancies oceur, if the experimental results are consistent
and approximately accurate, they afford evidence that some circumstance
has not previously been taken into account in the general theoretical
analysis, and thus indicate the necessity for its further extension. Such
discrepancies may also afford a suggestion or clue, and when this occurs
the extension of the theoretical analysis necessary to remove the discrepancy
is in general not difficult to find, and requires only a short paper for its
exposition. But when this has been accomplished, further consideration
may show that these extensions of the analysis have a more general
application than to the immediate circumstances which led to their
recognition, the study of which demands further research and exposition,
which require time, and before this is ready some other discrepancy in
another part of the field of practical mechanics has appeared and secured
precedence,

OSBORNE REYNOLDS,

MANCHESTER,
March, 1900.
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|
ON THE SUSPENSION OF A BALL BY A JET OF WATER.

[From the Fourth Volume of the Third Series of “ Memoirs of the Literary
and Philosophical Society of Manchester.” Session 1869-70.]

(Read March 8, 1870.)

WiEN a ball made of cork, or any very light material, is placed in a
concave basin, from the middle of which a jet of water rises to the height of
four or five feet, the jet maintains the ball in suspension; that is to say, it
takes and keeps it out of the basin, The ball is not kept in one position, it
oscillates up and down the jet; nor is its centre kept exactly in a line
with the jet, it often remains for a long time on one side of it. In fact, the
ball appears to be in equilibrium when it is struck by the jet in a point
about 45° below the horizontal circle. In this way, for some seconds at
a time, the ball appears as though it were hanging to the jet, and then
oscillates in an irregular manner about this position. If its oscillations
become so great that it leaves the jet, it instantly drops, but in descending
it generally comes back into the jet before it reaches the basin, The friction
of the water causes the ball to spin rapidly; and as it moves about the jet,
it spins sometimes in one direction, sometimes in another, always about a
horizontal axis. Of the water which strikes the ball, part is immediately
splashed off in all directions, part is deflected off at the tangent, and part
adheres to the ball, and is carried round with it, until it is thrown off' by
centrifugal force.

The only explanations of this that appear to have been offered are based
on one or the other of the following assumptions, viz. that the centre of
gravity of the ball remains directly over the jet, or that the jet is accompanied
by a current of air which tends to carry the ball into it. With respect to
these assumptions, the fact that the ball will come back again into the jet
when driven entirely away from it must upset the truth of the first, and

0. 1, 1



2 ON THE SUSPENSION OF A BALL BY A JET OF WATER. (1

at the same time it appears to establish the trath of the second. However,
some experiments, which will be subsequently described, made with a view
to ascertain if this current exists, show that it does not. Besides which,
Mr Routledge and Mr Wild have made some experiments. The former
found that when the jet, directed horizontally to avoid the influence of the
falling drops, was brought very near to a light ball suspended by a thread,
the ball showed no tendency to move towards the jet; and Mr Wild settled
the point by showing that the action of the ball is the same in a vacuum
as it is in air. It appears, then, that neither of these assumptions is
satisfactory.

Now, of the forces which act on the ball, its weight acts at its centre in
a vertical line, and is the only force which is not due to the action of the
water. When the jet strikes the ball directly underneath, it will produce
a force acting upwards in a vertical line, the magnitude of which depends
on the height, and may therefore balance the weight of the ball. In this
position the ball is, by the action of these two forces, in equilibrium, in the
same manner as if it were balanced on a point. The slightest deviation in
the jet will upset it; and then the jet will strike it on one side of the
vertical line through its centre: when so struck, the forces at the point
of contact may be resolved into two, of which one acts along the normal
to the surface, or through the centre of the ball, and is due to the impulsive
action of the water (this is called ), and another in the tangent plane at
the point of contact (p) (this is due to the friction of the water, and is
called R). If W be the weight of the ball, then P, R, and W are the only
forces which at first sight appear to exist; and the question is, can the
ball be in equilibrium under the action of P, R, and W? This question
is easily answered ; for these forces are necessarily in the same plane; but
they do not all pass through the same point, and therefore they are not
in equilibrium. To balance these forces, then, there must be some other
force acting on the ball in the same plane with them, and which does not
pass through p, or the centre of the ball. Now, besides the water which
leaves the ball at p, there is the water which adheres to the ball until
thrown off by centrifugal force; and to this we must look for the
required force. The effect of a drop adhering to the ball will be very
complex, being due to its weight, centrifugal force, and friction. However,
if we neglect the weight as being very small, and therefore only able to
increase slightly the weight of the ball, and to shift the point at which
it acts a little way from the centre, the forces which the drop will produce
may be stated accurately. For whenever a drop whose weight is w (lbs.)
comes on to the ball with a velocity v (feet per second), and leaves with a
velocity wu, its whole effect, minus that of its weight while it is on the ball,
is equivalent to a force wv/y (Ibs.) acting for one second, in the direction in
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which the drop was moving, and at the point at which it comes on to the
ball, and a force wu/g at the point at which it leaves, and in a direction
opposite to, that in which it flies off. The first of these forces will form
part of P’ and R; and therefore, besides the forces at the point P, the
effect of any adhering drop will be equivalent to a reaction, such as would
be produced if the force necessary to throw the drop from the ball were
concentrated at the point at which it leaves. If several drops be leaving
the ball at the same time, the several reactions will have a single resultant,
which will not pass through p, or the centre, unless they should be distributed
equally all round the ball, in which case the reactions would simply produce
a couple on the ball, and would not have a single resultant. If the drops
are not leaving equally all round, the resultant will act in a direction
opposite to that in which the greatest number fly off. If, then, more water
is thrown off in one direction than in another, and this direction is the same
as that of the resultant of the three forces /7, R, and W, this water will
produce a force such as it has been shown must exist. First, then, is there
any reason why more water should be thrown off in one direction than in
another ? and, second, in what direction will that be? The water comes on
to the ball at p, and that which adheres is at first spread out in the form
of a thin film, on which centrifugal force immediately acts to collect it at
the equator. As it collects at the equator, the adhesion becomes less, com-
pared with the mass of water, and the drops separate themselves and fly
off; in this way the water would begin to leave at p, and go on until it
was all thrown off, so that much more water would leave above p than
below. But, besides this, the weight of the water will tend to keep it on
or to throw it off, and its action to keep it on will be greatest up to the
top, after which the conditions for its leaving become more favourable; so
that the water may begin to leave at p, or not till it has passed over the
top of the ball; but in either case most of the water will be thrown off
before it gets below the horizontal circle on the opposite side to p. On
examining the ball, it appears. that the water which adheres begins to
leave at the top. And by far the greater part of the water flies away from
the jet.

It is the discovery of this fact which has enabled me to explain the
phenomenon; for this water causes a resultant reaction, which is the
additional force necessary to maintain the equilibrium of the ball.

Let this resultant reaction be called Q: it will act towards the jet, and
its effect will be, first, to force the ball into the jet, and so will help to
counteract the obliquity of P; secondly, it will assist in supporting the ball;
and, thirdly, since it opposes the rotation, it will balance the tangential
force R, caused by the friction at p; and, provided it have the proper

1—2



4 ON THE SUSPENSION OF A BALL BY A JET OF WATER. (1

magnitude, together with the forces P, R, and W, it is all that is requisite
to explain the equilibrium.

It remains to explain the fact, that the ball will fall back again into the
jet after it has been driven out of it. This may be done; for the force P
which forces the ball out, ceases as soon as contact ceases; but not so with
Q, which drives the ball back again towards the jet; for there will still be
some water to be thrown off, so that perhaps for half a revolution @ will
continue undiminished, and so bring the ball back again into the jet.

PosiTioN oF EQUILIBRIUM,

With respect to the position of the ball when in equilibrium, nothing
very definite can be established, as there are no known laws of adhesion ;
but it may be shown by general reasoning, that there are limits between
which the point p must be, so that there may be equilibrium,

Let the point p be at a fixed height, P equal the full force of the jet
at this height when acting on the bottom of the ball or on a perpen-
dicular plane, and let P’ be the force on the ball. Then, if @ be the
angle which the normal at p makes with the vertical,

P’ =P cosa,
and the horizontal component

§]
P’ sin u=-§2ain :acosa=%sin2u;

therefore
I"sina= '-213. and is a maximum when a = 45°,

and .
P’'sina =0 when a=0, or a = 90";

so that the tendency of the jet to force the ball to one side increases from
nothing to P/2 as p moves from the bottom to a point at which the normal

makes an angle of 45° with the vertical, and then decreases to nothing as p .
moves to the middle of the ball.

The force @ may be fairly assumed to increase as the speed of rotation
increases; and this will be as the point of contact moves from the bottom
to the middle of the ball. In the same way the force R, which will neces-
sarily increase as @ increases, will increase as p moves from the bottom to
the middle of the ball; and its horizontal component will follow nearly the
same law as that of P.
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Considering, then, the horizontal forces only, there must be some position
for p in which the horizontal component of @ and R will be equal to that of
P; and if a horizontal circle be drawn through this point, it will limit the
part of the ball in which p must be for equilibrium to be possible.

For any deviation without this circle the equilibrium will be stable;
t.e. if the centre of the ball gets so far from the jet that the ball is struck
in some point without this circle, it will come back again. As to the nature
of the equilibrium for any deviation within this circle, I cannot speak
positively; but it is probably nearly neutral all over the enclosed area.
This seems to agree very well with the fact that the ball is in equilibrium
when struck 45° below its horizontal circle, and oscillates about this position,

The following is a description of some experiments. The object was to
ascertain :—first, whether or not air is the medium by which the water
acts on the ball; secondly, how far the horizontal equilibrium of the ball
depends on its rotation ; and, thirdly, what is the exact position of the point
in which the ball must be struck so as to be in equilibrium, and, moreover,
what is the nature of the equilibrium :—

The apparatus employed in these experiments consisted of a wheel, three
inches in diameter and half an inch broad at the rim,
made of painted wood, capable of turning very freely
about its axis, and suspended by two wires, with its
axis horizontal, so that it could swing like a pendulum.
A vertical jet of water was so arranged that it could be
made to strike the reel at any point from below, or to
miss it altogether. This was done by bringing the jet
out of a horizontal pipe which would slide backwards
and forwards in the same direction as the wheel could
swing. This pipe was furnished with a cock, so that the
force of the jet might be altered.

In experiment No. 1, the pipe from which the jet issued was pushed
forward so that the jet missed the reel by about an inch, and the jet was
turned on to rise about six feet above the reel; the pipe was then brought
back until the water passed as near as possible to the reel without touching
it—but there was no apparent effect produced on the reel. The tap was
turned so as to increase and then diminish the height to which the jet rose—

still, without any effect.

Experiment No. 2 was made with the same apparatus as No. 1. The
reel was then changed for one six inches in diameter, and the same experi-

ment repeated.
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The jet was placed so that it missed the reel (when hanging freely) by
about two inches, and the water was turned on to rise about six feet. The
reel was then pushed forward until it touched the jet, and then let go; it
immediately began to turn about its axis, but left the jet, swinging backwards
and forwards, touching the jet each time, and each time gaining in speed of
rotation. This went on for several oscillations: but as it got to turn faster,
it appeared to stick to the jet for an instant before letting go; and having
done this once or twice, it stuck to the jet altogether, and remained in
contact with it, spinning rapidly. The experiment was then repeated with
the jet at different distances, and with the larger wheel; the result was
the same in all cases, I found it possible, however, either to increase or
to diminish the force of the jet enough to prevent the reel from remaining
in contact with it. The limits were about 2 and 8 feet.

In experiment No, 3, the position of the reel when free was carefully
marked, so that the least alteration could be noticed, and the jet was placed
directly under its centre. In this position the jet did not cause the reel to
move to either side in particular, but to oscillate backwards and forwards.
The jet was then pushed slowly forwards, and the motion of the ball watched.
At first it moved away from the jet slightly, and remained away until it
was struck about 60° from its lowest point, after which it gradually came
back to its initial position, which it reached when struck about 65° from
its lowest point.

The forward motion of the jet being continued, the ball began to follow
the jet, the point in which it was struck moving upwards very slowly. When
the reel finally fell from the jet and came back into its initial position, the
jet missed it by about 2} inches,

During the experiment the force of the jet was altered; but within
moderate limits this did not affect the position of equilibrium,

This clearly shows that the position of equilibrium is about 25° from
the horizontal circle, and for any deviation below this the equilibrinm is
much more nearly neutral than for any deviation above it.



2.

THE TAILS OF COMETS, THE SOLAR CORONA, AND THE
AURORA, CONSIDERED AS ELECTRICAL PHENOMENA.

[From the Fifth Volume of the Third Series of “ Memoirs of the Literary
and Philosophical Society of Manchester.” Session 1870-71.]

(Read November 29, 1870,)
PART I

AvtHouaH the tails of comets are usually assumed to be material
appendages, which accompany these bodies in their flight through the
heavens (and the appearance they present certainly warrants such an
assumption), yet this is not the only way in which these tails may be
accounted for, They may be simply an effect produced by the comet on the
material through which it is passing, an effect analogons to that which
we sometimes see produced by a very small insect on the surface of still
water. We see a dark spot, and on looking closer we find a small fly or moth
flapping its wings and creating a disturbance which was visible before the
insect which produced it.

There is nothing else that we can conceive their tails to be ; so that they
must be one or the other of these two things,—either

(1) Material appendages of the nucleus, whether the material be limited
to the illuminated tail or surround the comet on all sides—or

(2) Matter which exists independently of the comet, and on which the
comet exerts such a physical influence as to render it visible,

Respecting the composition of these bodies Sir John Herschel says:—
“There is beyond question some profound secret and mystery of nature
concerned in the phenomenon of their tails. Perhaps it is not too much to
hope that future observation, borrowing every aid from rational speculation,
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grounded on the progress of physical science generally (especially those
branches of it which relate to the wtherial or imponderable elements), may
ere long enable us to penetrate this mystery, and to declare whether it is
matter in the ordinary acceptation of the term, that is projected from their
heads with such extravagant velocities, and if not impelled, at least directed
in its course by reference to the sun as a point of avoidance. In no respect
is the question as to the materiality of the tail more forcibly pressed on us
for consideration, than in that of the enormous sweep which it makes round
the sun in perihelio, in the manner of a straight and rigid rod, in defiance of
the law of gravitation, nay, even of the received laws of motion, extending
(as we have seen in the comets of 1680 and 1843) from near the sun’s surface
to the earth’s orbit, yet whirled round unbroken: in the latter case through
an angle of 180° in little more than two hours, It seems utterly incredible
that in such a case it is one and the same material object which is thus
brandished. If there could be conceived such a thing as a negative shadow,
a momentary impression made upon the luminiferous wther behind the
comet, this would represent in some degree the conception such a phenomenon
irresistibly calls up. But this is not all. Even such an extraordinary excite-
ment of the mther, conceive it as we will, will afford no account of the
projection of lateral streamers, of the effusion of light from the nucleus of
the comet towards the sun and its subsequent rejection, of the irregular
and capricious mode in which that effusion has been seen to take place,
none of the clear indications of alternate evaporation and condensation
going on in the immense regions of space occupied by the tail and coma—
none, in short, of innumerable other facts which link themselves with almost
equally irresistible cogency to our ordinary notions of matter and force.”

There can be no doubt that, if these tails are matter moving with the
comet, this matter must be endowed with properties such as we not only have
no experience of, but of which we can form no conception. This would almost
seem a sufficient reason for rejecting the first hypothesis. Moreover, on the
second hypothesis there is no difficulty in the immense velocity with which
these tails are projected from the head, or whirled round, when the comet is
in perihelio ; for, to take the “negative shadow” as an illustration, here we
should have a velocity of projection equal to that of light, and the only effect
of the whirling would be a slight lagging in the extremity of the tail, causing .
curvature similar to that which actually exists ; and whatever the action may
be, if its velocity of emission or transmission be sufficiently great, this effect
will be the same. But whether this hypothesis is to be rejected because
it involves assumptions beyond conception, or contrary to experience, must
depend on the answers to the following question:—Do we know, or can we
conceive, any physical state, into which any substance which can be conceived
to occupy the space traversed by comets could possibly be brought, so as to
make it present the appearance exhibited by comets ?
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I think the answer must be in the affirmative, and that we may leave
out the terms conceive and conceivable, For electricity is a well-known
state, and gases are well-known substances; and when electricity under
certain conditions, as in Dr Geissler’s tubes, is made to traverse exceedingly
rare gas, the appearance produced is similar to that of the comets’ tails; the
rarer this gas is, the more susceptible is it of such a state ; and, so far as we
know, there is no limit to the extent of gas that may be so illuminated.
Hence we may suppose the exciting cause to be electricity, and the material
on which it acts, and which fills space, to have the same properties as those
possessed by gas. What is more, we can conceive the sun to be in such a
condition, as to produce that influence on this electricity which should cause
the tail to occupy the direction it does; for such an electrical discharge will
be powerfully repelled by any body charged with similar electricity in its
neighbourhood. .

The electricity would be discharged by the comets on account of some
influence which the sun may have on them, such an influence being well
within the limits of our conception.

The appearances of the comet in detail, such as the emission of jets of
light towards the sun, and the form of the illuminated envelope, are all such
as would necessarily accompany such an electrical discharge.

In fact, if the possibility of such a discharge is admitted, I believe it will
explain all the phenomena of comets, As to the possibility, or even the
probability, of such a discharge, I think it may be established on very good
grounds.

The fails of comets may or may not be one with their heads; but
whichever is the case, it is certain that the difference in the appearance of
comets and of planets indicates some essential difference, either in the
materials of which these bodies are respectively composed, or else in the
conditions under which their materials exist., Now, from the motion of
comets, we know that their heads follow the same laws of motion and
gravitation as all other matter ; and therefore we have good evidence, so far
as it goes, that comets and planets are similarly constituted as regards
materials,.  And since the appearance of a comet changes very much as it
passes round the sun, any assumptions with regard to the material of comets,
in order to account for their difference from planets, would not account for the
variety of appearance the same comet presents at different times, On the
other hand, the conditions of comets and planets must necessarily be very
different, from the extreme difference in the shapes of the orbits they describe,
Each planet remains nearly at a constant distance from the sun (whatever
that distance may be), so that the heat, or any physical effect the sun may
have upon it, will also be constant; on the comets its action must change
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rapidly from time to time, particularly when the comet is in certain parts of
its orbit. Hence we may say that the temperature and general physical
condition of planets is nearly constant, and that of comets, for the most part,
continually varying.

There is, too, a very remarkable connexion between the appearance of the
comet and the rate at which the sun’s action on it changes. Herschel says :—
“Sometimes they first make their appearance as faint and slow-moving objects,
with little or no tail, but by degrees accelerate, enlarge, and throw out from
them this appendage, which increases in length and brightness till (as always
happens in such cases) they approach the sun and are lost in his beams.
After a time they again emerge on the other side, receding from the sun with
a velocity at first rapid, but gradually decreasing. It is, for the most part,
after thus passing the sun that they shine forth in all their splendour, and
their tails acquire their greatest length and development, thus indicating
plainly the sun’s rays as the exciting cause of that extraordinary emanation.
As they continue to recede from the sun, their motion diminishes, and their
tail dies away, or is absorbed into the head, which itself grows continually
feebler, and is at length altogether lost sight of.”

Here, although unconsciously, Herschel has connected the increase of
brightness with the increase of speed with which comets approach the sun,
and the diminution in brightness with the diminution of the velocity with
which they leave the sun. And although from Herschel’s remark just quoted,
it might be inferred that proximity to the sun is the cause of the increase of
brightness, this is proved not to be the case ; for (as in the case of Halley's
comet) when near its perihelion the tail sometimes dies away, and the comet
ghrinks, In such cases, when the comet is nearvest to the sun there is no
development of tail, which shows clearly that it is not the intensity of the
sun’s rays, but the change in their intensity, that is the exciting cause of
these extraordinary appearances; so that there is no reason to suppose that
a planet composed of the same material as a comet, no matter how close to
the sun, would show a vestige of tail or other cometic appearance.

It is, then, to this change in position that we must attribute those
peculiar appearances which belong to comets. ¢

Now is not electricity the very effect which would naturally result from
such a state of change and variation in condition ?

A. de la Rive remarks, “ Electricity is one of the most frequent forms
which the forces of nature assume in their transformations.” It certainly
often accompanies a change in temperature. There is every indication that
it is so in our atmosphere; for the times when its intensity is a maximum,
are just after sunrise, and just after sunset, both winter and summer.
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For these reasons it seems to me not only possible, but probable, that these
strange visitors to our system are clothed in electrical garments, with which
the regular inhabitants are unacquainted.

The electricity must, after all, depend on the composition of the comet; for
known substances do not all show the same electrical properties. Hence, by
assuming comets to be composed of various materials, we have a source to
which we can attribute the different appearances presented by the different
individuals,. To the same source we may attribute the irregularity in the
direction of their tails, and the lateral streamers they occasionally send out.

Secondly, I think this electrical hypothesis is supported by the, to me,
seeming analogy between comets, the corona, and the aurora—an analogy
which suggests that they must all be due to the same cause. They may be
ull described as streams of light or streamers, having their starting point more

' less undefined, and traversing spaces of such extent, and with such
velm,ltu:s as entirely to preclude the possibility of their being material in uny
sense of that word with which we are acquainted.

The aurora has long been considered an electrical phenomenon; and
recently the same effect has been produced by the discharge of electricity of
~ very great intensity through a very rare gas, there being no limit to the space
which it will thus traverse. This being so, why should not the tails of comets,
and the corona also, be electrical phenomena ? Their appearance and behaviour
correspond exactly with those of the aurora; and there is surely nothing very
difficult in imagining the sun, which is the source of so much heat, being also
the source of some electricity, Neither will there appear any thing wonderful
in the electricity of comets, when we consider that of the earth. We must
not look on our inability to explain the cause of such an electrical discharge
as fatal to its existence; for we cannot any more explain the existence of the
electricity which causes the aurora. If we cannot explain whence these
electricities come, we can at least show that the conditions, which are most
favourable to the development of the aurora, exist in much greater force on
the comets than they do on the earth. The greatest development of the
aurora borealis takes place at the equinoxes. There is a cessation in summer,
and another in winter. Now the equinoxes are the times when the action of
the sun on our northern hemisphere is changing most rapidly. Hence the
condition favourable for the aurora is change in the action of the sun. The
same thing is pointed out by the diurnal variation in the electricity of the
atmosphere ; for, as has been already shown, the change in temperature on
the comets is incomparably greater than it is on the earth, and its variation
corresponds with the variation in the atmosphere of the comet.

Angstr'cim has also shown that the light from the aurora, the corona, and
the zodiacal light are all of the same character, or all give the same bright
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lines when viewed through the spectroscope, and that these lines correspond
to the light from no known substance. This indicates that, whatever this
light may be, the incandescent material is the same in all cases; or may we
nob assume that it is the medium which fills space, that is illuminated by the
electrical discharges ? This would be supported by the fact that the light
from the heads of two small comets indicated carbon, whereas that from the
tails only gave a faint continuous spectrum. For an electrical discharge
would first illuminate the atmosphere of the comet, or even carry some of the
solid material off in a state of vapour, and then pass off to the surrounding
medium ; thus, while the spectrum from the head would be that of cometary
matter, the tail would be due to the incandescent ether.

I would here suggest that gas, when rendered incandescent by electricity,
may reflect light; (it will certainly cast a shadow from the electric light ;)
and if this be the case, part of the light from comets' tails may after all be
reflected sunlight.

At any rate, it is certain that the appearance of streamers, the rapidity of
change and emission, the perfect transparency,and the wave-like fluctuations,
which belong to these phenomena, are all exhibited by the electric brush; in
fact the electric brush will explain all these appearances, which have defied
all attempts at explanation on a material hypothesis,

I have only to add that the main assumption involved in the electrical
theory is, that space is occupied by matter having similar electrical properties
to those of gas; and I would ask, is it not more rational to make such an
assumption, than it is to attribute unknown and inconceivable properties to
cometary matter ?

Theories, even, if founded only on rational speculation, often, I believe,
prove very useful, inasmuch as they afford observers a definite purpose in
their speculations—something to look for,something to establish or to refute ;
and I publish these speculations of mine at this particular moment in the
hope that they may perchance serve such a purpose.

PART IT,
(Read February 7, 1871.)

In the paper which I read before this Society on the 29th of November
last, I endeavoured to show that it is probable that these phenomena are a
species of that action, known as the electric brush, taking place in the medium
which fills space, be it ether, or simply gas, or both. The reasoning I made
use of was essentially @ fortiori. I pointed to the fact that the electric brush
as seen in the Geissler tubes exhibits similar appearances, and that at the

.
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times of greatest display on the part of comets and the aurora similar conditions
are present, such as a change in the action of the sun, conditions which, to
say nothing more, are favourable to electric disturbance. I purposely avoided
all attempts to explain how the brush may be produced, feeling that it was
sufficient to point to the aurora, which is universally admitted to be electrical,
as a proof that such phenomena do exist, even if we cannot explain how.
This proof, however, is perhaps not quite satisfactory. In order that it might
be complete, the other phenomena would have to be produced in the same
way as the aurora; and this, although possible, is not necessary. An
assumption, which is commonly made respecting the phenomena of the aurora,
cannot be made with respect to the others. This assumption assigns the two
magnetic poles of the earth as the two electrodes, between which the electrical
discharge takes place, which forms the aurora borealis and the australis. If
this assumption be maintained, some other explanation must be found for the
manner in which electricity may form the tails of comets and the corona, It
is quite clear that the tail of a comet cannot be due to a discharge between
two electrodes situated on the comet itself. In the same way, from the
position occupied by the corona, it can hardly be due to electricity passing
between two electrodes on the sun. In fact, if a comet’s tail is electrical, it
is due to a discharge of electricity, of one kind or another, from the comet,
which for the time answers to one of the electrodes only. The same may be
said of the corona and the sun. If we could observe the aurora from a point
distant from the earth, it is very probable that we should find the same to be
the case; but whether this would be so or not, an assumption has been made
as to the cause and nature of the aurora, which will answer just as well for the
corona and comet’s tails: it is, that the sun, acting by evaporation or otherwise,
causes continual electrical disturbance between the earth and its atmosphere,
the solid earth being negatively, and the atmosphere positively charged, and
that the aurora is the reunion of these electricities taking place in the
atmosphere.

Now, as has been already said, this assumption will serve for the comets
and the sun, as well as for the aurora. If there is a continual electrical
disturbance between the sun and the medium in which it is placed, so that
the sun becomes negatively, and the medium positively charged, the reunion
of these electricities would form the corona. It must not be supposed that I
assume the sun to be a reservoir of electricity, which it is continually pouring
into space, I consider that the supply of electricity in the sun is kept up by
some physical action going on between the sun and the medium of space,
whereby the sun becomes negatively, and the medium positively charged.

This may be well illustrated by reference to the common electrical
machine : here the motion of the glass against the rubber causes the glass to
become positively, and the rubber negatively charged ; and these electricities

E



14 ON THE TAILS OF COMETS, THE SOLAR CORONA, AND THE AURORA. [2

do not unite instantly there and then, but remain and accumulate in the
respective bodies, until collected and brought together again by the conductor.

Assume, then, that the sun is in the position of the rubber, while the
ether is in that of the glass; then the corona corresponds to the spark
or brush which leaves the conductor. On the same assumption, the negative
electricity of the comet would be more and more set free by the inductive
action of the sun,as the comet approached it, and would also be driven off by
induction in a direction opposite to that of the sun—and, combining with the
positive electricity in the ether, would form the tail of the comet, in a
manner analogous to that in which a negative spark is given off by the lid of
the electrophorus.

I think that a rational account may in this way be given of the manner
of the electrical action to which I have attributed these phenomena; but I
do not consider that the probability of the truth of this electrical hypothesis
depends on the value of such an explanation, It is an assumption, based on
the manner in which it fits into its place, and explains the appearances
presented by these beautiful phenomena,

Since this paper was written, my attention has been called to the fact that
Mr Richard Proctor has published views of these phenomena which somewhat
resemble mine. He attributes them in part to electricity, and in part to
meteors. There is, however, this fundamental difference between our views—
that he regards the tails of comets as consisting of cometary matter, the
difficulty of conceiving which was the origin of these speculations. Moreover
I can conceive no electrical discharge between two meteors without a
medinm between them ; and if there is a medium, why is there any necessity
for meteors? If, as I see good reason to suppose, gas, when glowing with
electricity, reflects or scatters rather than absorbs light of the wave-length
which it radiates, that portion of the coronal light which is polarized, and
assumed to be reflected, will be accounted for. T think that recent observa-
tions have confirmed the probability of these speculations, inasmuch as they
have confirmed the facts on which these speculations were based. There is
one point which has not been already noticed, but which seems to me to be
of some importance.

If the corona be an electrical discharge, the electricity will be continually
carrying off some of the elements of the sun into space, where they will be
deposited and condensed. May not this stream of matter be the cause of the
existence of small meteors, and supply the place of those which continually
fall into the larger bodies ?
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ON COMETARY PHENOMENA.

[From the Fifth Volume of the Third Series of “Memoirs of the Literary
and Philosophical Society of Manchester.” Session 1871-72.]

(#tead November 28, 1871.)

THE observation of comets by powerful telescopes has shown them to be
in a state of violent internal agitation—a feature which is as much their
characteristic as tails or vaporous appearance ; for it is not possessed by any
of the planets or fixed stars. Robert Hook seems to have been the first to
notice this: when he observed the great comet of 1680 (Newton's comet)
through his 14-feet telescope, he saw bright streams issuing from some point
near the centre of the comet’s head, and at first taking a direction opposite to
the tail and towards the sun, then gradually diverging, and finally falling
back into the tail. These streams were continually changing in magnitude
and direction, some of them disappearing, and fresh ones appearing in their
places. Their behaviour was such as to lead the philosopher to the con-
clusion that they were flame and smoke, or vapour excited by the action of
the sun on the constituents of the body of the comet. Robert Hook again
noticed this phenomenon in the comet of 1682, In 1836 Bessel observed
similar appearances in Halley’s comet ; and, although he appears to have
been in ignorance of the fact that they had been noticed before, he was led
to the same conclusion as Hook as to their origin, viz, that these streams
were jets of vapour caused by the action of the sun’s heat on the more solid
part of the comet. This hypothesis, started by Hook and afterwards by
Bessel, seems to have been very generally confirmed by subsequent observa-
tion, almost all comets, large and small, showing signs of the same action.
Now although at first sight there seems nothing improbable in the supposi-
tion that the sun causes a great amount of evaporation on a comet, yet,
before we can admit it as altogether satisfactory, it is necessary to show why
the same action should not go on to the same extent on the earth and on
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the planets; for neither do the planets show this same appearance, nor are
we aware of any action on the earth which could give rise to these ap-
pearances, I do not know that any attempts have as yet been made to
explain this; but I think an explanation may be found in the difference
between planets and comets, in their size and the shape of their orbits, in
the fact that the planets are, so to speak, large bodies moving in approxi-
mately circular paths, and so remaining at about the same distance from the
sun, while comets are small and move in eccentric paths, continually altering
their distance from the sun, I have (in the subsequent part of this paper)
endeavoured to state these reasons, and, further, to show that the difference
of evaporation on a comet and on a planet, is a sufficient cause for electrical
phenomena on the former, which do not take place on the latter.

I think that the reason why the materials of comets should at times (i.e.
when the comets are in certain positions) evaporate under the sun’s heat in
a greater degree than those of planets, will be rendered clear by considering
the reasons why the heat of the sun does not continually evaporate the
materials of the earth—always remembering :—

1st, That comets move in eccentric, and planets in nearly circular orbits.

2nd, That comets are very much smaller in mass or weight than planets.

Why, then, does not the heat of the sun evaporate the materials of the
earth? The heat which the sun is continually pouring into the earth or any
of its surrounding bodies is expended in one of the three following ways :—

I. By external radiation from the body.

IT. By the evaporation and liquefaction of the materials of the body.

ITI. By producing changes in the body such as the formation of coal and
the growth of living things.

The amount of heat expended in the third way may be considered very
small in any such body as the earth; for the amount of energy given out by
the combustion of fuel and the work of animals must be nearly equal to that
stored in the growing plants,

Therefore the heat which the earth receives from the sun during any
period (a day, or a year) is nearly all spent in evaporation and liquefaction, or
radiated away into space. Hence the quantity of heat spent in evaporation
&e., is the difference between the heat received and that radiated away ; and

consequently it follows :—
1. If these are equal, there will be no evaporation.

2. If the heat received is greater than that radiated away, there will be
evaporation &c.

8. If less, there will be condensation: &e.
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That is to say, if over any definite period of time, the heat which the
earth receives from the sun is equal to that which it radiates into space, then
the amount of ice and vapour will be unchanged (unless there be some inter-
change between these).

If, on the other hand, the heat received is in excess of that radiated away,
the vapour in the atmosphere will increase and the ice diminish, and vice
versd. Now the relation which the heat radiated away bears to that received
will depend on two things, viz. the temperature of the earth’s surface, and its
distance from the sun, For both the heat received, and that radiated, depend
in the same way on (and, in fact, are both proportional to) the extent and
nature of the earth’s surface; and the quantity of heat received depends on
(in addition to this) the distance of the earth from the sun (it varies inversely
as the square of this distance); whereas the quantity of heat radiated away
depends on the temperature of the earth’s surface, as well as on its extent
and nature. Hence the ratio which the heat received bears to that radiated
away will decrease as the distance of the earth from the sun increases, and
also as the temperature of the earth’s surface increases.

If there were nothing to melt or evaporate on the earth (or any other
body whose distance from the sun is nearly constant), then the heat radiated
away would eventually equal the heat received; for the temperature at the
surface would continually rise until the quantity radiated away equalled
that received, and there was equilibrium. This temperature I have in the
remainder of this paper called the temperature of equilibrium. It will
depend simply on the distance of a body from the sun, increasing inversely
as the square of the distance. Hence in the case of planets this will be
constant, whereas in the case of comets it will vary. If there is any material
on the body, which evaporates at a lower temperature than that of equi-
librium, then there will be evaporation until the material is all gone, or its
conditions of boiling are altered. The temperature at which the softest
material will evaporate, will depend on the nature of that material, and on
the pressure of the atmosphere surrounding the body. Any increase in the
pressure of the atmosphere, will increase the temperature required to
evaporate the material. If initially a body has no atmosphere, then we may
assume that its materials will evaporate, until the vapour forms one sufficient
(if possible) to increase by its pressure the temperature of evaporation to
that of equilibrium. But the possibility of this will depend on the size of
the body, and the consequent attraction it has for its atmosphere; for it is
clear that there must be a limit to the pressure which the atmosphere can
exert on the surface of the body; and this limit must depend on the size of
the body. Up to a certain point, the thicker the atmosphere the greater
would be the pressure on the surface; yet there must be a limit beyond
which the extension of the atmosphere would produce no effeet, a limit beyond

0. R. 2
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which the external air would be so distant, that the central body would not
exert sufficient coercive force to retain it, so that all excess would go off,
expanding into space. Hence the temperature at which evaporation will
continue on any body, must depend on the size of the body. The smaller the
body, the lower will be this temperature.

If, then, the body is so small that the atmosphere, when at its greatest,
cannot restrain evaporation until the temperature is equal to the tempera-
ture of equilibrium, then the body will go on evaporating, and the vapour go
on expanding into space until it is all evaporated, or, at any rate, until all
the softer materials, those which evaporate at a low temperature, are gone.
Thus we see that no body whose temperature of equilibrium remains fived—
that is to say, no body which moves round the sun in a circle—no planet, in
Jact, can remain for ever in a condition of permanent evaporation; for in
time, no matter how long, it would lose all those materials on its surface
which would evaporate at a temperature below the temperature of equili-
brinm. This, then, is the reason why there is not permanent evaporation
going on on the earth. The temperature of equilibrium may be taken
roughly at something like 50°, whereas the temperature at which the most
volatile material (water) will boil is 212° If, however, the earth were to
approach the sun until its temperature of equilibrium rose to 300° then the
water would commence evaporating, until either the pressure of the atmo-
sphere of vapour was sufficient to stop further boiling, or else until it was
all gone*.  Or if, on the other hand, the size of the earth were reduced so
that it was no longer able to retain an atmosphere whose pressure on its
surface was sufficient to prevent water boiling at 60° F., then the water
would go on boiling until it was all consumed. We see, then, that the
earth owes its stable condition to being so far away from the sun, and to
being of such size that it can retain an atmosphere, sufficient to prevent its
softest material from evaporating at a temperature below that of equilibrium,
and that in all bodies where this is not the case evaporation will be going
on. We may now see why comets should generally be in a state of evapora-
tion, even though they may not contain softer materials than water, and
may not approach nearer the sun than the distance of the earth. The fact
of their being so much smaller, prevents their retaining the same pressure of
atmosphere ; and so their materials evaporate at a lower temperature, The
eccentricity of their orbits is also essential to the explanation; for if they
remained at a constant distance, they must eventually lose all the material
which would evaporate at that distance, and so become like the other
planets. This will be the case with periodic comets, those which, in spite of
the eccentricity of their orbits, return again and again; for each time they

*® It is true that water evaporates from its surface at a temperature much below 21275 but an
atmosphere of steam would soon prevent this.
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come near enough to the sun for the temperature of equilibrinm to rise
above that of evaporation, they will lose some of their softer materials, until
these are all done; and then, so far as evaporation is concerned, the comets
will behave as planets.

This may appear as though it were incompatible with the existence of
periodic comets. It is not so, however; it is only incompatible with the
permanence of periodic comets; and it is an explanation of the facts:—
(1) that whilst there are apparently a countless number of comets which do
not return, and, according to the laws of gravity, a countless number of these
must have been converted by the disturbances of the planets into periodie
comets, there are only a very few which are known to be periodic; (2) that
the size of the periodic comets has been observed in many instances, if not
in all, to decrease ; (3) that there are many meteoric stones whose orbits are
similar to those of many of the periodic comets, and which do not show
cometic appearances,—the assumption being that numberless comets have
been disturbed in their paths through space, and, instead of having been
sent back in a parabolic orbit, have, owing to a second disturbance by one of
our planets (generally Jupiter or Uranus) been attached to our system, and,
for a time, have appeared as periodic comets such as those of Halley, but
that they gradually lost their softer materials, becoming less and less, until
they finally ceased to be comets, and became meteoric stones,

The rate of evaporation on such a body as a comet, would obviously
increase as the comet approached the sun, and diminish as it receded ; but it
would not depend solely on the distance of the bodies from each other; for
the materials of the comet would take time to heat, and consequently, as it
was approaching, part of the heat would go to warming the body of the
comet, and for any position the evaporation would be less than the sun would
cause if the comet were stationary. As it left the sun it would be the other
way ; that is, the evaporation would be more than the position warranted.
Thus the greatest rate of evaporation would not be exactly at the time when
the comet was nearest the sun, but some time after it had passed its peri-
helion. Now this lagging (as it may be called) of the sun’s action on the
comet, is similar to, and consequently offers an explanation of, the lagging
which is observed in the display of comets. This will be seen from the
following quotation from Herschel :—

“Their variations in apparent size, during the time they continue visible,
are no less remarkable than those of their velocity. Sometimes they make
their first appearance as faint and slow-moving objects with little or no tail ;
but by degrees accelerate, enlarge, and throw out from them this appendage,
which increases in length and brightness till (as always happens in such cases)
they approach the sun and are lost in his beams. After a time they again
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emerge on the other side, receding from the sun with a velocity at first rapid,
but gradually decaying. It is for the most part after thus passing the sun
that they shine forth in all their splendour, and that their tails acquire their
greatest length and development, thus indicating plainly the action of the
sun’s rays as the exciting cause of that extraordinary emanation.”

The direct heat of the sun would only cause evaporation on that side of
the comet to which it was opposite; and consequently the stream of vapour
would be emitted towards the sun, just as appears to be the case from obser-
vation; the streams of vapour would first form an atmosphere round the
comet, which would increase until the extent was such that its attractive
force could no longer prevent the outside being driven away by any force
there might be, and so forming a tail or train—such force, for instance, as
would be exerted if the sun and vapour were both charged with electricity,
and acted on each other by induction.

Again, as the vapour proceeded outwards from the comet, it would rapidly
expand ; and this expansion wounld cause clouds to form by condensation,
which would travel outwards till they were again dispelled by the sun’s rays;
so that, on the side towards the sun, it is probable there might be one or
several shells of eloud at certain distances from the central mass, These,
under the action of the sun’s rays, would be illuminated, and afford that
striking appearance of several bands which is so often seen.

The effect of any repulsive or attractive force in the sun, acting on the
vapour of the comet, but not on the central mass, would cause a train or
tail ; but the direction of this tail would depend on the motion of the comet,
as well as on the intensity of the force,

It does not necessarily follow because the tail points away from the sun,
that the force which repels it must entirely overcome the effect of the sun’s
attraction ; but it ean be shown that, even for those comets whose tails show
the most curvature, the force must be comparable with the sun’s gravitation ;
and to produce the straight tails which comets sometimes possess, it would
require a force of almost infinite intensity, if it acted as gravity does on
ordinary matter. It has been found by Professor Norton that if the bent
tail of Donati’s comet were composed of ordinary matter, leaving the comet
under the action of a repulsive force in the sun, this force must be between
1'5 and 39 of the sun's attraction, the matter in the leading edge being
repelled by the former, and that in the following by the latter.

If the force is electrical, its intensity will depend on the charge of
electricity in the vapour; and if there are several streams of vapour
variously charged, these would each form a tail of distinet curvature; so
that the comet might have several bent tails, or even a fan—which are
features not uncommonly observed. This, then, affords an explanation of
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the great variety of bent tails often seen with comets, and even of those
pointing towards the sun; for some of the vapour might have a charge of
the opposite electricity to that in the sun, under which circumstance it
would be attracted. But, so far as I can see, the straight tails which are so
often seen, and sometimes in conjunction with the curved ones, can only be
explained in the manner described in my previous paper before this Society
(see Paper No. 2, p. 7) as an electric brush or discharge through space.

As a probable cause of the electricity in the vapour of the comet, I
would suggest that the evaporation taking place from the surface of the
comet, might cause a crust to form there, through which the subsequent
vapour would have to force its way in the form of jets, which, like the jets
from Armstrong’s hydro-electrical machine, might issue charged with elec-
tricity, the solid being charged with electricity of the opposite kind. If this
were the case, the vapour, as it formed an atmosphere round the nucleus,
would discharge some of its electricity back, and so cause those portions
of the atmosphere near the solid to be self-luminous; and, besides this, there
might be other discharges, between the clouds, or outwards into the medium
of space, so as to illuminate a part of or the whole atmosphere.

On this hypothesis, if the vapour of the tail is charged with electricity
of one kind, say negative, the solid head must leave the neighbourhood of
the sun charged with positive electricity, which, as it gets further from the
sun, and evaporation becomes feeble, will at length overpower the negative,
and charge the atmosphere of the comet, which would then be attracted by
the sun instead of repelled ; so that the tail, if it had one, would be towards
the sun; or else, if by this time the comet had no atmosphere, it would carry
off its charge, and (unless it lost it en voyage) on its next appearance it
would be charged with positive electricity, and the first vapour would probably
be attracted instead of repelled, and the first tail point towards the sun.

Thus a comet, as it left the sun, would arrive at a point where it had no
tail, and afterwards would commence a tail towards the sun, This tail
would not make much show on the comet’s departure; for the evaporation
continues to a much greater distance from the sun on the departure, than
that at which it commenced; but if the comet returned it would make its
first appearance with a tail towards the sun, which, as the evaporation in-
ereased, and the comet enlarged, would soon take the opposite direction,

There seem to have been some instances where comets have been first
seen with a tail towards the sun, which they bave afterwards changed;
indeed this is said to be the case with Encke’s comet, now visible ; so that
this is another instance of the remarkable way in which the actual
phenomena agree with those which would result from the assumptions in
the electrical hypothesis.
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ON AN ELECTRICAL CORONA RESEMBLING THE SOLAR
CORONA.

[From the Fifth Volume of the Third Series of “ Memoirs of the Literary and
Philosophical Society of Manchester.” Session 1871-72.]

(Read February 20, 1872.)

THE object of this paper is to point out a very remarkable re-
semblance between a certain electrical phenomenon (which may have been
produced before, although I am not aware that it has,) and the solar corona.
This resemblance seems to me to be of great importance; for the striking
features of these two corona are not possessed by any other halos, corona, or
glories, with which bright objects are seen to be surrounded.

Until the eclipse of 1871 there was considerable doubt how far the
accounts given by observers of the corona could be relied upon; but
Mr Brothers’s photograph has left no doubt on the subject. In this photo-
graph we have a lasting picture of what hitherto has only been seen by
a few favoured philosophers, and by them only during a few moments of
excitement.

This picture shows the beautiful radial structure of the corona, and the
dark rifts which intersect it; and it also shows the disk of the moon, clear
and free from light. I have not yet seen any of the photographs of the last
eclipse; but I hear there are several, and that they show the radial structure
and rifts even more distinctly than this one does; but whether they do or
not, one photograph is positive evidence; the absence of more simply means
nothing.

The features to which I refer as those which distinguish the solar corona
are \—

1. Its rifts and general radiating appearance.
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2. The crossing and bending of rays.

3. Its self-luminosity, shown by the spectroscopic observations of Professor
Young.

4. The way in which its appearance changes and flickers.

When taken in connection with the blackness of the moon’s disk (which
shows that the corona did not exist in, or owe its existence to, matter between
the moon and the plate on which the photograph was taken) these features
show that we see on the card the picture of something which actually existed
in the neighbourhood of the sun—that the bright rays, which we see photo-
graphed, were actually bright rays of light-giving matter, standing out from
the sun to an enormous distance. The rifts, and general irregularity of the
picture, show that these rays do not come out uniformly all over the sun’s
surface, but that they are partial and local, in some places thinly distributed,
and in others absent altogether. The rays are not all of them straight or
perpendicular to the sun’s surface.

Such bright rays as these cannot be the result of the sun’s light or heat,
acting on an atmosphere, or on matter circulating in the form of meteorites.
If they are due to the action of the sun’s light or heat at all, the matter on
which these act must be distributed in the rays we see; for the sun’s light
and heat coming out uniformly all round, would illuminate any surrounding
matter, if at all, so as to show its figure.

The picture irresistibly calls up the idea of a radial emission, If it is the
picture of distributed matter, that matter must exist in the form of streams
leaving the sun; if it is the picture of some light-producing action, this also
must exist in the form of an emission from the sun.

Such, then, are the extraordinary features of the solar corona; and, as
I stated, they resemble those of an electrical corona. Anyone who is familiar
with the various forms of electrical disruptive discharge, will recognize the
general resemblance these coronal features bear to an electric brush. But
to the electrical phenomenon I am about to describe, it is no mere general
resemblance ; it is an actual likeness, with every feature identical.

Before describing this phenomenon, I may be allowed to state how I came
to notice it. It will be remembered that, in a former communication to this
Society, I ascribed the phenomena of comets and the corona to a certain
electrical condition of thesun. Well, the peculiar appearance of Mr Brothers’s
photograph induced me to try if a brass ball, brought into the condition
I had ascribed to the sun, would give off a corona presenting this

appearance,
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The phenomenon is produced by discharging electricity from a brass ball,
in a partially exhausted receiver. To do this there is no second pole used,
the objects which surround the outside of the glass probably answering for
this purpose. In order to produce the appearance, a certain relation is
necessary between the pressure of the air and the intensity of the discharge.
It is produced best when the receiver is a glass globe, insulated on a glass
stand, the ball being supported in its middle by a rod (coated with india-
rubber, to prevent any discharge except from the ball), It is only negative
electricity that is discharged into the globe®.

There is great difficulty, even when the apparatus is right, in producing
the corona. Using a large coil, I just exhausted the receiver till the pressure
was equal to half an inch of mercury; then there was no appearance of a
corona, but one more resembling what is seen in a Geissler tube. I then
let the air in gradually; and, as the pressure rose, the appearance changed
at first to that of a most extraordinary mass of bright serpents, twining and
untwining in a knot round the ball, then to that of the naked branches of
an oak tree; and as the pressure kept increasing, I gradually observed
amongst the branches a faint corona, which I saw at once was what 1 was
looking for. It consisted of pencils of light, forming a faint radiating
envelope round the ball, and diminishing in brightness as it receded from it.
The tree gradually died out, until there was nothing left but the bright
radiating envelope, out of which a brighter ray would occasionally flash.
The diameter of this envelope was about three or four times that of the ball.
It was not steady, but flickered, so that at times it appeared to rotate on
the ball. It consisted of pencils, or, as they are termed, bundles of rays,
between which there were dark gaps. These gaps moved round about the
ball ; subsequently, however, by sticking sealing-wax on the ball, I rendered
them definite and permanent., As the pressure of air increased, the brush
became fitful, and finally ceased altogether. It was best when there was
about four inches of mercury in the gauge, The phenomenon could be
produced with different pressures of air, by making a corresponding variation
in the action of the coil ; and hence I assume that there is a definite relation
between the intensity of the charge in the ball, and the pressure of the air
surrounding it, under which the phenomena can oceur.

The appearance is very faint—so faint that it is difficult to see it even when
close to the ball; and I find that it takes some time before the eye can fully
appreciate its beauty. It was unfortunately so faint that Mr Brothers was
unable to photograph it. The plate was exposed ten minutes; but there was
not the slightest trace of anything on it.

* What becomes of this electricity is not clear; when a machine is used it probably distributes
itself on the inside of the glass, and induces a corresponding charge on the outside. When the
coil is used it must escape back ; for I have had it going for hours without any variation.
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The annexed woodeut represents the apparatus employed, except that
the receiver was replaced by the globe described above. The light round
the ball gives a fair idea of the momentary appearance ; and it is impossible
to represent more, as this flickers and changes so rapidly.

This corona has the same special features as the solar corona :—

1. 'The rifts and general radial appearance.

2, The bending and crossing of rays.

3. The self-luminosity.

4. The changefulness and flickering.

There is one point in which it differs from the solar corona; but this is
no more than must be expected. The shading off of the light in the solar
corona is much more rapid than that in its electrical analogue. If, however,
the pressure of the air could be made to vary, so that it was denser close to
the ball, even this difference could be done away with,

In this experiment, then, we have actually produced the very features
which are so extraordinary in the larger phenomenon; and were there no
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other evidence that the solar corona is electrical, it scems to me that this
resemblance constibutes a very strong proof. When two things existing at
different times, or in different places, resemble each other perfectly, and
resemble nothing else in the range of our knowledge, surely that is high
probability that they are akin,

We may, however, expeet, if the sun is electrical, to find some direct
indications of its electricity. Such indications are not wanting, but are
increasing every day. There are the phenomena of the aurora, and the
direct effect of the sun on the electricity of the earth’s atmosphere, and on its
magnetism ; there is, moreover, the observed connection between the sun-
spots and terrestrial meteorology, as well as the connection between the
planets and the sun-spots, shown by Mr De la Rue and Dr Balfour Stewart.
It must be admitted that these are evident signs of some mutual influence
between the sun and the planetary bodies, which is neither the result of
gravity nor of heat. Almost all these signs are of an electrical character
and some are electricity itself; moreover, electricity, or electric induction,
is the only other known “action at a distance” besides gravity and heat.
Is it not, then, probable that this influence is electrical? Are we to reject
an hypothesis which explains some of these phenomena, and may explain all,
simply because we do not see any cause for the electrical condition of the
sun*—why the sun should be charged with negative electricity ?

Should we have discovered that the sun is hot if we had waited to find
out why it was so? Surely it is sufficient to say that there is no proof that
it is not electrical. But we may go further than this; for, if we may
compare large bodies with small, then we may show a possible reason for the
sun’s being electrified.  When two particles of different metals approach or
recede from each other, they become electrified with opposite electricities.
May not the sun be approaching or leaving some other body of a different
material 7 I do not suggest this as a probable explanation, but simply in
answer to those who say that it is absurd to suppose the sun can be
electrified.

* This paper was read before Section A of the Dritish Association in 1871, when these
objections were raised,
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ON THE ELECTRO-DYNAMIC EFFECT WHICH THE INDUC-
TION OF STATICAL ELECTRICITY CAUSES IN A MOVING
BODY.—THIS INDUCTION ON THE PART OF THE SUN
A PROBABLE CAUSE OF TERRESTRIAL MAGNETISM.

(From the Fifth Volume of the Third Series of “ Memoirs of the Literary
and Philosophical Society of Manchester.” Session 1871-72.]

(Read February 20, 1872.)

I¥ an electrified body were placed near a moving conductor, so as to
induce an opposite charge in the moving body, this charge would move on
the surface of the conductor so as to remain opposite the electrified body,
whatever the motion might be. If we suppose the moving conductor to
be an endless metal band running past a body negatively charged, the
positive charge would be on the surface of the band opposite to the negative
body, and here it would remain whatever might be the velocity of the band.
Now the effect of the motion of this positive electricity on the conductor,
would be the same as that of an electric current in the opposite direction
to the motion of the band.

If, instead of a band, the moving body consisted of a steel or iron top
spinning near the charged body, the effect of the electricity on the top
would be the same as that of a current round it in the opposite direction
to that in which it was spinning.

It might be that the electricity in the inducing body would produce
an opposite magnetic effect on the top; but even if this were so (and I
do not think it has been experimentally shown that it would be so), its
effect, owing to its distance, would be much less than that of the electricity
on the very surface of the top. If we take no account of the effect of the
inducing body, the current round the top would be of such strength, that
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it would carry all the induced electricity in the top once round every revolu-
tion. And if the top were spinning from west to east by south, it would
be rendered magnetic, with the positive pole uppermost—that is, the pole
corresponding to the north pole in the earth, or the south pole of the needle,

In order to show that such a current might be produced, a glass cylinder,
twelve inches long and four across, was covered with strips of tinfoil, parallel
to the axis, separated by very small intervals, These strips were about six
inches long and half an inch wide, the intervals between them being the
two-hundredth of an inch. In one place there was a wider interval; and
from the strips adjacent to this, wires were connected by means of a
commutator with the wires of a very delicate galvanometer. This eylinder
was mounted so that it could be turned at the rate of twelve hundred
revolutions in a minute, and brought near the conductor of an electrical
machine. This apparatus, after it had been thoroughly tested, was found
to give very decided results,  As much as 20° deflection was obtained in the
needle; and the direction of this deflection depended on the direction in
which the cylinder was turned, and on the nature of the charge in the
conductor. When this charge was negative, the current was in the opposite
direction to that of the rotation. It may be objected that the measurement
was not actually made on the eylinder. It must, however, be remembered
that it was made in the circuit of metal round the eylinder, and that my
object was to find the relative motion of the cylinder and the electricity.
Altogether I think it may be taken as experimental proof of the fact
previously stated, that, if a steel top were spinning under the inductive
influence of a body charged with negative electricity, the effect would be
that of a current round the top such as would render it magnetic.

The origin of terrestrial magnetism has not been the subject of so
much speculation as we might have supposed from its importance. This
magnetism seems to have been regarded as part of the original nature of
things, just like gravity, or the heat of the sun, as a cause from which other
phenomena might result, but not as itself the result of other causes,

Yet, when we come to think of it, it has none of the characteristics of a
fundamental principle. It appears intimately connected with other things;
and when two sets of phenomena have a relation to each other, there is
good reason for believing them to be connected, either as parent and child,
or else as brother and sister—the one to be derived from the other, or else
both of them to spring from the same cause.

Now the direction of the earth’s magnetism bears a marked relation to
the earth’s figure; and yet it can have had no hand in giving the earth its
shape, which is fully explained as the result of other causes; therefgre we
must assume that the figure of the earth has something to do with its
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magnetism, or, what is more likely, that the rotation which causes the earth
to keep its shape, also causes it to be magnetic,

If this is the case, then there must be some influence at work, with
which we are as yet unacquainted—some cause which, coupled with the
rotation of the earth, results in magnetism. From the influence which the
sun exerts on this magnetism, we are at once led to associate it with this
cause, Yetb the cause itself cannot be the result of either the sun's heat,
light, or attraction. What other influence, then, can the sun exert on the
earth ?

The analogy between the magnetism produced in a spinning top, by
the inductive action of a distant body charged with electricity, and the
magnetism in the rotating earth, probably caused by the influence of the
sun, which influence is not its mass or heat, seems to me to suggest what
the sun’s influence is. If the sun were charged with negative electricity,
it seems to me to follow, from what the experiments I have desecribed
establish, that its inductive effect on the earth would be to render it
magnetic, with the poles as they actually are,

The only other way in which the sun can act to produce, or influence
terrestrial magnetism, appears to be by its own magnetism. If the sun
were a magnet, it would magnetize the earth. If this is the case, the
sun’s poles must be opposite to those of the earth. Now it follows that
such a condition of magnetism would, or at least might, if its materials
are magnetic, be caused by the rotation of the sun under the inductive
action of electricity in the earth and planets, in exactly the same way as
that caused in the earth by the inductive action of the sun. As the
direction of rotation is the same in both bodies, and the electricities of
the opposite kind, the magnetism would be of the opposite kind also. So
that on this hypothesis it is probable that the sun would act by both causes.

When I first worked out this idea, I was not aware that any thing like
it had been suggested before; but Mr Baxendell, after having seen my
experiments, noticed a review of a book On Tervestrial Magnetism, to
which he kindly called my attention. The author, without making any
assumption with regard to the electrical condition of the sun, assumes it to
act on the earth’s electricity, precisely as it would under the conditions I
have described; and he then proceeds to consider, not only the general
features of the earth’s magnetism, but all its details (and this in a most
elaborate manner)—and to show the explanation which this hypothesis
offers for them, particularly for the secular variation of the direction of the
needle, I am therefore able to speak of the hypothesis as affording an
explanation of the numerous variations of the earth’s magnetism, as well
as of its general features,
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ON THE ELECTRICAL PROPERTIES OF CLOUDS AND THE
PHENOMENA OF THUNDER STORMS.

[From the Twelfth Volume of the “ Proceedings of the Literary and
Philosophical Society of Manchester.” Session 1872-73,)

(Read December 10, 1872.)

Tue object of this paper is to point out the three following propositions
respecting the behaviour of clouds under conditions of electrical induction,
and to suggest an explanation of thunder storms based on these propositions
and on the assumption that the sun s wn the condition of a body charged
with negative electricity: an assumption which I have already made in order
to explain the Solar Corona, Comets’ Tails, and Terrestrial Magnetism.

1. A cloud floating in dry air forms an insulated electrical conductor.

2. When such a cloud is first formed, it will not be charged with
electricity, but will be ready to reccive a charge from any excited body
to which it is near enough.

3. When a cloud charged with electricity is diminished by evaporation,
the tension of its charge will increase until it finds relief.

I do not imagine that the truth of these propositions will be questioned,
but rather, that they will be treated as self-evident. However, as a matter
of interest I have made some experiments to prove their truth, in which I
have been more or less successful.

Experiment 1 was to show that a cloud in dry air acts the part of an
insulated conductor. The steam from a vessel of hot water was allowed to
rise past a conductor, the apparatus being in front of a large fire, so that
the air was very dry. When the conductor was charged the column of
vapour was deflected from the vertical to the conductor, both for a pesitive
and negative charge.
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Experiment 2 was made with the same object as Experiment 1. A gold-
leaf electrometer was charged so that the leaves stood open, and then a cloud
was made to pass by the insulated leaves, As the cloud passed they were
both attracted. This experiment was attended with considerable difficulty,
as the moisture from the steam seemed to get on to the glass shade over
the gold leaves, and so form a charged conductor between the leaves and
cloud. The cloud was first formed by a jet of steam from a pipe, then by
the vapour from a vessel of boiling water, and lastly by a smoke ring or
rather a steam ring. By this latter method an insulated cloud was formed,
which as it passed was attracted by the charged leaf.,

Of the two latter propositions I have not been able to obtain any
experimental proof. I made an attempt, but failed, through the bursting
of the vessel in which the cloud was to be formed. I hope, however, shortly
to be able to renew the attempt, and in the meantime I will take it for
granted that these propositions are true. Faraday maintained that evapo-
ration was not attended by electrical separation unless the vapour was
driven against some solid, when the friction of the particles of water gave
rise to electricity. So that unless there were some free electricity in the
steam or vapour before it was condensed, none could be produced by the
condensation, and hence the cloud when formed would be uncharged.

In the same way with regard to evaporation, unless, as is very improbable,
the steam, into which the water is turned, retains the electricity which was
previously in the condensed vapour, the electricity from that part of the
clond which evaporates must be left to increase the tension of the remainder,
So that, as a charged cloud is diminished by evaporation, the tension of the
charge will increase, although the charge remains the same.

I will now point out what I think to be the bearing which these pro-
positions have on the explanation of thunder storms. In doing this, I am
met with a great difficulty, namely, ignorance of what actually goes on in
a thunder storm. We seem to have no knowledge of any laws relating to
these every-day phenomena; in fact we are where Franklin left us—we
know that lightning is electricity, and that is all.

It is not, I think, decided whether the storm is incidental on the
electrical disturbance or vice versd, i.e., whether the electricity causes the
clouds and storm or is a mere attendant on them. Nor can I ascertain
that there is any certain information as to whether, when the discharge
is between the earth and the clouds, the clouds are positive and the earth
negative, or vice versd. Such information as I can get appears to point
out the following law: that in the case of a fresh-formed storm, the cloud
is negative and the earth positive; whereas, in other cases, the clond is
positive and the earth negative.
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Again, thunder storms move without wind, or independently of wind;
but I am not aware whether any law connecting this motion with the
time of day, &c., has ever been observed, though it seems natural that,
however complicated by wind and other circumstance, some such law must
exist. In this state of ignorance of what the phenomena of thunder really
are, it is no good attempting to explain them. What I shall do, therefore,
is to show how the inductive action of the Sun would necessarily cause
certain clouds to be thunder clouds in a manner closely resembling, and for
all we know identical with, actual thunder storms.

In doing this I assume that the thunder is only an attendant on the
storm, and not the cause of it; and that many of the phenomena, such as
forked and sheet lightning, are the result of different states of dampness
of the air, and different densities in the clouds, and really indicate nothing
as to the cause of electricity. In the same way, the periodicity of the
storms is referred to the periodical recurrence of certain states of dryness
in the atmosphere. Thus the fact that there is no thunder in winter is
assumed to be owing to the dampness of the air, which allows the electricity
to pass from and to the clouds quietly. What I wish to do, is to explain
the cause of a clond being at certain times in a different state of electrie
excitation to the earth and other clonds, and of this difference being some-
times on the positive side and sometimes on the negative, that is to say,
why a cloud should sometimes appear to us on the earth to be positively
charged, sometimes negatively, and at others not to be charged at all,

The assumed condition of the sun and carth may be represented by two
conductors S and FE acting on one another by induction, the sun being
negative and the earth positive. The distance between these bodies is so
great that the inductive action would not be confined to those parts which
are opposed, but would in a greater or less degree extend all over their
surfaces, though it would still be greater on that side of £ which is opposite
to S than on the other side.

The conductor % must be surrounded by an imperfectly insulating °
medium to represent damp air. The formation of a cloud may then be
represented by the introduction of a conductor €' near to the surface of %,
Such a conductor, at first having no charge, would attract the positive elec-
tricity in &, and appear by reference to £ to be negatively charged. If it
was near enough to %, a spark would at once pass, which would represent
a flash of forked lightning. If it were not near enough for this it would
obtain a charge throngh the imperfect insulation of the medium. Such a
charge might pass quietly or by the electric brush. When the cloud had
obtained a charge it would not exert any influence on the earth, unless it
altered its position, But if the heat of the sun caused part of the cloud
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to evaporate, the remainder would be surcharged and appear positive. Or
if (' approached & then € would be overcharged, and a part of its electricity
would return, and on its return it might cause positive lightning. Thus,
suppose that, after a cloud had obtained its charge, part of it came down
suddenly in the form of rain. As the rain came lower, its electrical tension
would inerease, until it got near enough to the ground to relieve itself with
a flash of lightning, almost immediately after which the first rain would
reach the ground. It has often been noticed that something like this often
takes place; it often begins to pour immediately after a flash of lightning,
so much so that it seems that the electricity had been holding the rain up,
and it was only after the discharge that it could fall. This, however, cannot
be the case, for the rain often follows so quickly after the flash, that there
would not have been time for it to fall from the cloud, unless it had started
before the discharge took place. If on the other hand (' receded from X,
it would again be in a position to accept more electricity, or would again
become negative. In this way, a cloud in forming, or when first formed,
would appear negatively charged; soon after it would become neutral, and
then if it moved to or from the earth it would appear positively or
negatively charged.

If the air was very dry, as it is in the summer, any exchange of electricity
between the earth and the cloud would cause forked lightning, in the winter
it would take place quietly, by the conduction of the moist atmosphere.

In this way then there would sometimes be positive, sometimes negative
lightning ; sometimes the discharge would be a forked flash or spark, some-
times a brush or sheet lightning. And if clouds are formed in several
layers, as would be represented by another conductor D outside €, then in
addition to the phenomena already mentioned, similar phenomena would
take place between € and D; and if in addition to this we were to assume
that there are other clouds in the neighbourhood, the phenomena might be
complicated to any extent,

And if, further, the motion of the sun is taken into account, as the
conduetor S moves round # the charges in D and £ would vary, accordingly
as they were more or less between S and % and directly under the induction
of N; e, the charge in a cloud would appear to change owing to the motion
of the sun; thus a cloud that appeared neutral at midday would, if it did
not receive or give off any electricity, become charged positively in the
evening.

With regard to the independent motion of the clouds, there are several
causes which would affect it. For instance, a cloud whether it appeared on
the earth to be negatively or positively charged would always tend to follow
the sun, though it is possible this tendency might be very slight. Again,

0. R, . 3
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one cloud would attract or repel another, according as they were charged
with the opposite or the same electricities; and in the same way a cloud
would be attracted or repelled by a hill, according to the nature of their
respective charges.

Such, then, would be some of the more apparent phenomena under the
assumed conditions, So far as I can see they agree well with the general
appearance of what actually takes place, but, as I have previously said, the
laws relating to thunder storms are not sufficiently known to warrant me
in doing more than suggesting this as a probable explanation,

In these remarks I have said nothing whatever about what is called
atmospheric electricity, or the apparent increase of positive tension as we
proceed away from the surface of the earth. I do not think that this has
much to do with thunder storms. If the law is established it seems to
me that it will require some explanation, besides merely that of the solar
induction acting through the earth’s atmosphere on to the surface of the
earth. It would rather imply that the sun acts on some electricity in the
higher regions of the earth’s atmosphere, and that electricity in these regions
acts again on the surface of the earth; but, however this may be, the effect
of the assumptions deseribed in this paper would be much the same.
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ON THE RELATIVE WORK SPENT IN FRICTION IN GIVING
ROTATION TO SHOT FROM GUNS RIFLED WITH AN
INCREASING, AND A UNIFORM TWIST.

[#rom the Thirteenth Volume of the “ Proceedings of the Literary and
Philosophical Society of Manchester,” Session 1873-4.]

(Read October 21, 1873.)

THE object of this paper is to show that the friction between the studs
and the grooves, necessary to give rotation to the shot, consumes more work
with an increasing than with @ uniform twist; and that in the case of grooves
which develope into parabolas, such as those used in the Woolwich guns, the
waste from this cause is double what it would be if the twist was uniform. Iam
not aware that this fact has ever been noticed. It must not be confounded
with the questions already at issue respecting the Woolwich or French
system of rifling guvs. The advocates of the gradually increasing twist,
maintain that it relieves the pressure between the studs and the grooves at
the breech of the gun, where it would otherwise be greatest, while the
opponents argue that in order to obtain this otherwise advantageous result,
the bearing surface of the studs has to be so much reduced, that they are not
so well able to withstand the reduced pressure, as they are to withstand the
full pressure with the plane grooves. Now I bring forward a collateral point,
which has no bearing on the previous question, but which is, in itself, of
sufficient importance to influence the decision in favour of one or other of
these systems. I show that apart from any undue wedging or shearing of the
studs, that with nothing but the legitimate friction, the amount of work
wasted in imparting rotation to the shot is nearly twice as great with the
parabolic as with the plane grooves. This is important, for, although the
magnitude of this waste does not appear as yet to have been the subject
of direct inquiry, it will be seen from what follows, that with the plane

3—2
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grooves it amounts to more than one per cent. of the whole energy of the
shot, and, consequently, with the parabolic grooves it will amount to two
per cent. of the energy of the shot; this is, to say the least, important
as regards the effect of the discharge; and when we consider that all the
work spent in friction is spent in destroying the gun and the shot, we
see that it becomes a matter of the very greatest importance whether
the gun spends one, or two per cent. of its power, on self-destruction. It was
established as a fact in the trials of 1863-5, that the guns with an increasing
twist gave a lower velocity than those with the uniform twist. In the trial
with the two seven-inch guns made especially to test this point, the differ-
ence of velocity was such as to make three per cent. difference in the
energy of discharge—a result somewhat greater than what would have been
due to the legitimate friction, unless the coefficient of friction between
the studs and the grooves was excessively high from some cause, such as the
cutting of the studs into the grooves. However, it would seem that the
conclusions at which I have arrived are in accordance with actual experience,
and help to explain what was otherwise to a certain extent anomalous,

Although these conclusions cannot be definitely proved without the aid
of mathematics, they may be shown to be true (or reasonable) under certain
circumstances, as follows :

The work spent in friction will, both with the parabolic and plane
grooves, be equal to the coefficient of friction multiplied by the mean
pressure on the studs, and again by the length of the grooves (or by the
length of the gun—nearly). Now, the coefficient of friction and the length
of the gun are the same in both cases; hence this work will be proportional
to the mean pressure on the grooves throughout the gun. Again, if the
pressure on the parabolic grooves is constant (which it is the object of these
grooves to make it), then the mean pressure in both cases will be inversely
proportional to the angle which the shot turns through while in the gun.
This follows direetly from the fact that the speed, and consequently the
energy of rotation with which the shot leaves the gun, is the same in both
cases; for this energy is nearly equal to the mean pressure multiplied by the
arc through which the studs turn®, and hence the mean pressure is equal to

the energy divided by the are,

We have then the work spent in friction proportional to the mean
pressure ; and the mean pressure inversely proportional to the angle turned
through by the shot in the gun; therefore the work spent in friction is
inversely proportional to the angle turned through by the shot in the gun.

Now, the angle turned through with parabolic grooves is half the angle

* This is always true for plane grooves, but it will only be true for parabolic grooves when the
pressure on the studs is constant all along the grooves.
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turned through with plane grooves (by a property of the parabola); hence
the work spent in friction with the parabolic grooves, is double what it is
with the plane grooves. This may be shown mathematically as follows :—

I To estimate the actual work spent in friction with plane grooves.

Let p = coefficient of friction,
i = the inclination of the grooves.
K = the work spent in friction.

E =the energy of discharge or the striking force with which the
shot leaves the gun.

Then, I ’-‘;‘ x B,

For if R =the mean pressure on the grooves, [ = the length of the gun,
then

I N R RN b e it smamsiitnwabinabd (1),
And the energy of rotation
7 Rl
ok I W
2 Vitgl
e R
S gl m el oi i i sisensisnyaesnisrasos 2),
ORI %
; _I“' N
S K= 9 E.
Hence (with a gun making one turn in 35 diameters) where = l-li and
p="3,
LY BT
K= 95 = 013F.

The equation K = %‘ £ shows, what is otherwise quite obvious, that with

the plane grooves, the work spent in friction is independent of the dis-
tribution of the pressure within the gun, and is proportional only to the
energy of discharge; and hence will be the same, whether the powder is
quick or slow, provided the shot leave with the same velocities,

This, however, is not the case with the parabolic grooves. It is obvious
that the friction will involve the law of pressure in the gun. Consequently,
we cannot caleulate this work unless we make some assumption with regard
to the law of pressure.
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II.  To estimate the actual work spent in friction with parabolic grooves
when the pressure on the studs is constant.

Let a:=%’ be the equation to the developed grooves, and let s be the

length of the grooves, Then, if we assume that (;:Z= 1, and that K, (the

work spent in friction with the parabolic grooves) = uRl, we have the
work of rotation

da
=f1e@-' dy

l

And the work of rotation =

Since S

And for plane grooves K=

An expression for this work might have been obtained without assuming
%= 1, but so long as ¢ is less than ilfi the difference is very small,

Hence we see that on this assumption the work spent in friction with
the parabolic grooves is twice as great as with the plane grooves, This
assumption i8 not an unreasonable one, for the declared object of the
increasing twist is that it may equalise the pressure of the studs on the
grooves throughout the gun. However, it is not to be supposed that this
object is always attained, for one kind of powder has a different law of force
from another., It is necessary therefore to consider other laws of force.
We cannot obtain a general expression which will include all, but we may
examine several laws of force, which will enable us to see how far the law
of force affects the results.

In all cases the force diminishes from the breech to the muzzle, and the
law may be roughly expressed by P = > _ where y is the distance of the

a+y
shot from the breech, and @ and A are constants for each class of powder.
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Although with this value of P the equations of motion cannot be solved
rigorously, an approximate solution may be found as follows :—

IIL. 7o find the ratio of work spent in friction with parabolic and plane
grooves when the law of force is

P 3
P=avy
I'he equations of motion are
1d d
Q‘—i—a(v’)=P£—pR .......................... (1)
(T
R P2 b vners s ovrpstonsrssntonannd 2
T3 )

Neglecting the R as small in (1), and taking p (the radius of curvature)

= b, we have if (-l-‘?=1

ds
2
1
%-ﬂdey= )Liogua";.
fRdy=fP%dy+ + log“'-"‘;
or Kb=pJ‘Rdy—- {(25-}- a) log _-J,_-_I_‘} :

And for plane grooves p is infinite and z:; =4

A K=prdy=leog£-:;“,

LK, 1
s +£ lo l+—.
o8 (1+)
If a= 0 so that Pzg,
K,
ki
: A
If @ is very great, so that P= =
K, 3

K 2

And the former law more nearly expresses the condition of most guns.
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IV. If we take a law of force,

i

3 Lt
el ey
the equations of motion can be solved.
And if 3= f; , @=tan™i,
[
We get K= b [em0 — 1 — 2u0 + p*log (1 + %)),

And for the plane curve

K=21be—w[ew-1;.

And therefore
K, e —1—2u8 + p*log (1 + )
v, e i(e*—1) :

From which, for any given value of €, we may obtain the actual value
K, '
V.
When 6 is small, so that we may neglect high powers without error,

K .8

X8
Which result is in exact accordance with those previously obtained, for,
it must be noticed, that with this law 2 is nearly constant. Hence we
arrive at the following conclusions :—

of

(1) That when the pressure of the powder is constant, .
Work spent in friction with parabolic grooves 3

Work spent in friction with plane grooves ~ 2°

(2) That when the pressure diminishes rapidly the above ratio = 2.

(3) That this ratio may have any values between these two, but that
it cannot go beyond these limits,
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ON THE BURSTING OF TREES AND OBJECTS
STRUCK BY LIGHTNING.

[#From the Thirteenth Volume of the “Proceedings of the Literary and
Philosophical Society of Manchester.” Session 1873-4.]

(Read November 4, 1873.)

TuE results of the experiments referred to in this paper were exhibited
to the meeting.

The suggestion thrown out by Mr J. Baxendell at our last meeting—
that the explosive effect of lightning is due to the conversion of moisture
into steam—seemed to me to be so very probable that I was induced to try
if I could not produce a similar effect experimentally.

L. T first of all tried to burst a thin slip of wood by discharging a jar
through it, taking care so to arrange the wood that the discharge should be
of the nature of a spark, and not a continuous discharge ; this was done by
making the wood to form part of a discharging rod with balls on the ends.

This experiment was successful in the first attempt, although the results
were on a small scale.
- It should be mentioned that the wood had been damped with water,

This experiment was repeated with larger pieces of wood with various
results,

2. It then occurred to me to try with a glass tube. This 1 did at
first with a very small tube, passing wires from the ends of the tube until
they were within } inch of each other.

The small tubes burst both with and without water.
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3. I then used a larger tube (about 44 inch bore) in a similar manner.
The discharge without water produced no effect on this, even when repeated
several times, but when the tube was full of water (with the ends open)
the first discharge shattered that part of the tube opposite the gap in
the wire. This tube was bent in the form of a syphon, and the water stood
about 1 inch beyond the gap in the wire, on each side of it.

4. I then tried a stronger tube which I had been using for insulation.
It had a bore of } inch and was § inch in external diameter. It was capable
of sustaining a pressure of probably 10,000, and certainly 5,000 lbs. on the
square inch, that is to say, a pressure from 2 to 5 tons per square inch.
It was about 14 inches long and bent in the form of a square-ended siphon.
The gap in the wire was about § inch, and the water extended about
14 inches on each side of the gap. The ends of the pipe were open, and
the jar charged in the same manner as before, with about 100 turns of a
12 inch plate machine, The surface of the jar is about § a square foot,
and the discharge, when effected with the common rod, took place through
about 2 inches of air.

This tube was shivered at the first discharge. That part opposite the
gap, and for some way beyond, is completely broken up into fragments, which
present more the appearance of having been crushed by a hammer, than
of being the fragments of a pipe burst under pressure. Some of the
fragments show that the interior of the pipe has been reduced to powder.

These fragments were scattered to some feet on all sides, but there was
nothing like an explosion. I held the pipe in my hand at the time of the
discharges, and the sensation was that of a dead blow. There was no noise
beyond the ordinary crack of the discharge.

The manner in which this pipe was destroyed clearly showed that a
larger one might have been broken. But as it was two o'clock and my fire
was out, I did not continue the experiments,

It is not easy to conceive the precise way in which a pressure of probably
more than 1,000 atmospheres could be produced and transmitted in a pipe of
water the ends of which were open. It might have been caused by the
sudden formation of a very minute quantity of steam, or by the expansion of
the water; but whichever way it was, its effect was due to its instantaneous
character, otherwise there would have been an explosion.

When we consider the great strength of this pipe (which might have
been used for a gun without bursting), and when we see that it was not only
burst but that the interior of the glass was actually crushed by the pressure,
and all this by the discharge of one small jar, we must cease to wonder at
the bursting power of a discharge from the clouds, ;
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ON THE DESTRUCTION OF SOUND BY FOG AND THE
INERTNESS OF A HETEROGENEOUS FLUID.

(From the Thirteenth Volume of the “Proceedings of the Literary and
Philosophical Society of Manchester.” Session 1873-4.]

(Read December 16, 1873.)

L. TuaT sound does not readily penetrate a fog is a matter of common
observation. The bells and horns of ships are not heard so far during a
fog as when the air is clear. In a London fog the noise of the wheels
is much diminished, so that they seem to be at a distance when they are
really close by, On one occasion, during the launch of the Great Eastern,
the fog was reported so dense that the workmen could neither see nor hear,

2. It has also been observed that mist in air or steam renders them
very dull as regards motion. This is observed particularly in the pipes and
passages in a steam-engine. Mr D, K. Clark found in his experiments
that it required from 3 to 5 times as much back pressure to expel misty
steam from a cylinder as when the steam was dry.

3. My object in this paper is to give, and to investigate, what appears to
me to be an explanation of these phenomena; from which it appears that
they are intimately connected, that, in fact, they are both due to the same
cause. This explanation will be the clearer for a few preliminary remarks,

4. The nature of a fog, and the manner in which the small spherical
drops are suspended against their weight, is well understood. So long as the
fog is at rest or moving uniformly, the drops being heavier than the air
tend to sink like a stone in water, and consequently they are not at rest
in the air, but are moving through it with greater or less velocities, according
as they are large like rain, or small like haze. This motion is caused entirely
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by the difference in the specific gravity of the air and water; if the drops
were merely little hard portions of air they would have no tendency to
descend.

In some fogs the drops are so fine that they appear to be absolutely
at rest, and will remain for a long time without any appreciable motion.
The force which retards the downward motion of the drops is the friction of
the air, and this is proportional to the surface of the drop, and the square of
the velocity®, As the drops get smaller their weight diminishes faster
than their surface, and consequently the friction will balance the weight
with a less velocity. The exact law is that the velocity caused by the weight
of a drop is proportional to the square root of its diameter,

This is the general explanation of what goes on under the action of
gravity when the fog is at rest or moving uniformly, and we may make use
of it to illustrate what goes on when the fog is subjected to accelerating
or retarding forces,

5. If we imagine a vessel, full of such a compound as the fog is made of,
to be set in motion or stopped, the accelerating or retarding force will have
to be transmitted from the sides of the vessel to the fluid within it by means
of pressure. These pressures will act equally throughout the fluid, and, if
the fluid were homogeneous, they would produce the same effect throughout
it, and it would all move together ; but the pressures will obviously produce
less effect on the drops of water, than they do on the corresponding volumes
of air, and the result will be that the drops of water will move with a
different velocity to the air—that the drops of water will in fact move
through the air just as they do under the action of gravity. In fact, if
the air is subject to an acceleration of 32 feet per second, the effect on
the drops (their motion through the air) will be the same as that due
to their weight, It is easy to conceive the action between the air and
the drops of water. If a mass of air and water is retarded, it is obvious
that the water, by virtue of its greater density, will move on through
the air. This property has, in fact, been made use of to dry the steam
used in steam-engines. The steam is made to take a sharp turn, when
the water, moving straight on through it, is deposited on the side of the
vessel.

6. Owing to this motion of the water through the air, it would clearly
take longer, with the same force, to impress the same momentum on foggy
air, than on the same when dry, This is obvious, for at the end of a certain
time the particles of water would not be moving as fast as the air, and

* [This is not the ease. The resistance is as the velocity, as was pointed out by Prof. G, G.
Stokes.]
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consequently the air and water would have less momentum than the same
weight of dry air all moving together: that is to say, if we had two light
vessels containing the same weight of fluid, the one full of dry air and the
other full of fog, and both subjected to the same force for the same time,
at the end of this time, although they would have exactly the same motion,
their contents would not, for the drops of water in the fog would not be
moving so fast as the vessel. Now the energy expended on each of
these vessels wonld be the same, but, inasmuch as the effects are different,
the energy acquired by the foggy air would be less than that acquired by
the dry air, the difference having gone to move the water through the air:
that is to say, it would require a greater pressure to impress in the same
time the same velocity on foggy air, than on dry air of the same density.

7. This then fully explains the dulness with which foggy air acquires
motion. In the passages of a steam-engine the steam is subjected to
continual accelerations and retardations, each of which requires more force,
in the manner described, with misty than with dry steam, and at each of
which the particles of water moving through the steam destroy energy in
creating eddies.

8. Although not so obvious, the same is true in the case of sound. The
effect of waves of sound traversing a portion of air is, first to accelerate and
then to retard it.  And if there are any drops of water in the air, these will
not take up the motion of the air so readily as the air itself. They will
allow the air to move backwards and forwards past them, and so cause
friction and diminish the effect of the wave as it proceeds, just as a loose
cargo will diminish the rolling of a ship.

9. It is important to notice that this action of the particles of water is
not analogous to their action in reflecting the waves of light.

It has been assumed, as an explanation of the action of fog on sound, that
the particles of water break up the wave of sound by small reflections, in the
same way as they scatter the waves of light. The analogy however is not
admissible; for in the case of light the wave length is shorter than the
thickness of the drops, and the surface of the drop acts in the same way as
if the drop were of large extent; but in the case of sound the wave’s length
may be thousands of times the thickness of the drop, and instead of the
whole wave being reflected, it will only be a very small portion of it. Even
this portion can hardly be called a reflection ; it is due to the motion of the
air past the drops, like the waves of sound caused by a bullet, or the waves
thrown off by the bow of a ship.

10. A certain portion of the resistance which the air offers to the
motion of the water through it is this—what is called in naval science
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wave resistance; but it can be shown that the proportion of this resistance, to
the resistance in causing eddies, diminishes with the velocity, and con-
sequently it can have very little to do with the effect of the drops of water
on the waves of sound, in which the velocity of the water through the air
must be very small*,

11.  So far, then, I have shown the manuner in which the fog diminishes
the sound; it remains to consider the connection between the size of the
drops and their effects. I am not aware that any observations have been
made with respect to this, I do not know whether it has ever been noticed
whether a fine or a coarse mist produces the most effect on sound. It does
not appear, however, that rain produces the same effect as fog; and con-
sidering rain as a coarse fog, we must come to the conclusion that a certain
degree of fineness is necessary.

If we examine theoretically into the relation between the size of the
drops and the effect they produce, always assuming the same quantity of
water in the air, we find in the first place that if the air is subjected to
a uniform acceleration, which acts for a sufficient time for the drops to
acquire their maximum velocity through the air, the effect of the drops in a
given time—that is to say, the energy dissipated in a given time—is
proportional to the square root of the diameters of the drops. This appears
from the action of gravity. As previously stated, the maximum downward
motion of the drops, and hence the distance they will bave fallen in a given
time, and the energy destroyed, is proportional to the square root of their
diameters. Hence where the acceleration acts continuously for some time,
as would be the case in a steam-pipe, the effect will increase with the size of
the drops.

This effect may be represented by a parabolic curve, in which distances
measured from the vertex along the axis represent the size of the drops, and
the corresponding ordinates represent their effect in destroying energy.

If on the other hand the acceleration alternates very rapidly, then there
will not be time for the drop to acquire its maximum velocity, and if the
time be very short the drop will practically stand still, in which case the
effect of the drops will be proportional to the aggregate surface which they
expose, And this will increase as the diameter diminishes, always supposing
the same quantity of water to be present.

This latter is somewhat the condition when a fog is traversed by waves
of sound, so long as the drops are above a certain size; when, however, they
are very small, compared with the length of the waves, there will be time for

* This reflection has nothing to do with the reverberation from clouds which occurs in a
thunder-storm, which is probably due to the different density of the clouds, and takes place at
their surfaces.
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them to acquire their maximum velocity., So that starting from drops the
size of rain, their effect will increase as their size diminishes, at first in the
direct proportion, then more and more slowly, until a certain minuteness
is reached, after which, as the drops become still smaller, their effect will
begin to diminish, at first slowly, but in an increasing ratio, tending towards
that of the square root of the diameter of the drops.

This effect may be represented by a curve which coincides with the
previously deseribed parabola at the vertex, but which turns off towards the
axis, which it finally approaches as a straight line.

This completes the investigation, so far as I have been able to carry it.
The complete mathematical solution of the equations of motion does not
appear to be possible, as they are of a form that has not as yet been
integrated. However, so far it appears to me to afford a complete ex-
planation of the two phenomena, and further to show, a fact not hitherto
noticed, that for any note of waves of sound there is a certain size of drop
with which a fog will produce the greatest effect.



8.

ON THE EFFECT OF ACID ON THE INTERIOR OF IRON WIRE.

[#rom the Thivteenth Volume of the “Proceedings of the Literary and
Philosophical Society of Manchester.” Session 1873-4.]

(#lead February 24, 1874.)

It will be remembered that at a previous meeting of this Society
Mr W. H. Johnson exhibited some iron and steel wire, in which he had observed
some very singular effects produced by the action of sulphuric acid. In the
first place the nature of the wire was changed in a marked manner, for
although it was soft charcoal wire, it had become short and brittle; the
weight of the wire was increased; and what was the most remarkable
effect of all, was that when the wire was broken, and the face of the fracture
wetted with the mouth, it frothed up as if the water acted as a powerful
acid, These effects, however, all passed off if the wire were allowed to
remain exposed to the air for some days, and if it were warmed before
the fire they passed off in a few hours.

By Mr Johnson's permission I took possession of one of these pieces of
wire and subjected it to a farther examination, and from the result of that
examination I was led to what appears to me to be a complete explanation
of the phenomena.

I observed that when I broke a short piece from the end of the wire,
the two faces of the fracture behaved very differently—that on the long
piece frothed when wetted, and continued to do so for some seconds, while
that on the short piece would hardly show any signs of froth at all. This
seemed to imply that the gas which caused the froth came from a consider-
able depth below the surface of the wire, and was not generated on the
freshly exposed face. This view was confirmed, when, on substituting oil
for water, I found the froth just the same.
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These observations led me to conclude that the effect was due to
hydrogen, and not to acid, as Mr Johnson appeared to think, having entered
into combination with the iron during its immersion in the acid, which
hydrogen gradually passed off when the iron was exposed.

It was obvious however that this conclusion was capable of being further
tested, It was clearly possible to ascertain whether or not the gas was
hydrogen; and whether hydrogen penetrated iron when under the action
of acid. With a view to do this I made the following experiments.

First, however, I would mention that after 24 hours I examined what
remained of the wire, when I found that all appearance of frothing had
vanished and the wire had recovered its ductility, so much so that it would
now bend backwards and forwards two or three times without breaking,
whereas on the previous evening a single bend had sufficed to break it.

I then obtained a piece of wrought iron gas-pipe 6 inches long and § inch
external diameter, and rather more than §; of an inch thick; I had this
cleaned in a bath both inside and outside; over one end I soldered a piece
of copper so as to stop it, and the other I connected with a piece of glass
tube by means of indiarubber tube. 1 then filled both the glass and iron
tubes with olive oil, and immersed the iron tube in diluted sulphuric acid
which had been mixed for some time and was cold. Under this arrangement
any hydrogen which came from the inside of the glass tube must have
passed through the iron.

After the iron had been in the acid about 5 minutes small bubbles
began to pass up the glass tube. These were caught at the top and were
subsequently burnt and proved to be hydrogen. At first, however, they
came off but very slowly, and it was several hours before I had collected
enough to burn, With a view to increase the speed I changed the acid
several times without much effect until I happened to use some acid which
had only just been diluted and was warm; then the gas came off twenty
or thirty times as fast as it previously had done. I then put a lamp
under the bath and measured the rate at which the gas came off, and I
found that when the acid was on the point of boiling, as much hydrogen
was given off in 5 seconds as had previously come off in 10 minutes, and
the rate was maintained in both cases for several hours,

After having been in acid for some time the tube was taken out, and well
washed with cold water and soap so as to remove all trace of the acid; it
was then plunged into a bath of hot water, upon which gas came off so
rapidly from both the outside and inside of the tube as to give the
appearance of the action of strong acid. This action lasted for some time,
but gradually diminished. It could be stopped at any time by the sub-
stitution of cold water in place of the hot, and it was renewed again after

0. R. 4
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several hours by again putting the tube in hot water. The volume of
hydrogen which was thus given off by the tube, after it had been taken out
of acid, was about equal to the volume of the iron.

At the time I made these experiments I was not aware that there had
been any previous experiments on the subject; but I subsequently found,
on referring to Watt’s Dictionary of Chemastry, that Cailletet had in 1868
discovered that hydrogen would pass into an iron vessel immersed in
sulpburic acid. See Compt. rend. Ixvi, 847.

The facts thus established appear to afford a complete explanation of the
effects observed by Mr Johnson.

In the first place, with regard to the temporary character of the effect,
it appears that hydrogen leaves the iron slowly even at ordinary temperatures
—s0 much so that after two or three days’ exposure I found no hydrogen
given off when the tube was immersed in hot water. With regard to the
effect of warming the wire; at the temperature of boiling, the hydrogen
passed off 120 times as fast as at the temperature of 60°. Also when the
saturated iron was plunged into warm water the gas passed off as if the
iron had been plunged into strong acid; so that we can easily understand
how the hydrogen would pass off from the wire quickly when warm, although
it would take long to do so at the ordinary temperatures. With regard
to the frothing of the wire when broken and wetted; this was not due,
as at first sight it appeared to be, simply to the exposure of the interior
of the wire, but was due to warmth caused in the wire by the act of
breaking. This was proved by the fact that the froth appeared on the
sides of the wire in the immediate neighbourhood of the fracture, as well
as the end, when these were wetted; and by simply bending the wire it
could be made to froth at the point where it was bent.

As to the effect on the nature and strength of the iron I cannot add
anything to what Mr Johnson has already observed. The question, however,
appears to be one of very considerable importance, both philosophically
and in connection with the use of iron in the construction of ships and
boilers. If, as is probable, the saturation of iron with hydrogen takes
place whenever oxidation goes on in water, then the iron of boilers and
ships may at times be changed in character and rendered brittle in the
same manner as Mr Johnson's wire, and this, whether it can be prevented
or not, is at least an important point to know, and would repay a further
investigation of the subject.



9.

THE CAUSES OF THE RACING OF THE ENGINES OF SCREW
STEAMERS INVESTIGATED THEORETICALLY AND BY EX-
PERIMENT.

[From the “Transactions of the Institution of Naval Architects,” 1873.]

(Read April 3rd, 1873.)

THE tendency which the screws of steam ships have, under certain
circumstances, to lose their hold on the water, and consequently to let the
engines start off at a great speed—a tendency which is one of the greatest
sources of difficulty and danger with which steam navigation is attended—
appears as yet to have its cause enveloped in mystery, and to require
further explanation than has yet been given to it. For although the
circumstances under which this racing occurs are such as appear primd
Jacie to afford an explanation of it—although we should naturally expect the
pitching and tossing of the vessel, and the exposure of the screw to affect
its speed—yet, when we come to look closer, it appears that something more
than this is required. The partial exposure of the screw and the diminution
of its resistance accounts for some increase of speed ; and the backward and
forward motion of the water on the tops and in the hollows of the waves
also accounts for some, but neither of these is sufficient to account for
the way in which the screw loses its hold on the water. And besides, it is
not only in storms that racing occurs; whenever the vessel is moving slowly,
and the serew working against great resistance—as, for instance, when
it is starting the vessel or towing another—there is a liability for racing
to oceur. In fact, this liability prevents the screw from being used for
tugs or boats which are required to stop and start frequently.

Whilst making some experiments on a screw model driven by a spring,

I noticed a phenomenon in connection with racing which seems to me to

throw new and important light on the subject. It probably would not have

attracted my attention had it not been for some remarks of Mr H. Brunel
42



52 CAUSES OF THE RACING OF THE ENGINES OF SCREW STEAMERS, [9

(made last autumn) as to the insufficiency of the mere exposure of the
screw to account for the phenomena of racing, which remarks rendered me
alive to any other explanation that might present itself to my notice.

The phenomenon consisted in the connection between the racing of the
serew and the breaking of the surface of the water, and the consequent
admission of air to the blades of the serew. Whenever the serew raced, the
water in its wake was broken up and mixed with air; and although at first
sight this seemed to be a very natural result of the increased speed of the
screw, yet, when I observed that these phenomena invariably happened in
conjunction, and that not only did the screw never race without getting air,
but that the admission of air was always followed by racing, then I came to
think that there was more in it, and that the air must be the cause, and not
merely the result of the racing.

With a view to ascertain if this was the case, I carried out the system of
experiments I am about to describe; and these, again, led me to the
theoretical explanation set forth in the last part of the Paper.

Some of the experiments were made with the model which had first
called my attention to the subject. This model is 2 feet 6 inches in length,
and has a screw 2 inches in diameter, driven by a spring, the spring being
changeable, so that the boat will raise weights at a dead pull varying from
half-an-ounce to 4 ounces,

The results of these experiments were as follows :—

1. When the boat was placed at one end of the trough, and allowed to
start and run to the other end—the screw being so deeply immersed that it
did not froth either in starting or running (this with the strongest spring
required to be about half-an-inch under the surface)—then the screw would
make just 180 revolutions, whatever might be the power of the spring.

2. If there were a few small waves on the trough, just sufficient to
expose the top of the screw, then at such times the screw would apparently
slip round without resistance, throwing up froth and water, and turning the
boat out of its course. The number of revolutions required to take the boat
the same distance as before was greatly increased, being between 250 and
300; and as the screw was not racing for the sixth of its time, during that
time it must have turned at many times its ordinary speed. When the screw
was not racing, the boat went very fairly straight forwards, but the moment
racing commenced it turned to one side.

3. When the boat was so loaded that the screw was but slightly
beneath the surface, then the screw raced until the boat got under way,
causing froth, and turning the boat to one side; afterwards the racing ceased,
or only oceurred at intervals, but whenever it did so it was attended with
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froth and turning to one side. The number of revolutions was about 250
under these circumstances.

4. When the load was so placed that the screw was just at the surface,
then racing commenced, and continued until the spring was down, which
happened before the boat got to the end of its course, after having made
350 turns,

5. When the boat was held by a suspended weight, and the screw was
immersed deeply enough, it would raise a weight proportional to the strength
of the spring without any undue racing, turning steadily all the time; but if,
while suspending such a weight, the load on the boat was shifted forwards,
the moment the surface was broken, away went the screw, the spring ran
down almost with a rush, the water flew out in a jet behind the boat,
and the boat was drawn backwards by the weight screwing over to one
side as before.

These experiments, conducted with the small spring model, show con-
clusively that racing is a reality, and that it does not require the exposure of
any part of the screw, but that it depends on the depth of the serew below
the surface. The results were substantially the same whether the strongest
or weakest spring was used, the only difference being, that the strong spring
required that the screw should be rather more deeply immersed, in order to
prevent racing at starting.

These experiments did not show whether the frothing was the result
or the cause of the racing.

6. With a view to do this, a boat was loaded so that it would start with-
out racing; and then a larger screw was substituted for the previous one,
the size being such that it came nearly to the surface. It would be thought
that the larger serew would, when immersed till its centre was at the same
depth as the smaller one, have offered more resistance to the spring, and so
have been less liable to race, but it was not so; the larger screw would race,
just in the same manner as the smaller one had done, whenever the surface
was broken. This last experiment seems to show conclusively that it is the
admission of air which causes racing.

So far, then, the racing is shown experimentally to be the result of the
admission of air to the screw, and not simply the diminished area of the part
immersed ; and it now remains to explain the precise way in which the air
diminishes the resistance, This is done from theoretical considerations,

It will appear from the following reasoning that there are two different
ways in which the admission of air diminishes the resistance of the screw :—
In the first place it interferes with the power of the screw to obtain water;
and in the second it reduces the resistance which would otherwise be offered
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by the water which the screw does get, and causes this water to turn round
with the screw.

The driving power of any propeller will depend on the quantity of water -
on which it acts in a given time, and on the backward velocity which it
imparts to this water. Now the quantity of water on which a propeller acts
will depend on the power of the propeller to draw water, not so much when
the boat is moving fast, for then it will necessarily have fresh water to act
upon ; but when from any cause the boat is going slowly, when it is starting,
towing, or meeting a head wind, then the screw has to depend mainly on its
power of drawing a supply of water. If the quantity of water is small, the
speed imparted to it must be great; and anything which reduces the power
of a propeller to draw water reduces its resistance, and consequently allows
its speed to increase. Hence if the mere fact of the screw breaking the
surface of the water so as to let air down behind its blades diminishes its
power to draw water, it will diminish its resistance, and cause it to race.
Now, although it seems to have been overlooked so far, there can be no
doubt that the admission of air does act in this way. For the power of
a propeller to supply itself with water manifestly depends on the rapidity
with which fresh water will flow into the place of that which is driven
astern,

Let us suppose A to be a vertical plate below the surface of the water,
and capable of being driven forward with any velocity; then, if it were
to start from rest, its velocity might be such that the water immediately
behind it would or would not start off as fast; that is, its initial velocity

might be such that the water would not keep up, and a space would be left
between the plate and the following water. So long as its velocity was
not sufficient for this, the quicker the velocity of the plate, the greater would
be the velocity of the following water; but after this limit had been once
exceeded, the initial speed with which the water would follow would not
depend on the speed of the plate, but would be the same for all speeds.
That is to say, that urge the plate forwards as fast as we might, we could
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not get the water to follow at above a certain velocity, This velocity may
be stated in terms of the pressure of the water against the plate before
it begins to move, for it would obviously be that with which water would
flow into the end of an empty pipe, or rather through an opening in the
position of the plate; therefore the greatest quantity of water which a
propeller could draw, would be equal to that which would flow into a vertical
opening in the same position as the area through' which the propeller acts.
Now the velocity, with which water would flow through such an opening,
would be proportional, and generally equal to the velocity which a body
would acquire in falling freely through a vertical distance equal to the
depth of water that would be necessary to produce such a pressure as that
on the plate,

Hence, the limit of the power of a propeller to supply itself with water,
will depend on the pressure of the water over the vertical area through
which the propeller acts. The pressure of the atmosphere will or will not
be included in this, according to circumstances. For if A is entirely below
the surface, and moves too fast for the following water, it will leave a vacuum
behind it, and the water will follow as fast as it could flow through an
opening into a vacuum ; in this case the pressure on A, must not only include
the actual pressure of the water, but also the pressure of the atmosphere.
If, however, A extends to the surface, or communicates with the surface
in any way, then the space will be filled with air, and the water will only
follow as fast as it would How through an opening on which the pressure of
air acts; in this case the effective pressure will only be the actual pressure
of the water. If therefore, air can get behind the plate, the greatest
velocity at which the fluid will follow will be equal to that which would
be acquired in falling through AB. But since the pressure of the atmo-
sphere is equal to that of 30 feet of water, if the air cannot get in, then the
greatest velocity will be due to 30 + AB. Hence the power of a propeller to
draw water will depend on the depth at which its plates act below water;
and also on whether or not the air is let in, the exclusion of air being as good
as 30 feet additional immersion,

Suppose, then, that a stationary screw-propeller, totally immersed,
were driven so fast that it was getting its maximum quantity of water,
and that driving it faster would only cause a vacuum behind its floats,
Then the quantity of water would be equal to that which would flow
through an opening of the same size as the area through which the
propeller acts, and 80 feet below the actual position of the screw. If, how-
ever, the air were let in, then the actual quantity would only be equal to
what would flow through such an opening in the actual position of the screw,
Thus, if its lowest point were 12 feet below the surface, the mean suction
power over the whole area would be equivalent to a head of 36 feet of water,
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30 for the atmosphere, and 6 for the mean pressure of the water. If then
(by means of a wave), air were let in behind the floats, the suction power
would be reduced until it was only equivalent to a head of 6 feet. And
since the velocity of the water would be proportional to the square root
of the head, the quantity of water which the serew would draw would be
reduced from 6 to 24, or by more than half. And if the same driving force
were maintained, the slip would have to be more than doubled to make up
for the diminished quantity of water.

The diminution of power caused by admitting the air,—or more correctly,
the increase gained by excluding it—will really be constant at all depths,
but when compared with the power arising from the pressure of the water,
it will be much greater for small depths; that is, the ratio of these quantities
will diminish with the depth. This explains the fact that the screws of
small boats are more liable to race than those of larger ones, and it was
doubtless the exaggerated form of racing which existed in the small model
that caught my attention, and led me to connect it with this cause, This
also explains the fact that the racing causes the boat to turn out of its
course. For as long as the air is excluded, the top of the screw will be
as well able to obtain water as the bottom ; but as soon as the pressure of
the atmosphere is taken off, the power of getting water will increase with
the depth, and consequently the bottom of the screw will get more than the
top, and the resistance at the bottom will consequently be greater than it is
at the top, and the boat will be pushed to one side,

The direct effect of the admission of air behind the propeller blades,
to diminish the quantity of water, will be the same for all classes of pro-
pellers, and therefore the same for the paddle as the screw ; but as, in the
former, the air is always admitted, there will be no more racing from this
cause in a storm than in a calm. If, however, this effect were the only one
which the admission of air produced, a screw, even when breaking the
surface, would be a better propeller than paddles for starting or towing;
that is, because of its greater depth of immersion, it would have less.
tendency to race. But there is another way in which the existence of air
in the water on which the propeller acts will diminish its power, both to
drive the water away and get more; and although this effect will not be of
much consequence to a direct acting propeller, like a paddle, yet it is
aggravated to almost any extent in a revolving and oblique acting propeller
like the screw.

Air increases the tendency of the water to whirl round with the screw,
by diminishing the power of the screw to clear itself of the water it has set
m motion. It has often been noticed, when a vessel is starting, that the
screw seems rather to whirl the water round, than to drive it astern. It can
be shown that the admission of air will be conducive to this end to a very
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great extent. And the mere fact that the whirling of the water has been
observed, proves that at such times there was air in it. If the blade of a
screw 1s driving not simply water but air and water, as it passes any
particular portion of the mixture, the pressure will not simply drive it in
front of the blade, as it would if it were a solid mass of water, but will
compress the air bubbles, which as soon as the blade has passed will expand
again, driving some of the water backwards and some of it forwards.

This action of the air in water is analogous to that of an elastic string,
connecting two heavy balls A and B. It will only require about half the

@ —9—

force to impress a certain motion on B in the direction BC, that it would
have required if the string had been inelastie, for then both balls would have
had the same velocity ; and as it is, when the force is removed, the elasticity
will partially stop B and accelerate A. If when connected in this way, a force
is impressed on B, equal to what would be necessary to give the two balls
a certain velocity, then B will start with a greater velocity, which the force
must follow up. So it is with the air and water. If the propeller gets as
great a pressure, when acting on air and water, as when acting on unbroken
water, it must move very much faster through it. This will be the result
both of the compression of the air in front and the extension of that behind
the blade. Thus the air, by virtue of its elasticity, will require an increased
velocity in blades of an oblique propeller; and this increased velocity will,
by friction, increase the tendency of the water to whirl with the blade.
And each blade will leave a following mass of air and water behind for the
next blade to act upon,

This effect of the air will not exist in the case of direct action, such
as that of the paddles, for the water remains in front of the blade for a
longer period, and the one blade does not come upon the leavings of the
other. Thus we see the admission of air behind the blades of a propeller
will reduce the power of the propeller to supply itself with water; and in
the case of the screw will aggravate this evil by necessitating (on account of
the elasticity it gives to the water) a higher velocity in the blade to impart
the same velocity to the water; which is again aggravated by the tendency
which the increased velocity has to whirl the water round. So that the
tendency of the screw to race may be said to be due entirely to the admission
of air below the surface.

It would seem that, if this is the explanation of racing, all that is
necessary, in a calm sea, to render a screw much superior to paddles in
stopping, starting, or towing, is to give it sufficient immersion.
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This has been tried and proved to be the case so far as an experiment on
a model is a proof. No matter what might be the power employed, so
long as the surface was unbroken, there was a corresponding towing power ;
and so long as this condition was maintained, the screw started and stopped
the boat quite as well as it was possible for paddles to do.

A larger steam model capable of towing with a force of 1 Ib. was tried
with two different screws—the one 3 inches in diameter and the other 44.
The small one was covered by about an inch of water, and it was found that
this screw would not race even when the boat was held still.  The larger
one, however, which was only covered by about one quarter of an inch,
did race when the boat was held. It would seem therefore that it is of more
importance to secure a sufficient depth of water over the screw than to
increase the diameter, and it seems probable that some of the advantage of
twin screws is due to the fact that they are generally covered to a greater
depth than a single screw.



10.

ON THE CONDENSATION OF A MIXTURE OF AIR AND
STEAM UPON COLD SURFACES,

[From the “ Proceedings of the Royal Society,” No. 144, 1873.]

(Read May lst, 1873,)

1. THE object of this investigation is to ascertain how far the presence
of a small quantity of air affects the power of a cold surface to condense
steam. A priori it seemed probable that it might retard condensation very
much ; for when pure steamn comes up to a cold surface and is condensed,
it leaves an empty space which is immediately filled with fresh steam ; so
that the passage of the steam up to the cold surface is unobstructed, and
if the surface could carry off the heat fast enough, then the rate of con-
densation would be unlimited. If, however, the steam is mixed with air,
then, as the mixture comes into contact with the cold surface, the steam
will be condensed and the air will be left between the fresh steam and the
cold surface; so that, after condensation has commenced, that surface will
be protected by a stratum of air, and fresh steam will have either to displace
this, or pass through it, before it in turn can be condensed.

2. This question, besides its philosophical interest, has important
practical bearings on the steam-engine.

First. If the quantity of air mixed with the steam affects the rate at
which it condenses, then the ratio which the pressure of air bears to the
pressure of steam in a condenser will materially affect its efficiency : this is
particularly important with reference to the surface-condenser.

Second. If air prevents the condensation of steam, then by sending air
into the boiler of a high-pressure engine, the condensation at the surface
of the eylinder will be prevented, which, if allowed to occur, becomes a
source of great waste; for when the steam comes into a cold cylinder it
condenses, heating the cylinder and leaving water, which will again be
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evaporated as soon as the steam escapes; and this, in evaporating, will cool
the cylinder. By preventing this, the mixing of air with the steam would
effect the same object as the steam-jacket, only in a more efficient manner;
for the heat communicated to the steam in the cylinder from the jacket is
not nearly so effective as that which is communicated from the boiler, in
consequence of the steam in the cylinder being at a lower temperature than
that in the boiler.

3. The experiments for this investigation were, by the kind permission
of Dr Roscoe, carried out by Mr Pasley, a student in the Chemical Laboratory
of the Owens College ; and I beg to tender him my best thanks,

4. In making these experiments two objects were particularly kept
in view :—

First. To ascertain if there is a great difference in the rate of con-
densation of pure steam and a mixture of steam and air—to ascertain in fact,
whether pure steam condenses at an unlimited speed.

Second. To ascertain if (and according to what law) the effect of air on
the condensation increases as the proportion of air to steam increases.

5. Of these two undertakings the first is much the most difficult. The °
rate of condensation of pure steam is so great that it is practically impossible
to measure it; and to institute a comparison between this and the condensa-
tion of a mixture of steam and air is like comparing the infinite with the
finite. It is practically impossible to keep any surface cold when an unlimited
supply of pure steam is condensed upon it, so that under such circumstances,
the quantity of pure steam condensed is limited by the power of the surface
to carry off the heat. The best method of obtaining a qualitative result
seems to be by introducing sufficient cold water into a flask of steam to
condense it all, and ascertain whether this condensation is effected suddenly
or slowly.

6. The presence of hot water in the flask with the steam very much -
assists in ascertaining the rapidity of condensation. When there is no hot
water in the flask, the condensation by the injected water is only a question
of time; the gauge will come to the same point whether the condensation
is quick or slow, the only difference being in the speed at which it will rise—
a difference not easy to appreciate, especially when the motion is quick.
But if hot water is present, then as the steam in the flask is condensed, it
is replaced by fresh steam from the water, and the interval between the
condensation and the consequent ebullition is the only time allowed for
the ereation of a vacuum; the vacuum which is attained in the mterval
will therefore depend on the rapidity of condensation. The interval will be
very short ; and the better the vacuum the shorter it will be; so that unless
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the condensation is very sudden, there will be but a slight reduction of
pressure.

If, however, the condensation is really instantaneous, a perfect vacuum
may exist for an instant, Hence, when there is water in the flask, the
rapidity of condensation is indicated by the height to which the gauge
rises, instead of the speed with which it rises; and this is much easier to
estimate,

7. The apparatus employed in making these experiments consisted of
a glass flask, fitted with a mercurial vacuum-gauge, and pipes for admitting
water and air, or allowing steam to escape.

The flask and all the pipes were freed from air by boiling; and when
all the air had been driven out the pipes were closed, the lamp removed,
and the flask allowed to cool until the gange showed a slight vacnum; the
water-pipe was then opened and a few drops of water allowed to enter and
fall through the flask ; as they did so the mercury rushed up the gauge, and,
by its momentum, above the point for a perfect vacuum, showing that the
condensation was instantaneous. Immediately afterwards the gauge fell
nearly to its starting-point. Next, the flask was allowed to cool and a little
* air was let in (about equal to half an inch of mercury in the gauge, or about
a sixtieth of the volume of the flask). The lamp was then replaced, and the
operation was repeated as before: this time, however, as the cold water
entered, the mercury did not rush up the gauge, but rose slowly a small
distance and there remained.

8. This experiment shows, therefore, that there is a great difference in
the rates at which pure steam, and steam with air, condense on a cold surface,
so great in fact that the speed with pure steam must be regarded as nearly
infinite,

9. To compare the various effects of different quantities of air, two
methods have been used, which may be deseribed as follows :(—

I. A surface-condenser is formed within the boiler or flask, so that the
steam may be condensed as fast as it is generated. Then, when a flame of a
certain size acts on the boiler, the effect of the air is to cause the pressure of
steam in the flask to increase. This method is founded on the assumption
that the rate at which steam will condense at a cold surface is, cwteris
paribus, proportional to its pressure—an assumption which is probably not
far from the truth.

II. With the same apparatus as in method I. the rate of condensation
is measured by the quantity of water condensed in a given time, obtained
by counting the drops from the condenser, the pressure within the flask
being kept constant. This method does not involve any assumption; but
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the conditions for its being accurate are such as cannot be obtained; for
not only must the temperature of the condenser and the temperature of
the steam remain constant, but the pressure of the steam must also remain
constant, and if the two former conditions are fulfilled the latter cannot be;
for the temperature of the steam will be the boiling-point of the water in the
flask ; and if this is to remain constant, the pressure of air and steam must
be constant, and therefore, as the pressure of the air increases, the pressure
of the steam must decrease. This variation of pressure is not very great;
and its effect may be allowed for on the assumption that the condensation is
proportional to the pressure of steam. This is accomplished by dividing the
drops by the pressure of the steam.

These methods, neither of which, as it appears, is rigorous, seem never-
theless to be the best; and fortunately the law which the effect of the
additions of air follows, is of such a decided character as to be easily dis-
tinguished ; and the two methods give results which are sufficiently con-
cordant for practical purposes,

10. The apparatus employed in these experiments consisted of a glass
flask, in which a surface condenser was formed of a copper pipe passing in
and out through the cork. This pipe was kept cool by a stream of water,
and was so fixed that all the condensed water dropped from it, and the drops
could be counted, The flask was freed from air by boiling; the volume of
air passed into the flask could be accurately measured; and ample time
was allowed for the air in the flask to produce its effect before more was
admitted.

For the experiments according to method I, the flame under the flask,
and the stream of water through the condenser, were kept constant from first
to last. Kor those made according to method II, in one case the stream
of water was kept constant, and in the other it was altered, so that the
effluent water was kept at a constant temperature,

11. The results of these experiments are shown in Tables I, IT., T11.

The letters which head the columns have the following meanings :—
J stands for the volume of the flask in cubic centimetres.
a stands for the volume of the air at the pressure of the atmosphere.

h, stands for the height of the barometer in millimetres of mercury at the
time of the experiment.

h, stands for the height of mercury in the gauge in millims,
t, stands for the temperature Centigrade of the efluent water. .

t, stands for the temperature of the water in the flask, found from
Regnault’s tables of boiling-points.
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Py = hy —h, stands for the pressure within the flask in millims. of mercury.

+ hy ::%g% stands for the pressure of the air within the flask

h=—7

corrected to the temperature 7'.

Ps =P, — py stands for the pressure of the steam.

P2 gtands for the ratio of the pressure of the air in the flask to that of the

¢

steam.

TaBLE I.

he="56, t,=9, f=>500,

Drops 1 2000
a L Iy mip.nua?r n Py Py s %: “Ps
0 9 764 2 0 2 0
0 22 736 e 20 0 20 0600 | -0 100
16 36 712 4 24 41 ‘0240 ‘06 48
50 b2 6h4 106 87 07 0110 ‘09 22
10 GG sy bt 199 184 183 0055 ‘10 11
13 70 | 521 230 237 211 0050 ‘11 10
21 77 433 323 400 283 0035 ‘14 7
30 | 84 | 330 e 426 b7 368 ‘0027 ‘15 b4
40 88 264 492 7 414 0024 ‘18 4'8
50 83 | 179 Hl b77 97 479 0020 20 4
60 96 1156 G41 117 523 0019 22 38
70 98 bb 701 138 562 0017 24 34
80 100 0 766 159 no6 0016 206 32
TasrLe 1L

ho= 457, f,=500.

' l
} Dro r { py | Drops | Drops
a ty o P m:%nut?: " Ps | P Ps s P
| > e - " i 1
0 27 66 b67 100 190 Ozl 10k onin { h3 424
25 24 o) b72 84 185 45 | 180 | ‘022 45 36
b 20 & bB2 o 176 9 166 | 0565 35 a7
10 13 | o | 682 21 175 (19 | 186 |12 | 14 | 112
27 10 » bhe2 10 170 | 48 127 | 39 76 G0
37 0 | . | 579 10 177 | 66 | 111 | 66 9 | 72
50 9| » | o7 8 184 |90 | 94 |10 8 | 64
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Tasre IIL

hy =748, t, =11, f== 500.

| |
‘ | Drops | Ps Dropa
a . t Iy milnut!:'l‘ | h Pq Pa 5: I_’l
f= = |
0 } G 741 ‘ 7 0 it 0 0
47 (63 106 85 0 85 0 125
32 66 557 | 100 191 G 185 032 (0]
b it N = 9 182 0b0 30
10 k= . ISR " 18 173 104 11
STy i 4 [ 27 164 163 10
20 - W b i 36 155 23 8
30 “ 552 | 10 196 b4 142 -39 7
T O ! boT 8 | 191 72 119 60 6}
50 | a 562 | 7| 188 [ 90 06 93 7

12, Table L shows the result of an experiment after the first method,
during which the flame and condensation remained constant, whilst the
pressure within the flask increased with the quantity of air.

Table 11. shows the result of an experiment after the second method, in
which the pressure within the fask remained constant, whilst the flame and
condensation were reduced as the air was admivted. In this experiment
the rate at which the water passed through the condenser was constant from
first to last, and consequently the temperature of the effluent water varied
with the condensation.

Table III. shows the result of an experiment, also made according to
the second method, but in which the quantity of water flowing through the
condenser was so varied that the temperature of the effluent water remained
constant,

13.  Each of these Tables shows the effect of air on the condensation in |
a very definite manner; but the results as given in the column p, in Table I

cannot be compared with the Drops

in Tables II and IIL as they stand;

a
for these show the effect of the air in a series of increasing figures. If,
however, these figures show the power of the air to diminish condensation,
then they will be inversely proportional to the quantity of water con-
densed, <.e. what would have been condensed if the pressure and other

things had remained constant. Hence the numbers in the column }l’
]

should be proportional to the numbers in the column Dioge in Tables
DPs
IT. and ITL
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In order to compare the results of these experiments, the results in each
Table have been multiplied by a common factor, so that they may be the
same when the pressure of air is one-tenth that of the steam. Thus the

numbers in the column IE in Table L have been multiplied by 2000, and

numbers under Disips in Table IT. by 7. The results of the experiments thus

-}
reduced are shown in the curves 1, 2, 3.

The point of no air might have been chosen as the point in which the
curves should coincide; but, as has been previously explained, the results
under such circumstances are to be taken as indicating the power of the
condenser to carry off the heat. Had it been possible to keep the condenser
cool, there is reason to believe that there would have been no limit to the
condensation of pure steam, and that the true form of the curves is like
that shown by the dots,

Drops from the condenser.

Ratio of the pressure of air to that of steam,

Although the curves do not coincide, yet they are all of the same form,
and the difference between them is not greater than can be accounted for
by the disturbing causes already mentioned. They all show that the effect
of air begins to fall off rapidly when its pressure amounts to.one-tenth that

0. R. ]
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of the steam, and that when it amounts to about one-fourth that of the steam
the admission of more air produces scarcely any effect.

14. Conclusions. The conclusions to be drawn from these experiments
are as follows :—

1. That a small quantity of air in steam does very much retard its con-
densation upon a cold surface; that, in fact, there is no limit to the rate
at which pure steam will condense but the power of the surface to carry off
the heat,

2, That the rate of condensation diminishes rapidly and nearly uniformly
as the pressure of air increases from two to ten per cent. that of the steam,
and then less and less rapidly until thirty per cent. is reached, after which
the rate of condensation remains nearly constant,

3. That in consequence of this effect of air the necessary size of a surface-
condenser for a steam-engine increases very rapidly with the quantity of air
allowed to be present within it.

4. That by mixing air with the steam before it is used, the condensation
at the surface of a cylinder may be greatly diminished, and consequently the
efficiency of the engine increased.

5. That the maximum effect, or nearly so, will be obtained when the
pressure of the air is one-tenth that of the steam, or when about two cubic
feet of air, at the pressure of the atmosphere and the temperature 60° F,, are
mixed with each pound of steam.

15. Remarks. As this investigation was nearly completed my attention
was called to a statement by Sir W. Armstrong, to the effect that Mr Siemens
had suggested as an explanation of the otherwise anomalous advantage of
forcing air into the boiler of a steam-engine, that the air may prevent, in
a great measure, the condensation at the surface of the cylinder. It would
thus seem that Mr Siemens has already suggested the probability of the fact,
which is proved in this investigation. I am not aware, however, that any
previous experiments have been made on the subject, and therefore I offer
these results as independent testimony of the correctness of Mr Siemens's
views as well as of my own,
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ON THE FORCES CAUSED BY EVAPORATION FROM, AND
CONDENSATION AT, A SURFACE.

[From the “ Proceedings of the Royal Society,” No. 153, 1874.]
(Read June 18th, 1874.)

I'r has been noticed by several philosophers, and particularly by Mr Crookes,
that, under certain circumstances, hot bodies appear to repel and cold ones
to attract other bodies. It is my object in this paper to point out, and to
describe experiments to prove, that these effects are the results of evaporation
and condensation, and that they are valuable evidence of the truth of the
kinetic theory of gas, viz. that gas consists of separate molecules moving at
great velocities,

The experiments of which the explanation will be given were as follows :—

A light stem of glass, with pith-balls on its ends, was suspended by a silk
thread in a glass flask, so that the balls were nearly at the same level.
Some water was then put in the flask and boiled until all the air was driven
out of the flask, which was then corked and allowed to cool. When cold there
was a partial vacuum in it, the gauge showing from § to # of an inch pressure,

It was now found that when the flame of a lamp was brought near to the
Hlask, the pith-ball which was nearest the flame was driven away, and that
with a piece of ice the pith was attracted.

This experiment was repeated under a variety of circumstances, in
different flasks and with different balances, the stem being sometimes of glass
and sometimes of platinum ; the results, however, were the same in all cases,
except such variations as I am about to describe,

The pith-balls were more sensitive to the heat and cold when the flask
was cold and the tension within it low; but the effect was perceptible until

5—2
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the gauge showed about an inch, and even after that the ice would attract
the ball.

The reason why the repulsion from heat was not apparent at greater
tensions, was clearly due to the convection-currents which the heat generated
within the flask. When there was enough vapour, these currents carried
the pith with them ; they were, in fact, then sufficient to overcome the forces
which otherwise moved the pith. This was shown by the fact that when the
bar was not quite level, so that one ball was higher than the other, the
currents affected them in different degrees; also that a different effect could
be produced by raising or lowering the position of the flame.

The condition of the pith also perceptibly affected the sensitiveness of
the balls. When a piece of ice was placed against the side of the glass, the
nearest of the pith-balls would be drawn towards the ice, and would eventually
stop opposite to it. If allowed to remain in this condition for some time, the
vapour would condense on the ball near the ice, while the other ball would
become dry (this would be seen to be the case, and was also shown, by the
tipping of the balance, that ball against the ice gradually getting lower). It
was then found, when the ice was removed, that the dry ball was insensitive
to the heat, or nearly so, while that ball which had been opposite to the ice
was more than ordinarily sensitive,

If the flask were dry and the tension of the vapour reduced with the
pump until the gauge showed £ of an inch, then, although purely steam, the
vapour was not in a saturated condition, and the pith-balls which were dry
were no longer sensitive to the lamp, although they would still approach
the ice.

From these last two facts it appears as though a certain amount of
moisture on the balls was necessary to render them sensitive to the heat.

In order that these results might be obtained, it was necessary that the
vapour should be free from air. If a small quantity of air was present, *
although not enough to appear in the gauge, the effects rapidly diminished,
particularly that of the ice, until the convection-currents had it all their own
way. This agrees with the fact that the presence of a small quantity of air
in steam greatly retards condensation and even evaporation.

With a dry flask and an air-vacuum, neither the lamp nor the ice produced
their effects; the convection-currents reigned supreme even when the gauge
was as low as }inch. Under these circumstances the lamp generally attracted
the balls and the ice repelled them, 7.e. the currents carried them towards the
lamp and from the ice ; but, by placing the lamp or ice very low, the’ reverse
effects could be obtained, which goes to prove that they were the effects of
the currents of air.
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These experiments appear to show that evaporation from a surface is
attended with a force tending to drive the surface back, and condensation
with a force tending to draw the surface forward, These effects admit
of explanation, although not quite as simply as may at first sight appear.

It seems easy to conceive that when vapour is driven off from a body
there must be a certain reaction or recoil on the part of the body; Hero's
engine acts on this principle. If a sheet of damp paper be held before
the fire, from that side which is opposite to the fire a stream of vapour
will be thrown off towards the fire with a perceptible velocity ; and therefore
we can readily conceive that there must be a corresponding reaction, and that
the paper will be forced back with a force equal to that which urges the
vapour forwards. And, in a similar way, whenever condensation goes on at a
surface it must diminish the pressure at the surface, and thus draw the
surface forwards.

It is not, however, wholly, or even chiefly, such visible motions as these
that afford an explanation of the phenomena just described. If the only
forces were those which result from the perceptible motion, they would
be insensible, except when the heat on the surface was sufficiently intense to
drive the vapour off with considerable velocity. This, indeed, might be the
case if vapour had no particles and were, what it appears to be, a homogeneous
elastic medium, and if, in changing from liquid into gas, the expansion took
place gradually, so that the only velocity acquired by the vapour was that
necessary to allow its replacing that which it forces before it and its giving
place to that which follows.

But, although it appears to have escaped notice so far, it follows, as a
direct consequence of the kinetic theory of gases, that, whenever evaporation
takes place from the surface of a solid body or a liquid, it must be attended
with a reactionary force equivalent to an increase of pressure on the surface,
which force is quite independent of the perceptible motion of the vapour.
Also, condensation must be attended with a force equivalent to a diminution
of the gaseous pressure over the condensing surface, and likewise independent
of the visible motion of the vapour. This may be shown to be the case as
follows :—

According to the kinetic theory, the molecules which constitute the
gas are in rapid motion, and the pressure which the gas exerts against
the bounding surfaces is due to the successive impulses of these molecules,
whose course directs them against the surface, from which they rebound with
unimpaired velocity, According to this theory, therefore, whenever a molecule
of liquid leaves the surface henceforth to become a molecule of gas, it must
leave it with a velocity equal to that with which the other particles of gas
rebound—that is to say, instead of being just detached and quietly passing
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off into the gas, it must be shot off with a velocity greater than that of a
cannon-ball, Whatever may be the nature of the forces which give it the
velocity, and which consume the latent heat in doing so, it is certain, from the
principle of conservation of momentum, that they must react on the surface
with a force equal to that exerted on the molecule, just as in a gun the
pressure of the powder on the breech is the same as on the shot.

The impulse on the surface from each molecule which is driven off
by evaporation must therefore be equal to that caused by the rebound
of one of the reflected molecules, supposing all the molecules to be of the
same size ; that is to say, since the force of rebound will be equal to that of
stopping, the impulse from a particle driven off by evaporation will be half the
impulse received from the stopping and reflection of a particle of the gas.
Thus the effect of evaporation will be to increase the number of impulses on
the surface; and although each of the new impulses will only be half as
effective as the ordinary ones, they will add to the pressure.

In the same way, whenever a molecule of gas comes up to a surface and,
instead of rebounding, is caught and retained by the surface, and is thus
condensed into a molecule of liquid, the impulse which it will thus impart to
the surface will only be one-half as great as if it had rebounded. Hence
condensation will reduce the magnitude of some of the impulses, and therefore
will reduce the pressure on the condensing surface.

For instance, if there were two surfaces in the same vapour, one of which
was dry and the other evaporating, then the pressure would be greater on the
moist surface than on that which was dry. And, again, if one of the surfaces
was dry and the other condensing, then the pressure would be greater on the
dry surface than on that which was condensing. Hence, if the opposite sides
of a pith-ball in vapour were in such different conditions, the ball would be
forced towards the colder side.

These effects may be expressed more definitely as follows :—

Let v be the velocity with which the molecules of the vapour move,

p the pressure on a unit of surface,
d the weight of a unit of volume of the vapour,
w the weight of liquid evaporated or condensed in a second ;

then the weight of vapour which actually strikes the unit of dry surface in a
second will be

_dv
=5
and the pressure p will be given by
oW
o= 2 69' '

* Bee Maxwell, Theory of Heat, p. 204.
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and f (the force arising from evaporation) will be given by

we
L

oof%

Thus we have an expression for the force in terms of the quantity of
water evaporated and the ratio of the pressure to the density of the vapour;
and if the heat necessary to evaporate the liquid (the latent heat) is known,
we can find the force which would result from a given expenditure of heat.

therefore

Applying these results to steam, we find that, at a temperature of 60°
the evaporation of 11b. of water from a surface would be sufficient to maintain
a force of 65 Ibs, for one second.

It is also important to notice that this force will be proportional to the
square root of the absolute temperature, and, consequently, will be approxi-
mately constant between temperatures of 32° and 212°,

If we take mercury instead of water, we find that the force is only 6 Ibs.
instead of 65 lbs.; but the latent heat of mercury is only 4 that of water,
so that the same expenditure of heat would maintain nearly three times
as great a force.

It seems, therefore, that in this way we can give a satisfactory explanation
of the experiments previously described. When the radiated heat from the
lamp falls on the pith, its temperature will rise, and any moisture on it will
begin to evaporate and to drive the pith from the lamp. The evaporation
will be greatest on that ball which is neavest to the lamp; therefore this ball
will be driven away until the force on the other becomes equal, after which
the balls will come to rest, unless momentum carries them further. On the
other hand, when a piece of ice is brought near, the temperature of the pith
will be reduced, and it will condense the vapour and be drawn towards
the ice,

It seems to me that the same explanation may be given of Mr Crookes’s
experiments ; for, although my experiments were made on water and at
comparatively high pressures, they were in reality undertaken to verify
the explanation as I have given it. I used water in the hope of finding
(as I have found) that, in a condensable vapour, the results could be obtained
with a greater density of vapour (that is to say, with a much less perfect
vacuum), the effect being a consequence of the saturated condition of the
vapour rather than of the perfection of the vacuum,

Mr Crookes only obtained his results when his vacuum was nearly as
perfect as the Sprengel pump would make it. Up to this point he had
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nothing but the inverse effects, viz. attraction with heat and repulsion with
cold. About the cause of these he seems to be doubtful; but I venture
to think that they may be entirely explained by the expansion of the
surrounding gas or vapour, and the consequent convection-currents. It
must be remembered that whenever the air about a ball is expanded, and
thus rendered lighter by heat, it will exercise less supporting or floating
power on the ball, which will therefore tend to sink. This tendency will be
in opposition to the lifting of the ascending current, and it will depend on the
shape and thickness of the ball whether it will rise or fall when in an ascend-
ing current of heated gas,

The reason why Mr Crookes did not obtain the same results with a
less perfect vacunm was because he had then too large a proportion of
air, or non-condensing gas, mixed with the vapour, which also was not in a
state of saturation. In his experiments the condensable vapour was that of
mercury, or something which required a still higher temperature, and it was
necessary that the vacuum should be very perfect for such vapour to be any-
thing like pure and in a saturated condition. As soon, however, as this state
of perfection was reached, then the effects were more apparent than in the
corresponding case of water. This agrees well with the explanation ; for, as
previously shown, the effect of mercury would, for the same quantity of heat,
be three times as great as that of water; and, besides this, the perfect state
of the vacuum would allow the pith (or whatever the ball might be) to move
much more freely than when in the vapour of water at a considerable tension.

Of course this reasoning is not confined to mercury and water; any gas
which is condensed or absorbed by the balls when cold in greater quantities
than when warm would give the same results ; and, as this property appears
to belong to all gases, it is only a question of bringing the vacuum to the
right degree of tension.

There was one fact connected with Mr Crookes's experiments which,
independently of the previous considerations, led me to the conclusion that
the result was due to the heating of the pith, and was not a direct result of
the radiated heat.

In one of the experiments exhibited at the Soirée of the Royal Society,
a candle was placed close to a flask containing a bar of pith suspended from
the middle : at first, the only thing to notice was that the pith was oscillating
considerably under the action of the candle ; each end of the bar alternately
approached and receded, showing that the candle exercised an influence
similar to that which might have been exercised by the torsion of the thread
had this been stiff. After a few minutes’ observation, however, it became
evident that the oscillations, instead of gradually diminishing, as one naturally
expected them to do, continued; and, more than this, they actually increased,
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until one end of the bar passed the light, after which it seemed quieter for a
little, though the oscillations again increased until it again passed the light.
As a great many people and lights were moving about, it seemed possible that
this might be due to external disturbance, and so its full importance did not
strike me.  Afterwards, however, I saw that it was only to be explained on
the ground of the force being connected with the temperature of the pith.
During part of its swing one end of the pith must be increasing in tem-
perature, and during the other part it must be cooling. And it is easily seen
that the ends will not be hottest when nearest the light, or coldest when
furthest away ; they will acquire heat for some time after they have begun
to recede, and lose it after they have begun to approach. There will, in
fact, be a certain lagging in the effect of the heat on the pith, like that which
is apparent in the action of the sun on a comet, which causes the comet to
be grandest after it has passed its perihelion. From this cause it is easy to
see that the mean temperature of the ends will be greater during the time
they are retiring than while approaching, and hence the driving force on that
end which is leaving will, on the whole, more than balance the retarding force
on that which is approaching ; and the result will be an acceleration, so that
the bar will swing further each time until it passes the candle, after which
the hot side of the bar will be opposite to the light, and will for a time tend
to counteract its effect, so that the bar will for a time be quieter. This fact
is independent evidence as to the nature of the force; and although it does
not show it to be evaporation, it shows that it is a force depending on the
temperature of the pith, and that it is not a direct result of radiation from
the candle.

Since writing the above paper, it has occurred to me that, according to
the kinetic theory, a somewhat similar effect to that of evaporation must
result whenever heat is communicated from a hot surface to gas.

The particles which impinge on the surface will rebound with a greater
velocity than that with which they approached ; and consequently the effect
of the blow must be greater than it would have been had the surface been of
the same temperature as the gas.

And, in the same way, whenever heat is communicated from a gas to a
surface, the force on the surface will be less than it otherwise would be, for the
particles will rebound with a less velocity than that of which they approach.

Mathematically the result may be expressed as follows—the symbols
having the same meaning as before, e representing the energy communicated
in the form of heat, and &v the alteration which the velocity of the molecule
undergoes on impact, As before,

et e 8.
p—gjgorv- v i)
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Therefore, in the case of steam at a temperature of 60°,
€
f_ 22_{)_00 ]
and in the case of air
e
/= 1400°
It must be remembered that e depends on the rate at which cold particles
will come up to the hot surface, which is very slow when it depends only on

the diffusion of the particles of the gas inter se and the diffusion of the heat
amongst them.

It will be much increased by convection-currents; but these will (as has
been already explained), to a certain extent, produce an opposite effect. It
would also seem that this action cannot have had much to do with Mr Crookes’s
experiments, as one can hardly conceive that much heat could be communicated
to the gas or vapour in such a perfect vacuum as that he obtained, unless,
indeed, the rate of diffusion varies inversely as the density of a gas®. It will
be interesting, however, to see what light experiments will throw on the
questiont.

* June 10, Professor Maxwell has shown that the diffusion both of heat and of the gas varies
inversely ns the density; therefore, excepting for convection-eurrents, the amount of heat com-
municated from a surface to a gas would be independent of the density of the gas, and hence the
force f would be independent of the density; that is to say, this force would remain constant ad
the vacuum improved, while the convection-currents and counteracting forces would gradually
diminish. It scems probable, therefore, that Mr Crookes’s results are, at least in part, due to
this force.

+ For continuation see papers 24 and 85.



12.

ON THE SURFACE-FORCES CAUSED BY THE COMMUNI-
CATION OF HEAT.

[From the “ Philosophical Magazine” for November, 1874.]

IN a paper read before the Royal Society, June 18, I pointed out, as it
seemed to me, that whenever evaporation or condensation takes place on a
surface, they are attended with certain forces tending respectively to drive
the surface back and urge it forward, these forces arising, according to the
kinetic theory, from the momentum which is imparted from the surface
to the particles driven off, and vice versd. I also pointed out at the end
of the paper that similar effects will be produced whenever heat is com-
municated from a surface to a gas, and vice versd. The possibility of this
latter effect only occurred to me as I was on the point of sending off the
paper, and consequently was added by way of an appendix. The first part
of the paper contains a description of some experiments undertaken to
verify my conclusions respecting the forces of evaporation and condensation,
the results of which seem to me to be fully explained by these forces; so
that had I rewritten the paper after becoming aware of the possible existence
of the other force, I should have had nothing to add in connexion with these
experiments. I had, however, also endeavoured to show that the first class
of forces afforded an explanation of Mr Crookes's experiments; and had
this part of the paper been rewritten it would have been somewhat altered,
as the last class of forces (those arising from the simple communication
of heat) seem to afford a simpler explanation of some of the phenomena
observed by Mr Crookes. I regret that this was not done, as, from some
remarks in a paper published in the August Number of the Philosophical
Magazine, 1 fear that Mr Crookes has not understood my meaning, and has
consequently been at the trouble of making further experiments, which,
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however valuable from other considerations, throw no fresh light on the
case in point, However, before proceeding to discuss the subject further,
I would set myself straight with Mr Crookes in one or two particulars.

Mr Crookes appears to complain that I did not give him credit for
having obtained evidence of repulsion by heat in a medium as dense as
that which I used, viz. from 4 to § inch of mercury. Now the only
account of his experiments which I had seen was the abstract published
in the ‘Proceedings of the Royal Society,” December 1; and in this the
highest pressure at which he definitely states he obtained repulsion is 3
millimetres, or one-tenth of an inch: but this in truth was not the point.
In Art. 44 of his paper he describes an experiment in which he did not
obtain repulsion until the Sprengel pump had been at work for a long
time after the gauge showed half a millimetre. It was the results of this
experiment which I was endeavouring to explain, and consequently it was
to this experiment that my remarks applied; and I had not the least
intention of implying that these were the only results which Mr Crookes
obtained. However, had it not been so, had I misread Mr Crookes’s paper
as he supposed, I think that he would have forgiven me when he sees that
he has committed a similar offence against me. He commences his remarks
on my paper by saying, “ In my exhausted receiver he assumes the presence
of aqueous vapour”; whereas nowhere in my paper do I mention any such
assumption, nor did it enter into my head to make it. Nay, further, I think
I have shown, however darkly, that, under the conditions under which
Mr Crookes's experiments were made, aqueous vapour would not be sufficient
to explain the results, since it would be to all intents a non-condensable gas.
However, enough of this.

So far as I can see, the case now stands thus :—

1. Whenever a body is surrounded by a condensable medium (that is,
vapour at its point of saturation), heating or cooling of the body will be
respectively attended with evaporation and condensation, and hence with
forces over the surface.

2. The amount of evaporation or condensation will not depend on the
density of the vapour with which the surface is surrounded, provided only
that it be at its point of saturation, but will depend on the amount of
heat available; that is to say, it will depend on the amount of heat imparted
to or taken from the body. Thus the evaporation of mercury would take
place as readily, in a medium of too small density to be measured, as the
evaporation of water under the pressure of § of an inch. ‘

3. The presence of a non-condensable gas will greatly retard the rate
of evaporation and condensation.
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4. That under the conditions (1), there will be forces arising from
convection-currents in the surrounding medium, which will generally act
in opposition to the forces (1), but which will diminish with the density
of the medium, while the other forces remain constant and therefore must
ultimately prevail.

5. That there is yet another set of forces, which act when the medium
is not in a state of saturation, i.e. is not condensable, These forces arise from
the communication of heat to or from the surface from or to the gas, These
forces will be directly proportional to the rate at which the heat is com-
municated ; and since this rate has been shown by Professor Maxwell to
be independent of the density of the gas, these forces, like those arising
from condensation and evaporation, will be independent of the density of
the surrounding medium, and their effect will increase as the density and
convection-currents diminish,

These forces would appear, if their magnitude is sufficient, to afford an
explanation of all Mr Crookes’s results if the medium is not in a state of
saturation; but when, as in my experiments, the medium is steam, and
water is present in the receiver, or, as I suppose in Mr Crookes’s experiments,
mercury was present, and the medium was vapour of mercury, or at any rate
sulphuric acid, then it would be impossible for the medium to communicate
heat to the ball or surface without condensation; and hence in such cases
it seems to me that the effects must be due to the forces of condensation.
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ON THE EFFECT OF IMMERSION ON SCREW PROPELLERS.

[#rom the “ Transactions of the Institution of Naval Architects,” 1874.]
(Read March 27th, 1874.)

IN a paper read before this Institution last year (see paper 9), I showed
that the phenomena of screw propulsion called “racing” is due to the
difference between the conditions under which a screw works when so far
buried below the surface that it does not break the surface, and when by
breaking the surface it is able to draw air down behind its blades. The
present communication contains the results of some experiments which
bear on the same subject, and which are of a somewhat different kind to

those previously described.

In these experiments my object was to determine how far the depth
of immersion affected the resistance which a serew encounters when not
travelling forward—when the boat is stationary.

It has been stated by several writers—and it seems to be a very
general impression—that the resistance which the water offers to the
turning of a screw is greater at greater depths, This certainly is shown
to be the case by the experiments of Messrs Rennie and Maudslay.

Now, neither the friction nor action of liquids against a moving vane
is affected by pressure in ordinary circumstances, consequently, this increase
of resistance in the case of the screw requires explanation. This explanation
is to be found in the action of the air drawn in from the surface; or, rather,
I should say, is due to the atmospheric pressure acting when the air is

excluded.
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When the screw is sufficiently near the surface to draw air down, then
it will only be working on a partial stream of water, and the quantity of
water which it will be able to draw within its range will depend, not upon
the velocity of the screw, but upon the velocity with which fresh water from
behind will replace that which the screw removes, and this will obviously
depend on the head of water above the cavity, or its depth below the
surface. When, however, the screw is once sufficiently below the surface
not to draw air, then, owing to the pressure of the atmosphere being added
to the head of water, the total will be greater than necessary, and it will
be acting on a full stream of water, and no further immersion will affect
its action; unless, indeed, it be drawn with sufficient velocity to cause
a vacuum behind its blades. Such cases, however, do not come within
the range of ordinary experience, for the exclusion of the air has the same
effect as an extra immersion of 30 feet,

This explanation is fully established by the following experiments,
which also confirm the results of my previous experiments on racing. For
in this case the action of racing was invariably attended with frothing, and

vice versd.

The screw used in these experiments was 2 inches in diameter; and was
connected with a spring, which, in running down, made the screw turn two
hundred and forty times. The resistance which the screw encountered was
shown by the time taken in running down.

FIRsT SERIES OF EXPERIMENTS, DURING WHICH THE SAME STRENGTH OF
SPRING WAS USED.

Number of Depth of Time taken
Experiment Imnl:mion to run down Remarks
Seconds
1 1 19 Did not race
2 2 19 >
3 3 20 5
4 2 20 =
b 1 20 "
r 6 20 y
7 20 Raced a little at starting
| 8 12 Raced
9 e 12 "
10 .’; 12 »
11 0 12 o
12 0 12 &
13 - 10 %
14 - 7 &
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SECOND SET oF EXPERIMENTS, DURING WHICH THE SAME SPRING WAS
USED, BUT WHICH WAS STRONGER THAN THAT USED IN THE PREVIOUS

CASE,
Number of Depth of Time taken
Fxperiment Imnl:arsinn to run down Remarks
l | Seconds
1 3 | 10 Did not race
2 1 10 ~
3 . 8 11 Raced at starting
- 4 |8 1 3
i b i i 9 Raced intermittently
| G | '3 9 ”
7 G Raced
‘ N ' 4 R
| 9 0 4 i
|

From these experiments we must conclude, that so long as the screw is
not frothing (is working in solid water®), the resistance is independent of
the depth of immersion, Hence it follows that it is probable that in
Mr Rennie’s and Mr Maudslay's experiments the screw was frothing all
the time, It must be remembered that, when the screw or boat is
stationary, there is a much greater chance of drawing down air than when
it is under way. While on one of Mc Ivor's boats—the Palmyra—Ilast
summer, I observed that whenever we made a start the serew frothed the
water, although at the time the tips of its blades did not come within 8 feet
of the surface; and when we were under way in calm water there was no
froth whatever.

* The term * golid water” is used to express unbroken water, i.e., water without air, not, as
is sometimes assumed, undisturbed water, This latter condition is not apparent, for the water is
just as olear whatever may be its natural motion, go long as there are no bubbles of air. .
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ON THE EXTENT AND ACTION OF THE HEATING SURFACE
OF STEAM BOILERS.

[From the Fourteenth Volume of the “Proceedings of the Literary and
Philosophical Society of Manchester.” Session 1874-5.]

(Read October 6, 1874.)

THE rapidity with which heat will pass from one fluid to another, throngh
an intervening plate of metal, is a matter of such practical importance that
I need not apologise for introducing it here, Besides its practical value, it
also forms a subject of very great philosophical interest, being intimately
connected with, if it does not form part of, molecular philosophy.

In addition to the great amount of empirical and practical knowledge
which has been acquired from steam boilers, the transmission of heat has
been made the subject of direct inquiry by Newton, Dulong and Petit,
Péclet, Joule, and Rankine, and considerable efforts have been made to
reduce it to a system. But as yet the advance in this direction has not
been very great; and the diserepancy in the results of the various experi-
ments is such, that one cannot avoid the conclusion that the circumstances
of the problem have not been all taken into account.

Newton appears to have assumed that the rate at which heat is trans-
mitted from a surface to a gas, and vice versa, is, ceteris paribus, directly
proportional to the difference in temperature between the surface and the
gas, whereas Dulong and Petit, followed by Péclet, came to the conclusion
from their experiments that it followed altogether a different law *,

These philosophers do not seem to have advanced any theoretical reasons

* Traité de la Chaleur, Péelet, Vol, 1., p. 305,
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for the law which they have taken, but have deduced it entirely from
their experiments, “& chercher par tAtonnement la loi que suivent ces
résultats®.”

In reducing these results, however, so many things had to be taken into
account, and so many assumptions have been made, that it can hardly be a
matter of surprise if they have been misled. And there is one assumption
which upon the face of it seems to be contrary to general experience, this
is, that the quantity of heat imparted by a given extent of surface to the
adjacent fluid is independent of the motion of that fluid or of the nature of
the surfacet; whereas the cooling effect of a wind compared with still air is
so evident that it must cast doubt upon the truth of any hypothesis which
does not take it into account.

In this paper I approach the problem in another manner from that in
which it has been approached before. Starting with the laws, recently
discovered, of the internal diffusion of fluids, I have endeavoured to deduce
from theoretical considerations the laws for the transmission of heat, and then
verify these laws by experiment. In the latter respect I can only offer a
few preliminary results; which, however, seem to agree so well with general
experience, as to warrant a further investigation of the subject, to promote
which is my object in bringing it forward in the present incomplete form.

The heat carried off by air, or any fluid, from a surface, apart from the
effect of radiation, is proportional to the internal diffusion of the fluid at
and near the surface, @.e, is proportional to the rate at which particles or
molecules pass backwards and forwards from the surface to any given depth
within the fluid, thus, if 4B be the surface and ab an ideal line in the fluid
parallel to AB then the heat carried off from the surface in a given time
will be proportional to the number of molecules which in that time pass
from ab to AB—that is for a given difference of temperature between the
fluid and the surface.

This assumption is fundamental to what I have to say, and is based on
the molecular theory of fluids.

Now the rate of this diffusion has been shown from various considerations
to depend on two things :—

1. The natural internal diffusion of the fluid when at rest.

2. The eddies caused by visible motion which mixes the fluid up and
continually brings fresh particles into contact with the surface.

The first of these causes is independent of the velocity of the fluid, and,
if it be a gas, is independent of its density, so that it may be said to depend
only on the nature of the fluid. .

* Traité de la Chaleur, Péclet, Vol. 1., p. 803, t Ibid., p. 883,
+ Maxwell's Theory of Heat, Chap. xix.
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The second canse, the effect of eddies, arises entirely from the motion of
the fluid, and is proportional both to the density of the fluid, if gas, and
the velocity with which it flows past the surface.

The combined effect of these two causes may be expressed in a formula
as follows:

I s AR 4 BV iissvarsn i vanias bravhaivyon (),
where ¢ is the difference of temperature between the surface and the fluid,
p is the density of the fluid, » its velocity, A and B constants depending on
the nature of the fluid, and H the heat transmitted per unit area of the
surface in a unit of time,

If, therefore, a fluid were forced along a fixed length of pipe, which was
maintained at a uniform temperature greater or less than the initial tempera-
ture of the gas, we should expect the following results.

1. Starting with a velocity zero, the gas would then acquire the same
temperature as the tube. 2. As the velocity increased the temperature at
which the gas would emerge would gradually diminish, rapidly at first, but
in a decreasing ratio until it would become sensibly constant and inde-
pendent of the velocity. The veloeity after which the temperature of the
emerging gas would be sensibly constant can only be found for each
particular gas by experiment ; but it would seem reasonable to suppose that
it would be the same as that at which the resistance offered by friction to
the motion of the fluid would be sensibly proportional to the square of the
velocity. It having been found both theoretically and by experiment that
this resistance is connected with the diffusion of the gas by a formula :

L e Rt (11),

And various considerations lead to the supposition that 4 and B in (I)
are proportional to 4" and B’ in (11).

The value of » which this gives is very small, and hence it follows that
for considerable velocities the gas should emerge from the tube at a nearly
constant temperature whatever may be its velocity.

This, as I am about to point out, is in accordance with what has been
observed in tubular boilers, as well as in more definite experiments.

In the Locomotive the length of the boiler is limited by the length of
tube necessary to cool the air from the fire down to a certain temperature,
say 500°, Now there does not seem to be any general rule in practice for
determining this length, the length varying from 16 ft. to as little as 6, but
whatever the proportions may be, each engine furnishes a means of comparing
the efficiency of the tubes for high and low velocities of the air through
them. It has been a matter of surprise how completely the steam-producing

62
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power of a boiler appears to rise with the strength of blast or the work
required from it. And as the boilers are as economical when working with
a high blast as with a low, the air going up the chimmey cannot have a
much higher temperature in the one case than in the other. That it should
be somewhat higher is strictly in accordance with the theory as stated
above.

It must, however, be noticed that the foregoing conclusion is based on
the assumption that the surface of the tube is kept at the same constant
temperature, a condition which it is easy to see can hardly be fulfilled in
practice.

The method by which this is usunally attempted is by surrounding the
tube on the outside with some fluid the temperature of which is kept
constant by some natural means, such as boiling or freezing, for instance the
tube is surrounded with boiling water. Now although it may be possible to
keep the water at a constant temperature, it does not at all follow that the
tube will be kept at the same temperature; but on the other hand, since
heat has to pass from the water to the tube, there must be a difference of
temperature between them, and this difference will be proportional to the
quantity of heat which has to pass. And again, the heat will have to pass
through the material of the tube, and the rate at which it will do this will
depend on the difference of the temperature at its two surfaces. Hence if
air be forced through a tube surrounded with boiling water, the temperature
of the inner surface of the tube will not be constant, but will diminish with
the quantity of heat carried off by the air. It may be imagined that the
difference will not be great: a variety of experiments lead me to suppose
that it is much greater than is generally supposed. It is obvious that, if the
previous conclusions be correct, this difference would be diminished by
keeping the water in motion, and the more rapid the motion the less would
be the difference. Taking these things into consideration the following
experiments may, I think, be looked upon, if not as conclusive evidence of
the truth of the above reasoning, yet as bearing directly upon it.

One end of a brass tube was connected with a reservoir of compressed
air, the tube itself was immersed in boiling water, and the other end was
connected with a small non-conducting chamber, formed of concentric
cylinders of paper with intervals between them, in which was inserted the
bulb of a thermometer. The air was then allowed to pass through the tube
and paper chamber, the pressure in the reservoir being maintained by
bellows, and measured by a mercury gauge; the thermometer then indicated
the temperature of the emerging air. One experiment gave the following
results:—With the smallest possible pressure the thermometer rose to
96° F., and as the pressure increased fell until with J; inch it was 87°, with



14] OF THE HEATING SURFACE OF STEAM BOILERS, 85

} inch it was 70° with 1 inch it was 64°, with 2 inches 60°, beyond this point
the bellows would not raise the pressure.

It appears, therefore, (1) that the temperature of the air never rose to
212, the temperature of the tube, even when moving slowest; but the
difference was clearly accounted for by the loss of heat in the chamber from
radiation, the small quantity of air passing through it not being sufficient
to maintain the full temperature, an effect which must obviously vanish as
the velocity of the air increased ; (2) as the velocity increased the tempera-
ture diminished, at first rapidly, and then in a more steady manner. The
first diminution might be expected, from the fact that the velocity was not
as yet equal to that at which the resistance of friction is sensibly equal to
the square of the velocity, as previously explained. The steady diminution,
which continued when the velocity was greater, was due to the cooling of the
tube. This was proved to be the case, for at any stage of the operation the
temperature of the emerging air could be slightly raised by increasing the
heat under the water, so as to make it boil faster, and produce greater agita-
tion in the water surrounding the tube. This experiment was repeated with
several tubes of different lengths and characters, some of copper and some
of brass, with practically the same results. I have not however as yet been
able to complete the investigation, and I hope to be able before long to bring
forward another communication before the Society.

I may state that should these conclusions be established, and the constant
B for different fluids be determined, we should then be able to determine,
as regards length and extent, the best proportion for the tubes and flues of
boilers,
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ON THE ACTION OF RAIN TO CALM THE SEA.

(From the Fourteenth Volume of the “Proceedings of the Literary and
Philosophical Society of Manchester.”  Session 1874-5.]

(Llead Junuary 12, 1875.)

THERE appears to be a very general belief amongst sailors that rain tends
to calm the sea, or as I have often heard it expressed, that rain soon knocks
down the sea.

Without attaching very much weight to this general impression, my
object in this paper is to point out an effect of rain on falling into water
which I believe has not been hitherto noticed, and which would certainly
tend to destroy any wave motion there might be in the water.

When a drop of rain falls on to water the splash or rebound is visible
enough, as are also the waves which diverge from the point of contact !
but the effect caused by the drop under the surface is not apparent, because
the water being all of the same colour there is nothing to show the inter-
change of place which may be going on. There is however a very con-
siderable effect produced. If instead of a drop of rain we let fall a drop
of coloured water, or better still if we colour the topmost layer of the water,
this effect becomes apparent. We then see that each drop sends down
one or more masses of coloured water in the form of vortex rings. These
rings descend, with a gradually diminishing velocity and with increasing
size, to a distance of several inches, generally as much as 18, below the
surface.

Each drop sends in general more than one ring, but the first ring is
much more definite and descends much quicker than those which follow it.
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If the surface of the water be not coloured, this first ring is hardly apparent,
for it appears to contain very little of the water of the drop which causes it.
The actual size of these rings depends oun the size and speed of the drops.
They steadily increase as they descend, and before they stop they have
generally attained a diameter of from 1 to 2 inches, or even more. The
annexed cut shows the effect which may be produced in a glass vessel.

It is not that the drop merely forces itself down under the surface, but in
descending carries down with it a mass of water, which, when the ring is
1 inch in diameter, would be an oblate spheroid having a larger axis of
2 inches and a lesser of about 1§ inches. For it is well known that the
vortex ring is merely the core of the mass of fluid which accompanies it,
the shape of which is much the same as that which would be formed by
winding string through and through a curtain ring until it was full.

It is probable that the momentum of these rings corresponds very nearly
with that of the drops before impact, so that when rain is falling on to water,
there is as much motion immediately beneath the surface as above it, only
the drops, so to speak, are much larger and their motion is slower,

Thus besides the splash and surface effect, which the drops produce,
they cause the water at the surface rapidly to change places with that at
some distance below.

Such a transposition of water from one place to another must tend to
destroy wave motion. This may be seen as follows, Imagine a layer of
water, adjacent to the surface and a few inches thick, to be flowing in any
direction over the lower water, which is to be supposed at rest. The effect
of a drop would be to knock some of the moving water into that which is
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at rest, and a corresponding quantity of water would have to rise up into
the moving layer, so that the upper layer would lose its motion by com-
municating it to the water below. Now when the surface of water is
disturbed by waves, besides the vertical motion, the particles move back-
wards and forwards in a horizontal direction, and this motion diminishes
as we proceed downwards from the surface, Therefore in this case, the effect
of rain-drops will be the same as in the case considered above, namely, to
convey the motion, which belongs to the water at the surface, down into
the lower water, where it has no effect so far as the waves are concerned ;
hence the rain would diminish the motion at the surface, which is essential
to the continuance of the waves, and thus destroy the waves.



16.
ON THE REFRACTION OF SOUND BY THE ATMOSPHERE.
[#rom the “Proceedings of the Royal Society,” No. 155, 1874.]
(Read April 23, 1874.)

My object in this paper is to offer explanations of some of the more
common phenomena of the transmission of sound, and to describe the
results of experiments in support of these explanations, The first part of
the paper is devoted to the action of wind upon sound. In this part of the
subject I find that I have been preceded by Professor Stokes, who in
1857 gave precisely the same explanation as that which occurred to me.
1 bhave, however, succeeded in placing the truth of this explanation upon
an experimental basis; and this, together with the fact that my work upon
this part of the subject is the cause and foundation of what I have to say
on the second part, must be my excuse for introducing it here. 1In the
second part of the subject I have dealt with the effect of the atmosphere
to refract sound upwards, an effect which is due to the variation of tem-
perature, and which I believe has not hitherto been noticed. I have been
able to show that this refraction explains the well-known difference which
exists in the distinctness of sounds by day and by night, as well as other
differences in the transmission of sound arising out of circumstances such
as temperature; and I have applied it in particular to explain the very
definite results obtained by Professor Tyndall in his experiments off the
South Foreland.

The Effect of Wind upon Sound

is a matter of common observation. Cases have been known in which,
against a high wind, guns could not be heard at a distance of 550 yards*,

* Proc. Roy. Soc., 1874, p. 62,
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although on a qun!. day the same guns might be heard from ten to t.wenly
miles. And it is not only with high winds that the effect upon sound is
apparent; every sportsman knows how important it is to enter the field on
the lee side even when the wind is very light. In light winds, however,
the effect is not so certain as in high winds; and (at any rate so far as our
ears are concerned) sounds from a small distance seem at times to be rather
intensified than diminished against very light winds. On all occasions the
effect of wind seems to be rather against distance than against distinctness.
Sounds heard to windward are for the most part heard with their full dis-
tinctness; and there is only a comparatively small margin between that
point at which the sound is perceptibly diminished and that at which it
ceases to be audible,

That sound should be blown back by a high wind does not at first sight
appear to be unreasonable. Sound is known to travel forward through or
on the air; and if the air is itself in motion, moving backwards, it will
carry the sound with it, and so retard its forward motion—just as the
current of a river retards the motion of ships moving up the stream. A
little consideration, however, serves to show that the effect of wind on
sound cannot be explained in this way. The velocity of sound (1100 feet
per second) is so great compared with that of the highest wind (50 to 100
feet per second), that the mere retardation of the velocity, if that were all,
would not be apparent. The sound would proceed against the wind with a
slightly diminished velocity, at least 1000 feet per second, and with a but
very slightly diminished intensity.

Neither can the effect of wind be solely due to its effect on our hearing.
There can be no doubt that during a high wind our power of hearing is
damaged; but this is the same from whatever direction the sound may
come; and hence from this cause the wind would diminish the distance at
which sounds could be heard, whether they moved with it or against it,
whereas this is most distinctly not the case. Sounds at right angles to the
wind are but little affected by it; and in moderate winds sounds can be
heard further with the wind than when there is none,

The same may be said against theories which would explain the effect of
wind as causing a heterogeneous nature in the air so that it might reflect
the sound. All such effects must apply with equal force with and against
the wind.

This question has baffled investigators for so long a time, because they
have looked for the cause in some direct effect of the motion of the air,
whereas it seems to be but incidentally due to this. The effect appears,
after all, not to be due simply to the wind, but to the difference in the
velocity with which the air travels at the surface of the ground and at a
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height above it; that is to say, if we could have a perfectly smooth surface
which would not retard the wind at all, then the wind would not obstruet
sound in the way it does, for it would all be moving with an equal velocity ;
but, owing to the roughness of the surface and the obstructions upon it,
there is a gradual diminution in the velocity of the wind as it approaches
the surface. The rate of this diminution will depend on the nature of the
surface; for instance, in a meadow the velocity at 1 foot above the surface
is only half what it is at an elevation of 8 feet, and smaller still compared
with what it is at greater heights.

To understand the way in which this variation in the velocity affects the
sound, it is necessary to consider that the velocity of the waves of sound
does depend on the velocity of the wind, although not in a great degree.
To find the velocity of the sound with the wind we must add that of the
wind to the normal velocity of sound, and against the wind we must subtract
the velocity of the wind from the 1100 feet per second (or whatever may be
the normal velocity of the sound) to find the actual velocity. Now if the
wind is moving at 10 feet per second at the surface of a meadow, and at
20 feet per second at a height of 8 feet, the velocity of the sound against
the wind will be 1090 feet per second at the surface, and 1080 feet per
second at 8 feet above the surface; so that in a second the same wave of
sound will have travelled 10 feet further at the surface than at a height of
8 feet. This difference of velocity would cause the wave to tip up and
proceed in an upward direction instead of horizontally. For if we imagine
the front of a wave of sound to be vertical to start with, it will, after
proceeding for one second against the wind, be inclined at an angle of more
than 45° or half a right angle; and since sound-waves always move in a
direction perpendicular to the direction of the front (that is to say, if the
waves are vertical they will move horizontally, and not otherwise), after one
second the wave would be moving upwards at an angle of 45° or more. Of
course, in reality, it would not have to proceed for one second before it
began to move upwards: the least forward motion would be followed by
an inclination of the front backwards, and by an upward motion of the
wave, A similar effect would be produced in a direction opposite to that
of the wind, only as the top of the wave would then be moving faster
than the bottom, the waves would incline forwards and move downwards.
In this way the effect of the wind is to lift the waves which proceeded to
windward, and to bring those down which move with it.

Thus the effect of wind is not to destroy the sound, but to raise the ends
‘of the wave, which would otherwise move along the ground, to such a height
that they pass over our heads,

When the ends of the waves are raised from the ground they will tend
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to diverge down to it, and throw off' secondary waves, or, as I shall call them,
diverging waves, so as to reconstitute the gap that is thus made. These
secondary waves will be heard as a continuation of the sound, more or
less faint, after the primary waves are altogether above our heads. [This
phenomenon of divergence presents many difficulties, and has only as yet
been dealt with for particular cases. It may, however, be assumed, from
what is known respecting it, that in the case of sound being lifted up from
the ground by refraction, or, what is nearly the same thing, passing directly
over the crest of a hill so that the ground falls away from the rays of sound,
diverging waves would be thrown off very rapidly at first and for a con-
siderable distance, depending on the wave-length of the sound; but as
the sound proceeds further the diverging rays, would gradually become
fainter and more nearly parallel to the direct rays, until at a sufficient
distance they would practically cease to exist, or, at any rate, be no greater
than those which cause the diffraction-bands in a pencil of light*. The
divergence would introduce bands of diffraction or interference within the
direct or geometrical path of the sound, as in the case of light, These
effects would also be complicated by the reflection of the diverging waves
from the ground, which, crossing the others at a small angle, would also
cause bands of interference, The results of all these causes would be very
complicated, but their general effect would be to cause a rapid weakening
of the sound at the ground from the point at which it was first lifted; and
as the sound became weaker it would be crossed by bands of still fainter
sound, after which, the diverging rays, as well as the direct rays, would be
lifted, and at the ground nothing would be heard.—September 1874.]

If we leave out of consideration the divergence, then we may form some
idea as to the path which the bottom of the sound, or the rays of sound
(considered as the rays of light), would follow, If the variation in the speed
of the wind were uniform from the surface upwards, then the rays of sound
would at first move upwards, very nearly in circles, The radii of these

circles may be shown to be 1100 x , where v, and v, are the velocities

1 2
of the wind in feet per second at elevations differing by A feet. In fact,
however, the variation is greatest at the ground, and diminishes as we
proceed upwards, so that the actual path would be more nearly that of a
parabola.

Also, owing to this unequal variation in the veloeity, those parts of the
waves immediately adjacent to the ground will rise more rapidly than the

* Taking sound of 1 foot wave-length, and comparing it with light whose wave-léngth is the
50,000th part of an inch, then the divergence of the sound at a mile from the point at which it
left the ground would be comparatively the same as that of the light at ; of an inch from the
aperture at which the pencil was formed.
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part immediately above them; hence there will be a crowding of the waves
at a few feet from the ground, and this will lead to an intensifying of the
sound at this point. Hence, notwithstanding the divergence, we might
expect the waves to windward to preserve their full intensity so long as they
were low enough to be heard. And this is in accordance with the fact, often
observed, that sounds at short distances are not diminished but rather
intensified when proceeding against the wind.

It will at once be perceived that by this action of the wind the distance
to which sounds can be heard to windward must depend on the elevation
of the observer and the sound-producing body. This does not appear to be a
fact of general observation. It is diffieult to conceive how it can have been
overlooked, except that, in nine cases out of ten, sounds are not continuous,
and thus do not afford an opportunity of comparing their distinctness at
different places. It has often astonished me, however, when shooting, that
a wind which did not appear to me to make the least difference to the
direction in which I could hear small sounds most distinctly, should yet be
suflicient to cover one’s approach to partridges, and more particularly to rabbits,
even until one was within a few feet of them—a fact which shows how much
more effectively the wind obstructs sound near the ground than even a few
feet above it.

Elevation, however, clearly offered a crucial test whether such an action
as that I have described was the cause of the effect of wind upon sound.
Having once entertained the idea, it was clearly possible to put it to the
test in this way, Also, if the principles hold in sound, something analogous
must hold in the case of waves on the surface of a running stream of water
—for instance, waves made near the bank of a river,

I had just reached the point of making such tests when I discovered that
the same views had been propounded by Professor Stokes so long ago as
1857*  Of course, after such a discovery, it seemed almost unnecessary
for me to pursue the matter further; but as there were one or two points
about which I was not then quite certain, and as Prof. Stokes’s paper does
not appear to be so well known as it might be (I do not know of one writer on
sound who has adopted this explanation), it still seemed that it might
be well, if possible, to put the subject on an experimental basis, I therefore
made the experiments I am about to deseribe ; and I am glad that 1 did
not rest content without them, for they led me to what I believe to be the
discovery of refraction of sound by the atmosphere,

The results of my first observation are shown in Fig, 1. This represents
the shape of the waves as they proceeded outwards from a point near the

* Brit. Assoc, Report, 1857, Trans, of Sect, p. 22,
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bank of a stream about 12 feet wide. Had the water been at rest there
would have been semicircular rings ; as it was, the front of the waves up the

zZrED> >

Fig. 1.

stream made an obtuse angle with the wall, which they gradually left. The
ends of the waves, it will be observed, gradually died ount, showing the effect
of divergence, The waves proceeding down the stream were, on the other
hand, inclined to the wall, which they approached.

I was able to make a somewhat better observation in the Medlock, near
the Oxford Road Bridge, Manchester, A pipe sent a succession of drops
into the water at a few inches from the wall, which, falling from a consider-
able height, made very definite waves. Fig, 2 represents a sketch of these

Fig. 2.

waves, made on the spot: the diverging waves from the ends of the direct
waves, and also the bands of interference, are very clearly seen. Both these
figures agree with what has been explained as the effect of wind on sound,

In the next place I endeavoured to ascertain the effect which elevation
has on the distance to which sound can be heard against a wind, In
making these experiments I discovered some facts relating to the transmission
of sound over a rough surface, which, although somewhat obvious, appear
hitherto to have escaped attention,
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My apparatus consisted of an electrical bell, mounted on a case containing
a battery. The bell was placed horizontally on the top of the case, so that
it could be heard equally well in all directions; and when standing on the
ground the bell was 1 foot above the surface. I also used an anemometer.

These experiments were made on four different days, the 6th, 9th, 10th,
and 11th of March. On the first of these the wind was very light, on the
others it was moderately strong, strongest on the second and fourth; on all
four the direction was the same, viz. north. On the two last days the
ground was covered with snow, which gave additional interest to the ex-
periments, inasmuch as it enabled me to compare the effect of different
surfaces, On the first two days I was alone, but on the last two I had
the assistance of Mr J. B. Millar, of Owens College, whose ears were rather
better than mine, although I am not aware of any deficiency in this respect.
The experiments were all made in the same place, a flat meadow of con-
siderable extent.

The General Results of the Ewxperiments.

De La Roche®, in his experiment, found that the wind produced least
effect on the sound at right angles to its direction, 7.e. sounds could be
heard furthest in this direction. His method of experimenting, however,
was not the same as mine. He compared the sounds from two equal bells,
and in all cases placed the bells at such distances that the sounds were
equally distinct. I, on the other hand, measured the extreme distance at
which the sounds could be heard, the test being whether or not the observer
noticed a break in the continuity of sound, a stoppage of the bell. The
difference in our method of experimenting accounts for the difference in
our results. I found in every case that the sound could be heard further
with the wind than at right angles to its direction ; and when the wind was
at all strong, the range with the wind was more than double that at right
angles. It does not follow, however, nor was the fact observed, that at com-
paratively short distances the sound with the wind was more intense than at
right angles.

The explanation of this fact, which was fully borne out by all the ex-
periments, is that the sound which comes in immediate contact with the
ground is continually destroyed by the rough surface, and the sound from
above is continually diverging down to replace that which has been
destroyed. These diverging waves are in their turn destroyed: so that
there is a gradual weakening of the intensity of the waves near the ground,
and this weakening extends upwards as the waves proceed. Therefore,
under ordinary circumstances, when there is no wind the distant sounds

* Annales de Chimie, Vo, 1. p. 177 (1816).
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which pass above us are more intense than those which we hear. Of this
fact I have abundant evidence. On the Gth, when the wind was light, at
all distances greater than 20 yards from the bell the sound was much less
at the ground than a few feet above it; and I was able to recover the
sound after it had been lost in every direction by mounting on to a tree,
and even more definitely by raising the bell on to a post 4 feet high,
which had the effect of doubling the range of the sound in every direction
except with the wind, although even in this the range was materially
increased,

It is obvious that the rate at which the sound is destroyed by the
ground will depend on the roughness of its surface. Over grass we might,
expect the sound at the ground to be annihilated, whereas over water it
would hardly be affected. This was shown to be the case by the difference
in the range at right angles to the wind over grass, and over the same
ground when completely covered with snow. In the latter case I could
hear the sound at 200 yards, whereas I could only hear it at 70 or 80 in the
former,

Now, owing to the fact that the sound is greater over our heads than
at the ground, any thing which slowly brings down the sound will increase
the range. Hence, assuming that the action of the wind is to bring down
the sound in the direction in which it is blowing, we see that it must
increase its range in this direction, And it must also be seen that in this
direction there will be less difference in the intensity of the sound from
the ground upwards than in other directions. This was observed to be
the case on all occasions, In the direction of the wind, when it was strong,
the sound could be heard as well with the head on the ground as when
raised, even when in a hollow with the bell hidden from view by the slope
of the ground; and no advantage whatever was gained either by ascending
to an elevation or raising the bell. Thus, with the wind over the grass
the sound could be heard 140 yards, and over snow 360 yards, either with
the head lifted or on the ground: whereas at right angles to the wind on
all occasions the range was extended by raising either the observer or
the bell.

It has been necessary to notice these points; for, as will be seen, they
bear directly on the question of the effect of elevation on the range of sound
against the wind.

Elevation was found to affeet the range of sound against the wind in
a much more marked manner than at right angles.

Over the grass no sound could be heard with the head on thé ground
at 20 yards from the bell, and at 30 yards it was lost with the head 3 feet
from the ground, and its full intensity was lost when standing erect at
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30 yards. At 70 yards, when standing erect, the sound was lost at long
intervals, and was only faintly heard even then; but it became continuous
again when the ear was raised 9 feet from the ground, and it reached its full
intensity at an elevation of 12 feet.

Over the snow similar effects were observed at very nearly equal
distances. There was this difference, however, the sound was not entirely
lost when the head was lowered or even on the ground. Thus at 30 yards
I could still hear a faint sound. Mr Millar could hear this better than
I could; he, however, experienced the same increase on raising his head.
At 90 yards I lost the sound entirely when standing on the ground, but
recovered it again when the ear was 9 feet from the ground. Mr Millar,
however, could hear the sound very faintly, and at intervals, at 160 yards;
but not with his head on the ground. At this point I was utterly unable
to hear it; and even at an elevation of 25 feet I gave it up as hopeless,
However, as Mr Millar by mounting 10 feet higher seemed to hear it very
much better, I again ascended; and at an elevation of 33 feet from the
ground I could hear it as distinetly as I had previously heard it when
standing at 90 yards from the bell. I could not hear it 5 feet lower down;
so that it was the last 5 feet which had brought me into the foot of the
wave. Mr Millar experienced the same change in this 5 feet. As the
sound could now be heard as strong as at a corresponding distance with
the wind, we thought we had reached the full intensity of the waves. This,
however, was not the case; for the least raising of the bell was followed by
a considerable intensifying of the sound; and when it was raised 6 feet
I could hear each blow of the hammer distinctly, although just at that time
a brass band was playing in the distance. It seemed to me that I could
hear it as distivetly as at 30 yards to leeward of the bell. All these results
were repeated on both days with great uniformity.

When more than 30 yards to the windward of the bell, the raising of
the bell was always accompanied by a marked intensifying of the sound, and
particularly over the grass. I could only hear the bell at 70 yards when
on the ground; yet when set on a post 5 feet high I heard it at 160 yards,
or more than twice the distance. This is a proof of what I previously
pointed out, that the waves rise faster at the ground than they do high up,
and crowding together they intensify. In all cases there was an unmistakable
greater distinctness of the sound from short distances to windward than to
leeward or at right angles,

Except when the sound was heard with full force it was not uniform.
The bell gave two sounds (the beats of the hammer and the ring) which
could be easily distinguished ; and at times we could hear only the ring, and
at others the beats. The ring seemed to preserve itself the longest above the

0. R, 7
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ground ; whereas near the ground at short distances the ring was lost first.
This is explained by the fact that the rate at which sound-waves diverge
depends upon their note: the lower the note the more will they diverge.
Thus the beats diverge more rapidly than the ring, and consequently die
out sooner; whereas when the head is on the ground near the bell it is
only the diverging waves that are heard, and here the beats have the best
chance, The intensity of the sound invariably seemed to waver; and as one
approached the bell from the windward side, the sound did not intensify
uniformly or gradually, but by fits or jerks; this was the result of crossing
the rays’ interference, such as those shown in fig. 2.

During the observations the velocity of the wind was observed from time
to time at points 1 foot and 8 feet above the surface.

On the 9th, that is over grass, it varied from 4 feet per second at 1 foot
and 8 feet per second at 8 feet, to 10 feet per second at 1 foot and 20 feet
per second at 8 feet, always having about twice the velocity at 8 feet that it
had at 1 foot above the ground.

Over the snow there was not quite so much variation above and below.
On the 10th the wind varied from 3 feet per second at 1 foot to 4 feet per
second at 8 feet®. On the 11th the variation was from 12 at 1 foot and 19
at 8 feet to 6 at 1 foot and 10 at 8 feet. Thus over snow the variation in the
velocity was only about one-third instead of half.

Since the foregoing account was written, I have had an opportunity of
experimenting on a strong west wind (on the 14th of March); and the results
of these experiments are, if anything, more definite than those of the previous
ones. The wind on this occasion had a velocity of 37 feet per second at an
elevation of 12 feet, and of 33 at 8 feet, and 17 at 1 foot. The experiments
were made in the same meadows as before, the snow having melted, so that
the grass was bare,

With the wind I could hear the bell at 120 yards, either with the bell
on the ground or raised 4 feet above it. At right angles to the direction
of the wind it ranged about 60 yards with the bell on the ground, and
80 yards when the bell was elevated.

To windward, with the bell standing on the ground (which, it must be
remembered, means that the bell was actually 1 foot above the surface), the
sound was heard as follows :—

Full, Lost.
With the head close to the ground...At 10 yards. At 20 yards.
T r M Am . ot s S0 L B
At an elevation of 25 feet ............ Not heard at 90 yards.

* The wind fell rapidly towards the elose of the observations on this day.
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With the bell at an elevation of 4 feet 6 inches :—

Full, Lost.
Head to the ground.........ccccovnen. At 18 yards. At 30 yards.
21T T ) PRES TOSRTIEE S RS s 140 i #1160 ..
At an elevation of 12 feet .....oee ver coveseens | A
At an elevation of 18 feet ............,, 90

These results entirely confirm those of the previous experiments; and
the intensifying of the sounds to windward by the raising of the bell was
even more marked than before; for at 90 yards to windward, with the bell
raised, I could hear it much more distinetly than at a corresponding distance
to leeward. This fact calls for a word of special explanation ; it is clearly due
to the fact that the variation in the velocity of the air is much greater near
the ground than at a few feet above it. When the bell is on the ground all
the sound must pass near the ground, and will all be turned up to a nearly
equal extent ; but when the bell is raised, the rays of sound which proceed
horizontally will be much less bent or turned up than those which go down
to the ground ; and consequently, after proceeding some distance, these rays
will meet or cross, and if the head be at this point they will both fall on the
ear together, causing a sound of double intensity. It is this crossing of the
rays also which for the most part causes the interference seen in fig. 2.

These experiments establish three things with regard to the transmission
of sound :—

1. That when there is no wind, sound proceeding over a rough surface is
more intense above than below.

2. That as long as the velocity of the wind is greater above than below,
sound is lifted up to windward and is not destroyed.

3. That under the same circumstances it is brought down to leeward,
and hence its range extended at the surface of the ground,

These experiments also show that there is less variation in the velocity of
the wind over a smooth surface than over a rough one.

It seems to me that these facts fully confirm the hypotheses propounded
by Prof. Stokes, that they place the action of wind beyond question, and
that they afford explanations of many of the anomalous cases that have been
observed ; for instance, that sounds can be heard much further over water
than over land, and also that a light wind at sea does not appear to affect
sound at all, the fact being that the smooth water does not destroy either the
sound or the motion of the air in contact with it. When the wind and sea
are rough the case is different.
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The Effect of Variations of Temperature.

Having observed how the wind acts to lift the waves of sound, by
diminishing their velocity above compared with what it is below, it was evident
to me that any other atmospheric cause which would diminish the velocity
above, or increase that below, would produce the same effect, viz. would cause
the waves to rise.

Such a eause must at certain times exist in the variation in the condition
of the air as we proceed upwards from the surface.

Although barometric pressure does not affect the velocity of sound,
yet, as is well known, the velocity of sound depends on the temperature®,
and every degree of temperature between 32° and 70° adds approximately
1 foot per second to the velocity of sound. The velocity also increases with
the quantity of moisture in the air; but the quantity is at all times too
small to produce an appreciable result. This vapour nevertheless plays an
important part in the phenomena under consideration ; for it gives to the air
a much greater power of radiating and absorbing heat, and thus renders it
much more susceptible of changes in the action of the sun.

If, then, the air were all at the same temperature and equally saturated
with moisture, the velocity of sound would be the same at all elevations;
but if the temperature is greater, or if it contains more water below than
above, then the wave of sound will proceed quicker below than above, and
will be turned up in the same way as against a wind. This action of the
atmosphere is, strictly speaking, analogous to the refraction of light. In light,
however, it is density which retards motion: temperature and pressure have
little or nothing to do with it; and since the density increases downwards,
the rays of light move slower below than they do above, and are therefore
bent downwards, and thus the distance at which we can see objects is
increased, With sound, however, since it is temperature which affects the
velocity, the reverse is the case; the rays are bent upwards, and the distance
from which we can hear is reduced.

It is a well-known fact that the temperature of the air diminishes as
we proceed upwards, and that it also contains less vapour, Hence it follows
that, as a rule, the waves of sound must travel faster below than they do
above, and thus be refracted or turned upward.

* It varies as the square root o density
1

, and consequently as the square root of the absolute
temperature.
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The variation of temperature is, however, by no means constant, and a
little consideration serves to show that it will be greatest in a quiet atmo-
sphere when the sun is shining. The sun’s rays, acting most powerfully on
that air which contains the most vapour, warms the lower strata more than
those above them ; and besides this, they warm the surface of the earth, and
this warmth is taken up by the air in contact with it. It is not, however,
only on such considerations as these that we are in a position to assert the
law of variation of atmospheric temperature, Mr Glaisher has furnished us
with information on the subject which places it beyond the region of surmise.

I extract the following from his “Report on Eight Balloon Ascents in
1862" (Brit. Assoc. Rep. 1862, p. 462) :—

“From these results the decline of temperature when the sky was
cloudy
For the first 300 feet was 05 for every 100 feet.
From 300 to 3400 e DA " "
» 8400 to 5000 ,, 03 "

“Therefore in cloudy states of the sky the temperature of the air
decreased nearly uniformly with the height above the surface of the earth
nearly up to the cloud.

“When the sky was partially cloudy the decline of temperature

In the first 100 feet was 079
» ¥ * »

From 2900 to 5000 » 0”3 for every 100 feet.

“The decline of temperature near the earth with a partially clear sky is
nearly double that with a cloudy sky.

“In some cases, as on July 30th, the decline of temperature in the first
100 feet was as large as 1°1.”

We may say, therefore, that when the sky is clear the variation of
temperature, as we proceed upwards from 1 to 3000 feet, will be more
than double what it is when the sky is cloudy. And since for such small
variations the variation in the velocity of sound, that is the refraction, is
proportional to the temperature, this refraction will be twice as great with
a clear sky as when the sky is cloudy.

This is the mean difference, and there are doubtless exceptional cases in
which the variations are both greater and less than those given; during the
night the variations are less than during the day, and again in winter than
in summer,

This reasoning at once suggested an explanation of the well-known fact
that sounds are less intense during the day than at night. This is a matter
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of common observation, and has been the subject of scientific inquiry. F. De
La Roche discusses the subject, and exposes the fallacies of several theories
advanced to account for it. Amongst others there are some remarks by
Humboldt, in which he says that the difference is not due to the quietness
of the night, for he had observed the same thing near the torrid zone, where
the day seemed quieter than the night, which was rendered noisy with
insects.

It is, however, by the experiments of Prof. Tyndall that this fact has
been fully brought to light; and from their definite character they afford
an opportunity of applying the explanation, and furnish a test of its
soundness,

Neglecting the divergence of the bottom of the waves, a difference of
1 degree in the 100 feet would cause the rays of sound, otherwise horizontal,
to move on a circle, the radius of which by the previous rule is:

1100 . 192 or 110,000 feet,

A variation of one-half this would cause them to move on a circle of
220,000 feet radius. From the radii of these circles we can caleulate the
range of the sound from different elevations.

With a clear sky, i.e. with a radius 110,000 feet, from an elevation of
235 feet the sound would be audible with full force to 1-36 mile; the direct
sound would then be lifted above the surface, and only the diverging sound
would be audible. From an elevation of 15 feet, however, the direct sound
might be heard to a distance of *36, or } mile further, so that in all it could
be heard 172 (1%) mile.

With a cloudy sky, 1.e. with a radius 220,000 feet, the direct sound would
be heard to 24 miles from an elevation of 15 feet, or 1'4 times what it is
with the clear sky. These results have been obtained by taking the extreme
variations of temperature at the surface of the earth. At certain times;
however, in the evening, or when it was raining, the variation would be
much less than this, in which case the direet sound would be heard to much
greater distances,

[So far I have only spoken of the direct or geometrical rays of sound,
that is, T have supposed the edge of the sound to be definite, and not
fringed with diverging rays; but, as has been already explained, the sound
would diverge downwards, and from this cause would be heard to a con-
siderable distance beyond the point at which the direct rays first left the
ground. From this point, however, the sound would become rapidly fainter
until it was lost. The extension which divergence would thus add to the
range of the sound would obviously depend on the refraction—that is to say,
when the direct rays were last refracted upwards, the extension of the range
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due to divergence would be greatest. It is difficult to say what the precise
effect of this divergence would be; but we may assume that it would be
similar to that which was found in the case of wind, only the refraction
being so much smaller the extension of the range by divergence would be
greater. On the whole the results calculated from the data furnished by
Mr Glaisher agree in a remarkable manner with those observed; for if we
add } mile for the extension of the range by divergence, the calculated
distance with a clear sky would be two miles from a cliff 235 feet high.
—September 1874.)

Now Prof. Tyndall found that from the cliffs at the South Foreland,
235 feet high, the minimum range of sound was a little more than 2 miles,
and that this occurred on a quiet July day with hot sunshine. The ordinary
range seemed to be from 3 to 5 miles when the weather was dull, although
sometimes, particularly in the evening, the sounds were heard as far as
15 miles. This was, however, only under very exceptional circumstances,
Prof. Tyndall also found that the interposition of a cloud was followed by
an almost immediate extension of the range of the sound. I extract the
following passages from Prof. Tyndall’s Report :—

“On June 2 the maximum range, at first only 3 miles, afterwards ran up
to about 6 miles.

“ Optically, June 3 was not at all a promising day; the clouds were dark
and threatening, and the air filled with a faint haze; nevertheless the horns
were fairly audible at 9 miles. An exceedingly heavy rain-shower ap-
proached us at a galloping speed. The sound was not sensibly impaired
during the continuance of the rain.

“July 3 was a lovely morning: the sky was of a stainless blue, the air
calm, and the sea smooth. I thought we should be able to hear a long way
off. We steamed beyond the pier and listened. The steam-clouds were
there, showing the whistles to be active; the smoke-puffs were there, attest-
ing the activity of the guns. Nothing was heard. We went nearer; but
at two miles horns and whistles and guns were equally inaudible. This,
however, being near the limit of the sound-shadow, I thought that might
have something to do with the effect, so we steamed right in front of the
station, and halted at 3} miles from it. Not a ripple nor a breath of air
disturbed the stillness on board, but we heard nothing. There were the
steam-puffs from the whistles, and we knew that between every two puffs
the horn-sounds were embraced, but we heard nothing. We signalled for
the guns; there were the smoke-puffs apparently close at hand, but not the
slightest sound. It was mere dumb-show on the Foreland. We steamed in
to 3 miles, halted, and listened with all attention. Neither the horns nor
the whistles sent us the slightest hint of a sound. The guns were again
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signalled for; five of them were fired, some elevated, some fired point-blank
at us. Not one of them was heard, We steamed in to two miles, and had
the guns again fired: the howitzer and mortar with 3-1b. charges yielded
the faintest thud, and the 18-pounder was quite unheard.

“In the presence of these facts I stood amazed and confounded; for it
had been assumed and affirmed by distinguished men who had given special
attention to this subject, that a clear, calm atmosphere was the best vehicle
of sound: optical clearness and acoustic clearness were supposed to go hand
inhand ¢ * *,

“As I stood upon the deck of the ‘Irené’ pondering this question, I
became conscious of the exceeding power of the sun beating against my
back and heating the objects near me. Beams of equal power were falling
on the sea, and must have produced copious evaporation. That the vapour
generated should so rise and mingle with the air as to form an absolutely
homogeneous mixture I considered in the highest degree improbable. It
would be sure, I thought, to streak and mottle the atmosphere with spaces,
in which the air would be in different degrees saturated, or it might be
displaced by the vapour. At the limiting surfaces of these spaces, though
invisible, we should have the conditions necessary to the production of
partial echoes, and the consequent waste of sound.

“Curiously enough, the conditions necessary for the testing of this
explanation immediately set in. At 3.15 Py, a cloud threw itself athwart
the sun, and shaded the entire space between us and the South Foreland.
The production of vapour was checked by the interposition of this screen,
that already in the air being at the same time allowed to mix with it more
perfectly; hence the probability of improved transmission. To test this
inference the steamer was turned and urged back to our last position of
inaudibility. The sounds, as I expected, were distinctly though faintly
heard. This was at 8 miles distance. At 3§ miles we had the guns fired, -
both point-blank and elevated. The faintest thud was all that we heard;
but we did hear a thud, whereas we had previously heard nothing, either
here or three-quarters of a mile nearer. We steamed out to 4} miles, when
the sounds were for a moment faintly heard, but they fell away as we waited ;
and though the greatest quietness reigned on board, and though the sea
was without a ripple, we could hear nothing. We could plainly see the
steam-puffs which announced the beginning and the end of a series of
trumpet-blasts, but the blasts themselves were quite inaudible.

“It was now 4 r.m., and my intention at first was to halt at this distance,
which was beyond the sound range, but not far beyond it, and see whether
the lowering of the sun would not restore the power of the atmosphere to
transmit the sound. But after waiting a little, the anchoring of a boat was
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suggested; and though loth to lose the anticipated revival of the sounds
myself, I agreed to this arrangement. Two men were placed in the boat,
and requested to give all attention, so as to hear the sound if possible.
With perfect stillness around them, they heard nothing. They were then
instructed to hoist a signal if they should hear the sounds, and to keep it
hoisted as long as the sounds continued.

“At 445 we quitted them and steamed towards the South Sand Head
light-ship. Precisely fifteen minutes after we had separated from them the
flag was hoisted. The sound, as anticipated, had at length succeeded in
piercing the body of air between the boat and the shore,

“On returning to our anchored boat, we learned that when the flag was
hoisted the horn-sounds were heard, that they were succeeded after a little
time by the whistle-sounds, and that both increased in intensity as the
evening advanced. On our arrival of course we heard the sounds ourselves.

“The conjectured explanation of the stoppage of the sounds appeared
to be thus reduced to demonstration; but we pushed the proof still further
by steaming further out. At 5% miles we halted and heard the sounds. At
6 miles we heard them distinctly, but so feebly that we thought we had
reached the limit of the sound range; but while we waited the sound rose
in power. We steamed to the Varne buoy, which is 7§ miles from the
signal-station, and heard the sounds there better than at 6 miles distance.

“Steaming on to the Varne light-ship, which is situated at the other end
of the Varne shoal, we hailed the master, and were informed by him that
up to 5 p.M. nothing had been heard. At that hour the sounds began to be
audible, He described one of them as ‘ very gross, resembling the bellowing
of a bull, which very accurately characterizes the sound of the large American
steam-whistle, At the Varne light-ship, therefore, the sounds had been heard
towards the close of the day, though it is 12§ miles from the signal station.”

Here we see that the very conditions which actually diminished the range
of the sound were precisely those which would cause the greatest lifting of
the waves, And it may be noticed that these facts were observed and
recorded by Prof. Tyndall with his mind altogether unbiassed with any
thought of establishing this hypothesis. He was looking for an explanation
in quite another direction. Had it not been so he would probably have
ascended the mast, and thus found whether or not the sound was all the
time passing over his head. On the worst day an ascent of 30 feet should
have extended the range nearly } mile.

The height of the sound-producing instruments is apparently treated as
a subordinate question by Prof. Tyndall. At the commencement of his
lecture he stated that the instruments were mounted on the top and at
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the bottom of the cliff; and he subsequently speaks of their being 235 feet
above him. He does not, however, take any notice of the comparative range
of those on the top and those at the bottom of the cliff; but wherever he
mentions them he speaks of them as on the cliff, leading me to suppose that
for some reason those at the bottom of the cliff had been abandoned, or
that they were less efficient than those above. If I am right in this
surmise, if the sounds from below did not range so far as those from above,
it is a fact in accordance with refraction, but of which, I think, Prof. Tyndall
has offered no explanation.

[Besides the results of Prof. Tyndall's experiments there are many other
phenomena which are explained by this refraction. Humboldt could hear
the falls of Orinoco three times as loud by night as by day at a distance of
one league; and he states that the same phenomenon has been observed
near every waterfall in Europe. And although Humboldt gave another
explanation®, which was very reasonable when applied to the particular case
at Orinocot, yet it must be admitted that the circumstances were such as
would cause great upward refraction; and hence there can be but little
doubt that refraction had a good deal to do with the diminution of the
sound by day.

In fact if this refraction of sound exists, then, according to Mr Glaisher's
observations, it must be seldom that we can hear distant sounds with any-
thing like their full distinctness, particularly by day; and any elevation in
the observer or the source of the sound above the intervening ground will
increase this range and distinetness, as will also a gentle wind, which brings
the sound down and so counteracts the effect of refraction. And hence we
have an explanation of the surprising distances to which sounds can some-
times be heard, particularly the explosion of meteors, as well as a reason
for the custom of elevating church-bells and sounds to be heard at great
distances.—September 1874.]

* “That the sun ncts upon the propagation and intensity of sound by the obstacles met in
currents of air of different density, and by the partial undulations of the atmosphere ariging from
unequal heating of different parts of the soil. . . . . During the day there is a sudden interruption
of density wherever small streamlets of air of a high temperature rise over parts of the soil
unequally heated. The sonorous undulations are divided, as the rays of light are refracted
wherever strata of air of unequal density are contignous, The propagation of sound is altered
when a stratum of hydrogen gas is made to rise over a stratum of atmospheric air in a tube closed
at one end ; and M. Biot has well explained, by the interposition of bubbles of carbonic acid gas,
why a glass filled with champagne is not sonorous so long as that gas is evolved and passing
through the strata of the liquid.”—Humboldt's T'ravels, Bohn's Series, Vol. 1., p. 264.

t The sounds proceeded over a plane covered with rank vegetation interspersed with black
rocks. These latter attained a very considerable elevation of temperature under the effects of the
tropical sun, as much as 48° C., while the air was only 28°; and hence over each rock there would
be a column of hot air ascending.
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ON THE EFFICIENCY OF BELTS OR STRAPS AS
COMMUNICATORS OF WORK,

[#rom *“The Engineer,” Nov. 27, 1874.]

It has often been remarked that it seems to be impossible so to construct
belts that they should drive without slipping. I am not aware that any
reason has ever been given for this; but, on the other hand, most writers seem
to have assumed that if the belt is made sufficiently tight, so that the tension
on the slack side is from one-half to one-quarter that on the tight side,
according as the strap is in contact with one-half or the whole of the pulleys,
it will not slip. The object of this communication is to show that not only is
a reason to be given for this residual slipping, but that it follows a definite
law, depending on the elasticity of the strap, and independent of its tightness
over and above what is necessary to prevent it slipping bodily round the
wheel.

When a pulley, 4, is connected with another pulley B by a belt, so that
A drives B, it is usual to assume that the surfaces of the two pulleys move
with the same velocity, namely, the velocity of the strap; and that the work
communicated from A to B equals this velocity multiplied by the difference
in the tension on the two sides of the belt. This law would doubtless be true
if the strap were inelastic, and did not stretch at all under the tension to
which it is subjected ; but as all straps are more or less elastic, it can be
shown that this law does not hold rigorously, although with such an elastic
material as leather it is not far from the truth,

Owing to its elasticity, the tight side of the belt will be more stretched
than the slack or slacker side, and will, in consequence, have to move faster.
This is easily seen when we consider that each point on the strap completes
its entire circuit in the same time, so that if at any instant a number of marks
were made on the strap at different points, these marks would all return to
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the same points in precisely the same time; for the velocity at each point
would be equal to the length of strap which passes that point, and on the tight
side this would be the stretched length; whereas on the other side it would
be the unstretched length, and hence the two sides of the strap would move
with different velocities, according to the degree in which the strap is more
stretched on the one side than on the other.

Now the stretching of a strap will be proportional to the tension, although
the degree will depend on its size and the material of which the strap is
composed. Let A7 represent the increase in length per foot in a certain
strap, caused by a tension of 7 Ib, Then, if 7, and 7, represent the tensions
on the two sides of the belt respectively, the stretching on these two sides
will be respectively proportional to A7, and Ar, and the difference will be
proportional to A (1, —7,). Therefore the velocities of the two sides will be
1+AT,

= or 1 4+ A (7, — 7,) nearly.

in the ratio: i,

Again, it is easy to see that the velocity of the tight side of the strap must
be equal to that of the surface of the pulley 4 which drives it; whereas the
velocity of the pulley B which is driven by the strap, will be the same as that
of the slack side of the strap; and hence the velocities of the two pulleys

+A(m
1

differ in the ratio 13 =7 And since the turning effort of the strap on

either pulley is the same, namely, 7, — 7,, the difference of its tensions, the work
done by 4,which equals its velocity multiplied by this effort, will be greater than

1+M(ri—m)
; Y

that taken up by B in the ratio This excess of work will have

been spent in the slipping, or more properly the creeping of the strap round
the pulleys. The manner in which this creeping takes place is easily seen,
as follows:—The strap comes on to A tight and stretched, and leaves it
unstretched, It has therefore contracted while on the pulley, This con-,
traction takes place gradually from the point at which it comes on to that at
which it leaves, and the result is that the strap is continually slipping over
the pulley to the point at which it first comes on. In the same way with B;
the strap comes on unstretched and leaves it stretched, and has expanded
while on the wheel, which expansion takes place gradually from the point at
which the strap comes on until it leaves,

The proportion which the slipping bears fo the whole distance travelled
by the strap =\ (7, — ,), which, as previously shown, is the proportion which
the work lost bears to the whole work done by 4. From this it appears that
the slipping and work lost are proportional to A, Z.e. to the increase which a
tension of 1 1b would cause in 1 ft. length of the strap ; and hence, the more
inextensible the material is, the better it is suited for belts.
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The actual amount of this slipping may be calculated when we know the
elasticity of the belts. With leather it is very small. One belt, which had
been in use about two years, and was 1'25 in. wide and ; thick—the usual
thickness—increased in length by sixteen thousandths under a tension of

100 1b.  From this example it appears that, for a leather belt of breadth
b inches,

LomB0) X

Hence the ratio of slipping = 0002 % (T, = 74); and in practice T, — 7, varies

from 20 1b. to 60 Ib. per inch width of belt ; therefore the slipping = 008, or
nearly 1 per cent.  With new straps it would probably be more. With soft
elastic materials, such as india-rubber, the slipping is very much greater.
In some instances I have been able to make the driving pulley 4 turn twice
as fast as the pulley B, simply in virtue of this expanding and contracting on
the pulleys. This shows at once how it is that elastic straps, such as can be
made of soft india-rubber, have never come into use, a fact which is otherwise
somewhat astonishing, considering for how many purposes an elastic connection
of this sort would be useful. A similar explanation to the above may also be
given for the friction oceurring when elastic tires are used for the wheels of
carringes and engines, The tire is perpetually expanding between the wheel
and the ground, As the wheel rolls on to the tire, it is continually elongating
the part between it and the ground which is in front of the point at which
the pressure is greatest. This elongation can only be accomplished by
sliding the tire over both the surface of the wheel and the ground, against
whatever friction there may be; and similarly, towards the back of the wheel,
the tire is contracting, also against friction. Even when there is no tire, if
either the wheel or the ground is elastic, n similar action takes place ; and
hence we may probably explain what is usually called rolling friction®, which
has been observed to take place no matter how true or hard the surface of
the wheel and the plane on which it rolls may be.

* Bee paper 18,
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18.

ON ROLLING-FRICTION.

[From the “ Philosophical Transactions of the Royal Society of London,”
vol. 166, part 1.]

(Read June 17, 1875.)

Introduction.

AvLTHOUGH the motion of wheels and rollers over a smooth plane is attended
with much less resistance or friction than the sliding of one flat surface
over another, however smooth, yet practically it has been found impossible to
get rid of resistance altogether, Coulomb made some experiments on the
resistance which wooden rollers meet with when rolling on a wooden plane,
from which experiments he deduced certain laws connecting this resistance
with the size of the rollers and the force with which they are pressed on to
the plane. These laws have been verified and extended to other materials
by Navier and Morin, and are now set forth in many mechanical treatises as
“the laws of resistance to rolling.” It does not appear, however, that any
systematic investigation of this resistance has ever been undertaken, or any
attempts made to explain its nature. When hard surfaces are used it is very
small, and it has doubtless been attributed to the inaccuracies of the surfaces
and to a certain amount of crushing which takes place under the roller.
On closer examination, however, it appears that these causes, although they
doubtless explain a great part of the resistance which occurs in ordinary
practice, are not sufficient to explain the resistance altogether; and that, if
they could be removed, there would still be a definite resistance depending
on the size and weight of the roller and on the nature of the material of
which it and the plane are composed. If it were not so, a perfectly true
roller when rolling on a perfectly true surface ought to experience no resist-
ance, however soft the roller and the plane might be, provided both were
made of perfectly elastic material so that the one did not permanently crush
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the other; and we might expect, although these conditions are not absolutely
fulfilled, that a roller of iron would roll as easily on a surface of india-rubber
as on one of iron, or that an india-rubber roller would experience no more
resistance than one of iron when rolling on a true plane. Such, however, is
not the case. The resistance with india-rubber is very considerable; my
experiments show it to be ten times as great as with iron. T am not aware that
this fact has been previously recognized; and that it has often been over-
looked is proved by the numerous attempts which have been made to use
india-rubber tires for wheels, the invariable failure of which may, I think, in
the absence of any other assigned cause, be fairly attributed to the excessive
resistance which attends their use. Another fact which I do not think has
been hitherto noticed, but of which I have had ample evidence, and which
clearly shows the existence of some hitherto unexplained canse of resistance
to rolling, is the tendency which a roller has to oscillate about any position in
which it may be placed on a flat surface.

However true and hard the roller and the surface may be, if the roller is
but slightly disturbed it will not move continuously in one direction until
it gradually comes to rest, but it will oscillate backwards and forwards
through a greater or less angle, depending on the softness of the material.
These oscillations are not due to the roller having settled into a hollow, This
is strongly implied by the fact that the more care is taken to make the sur-
faces true and smooth the more regular and apparent do the oscillations
become. But even if this is not a sufficient proof—if it is impossible to
suppose that an iron roller on an iron plane can be made so true that when
the one is resting on the other it will not be able to find some minute
irregularities or hollows in which to settle—still we must be convinced when
we find the same phenomenon existing when india-rubber is substituted for
iron, and in such a marked degree that no irregularities there may be in the
surface produce any effect upon it, much less serve to account for it.

These phenomena, with others, have led me to conclude that there is a
definite cause for the resistance to rolling besides the mere crushing of the
surface or accidental irregularities of shape, a cause which is connected with
the softness of the material as well as with the size and weight of the
roller.

Such a force, if its existence be admitted, must either be considered as
exhibiting some hitherto unrecognized action of matter on matter, or must be
supposed to arise in some intelligible manner from the known actions, The
latter is the most natural supposition ; and it is my object in this paper to show
that this force arises from what is ordinarily known as friction. It is to
imply this connexion that I have gone back to the name Rolling-Friction in
place of the more general title resistance to rolling (“résistance au roulement”),
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which Coulomb and subsequent writers have chosen avowedly because they
did not wish to imply such a connexion.

The assumption that this force is due to friction necessarily implies that
there is slipping between the roller and the plane at the point of contact ; and
on the other hand, if it can be shown that there is slipping, it follows as a
natural consequence that there must be friction or resistance to rolling.
Therefore the question as to whether the resistance to rolling is due to
friction, reduces itself into a question as to whether there is any evidence of
slipping between the roller and the surface on which it rolls.

My attention was first called® to the possibility of such slipping while
considering a phenomenon in the action of endless belts when used to transmit
rotary motion from one pulley to another, namely, that it is impossible to
make the belt tight enough entirely to prevent slipping and cause the surfaces
of the two pulleys to move with identically the same velocity. It appears
that this slipping is due to the elasticity of the belt, and, since all material
is more or less elastic, cannot altogether be prevented. This becomes apparent,
when we consider that of the two parts of the belt which stretch from pulley
to pulley, the one is tighter and hence more stretched than the other, that is,
when the belt is transmitting power. For that side which is most stretched,
and consequently thinner, will have to move faster than the slacker side in
order to prevent the belt accnmulating at one pulley; and the speed of the
driving-pulley will be equal to that of the tight side of the belt, while the
speed of the following pulley will be equal to that of the slack side. This
difference of speed requires that the belt shall slip over the pulleys; and this
slipping takes place by the expansion and contraction of the belt on the
pulleys as it passes from the tight side to the slack side, and vice versd. With
leather belts this slipping is very small; but with soft india-rubber it
becomes so great as practically to bar the use of this material for driving-
belts.

The recognition of this slipping at once suggested to me that there
must be an analogous slipping when a hard roller rolls on a soft surface,
or when an india-rubber wheel rolls on a hard surface. A single experiment
was sufficient to prove that such was the case—an iron roller rolled through
something like three-quarters of an inch less in a yard when rolling on india-
rubber than when rolling on wood or iron.

Having made this discovery, I proceeded. to investigate the subject, and
have obtained what I think to be satisfactory evidence that, whatever may be
the material of which the plane and the roller are composed, the deformation
at the point of contact always causes slipping, although, owing to the hard-
ness of the materials, it may be far too small to be measured.

* (See the preceding paper.)
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In the following pages I shall first show that the deformation at the point
of contact caused by the weight of the roller must affect the distance rolled
through, that it must cause slipping, and that this slipping will be attended
with friction. I shall then show that the friction will itself considerably
modify the deformation which would otherwise take place, and endeavour to
trace the exact nature of the actual deformation. The result of my experi-
ments will then be given, together with the description of certain other causes
of rolling-friction which appear under certain cireumstances to exist. In
conclusion, I shall indicate the direction in which I hope to continue the
investigation, consider its bearing on the laws discovered by Coulomb, and
discuss certain phenomena connected with the wear of railway-wheels which
have been hitherto unexplained, and which serve to illustrate the importance
of the subject.

The Distance Rolled through.

If a perfectly hard cylinder rolled on a perfectly hard plane and there were
no slipping, then the distance which the cylinder would pass over in one
revolution would be exactly equal to its circumference ; but if, from the weight
of the cylinder or any cause, the length of the surface either of the cylinder
or the plane underwent an alteration near the point of contact, then the
distance traversed in one revolution would not be equal to the natural length
of the circumference. For example, suppose that an iron cylinder is rolling
on a surface of india-rubber across which lines have been drawn at intervals
of ‘01 of an inch, and suppose that as the cylinder rolls across these lines the
surface of the india-rubber extends so that the intervals become equal to ‘011
of an inch, closing again after the cylinder is past, then the eylinder will
measure its cireumference, so to speak, on the extended plane, and the actual
distance rolled through when measured on the contracted surface will be one-
tenth less than the circumference. In the same way there would be an
alteration in the distance rolled through if the surface of the roller extended
or if either of the surfaces contracted.

In the subsequent remarks I shall call the distance which the roller
would roll through if there were no extension or contraction its geometrical
distance,

Since no material is perfectly hard, when a heavy roller rests on a surface,
the weight of the roller will cause it to indent the surface to a greater or less
extent, according to the softness of the latter; and in the same way the sur-
face of the cylinder will be flattened at the point of contact in the manner
shown in Fig. 1.

This indentation and flattening will alter the lengths of the surfaces at the
point of contact, and will therefore affect the progress of the roller.  When

0. R, 8
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a body of any shape is compressed in one direction it extends in the other
directions ; hence the weight of the roller resting on the plane will, by com-

pressing the material of the plane in a vertical direction, cause it to extend
laterally at the point of contact, and thus the length of the surface which the
eylinder actually rolls over would be greater than the length measured on the
undisturbed plane. From this cause, therefore, the eylinder would roll through
less than its geometrical distance.

On the other hand, the surface of the roller would also be extended
(squeezed out) in a similar manner by the pressure of the plane at the point
of contact; and hence the surface of the roller would be greater than its
natural length, and this would cause the roller to roll through more than its
geometrical distance.

To a certain extent, therefore, the expansion of the surface of the roller
would counteract the expansion of the plane; and if the two were of the same
material, then the one of these extensions would, if nothing interfered to
prevent it, exactly counteract the other. But if the one was harder than the
other, then the effect on the harder one would be least. Thus an iron cylinder
rolling on an india-rubber plane would roll through less than its geometrical
distance ; whereas, inversely, an india-rubber roller on an iron plane would
roll through more than its geometrical distance.

These things actually take place. But there is, besides softness, another
cirenmstance, not hitherto mentioned, which affects the lateral extension of
the surface when compressed by the roller, viz. the shape of the surface.

A little consideration will be sufficient to show that a curved indent in a
flat surface will have a greater effect to extend the surface than a flat indent
on a rounded surface. In the case of the rounded surface it will be seen that
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the effect of vertical compression to a certain extent counteracts the effect of
lateral expansion; whereas in the case of the flat surface these things are
reversed, and the effect of the surrounding material to uphold that which is
depressed will increase the lateral expansion,

From this cause, therefore, even if the eylinder and the plane were made of
the same material, there would still be a difference in the lateral extension of
the surfaces at the point of contact, depending on the smallness of the diameter
of the cylinder, and this difference would still cause the eylinder to roll
through less than its geometrical distance.

If, instead of on a plane, the one eylinder rolled on another parallel eylinder
under a force tending towards the centre, then, if the two eylinders were of
the same material and their diameters were equal, they would roll through
their geometrical distance; but if the one was larger than the other, the
largest would be most retarded.

It appears, therefore, that there are two independent causes which affect
the progress of a roller on a plane—the relative softness of the materials and
the diameter of the roller. Of these the curvature of the roller always acts
to retard its progress; while the other (the relative softness) to retard or to
accelerate, according as the plane is softer than the eylinder, or vice versd.
These two causes will therefore act in conjunction or in opposition, according
to whether the roller is harder or softer than the plane. In the former case
the roller will be retarded, whereas in the latter it will depend on the relation
between the relative softness and the diameter of the cylinder, whether its
progress is greater than, less than, or equal to its geometrical progress, Thus
an iron roller on an india-rubber plane will make less than its geometrical
progress; while an india-rubber cylinder on an iron plane will make more
than, less than, or exactly its geometrical progress, according to the relation
between its diameter and softness, or, what comes to the same thing, its weight,
which conclusions are borne out by experiment.

The Slipping.

The lateral extension of the material, and the effect this has on the progress
of the roller, causes slipping between the surface of the roller and that of the
plane; for the surface of the roller, owing to the indentation and flattening,
really touches the surface of the plane over an area of some extent ; and the
pressure between these surfaces, which is greatest towards the middle of the
area in which they touch, will shade off to nothing at the edges. Thus de-
formation is allowed to go on between the surfaces after they have come in
contact, and is performed by the slipping of the one over the other.

8—2
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The Friction.

The slipping is performed against friction, and therefore gives rise to
resistance to the motion of the roller,

This resistance will obviously be proportional to the work spent in over-
coming the friction between the surfaces during a certain extent of motion ;
and at first sight it appears as if this would be proportional to the coefficient
of friction between these surfaces.  When I first commenced this investigation
I was under the impression that such would be the case, and that by oiling
the surfaces the resistance to rolling might be considerably reduced. Finding
by experiment, however, that this was not the case, that although in certain
cases the effeet of oiling or blackleading the surfaces does reduce the resist-
ance to rolling, yet this reduction is never great, and in some cases the effect
appeared to be reversed, it occurred to me that the friction would itself
modify the deformation which would otherwise take place after contact had
commenced, and by preventing slipping might diminish the work that
would otherwise have been spent.

The Deformation.

The action of friction to prevent the deformation at any point of the
surfaces in contact will obviously depend on two things—the magnitude of
the friction, and the force tending to slide the one surface over the other.
If P (Fig. 1, p. 114) be the point of greatest pressure, the possible friction
will gradually diminish with the pressure as the distance from P increases ;
whereas we may assume that the tendency of the one surface to slip over the
other will be nothing at P, and will gradually increase with the distance ; so
that for a certain distance the friction may be sufficient to prevent slipping
altogether, but beyond this distance slipping will go on in an increasing
ratio,

The effect of oiling the surface would therefore be to diminish the region
of no slipping, and increase the area over which slipping goes on, as well
as the extent of slipping at each point. These effects would to a certain
extent counteract the advantage gained by the reduced coefficient of friction ;
and it may well be conceived that under certain circumstances they would
overbalance it, and that the oil would actually inerease the resistance.

The effect which friction has upon the deformation beneath the roller, as
well as the general nature of this deformation, will be rendered clearer by
examining the effect of friction under circumstances of a less complicated
nature than those of rolling,
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A Soft Bar between Hard Plates.

Let Fig. 2 represent the end or a section of a long rectangular bar of
india-rubber, or any elastic material, placed between two flat plates. Suppose

Fig. 2.
these plates to approach each other, compressing the india-rubber, which will
extend laterally. Now if there were no friction between the rubber and the
plates, then the surfaces in contact with the plates would extend in the same
proportion as the rest of the bar, and the section would preserve its recti-
linear form, as shown in Fig. 3.

e e

Fig. 8.

With friction, however, the case would be different, The friction would
prevent the surface of the india-rubber expanding laterally to the same extent

Fig. 5.

as the rest of the bar, and the section would lose its rectilinear form, and bulge
out in the middle, as shown in Figs, 4 and 5.
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If we imagine the section of the bar to have been marked with a series of
lines (e¢’) initially vertical and at equal intervals apart, these lines will, when
the bar is compressed, assume the form shown in the figures.

If there were no friction, then, as shown in Fig. 3, the ends of these lines
would still be equidistant after compression; but with friction the in-
tervals will not be all equal, but will vary according to their distance from
P, the middle of the section. Up to a certain distance (er) the friction will
be sufficient to prevent slipping ; and hence up to this point the ends of the
lines will preserve their original distance. From this point (er), however,
slipping will commence, and will go on increasing to the edge of the surface.
From this point, therefore, the distance between the ends of the lines will
continually increase,

With regard to the distribution of the pressure between the india-rubber
and the plates:—Without friction this will obviously be uniform over the
whole surface. Friction, however, will not only increase the mean intensity
of the pressure, but will also alter its distribution, causing it to be greatest at
2P and gradually diminish towards the edge.

The inclination of the ends of the lines e¢’ is caused by, and may be taken
to represent, the intensity of the friction at the surface. As long as there is
slipping, the friction will be proportional to the pressure. Therefore from the
edge of the surface to er the inclination will continually increase; and it will
be greatest at er, for from this point inwards the tendency of the india-rubber
to slip will obviously diminish until it vanishes at P,

The distance of er from P will not depend on the degree of compression,
at all events so long as this is but small, for the tendency to extend
laterally will be proportional to the intensity of the pressure ; and since the
friction is proportional to the pressure, it will increase at all points in the
same ratio as the forces tending to extend the rubber laterally. The
distance of er from P will, however, obviously depend on the coefficient of
friction. The greater this is, the greater will be the region over which
there is no slipping.

By blackleading the india-rubber, therefore, we should change the shape
of the section from that shown in Fig. 4 to that shown in Fig. 5, in which all
the ends of the lines from er to the circumference are less inclined than the
corresponding lines in Fig. 4, and the intervals between them greater, show-
ing that not only is the friction less and the area over which it acts greater,
but that each point has also to slip through a greater distance.

It is difficult to say how far these two latter effects will compensate for
the former. We may, however, show that there must be some value of the
coeflicient of friction for which the work spent in overcoming the friction will
be a maximum; for when the coefficient was very great, er would be at the
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circumference, and there would be no slipping, and hence no work spent in
friction ; whereas if the coefficient were zero, er would be at P, and there
would be no friction and consequently no work lost in overcoming it. There-
fore the work spent in friction, which is a function of the coefficient of friction,
is zero for two values of the variable; and since it is positive of all inter-
mediate values, it must pass through a maximum value. Hence for some
position of er (for some particular coefficient of friction) the work spent in
friction would be a maximum. What this value of the coefficient is it is
impossible to say; but it seems to be less than that between clean india-
rubber and iron, and it may be less than that between blackleaded india-
rubber and iron. This was shown by the experiments on rolling-friction.

In considering these experiments, however, there is another thing to be
taken into account besides the work spent in friction during compression, and
that is the effect of friction during restitution ; for the action of a roller as it
passes over the india-rubber will be first to compress it and then to allow it
to expand again in a corresponding manner.

The Effect of Friction during Exzpansion,

If, after the rubber has been compressed as shown in Figs. 4 and 5, the
surfaces gradually separate again, the shape of the lines will again change.
The lines from P up to er will assume the same forms which they had at
corresponding periods of the compression; but since that portion of the
surface which lies beyond er has been extended by the compression, it will
have to contract as the surfaces recede, and the friction of the surface will
oppose such contraction., Hence the lines, which during compression were
curved outwards, will gradually straighten and curve inwards, as shown in
Fig. 6. Those at the edges will take the form first, and then those nearer to
er, until the expansion has become complete.

Fig. 6.

The extent to which friction will deform the india-rubber during this
operation will obviously depend on the extent to which friction has allowed
the surfaces to expand during compression. The smaller the friction the
greater will be this expansion, and consequently the further they will have to
contract, and the greater will be the pressure under which contraction must



120 ON ROLLING-FRICTION. [18

take place. It is obvious, therefore, that the work spent in friction during
the recoil will increase up to a certain point as the coefficient of friction
diminishes; and it would appear to be this increase which mainly balances
the advantage which is gained during compression by reducing the co-
efficient.

It is evident that the action of frietion to prevent contraction during
restitution, will tend to reduce not only the mean pressure, but also the whole
pressure, for exactly the same reason as by preventing expansion the friction
increases these pressures during compression.  Therefore, for every distance
between the plates, after the curves become inelined inwards, the pressure on
the surface would be less than at the same distance with no friction, and in a
still greater degree than during compression with friction. We can see at
once, therefore, that of the work spent in compressing the material only a
part would be returned during restitution. The difference is what is spent in
overcoming the friction.

The Direction of the Friction.

In Figures 5 and 6 the direction of slipping is opposite on opposite sides
of P. If, however, we conceive one half of the bar, that towards 4, to have
been compressed and to be expanding again, while the other half, that
towards B, is being compressed, and the distance between the plates which
hold both parts to be the same, we may imagine the plate AB to have been
first inclined towards A4 and then towards B so as to raise the end 4. Then
the lines would assume the form shown in Fig. 7.

Fisc 7.

In this case we sce that the slipping takes place in the same direction on
both sides of P, so that the top plate AB would slip backwards in direction
A over the india-rubber, while, on the other hand, the india-rubber would
slip forwards in the direction D over the lower plate.

The turning of the plate 4B, which has been supposed to be going on in
Figure 7, represents very closely the action of a roller in compressing the
material beneath it; and this case affords us an illustration of the way in
which the lateral extension of the material under the roller, or of the roller
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itself, will, by causing slipping, alter the distance travelled by the roller, If
the roller be hard and the surface on which it rolls soft, then the top plate
AB may be taken to represent the roller, and, as has just been explained,
this slips back ; whereas if the roller be soft and the surface hard, then we
may take the india-rubber to represent the roller, and this slips forward.

A Continuous Surface.

It is clear that in the case of the bar shown in Fig. 7 the slipping will
diminish as the coefficient of friction increases. There is, however, an im-
portant difference between this case and that of a roller, in which it is not
the entire breadth of a bar that is compressed, but a portion of a continuous
surface ; for whatever lateral extension there may be immediately under the
roller must be compensated by a lateral compression immediately in front
and behind it. The greater the lateral extension under the roller, the greater
will be the lateral compression; and since the action of the roller is con-
tinually to change the one for the other, the one effect will to a certain
extent counteract the other; so that in this case we need not expect to find
the diminution attended with a corresponding increase in the ostensible
slipping. This will be rendered clearer by examining these circumstances
as they affect rolling.

The Deformation caused by a Roller.

Fig. 8 may be taken to represent a section of an iron cylinder on an india-
rubber plane, The lines on the plane are supposed to represent lines initially
vertical and at equal distances apart. The motion of the roller is towards B.
P is the point of greatest compression directly below the centre of the roller;
er and £’ limit the surfaces over which there is no slipping; D is the point
at which contact commences, and €' that at which it ceases.

Fig. 8.

The portions of the india-rubber immediately without €' and D are laterally
compressed ; this, as has already been pointed out, is to make room for the
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lateral extension under the roller from €' to D. From D towards B, therefore,
and from (' towards A the parallel lines are somewhat distorted, and at some-
thing less than their natural distance apart.  From D to er vertical compression
and lateral expunsion are going on, and the lines are convex outwards. From
er to P there is no slipping and the lines straighten. From P to /i, which
is greater than the corresponding distance from P to er, there is no slipping,
and at fi’ the lines are convex outwards. From £’ to € vertical expansion
and lateral contraction take place, so that the lines are all concave outwards,
The lateral expansion from D to er and the lateral contraction from £ to ¢
can only take place by the slipping of the india-rubber over the iron. Its
extent is shown by the distance between the corresponding lines on the india-
rubber and those on the iron, which latter have been set out equal to the
distance between the lines on the rubber where greatest, namely from
er to fr.

The Actual and Apparent Shipping.

Since there is no slipping at 2, it is clear that the roller will roll through
less than its geometrical distance, inasmuch as the geometrical distance
between t