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LECTURE XXVII.

ON THE REGULATION OF HYDRAULIC FORCES.

THOSE modifications of the motions of fluids which are employed either for
conducting them from place to place, or for applying their powers to the pro¬
duction of mechanical effects,may be considered as constituting a separate di¬
vision of practical hydraulics , which is analogous to the subject of general
machinery in practical mechanics.

A supply of water may be obtained from a reservoir ,situated above the level
at which it is wanted , whatever its distance may be, either by means of open
canals , or aqueducts , or of closed pipes. Where an uninterrupted declivity
cannot be obtained , it is necessary to employ pipes, which may be bent up¬
wards or downwards at pleasure , provided that no part of them be more than
thirty feet above the reservoir , and when the pipe is once filled, the water will
continue to flow from the lower orifice ; but it is best in all such cases to
avoid unnecessary angles ; for when the pipe rises and falls again , a portion of
the air, which is always contained in water , is frequently collected in the
angle , and very materially impedes the progress of the water through the pipe.
When the bent part is wholly below the orifices of the pipe, this air may be
discharged by various methods . The ancients used small upright pipes, called
columnaria , rising from the convexity of the principal pipe, to the level of the
reservoir , and suffering the air to escape without wasting any of the water.
It may however frequently be inconvenient or impossible to apply a pipe of
this kind ; and the same purpose may be answered , by fixing on the pipe a
box containing a small valve, which opens downwards , and is supported by
a float, so as to remain shut while the box is full of water , and to fall open
when any air is collected in it. (Plate XXL Fig . 288 .)

If the pipe were formed into a siphon , having its flexure above both orifices,
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it would be necessary to bend it upwards at the extremities , in order to keep
it always full : but in this case the accumulation of the air would be extremely
inconvenient , since it would collect so much the more copiously , as the water
in the upper part of the pipe would be more free from pressure , and neither of
the methods which have been mentioned would be of any use in extricating
it . It has been usual in such cases to force a quantity of water violently
through the pipe, in order to carry the air with it ; but perhaps the same effect
might be produced much more easily, by making a small airtight valve in the
upper part of the pipe, opening outwards , and a stopcock immediately before
it : the stopcock being suddenly turned as often as might be necessary , the
momentum of the water in the pipe would probably carry it forwards with
sufficient force to throw out the air ; or, if it were necessary external pressure
might be added , and the air might even in this manner be discharged by the
valve much more readily than without it . But it might be still simpler to
have a pretty large vessel of water screwed on to the pipe, which would not
be filled with air for a considerable time ; and which,when full , might be taken
off and replenished with water . (Plate XXI . Fig . 285.)

The diameter of a pipe, required for conveying a given quantity of water to
a given distance , may be calculated from the experiments of Mr . Buat , which
have been already mentioned . Pipes, are usually made of wood, of lead, or of
cast iron ; but most commonly of lead ; and of late tinned copper has been
employed with considerable advantage . A pipe of lead will bear the pressure
of a column of water 100 feet high , if its thickness be one hundredth of its
diameter , or even less than this ; but when any alternation of motion is pro¬
duced , a much stronger pipe is required , and it is usual to make leaden pipes
of all kinds far thicker than in this proportion.

The form and construction of stopcocks and valves are very various , ac¬
cording to their various situations and uses. Stopcocks usually consist of a
cylindrical or conical part , perforated in a particular direction , and capable of
being turned in a socket formed in the pipe, so as to open or shut the passage
of the fluid, and sometimes to form a communication with either of two or
more vessels at pleasure . A valve is employed where the fluid is to be allowed
to pass in one direction only, and not to return . For water , those valves
are the best which interrupt the passage least ; and none appears to fulfil
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this condition better than the common clack valve of leather ,which is generally
either single, or divided into two parts ; hut it is sometimes composed of four
parts , united so as to form a pyramid , nearly resembling the double and triple
valves which are formed by nature in the hearts of animals . A board, or a
round Hat piece of metal , divided unequally by an axis on which it moves,
makes also a very good simple valve. Where a valve is intended to intercept
the passage of steam, it must be of metal ; such a valve is generally a flat
plate , with its edge ground a little conically , and guided in its motion by a
wire or pin. For air, valves are commonly made 'of oiled silk, supported by a
perforated plate or grating . ( Plate XXI . Fig . a86, ‘287 .)

Before we consider the application of the force of fluids in motion to prac¬
tical purposes, we must attend to the methods of measuring the velocity of
their motions . This may be done either by a comparison with linear mea¬
sures, or by instruments founded on the laws of hydraulic pressure. One of
the best of such instruments is the tube invented by Pitot , anil improved by
Buat. A funnel is presented to the stream, and the water in a vertical tube
connected with it is elevated above the level of the river , nearly to the height
corresponding to the velocity : but it is said that the result will be less liable
to error , if the funnel be covered by a plate with a small orifice in its centre,
the elevation being in this case always half as great again as the height due to
the velocity . Other instruments , intended for the same purpose, require some
previous experiments for determining the degree in which they are affected by
different velocities ; in this manner the hydrometrical fly is adjusted ; the
impulse of the water on two inclined planes turning an axis to which they
are fixed, and by its means a series of wheels, with an index ,which expresses
the space described during the time of observation . Instruments similar to
these have also sometimes been employed,for measuring the relative velocity,
with which a ship under way passes through the water ; and an apparatus , re¬
sembling Pitot ’s, has been adapted to this purpose by Captain Hamilton , Avith the
addition of a tube inserted into it on a level with the surface of the Avater,
which continually discharges a small stream into a reservoir Avitha velocity
regulated by the pressure, and consequently equal or proportional to that of
the ship itself . In this manner he obtains an accurate register of the Avhole
distance described , including the effect of all the variations of the velocity.
If the orilice be small, it will be necessary to attend to the temperature of the
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water, since the discharge is considerably retarded by any considerable degree of
cold . But when the aperture ,which determines the magnitude of the discharge,
is wliolly under water , as Captain Hamilton has placed it, this source of error
is probably much diminished . (Plate XXII . Fig . 288, 289.)

The motions of the air may also be measured by instruments similar to
those which are employed for determining the velocity of streams of water.
The direction of the wind is sometimes indicated by a wind dial , consisting
simply of an index , connected by wheels with a common vane or weather¬
cock . Its velocity may be found by means of wind gages of different kinds:
these are sometimes constructed by opposing a Hat surface to the wind, the
pressure being measured by the flexure of a spring , or by the winding up of
a weight on a spiral barrel ; and sometimes by receiving the stream in the
mouth of a funnel , so as to raise a column of water, in a vertical tube, to a
height equivalent to the pressure, or to condense a quantity of air inclosed in
a cavity , to a degree which is indicated by the place of a small portion of
mercury , moving in a horizontal tube , which leads to the cavity . A little
windmill , like the hydrometrical fly, may also be employed for measuring the
velocity of the wind , with the assistance of a watch.

The principal methods of applying the force of fluids to useful purposes are
to employ their weight , their impulse , or their pressure . The weight , of
water may be applied,by collecting it in a reservoir ,which alternately ascends
and descends , by causing it to act within a pipe on a moveable piston , or by
conducting it into the buckets of a,revolving wheel ; its impulse may be di¬
rected either perpendicularly or obliquely against a moveable surface ; and its
pressure may be obtained , without any immediate impulse, by causing a
stream to flow horizontally out of a moveable pipe which revolves round an
axis . The force of the air can only be applied by means of its impulse, and
this may be employed either perpendicularly or obliquely.

When water is collected in a single reservoir , which serves to work a pump
or to raise a weight , the mode of its operation may be determined from me¬
chanical considerations only ; and it is obvious that if we are desirous of pre¬
serving the whole force of the water, we must employ a second reservoir to
be lilled during the descent of the first, which may either descend in its turn
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or empty itself into the first when it has ascended again to its original situa¬
tion . The action of a column of water , inclosed in a pipe, is of a nature
nearly similar to that of such a reservoir, excepting that the apparatus is
more liable to friction ; the arrangement of its parts is nearly similar, although
in an inverted position , to that winch is more commonly employed for rais¬
ing water by means of pumps . But both these methods of employing the
weight of water , are in great measure confined to those cases in which it is
to be procured in a small quantity , and may be allowed to descend through a
considerable height , and when the circumstances do not allow us to employ
machines which require a greater space.

We have seen that in order to determine the effect of any force employed
in machinery , we must consider not only its magnitude , but also the velo¬
city with which it can be brought into action , and we must estimate the ul¬
timate value of the power, by the joint ratio , or the product , of the force and
the velocity . Thus , if we had a corn mill, for example , in which we wished
the millstone to revolve with a certain velocity , and to overcome a given
resistance , and supposing that this effect could be obtained by means of
a certain train of wheels from a given source of motion ; if the velocity
of the motion at its source be reduced to one half , we must double the
diameter of one of the wheels by which the force is communicated , in
order to give the millstone the desired velocity , and thus we must introduce
a mechanical disadvantage , which can only be compensated by a double in¬
tensity in the force at its origin.

If we apply this estimation of effect to the motion of an overshot wheel,
we shall find that the velocity of the wheel,and consequently its breadth , and
the magnitude of its buckets , is perfectly indifferent with respect to the
value of its operation : for supposing the stream to enter the buckets with the
uniform velocity of the wheel, the quantity of water in the wheel at any one
time, and consequently the pressure , must be inversely as the velocity , so
that the product of the force into the velocity will be the same, however
they may separately vary . If , however, the velocity were to become very
considerable , it would be necessary to sacrifice a material part of the fall, in
order that the water might acquire this velocity before its arrival at the wheel;
but a fall of one foot , or even less, is sufficient for producing any velocity
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that would be practically convenient : and it is obvious , on the other hand,

that a certain velocity may be procured from a wheel moving rapidly , with

less machinery than from another which moves more slowly. In general the

velocity of the surface of the wheel is between two and six feet in a second ;

and whether it be greater or smaller, the force actually applied will always

be equal in effect to the weight of a portion of the stream employed , equal in

length to the height of the wheel. In order to avoid the resistance which

might be occasioned by the stagnant water below the wheel, it is a good

practice to turn the stream backwards upon its nearer half, so that the water,

when discharged , may run off in the general direction of its motion . ( Plate

XXII . Fig . 290. )

If we suffer the stream of water to acquire the utmost velocity that the

whole fall can produce , and to strike horizontally against the floatboards of

an undershot wheel, or if we wish to employ the force of a river running in a

direction nearly horizontal , the wheel must move, in order to produce the

greatest effect, with half the velocity of the stream . For the whole quantity

of water impelling the floatboards is nearly the same, whatever may be the ve¬

locity , especially if the wheel is properly inclosed in a narrow channel , and

hence it is easy to calculate that the greatest possible effect will be produced

when the relative velocity of the stream, striking the floatboards , is equal to

the velocity of the wheel itself. The pressure on the floatboards is equal to

that of a stream containing the same quantity of water , and striking a fixed

obstacle with half the velocity , that is, such a stream as escapes from the

wheel, which must be twice as deep or twice as wide as the original stream,

since its motion is only one half as rapid ; and a column of such a stream, of

twice the height due to its velocity , that is, of half the height of the fait,

being , as we have already seen, the measure of the hydraulic pressure, this

force will be precisely half as great as that of a similar column, acting on an

overshot wheel, which moves with the same velocity . But the stream thus

retarded will not retain the other half of its mechanical power ; since its

greatest effect will be in the same proportion to that of an equal stream acting

on an overshot wheel with one fourth of the fall of the former : and the rc- \

maining fourth of the power is lost in producing the change of form of the

water and in overcoming its friction . Tn whatever way we apply the

force of water , we shall find that the mechanical power which it possesses

vol.  i , x t
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must be measured by the product of the quantity multiplied by the height
from which it descends : for example , a hogshead of water capable of descend¬
ing from a height of 10 feet, possesses the same power as 10 hogsheads des¬
cending from a height of one foot ; and a cistern tilled to the height of 10
feet above its orifice possesses 100 times as much power as the same cistern
filled to the height of one foot only.

When , therefore , the fall is sufficiently great , an overshot wheel is far pre¬
ferable to an undershot wheel, and where the tall is too small for an overshot
wheel, it is most advisable to employ a breast wheel, which partakes ot its
properties ; its tloatboards consisting of two portions meeting at an angle , so
as to approach to the nature of buckets , and the water being also in some measure
confined within them by the assistance of a sweep or arched channel which fol¬
lows the curve of the wheel, without coming too nearly into contact with it,
so as to produce unnecessary friction . When the circumstances do notadmit even of a breast wheel , we must be contented with an undershot
wheel : it is recommended , for such a wheel, that the tloatboards be so placed
as to be perpendicular to the surface of the water at the time that they riseout of it : that only one halt ot each should ever be below the surface, andthat from three to five should be immersed at once, according- to the mac-
nitude of the wheel . Sometimes, however, it has been thought eligible to
employ a much smaller number : thus the water wheel which propels Mr.
Symington ’s steam boat has only six tloatboards in its whole circumference.
(Plate XXII . Fig . 291, 292. )

Since the water escaping front an undershot wheel still retains a part of
its Velocity, it is obvious that this may be employed for turning a second
wheel, if it be desirable to preserve as much as possible of the force. In this
case,by causing the first wheel to move with two thirds of the velocity of the
stream, the whole effect of both will be one third greater than that of a single
wheel placed in the same stream ; but it must be considered that the expense
ot the machinery will also be materially increased.

Consideiable enors have frequently been made by mathematicians andpractical mechanics in the estimation of the force of the wind or the water
on oblique surfaces ; they have generally arisen from inattention to the distinc-
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tion between pressure and mechanical power. It may be demonstrated that
the greatest possible pressure of the wind or water , on a given oblique sur¬
face at rest, tending to turn it in a direction perpendicular to that of the wind,
is obtained when the surface forms an angle of about 55° with the wind ; but
that the mechanical power of such a pressure, which is to be estimated from
a combination of its intensity with the velocity of the surface , may be in¬
creased without limit by increasing the angle of inclination,and consequently
the velocity . The utmost effect that could be thus obtained would be equal
to that of the same wind or stream acting on the floatboards of an undershot
wheel : but since in all practical cases the velocity is limited , the effect will
be somewhat smaller than this : for example , if the mean velocity of the sails
or floatboards be supposed equal to that of the wind , the mechanical power
will be more than four fifths as great as that of an undershot wheel, that is, in
the case of a windmill , more than four fifths of the utmost effect that can be
obtained from the wind . In such a case Maclaurin has shown that the sails
ought to make an angle of 74°with the direction of the wind : but in practice
it is found most advantageous to make the angle somewhat greater than this,
the velocity of the extremities of the sails being usually , according to Mr.
Smeaton , more than twice as great as that of the wind. It appears, there¬
fore, that the oblique sails of the common windmill are in their nature almost
as well calculated to make the best use of any hydraulic force as an undershot
wheel ; and since they act without intermission throughout their whole revo¬
lution , they have a decided advantage over such machines as require the sails
or fans to be exposed to a more limited stream of the wind,during one half only
of their motion , which is necessary in the horizontal windmill , where a screen is
employed for covering them while they are moving in a direction contrary to
thatof the wind : and such machines , according to Smeaton, are found to per¬
form little more than one tenth of the work of those which arc more usually
employed . The sails of a common windmill are frequently made to change their
situation according to the direction of the wind, by means of a small wheel,with
sails of the same kind , which turns round whenever the wind strikes on
either side of it , and drives a pinion turning the whole machinery ; the sails
are sometimes made to furl or unfurl themselves , according to the velocity of
the wind, by means of a revolving pendulum , which rises to a greater or less
height , in order to prevent the injury which the flour would suffer from too great
a rapidity in the motion, or any other accidents which might happen in a mill
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of a different nature . The inclination of the axis of a windmill to the horizon is
principally intended to allow room for the action of the wind at the lower
part , where it would be weakened if the sails came too nearly in contact with
the building , as they must do if they were perfectly upright . When it is
necessary to stop the motion of a windmill , a break is applied to the surface
of a large wheel, so that its friction operates with a considerable mechanical
advantage . Water wheels with oblique floatboards are sometimes used with
good effect in China and in the south of Fiance : for title wheels, such float-
boards have the advantage that they may be easily made to turn on a hinge
with the stream, so as to impel the wheel in the same direction whether the
tide be flowing or ebbing . (Plate XXII . Fig. 293 .)

A smoke jack is a windmill in miniature ; a kite affords a very familiar ex¬
ample of the effect of the oblique impulse of the air,of which the action first
causes a pressure perpendicular to the surface of the kite , and this force,
combined with the resistance of the string , produces a vertical result capable
of counteracting the weight of the kite . ( Plate XXII . Fig . 291.)

The counterpressure of the water , occasioned by the escape of a stream from
a moveable reservoir , was applied by Parent to tlie purpose of turning a mill¬
stone , and various other authors have described machines of a similar nature :
they may be constructed with little or no wheel work , and it does not appear
to be necessary that much of the force of the water should be lost in their
operation ; but they have never been practically employed with success, nor
have they perhaps ever had a fair trial.

The art of seamanship depends almost entirely on the management of the
forces and resistances of air and water , and if the laws of hydraulic pressure,
with respect to oblique and curved surfaces, were more completely ascertain¬
ed, we might calculate not only what the motions of a ship would be under
any imaginable circumstances , but we might also determine precisely what
would be the best possible form of a ship, and what the best arrangement of
her rigging.

When a ship is sailing immediately before the wind,little or no art is required
■in setting her sails, and her velocity is only limited by that of the wind, and
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by the resistance of the water : but for sailing with a side wind, it becomes

necessary that the immediate force of the wind should be considerably mo¬
dified.

If we had a circular vessel or tub , with a single mast , and a sail perfectly

flat, and if the sail were placed in a direction deviating but little from that of

the wind, the tub would begin to move in a direction nearly at right angles

to that of the wind , since the impulse of the wind acts almost entirely in a

direction perpendicular to that of the sail : but the slightest inequality of the

dimensions of the sail, or of the force of the wind, would immediately disturb

the position of the vessel ; and in order to avoid this inconvenience , it would

be necessary to have a moveable body projecting into the water , so as to create

a resistance by means of which the vessel might be steered , and the sail con¬

fined to its proper place : and this might be done more effectually by chang¬
ing the form of the vessel from round to oval ; it would then also have the

advantage of moving much more easily through the water in the direction of

its length than a circular vessel of equal size, and of creating still more"re¬

sistance in a transverse direction , so that when urged by an oblique force , it

would move in some measure obliquely , but always much more nearly in the

direction of its length than of its breadth . The angular deviation from the

track of the ship is called its lee way, and if we know the direction of the

sails, and the actual proportions of the resistances opposed to the ship’s

motion in different directions , we may calculate from these resistances the

magnitude of the angular deviation or lee way : but hitherto such calcula¬

tions have generally indicated a lee way three or four times as great as that

which has been observed . The use of the keel is not only to assist in confin¬

ing the motion of the ship to its proper direction , but also to diminish the

disposition to vibrate from side to side, which would interfere with the
effect of the sails, and produce many other inconveniences . When the prin¬

cipal force of the wind is applied to the anterior part of the ship, her head

woidd be naturally turned from the wind if the rudder were not made to pro¬

ject from the stern in a contrary direction , and to present the surface of an

inclined plane to the water which glides along the keel, so as to preserve the

ship, by means of the pressure which it receives, in any direction that may be

required for her manoeuvres . Commonly,however ,although the sails may be so

arranged that the principal force of the wind appears to be on the fore part of
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the ship, the curvature of the sails, or some other cause, throws the pressurefurther backwards, and the action of the rudder is necessary to prevent theskip’s head turning towards the wind . ( Plate XXII . Fig 295.)
When a ship is steering in this manner on a side wind, the effect of thewind has a natural tendency to overset her, and if she is too crank , that is,deficient in stability , she cannot sail well, otherwise than directly before thewind . The place of the centre of gravity , compared with that of the meta¬centre , or imaginary centre of pressure , determines the degree of stability,and the most general way of increasing it is to lessen the weight of theupper part , and of the rigging of the vessel, to diminish her height , or to in¬crease her breadth , and to stow the ballast as low as possible in the hold.Too little attention has frequently been paid to this subject , as well as tomany other departments of naval architecture ; and although mere theore¬tical investigations have hitherto been but of little service to the actualpractice of seamanship , yet it cannot be doubted that an attention to whathas already been discovered of the laws of hydrodynamics , as well as to theprinciples of mechanics in general ,must be of great advantage to the navigator,in enabling him to derive from his own experience all the benefits, which acorrect mode of reasoning is capable of procuring bim.
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