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PREFACE TO THE FOURTH EDITION

SINCE the publication of the first edition of this book there has
been published a number of interesting and valuable papers
describing researches of animportant character which add materially
to our knowledge of experimental hydraulics. Some of these have
been incorporated in the text, while others have been dealt with
in the Appendix.

In the first edition the author gave a good deal of attention
to the logarithmic plotting of the experimental data dealing with
the flow of water in pipes and channels. The examination of that
data showed conclusively that in all cases the loss of head in a pipe
was proportional to o" but n» was not constant, and the author
pointed out that it was almost as difficult to assess values to n as
to choose suitable coefficients from tables. The work referred to
in the Appendix, page 565, confirms for clean pipes the results
demanded by the Principle of Dynamical Similarity, and it is very
much to be hoped that all workers in the future will, as far as
possible, record not only the flow along pipes and channels and
the hydraulic slopes but also the density and viscosity of the fluid,
so that in the analysis of the experiments R/pv* and vd/v may be
logarithmically plotted.

The growing importance of water power stations and the de-
velopment of large power units have made desirable the extension
of the original chapter on turbines. The principles of similarity
have been applied to turbines and their models, and the problem
of the surge tank has been dealt with in a brief fundamental
manner.

The original chapter on pumps has been divided into two
chapters, the one on centrifugal pumps and the other dealing with
reciprocating pumps.

The original intention of the book has been preserved through-
out. It might have been shortened very considerably if the author
had simply been content to give particular results which can be
used to solve practical problems with a considerable degree of
confidence. Such a procedure would have defeated the author’s
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purpose of making the book not only immediately valuable to
practising engineers but also of being a real help to the serious
student and to enable readers to appreciate the nature of the
evidence upon which results are based, and in some measure alsd
to trace the development of an interesting subject through a
century of real progress.

The author would also take this opportunity of expressing his
appreciation of the kindness of those who have from time to time
materially assisted by pointing out arithmetical errors and making
other suggestions.

As proved to be the case when the original book was written,
so in the present volume the difficulty of selection, without going
far beyond the original purpose of the book and keeping the volume
within reasonable dimensions, has not been easy.

F. C. LEA.

BIRMINGHAM,
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HYDRAULICS.

CHAPTER L
FLUIDS AT REST.

1. Introduction.

The science of Hydraulics, in its limited sense and as originally
understood, had for its object the consideration of the laws
regulating the flow of water in channels, but it has come to have
a wider significance, and it now embraces the study of the principles
involved in the pumping of water and other fluids and their appli-
cation to the working of different kinds of machines.

The practice of conveying water along artificially constructed
channels for irrigation and domestic purposes dates back into
great antiquity. The Egyptians constructed transit canals for
warlike purposes, as early as 3000 B.C., and works for the better
utilisation of the waters of the Nile were carried out at an even
earlier date. According to Josephus, the gardens of Solomon
were made beautiful by fountains and other water works. The
aqueducts of Rome®*, some of which were constructed more than
2000 years ago, were among the “ wonders of the world,” and
to-day the city of Athens is partially supplied with water by
means of an aqueduct constructed probably some centuries before
the Christian era.

The science of Hydraulics, however, may be said to have only
come into existence at the end of the seventeenth century when
the attention of philosophers was drawn to the problems involved
in the design of the fountains, which came into considerable use
in Italian landscape gardens, and which, according to Bacon,
were of “great beauty and refreshment.” The founders were
principally Torricelli and Mariotte from the experimental, and
Bernoulli from the theoretical, side. The experiments of Torri-
celli and of Mariotte to determine the discharge of water through
orifices in the sides of tanks and through short pipes, probably

* The Aqueducts of Rome. Frontinus, translated by Herschel.

L H, 1



2 HYDRAULICS

mark the first attempts to determine the laws regulating the
flow of water, and Torricelli’s famous theorem may be said to
be the foundation of modern Hydraulics. But, as shown at the
end of the chapter on flow in channels, it was not until a century
later that any serious attempt was made to give expression to tne
laws regulating the flow in long pipes and channels, and practi-
cally the whole of the knowledge we now possess has been
acquired during the last century. Simple machines for the
utilisation of the power of natural streams have been made for
many centuries, examples of which are to be found in an interest-
ing work Hydrostatiks and Hydrauliks written in English by
Stephen Swetzer in 1729, but it has been reserved to the workers
of the nineteenth century to develope all kinds of hydraulic
machinery, and to discover the principles involved in their correct
design. Poncelet’s enunciation of the correct principles which
should regulate the design of the “floats” or buckets of water
wheels, and Fourneyron’s application of the triangle of velocities
to the design of turbines, marked a distinct advance, but it must
be admitted that the enormous development of this class of
machinery, and the very high standard of efficiency obtained, is
the outcome, not of theoretical deductions, but of experience,
and the careful, scientific interpretation of the results of
experiments.

2. Fluids and their properties.

The name fluid is given, in general, to a body which offers
very small resistance to deformation, and which takes the shape
of the body with which it is in contact.

If a solid body rests upon a horizontal plane, a force is required
to move the body over the plane, or to overcome the friction
between the body and the plane. If the plane is very smooth
the force may be.very small, and if we conceive the plane to be
perfectly smooth the smallest imaginable force would move the
body.

If in & fluid, a horizontal plane be imagined separating the
fluid into two parts, the force necessary to cause the upper
part to slide over the lower will be very small indeed, and
any force, however small, applied to the fluid above the plane
and parallel to it, will cause motion, or in other words will cause
a deformation of the fluid.

Similarly, if a very thin plate be immersed in the fluid in any
direction, the plate can be made to separate the fluid into two
parts by the application to the plate of an infinitesimal force,
and in the imaginary perfect fluid this force would be zero.
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Viscosity. Fluids found in nature are not perfect and are
said to have viscosity; but when they are at rest the conditions
of equilibrium can be obtained, with sufficient accuracy, on
the assumption that they are perfeét fluids, and that therefore
no tangential stresses can exist along any plane in a fluid.
This branch of the study of fluids is called Hydrostatics; when
the laws of movement of fluids are considered, as in Hydraulics,
these tangential, or frictional forces have to be taken into
consideration.

3. Compressible and incompressible fluids.

There are two kinds of fluids, gases and liquids, or those which
are easily compressed, and those which are compressed with
difficulty. The amount by which the volumes of the latter are
altered for a very large variation in the pressure is so small that
in practical problems this variation is entirely neglected, and
they are therefore considered as incompressible fluids.

In this volume only incompressible fluids are considered, and
attention is confined, almost entirely, to the one fluid, water.

4. Density and specific gravity.

The density of any substance is the weight of unit volume at
the standard temperature and pressure.

The specific gravity of any substance at any temperature and
pressure is the ratio of the weight of unit volume to the weight
of unit volume of pure water at the standard temperature and
pressure.

The variation of the volume of liquid fluids, with the pressure,
as stated above, is negligible, and the variation due to changes of
temperature, such as are ordinarily met with, is so small, that in
practical problems it is unnecessary to take it into account.

In the case of water, the presence of salts in solution is of
greater importance in determining the density than variations
of temperature, as will be seen by comparing the densities of sea
water and pure water given in the following table.

TABLE I
Useful data.

One cubic-foot of water at 89:1° F. weighs 62:425 lbs.

” ”» ” 60° F. ” 6286 ”»
One cubic foot of average sea water at 60° F. weighs 64 1ba.
One gallon of pure water at 60° F. weighs 101bs.
One gallon of pure water has a volume of 27725 cubic inches.
One ton of pure water at 60° F. has a volume of 85'9 cubic feet.

1—2
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Table of densities of pure water.

Temperature

Degrees Fahrenheif Density
82 99987
891 1-000000
60 099973
60 099905
80 099664
104 099288

From the above it will be seen that in practical problems it
will be sufficiently near to take the weight of one cubic foot of
fresh water as 62'4 lbs., one gallon as 10 pounds, 624 gallons in a
cubic foot, and one cubic foot of sea water as 64 pounds.

6. Hydrostatics.

A knowledge of the principles of hydrostatics is very helpful
in approaching the subject of hydraulics, and in the wider sense
in which the latter word is now used it may be said to include the
former. It is, therefore, advisable to consider the laws of fluids
at rest.

There are two cases to consider. First, fluids at rest under the
action of gravity, and second, those cases in which the fluids are
at rest, or are moving very slowly, and are contained in closed
vessels in which pressures of any magnitude act upon the fluid,
as, for instance, in hydraulic lifts and presses.

6. Intensity of pressure.

The intensity of pressure at any point in a fluid is the pressure
exerted upon unit area, if the pressure on the unit area is uniform
and is exerted at the same rate as at the point.

Consider any little element of area a, about a point in the fluid,
and upon which the pressure is uniform.

If Pisthe total pressure on a, the Intensity of Pressure p, is then

P 5
b= a’
or when P and a are indefinitely diminished,
_oP
P=3z"°

7. The pressure at any point in a fluld is the same in all
directions.

It has been stated above that when a fluid is at rest its resist-
anoe to lateral deformation is practically zero and that on any
plane in the fluid tangential stresses cannot exist. From this
experimental fact it follows that the pressure at any point in the
fluid is the same in all directions,
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Consider a small wedge ABC, Fig. 1, floating immersed in a
fluid at rest.

Since there cannot be a tangential *p
ggress on any of the planes AB, BC,or AC, A<—p B
the pressures on them must be normal. ~—p,

Let p, p» and p; be the intensities of \p‘\
pressures on these planes respectively. C

The weight of the wedge will be very Fig. 1.
small compared with the pressures on its
faces and may be neglected.

As the wedge is in equilibrium under the forces acting on
its three faces, the resolved components of the force acting on
AC in the directions of p and p, must balance the forces acting
on AB and BC respectively.

Therefore p2. ACcosf=p. AB,
and pAC sin 6 =p, BC.

But AB=AC cos b, and BC=ACsin 6.

Therefore P =P1="Ds.

8. The pressure on any horizontal plane in a fluid must
be constant.

Consider a small cylinder of a fluid joining any two points A
and B on the same horizontal plane in the fluid.

Since there can be no tangential forces acting on the cylinder
parallel to the axis, the cylinder must be in equilibrium under the
pressures on the ends A and B of the cylinder, and since these
are of equal area, the pressure must be the same at each end of
the cylinder.

9. Fluids at rest, with the free surface horizontal.

The pressure per unit area at any depth h below the free
surface of a fluid due to the weight of the fluid is equal to the
weight of a column of fluid of height A and of unit sectional area.

Let the pressure per unit area acting on the surface of the
fluid be p 1bs. If the fluid isin a closed vessel, the pressure p may
have any assigned value, but if the free surface is exposed to the
atmosphere, p will be the atmospheric pressure.

If a small open tube AB, of length A, and cross sectional area a,
be placed in the fluid, the weight per unit volume of which is
w lbs., with its axis vertical, and its upper end A coincident with
the surface of the fluid, the weight of fluid in the cylinder must be
w.a.hlbs. The pressure acting on the end A of the column
is pa 1bs.
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Since there cannot be any force acting on the column parallel
to the sides of the tube, the force of wah lbs. + pa 1bs. must be
kept in equilibrium by the pressure of the external fluid acting on

the fluid in the cylinder at the end B.
The pressure per unit area at B, therefore,

_ wah +pa

2 = (wh + p) lbs.

The pressure per unit area, therefore, due to the weight of the
fluid only is wh lbs.

In the case of water, w may be taken as 62'40 lbs. per cubic
foot and the pressure per sq. foot at a depth of & feet is, therefore,
62:40h 1bs., and per sq. inch "433h lbs.

It should be noted that the pressure is independent of the form
of the vessel, and simply depends upon the vertical depth of the
point considered below the surface of the fluid. This can be
illustrated by the different vessels shown in Fig. 2. If these
were all connected together by means of a pipe, the fluid when
at rest would stand at the same level in all of them, and on any
horizontal plane AB the pressure would be the same.

!

A
Pressyre on the Plane ABsw-h tbs per sq Foot,
Fig. 2.

If now the various vessels were sealed from each other
by closing suitable valves, and the pipe taken away without
disturbing the level CD in any case, the intensity of pressure on
AB would remain unaltered, and would be, in all cases, equal
to wh.

. Ezample. In a condenser containing air and water, the pressure of the air is
2 1bs. per sq. inch absolute. Find the pressure per sq. foot at a point 8 feet below
the free surface of the water.

pP=2x144+38x624
=475'2 lbs. per sq. foot.
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10. Pressures measured in feet of water. Pressure head.

It is convenient in hydrostatics and hydraulics to express the
pressure at any point in a fluid in feet of the fluid instead of pounds
,er sq. foot or 8q. inch. It follows from the previous section that
if the pressure per sq. foot is p lbs. the equivalent pressure in feet

of water, or the pressure head, is =£ ft. and for any other fluid
having a specific gravity p, the pressure per sq. foot for a head
h of the fluid is p=w.p.h, or h=wﬁp.

11. Piezometer tubes.

The pressure in a pipe or other vessel can conveniently be
measured by fixing a tube in the pipe and noting the height to
which the water rises in the tube.

Such a tube is called a pressure, or piezometer, tube.

The tube need not be made straight but may be bent into any
form and carried, within reasonable limits, any distance horizon-

tally.
The vertical rise h of the water will be always
R=2,

where p is the pressure per sq. foot in the pipe.
If instead of water, a liquid of specific gravity p is used the
height A to which the liquid will rise in the tube is

h=-P_
w.p'

Ezample. A tube having one end open to the atmosphere is fitted into & pipe
containing water at a pressure of 10 lbs. per sq. inch above the atmosphere. Find
the height to which the water will rise in the tube.

The water will rise to such a height that the pressure at the end of the tube in
the pipe due to the column of water will be 10 lbs. per sq. inch.

Therefore h= 10 ):0144 =23-08 feet.

12. The barometer.

The method of determining the atmospherioc
pressure by means of the barometer can now be
understood. '

If a tube about 3 feet long closed at one end be
completely filled with mercury, Fig. 8, and then
turned into a vertical position with its open end
in a vessel containing mercury, the liquid in the
tube falls until the length % of the column is about == F—==
30 inches above the surface of the mercury in the Emmm——"
vessel. Fig. 8.

TR
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Since the pressure p on the top of the mercury is now zero, the
pressure per unit area acting on the section of the tube, level with
the surface of the mercury in the vessel, must be equal to the
weight of a column of mercury of helght h.

The specific gravity of the mercury is 13:596 at the standard
temperature and pressure, and therefore the atmospheric pressure
per sq. inch, p,, is,

30" x 13596 x 62'4

pﬂ = 12 X 144' = 14!.7 ]bS. per Sq. iHCh-
xpressed in feet of water,
147144
h ——6'—212'— = 3392 feet.

This is so near to 34 feet that for the standard atmospheric
pressure this value will be taken throughout this book.

A similar tube can be conveniently used for measuring low
pressures, lighter liquids being used when a more sensitive gauge
i8 required.

13. The differential gauge.

A more convenient arrangement for measuring pressures, and
one of considerable utility in many hydraulic experiments, is
known as the differential gauge.

Let ABCD, Fig. 4, be a simple U tube
containing in the lower part some fluid of
known density.

If the two limbs of the tube are open to
the atmosphere the two surfaces of the fluid
will be in the same horizontal plane.

If, however, into the limbs of the tube a
lighter fluid, which does not mix with the
lower fluid, be poured until it rises to C in
one tube and to D in the other, the two
surfaces of the lower fluid will now be at
different levels.

Let B and E be the common surfaces of
the two fluids, A being their difference of
Jevel, and h, and h, the heights of the free
surfaces of the lighter fluid above E and B respectively.

Let p be the pressure of the atmosphere per unit area, and d
and d, the densities of the lower and upper fluids respectively.
Then, since upon the horizontal plane AB the fluid pressure must

be constant,
p + dihy=1p + dify + dh,
or d; (hz - h),) = dh.
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If now, instead of the two limbs of the U tube being open to
the atmosphere, they are connected by tubes to closed vessels in
which the pressures are p, and p, pounds per sq. foot respectively,
and h; and Ay are the vertical lengths of the columns of fluid above
E and B respectively, then

Pr+di ha=p1+dy . +d.h,
or Pi- ;i=d.h—d, (ha—hy).

An application of such a tube to determine the difference of
pressure at two points in a pipe containing flowing water is shown
in Fig. 88, page 116.

Fluids generally used in such U tubes. Inhydraulic experiments
the upper part of the tube is filled with water, and therefore the
fluid 1n the lower part must have a greater density than water.
‘When the difference of pressure is fairly large, mercury is generally
used, the specific gravity of which is 13'596. When the difference
of pressure is small, the height A is difficult to measure with
precision, so that, if this form of gauge is to be used, it is desirable
to replace the mercury by a lighter liquid. Carbon bisulphide
has been used but its action is sluggish and the meniscus between
it and the water is not always well defined.
Nitro-benzine gives good results, its prin-
cipal fault being that the falling meniscus
does not very quckly assume a definite
shape.

The tnverted arr gauge. A more sen-
sitive gauge, than the mercury gauge,
can be made by inverting a U tube and
enclosing in the upper part a certain
quantity of air as in the tube BHC, Fig. 5.

Let the pressure at D in the limb DF
be p, pounds per square foot, equivalent
to a head h, of the fluid in the lower part
of the gauge, and at A in the limb AE let
the pressure be p,, equivalent to a head h,. Pig. 5.

Let % be the difference of level of G- and C.

Then if CHG contains air, and the weight of the air be
neglected, being very small, the pressure at C must equal the
pressure at G; and since in a fluid the pressure on any horizontal
plane is constant the pressure at C is equal to the pressure at D,
and the pressure at A equal to the pressure at B. Again the
pressure at G is equal to the pressure at K.

Therefore " ha—h=h,
or P~ =pw.h.
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If the fluid is water p may then be taken as unity ; for a given
difference of pressure the value of A will clearly be much greater
than for the mercury gauge, and it has the further advantage that
h gives directly the difference of pressure in feet of water. Tk2
temperature of the air in the tube does not affect the readings, as
any rise in temperature will simply depress the two columns
without affecting the value of hA.

The inverted oil gauge. A still more sensitive gauge can
however be obtained by using, in the
upper part of the tube, an oil lighter
than water instead of air, as shown
in Fig. 6.

Let p, and p, be the pressures in
the two limbs of the tube on a given
horizontal plane AD, h, and A, being
the equivalent heads of water. The
oil in the bent tube will then take up
some such position as shown, the
plane AD being supposed to coincide
with the lower surface C.

Then, since upon any horizontal
plane in a homogeneous fluid the
pressure must be constant, the pres-
sures at G and H are equal and also
those at D and C.

Let p, be the specific gravity of
the water, and p of the oil.

Then prkha = ph=p; (ha = h).
Therefore h (o1 —p) =p1 (ha—hy)
P (hz hl)
and h="r—— “r=p) RSO RRRRRR ¢ ) B
Substituting for A, and A, the values
hl =_—, and h
wpx P1
= D21
w. (pl P) -u..--u.u.nu.u.(2),
or Po—o1=wW.(P1=P) huereevinennnnn...(8).

From (2) it is evident that, if the density of the oil is not very
different from that of the water, » may be large for very small
differences of pressure. Williams, Hubbell and Fenkell* found
_that either kerosene, gasoline, or sperm oil gave excellent results,
but sperm oil was too sluggish in its action for rapid work.

* Proceedings Am.8.C.E., Vol. xxvir, p. 884,
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Kerosene gave the best results. The author has used mineral oils
lighter than water of specific gravities varying from 078 to 0°96
and heavier than water of specific gravities from 1'1 to 1'2,

Temperature cocflicient of the tnverted oil gauge. Unlike the
inverted air gauge the oil gauge has a considerable temperature
coefficient, as will be seen from the table of specific gravities at
various temperatures of water and the kerosene and gasoline used
by Williams, Hubbell and Fenkell.

In this table the specific gravity of water is taken as unity
at 60° F.

Water Kerosene Gasoline

Temperature°F.| 40 60 100 | 40 60 100 | 40 60 80
Specific gravity| 1:00092 | 1:0000 9941 | ‘7955 7879 7725 | *72147 71687 70547

The calibration of the inverted ol gauge. An arrangement
similar to that shown in Fig. 6 can conveniently be used for
calibrating these gauges.

The difference of level of E and F clearly gives the difference
of head acting on the plane AD in feet of water, and this from

equation (1) equals ———= (pl P)

Water is put into AE and FD so that the surfaces E and F
are on the same level, the common surfaces of the oil and the
water also being on the same level, this level being zero for the
oil. Water is then run out of FD until the surface F is
exactly 1 inch below E and a reading for h taken. The surface F'
is again lowered 1 inch and a reading of h taken. This process
is continued until F is lowered as far as convenient, and then
the water in EA is drawn out in a similar manner. When E
and T are again level the oil in the gauge should read zero.

14. Transmission of fluid pressure.

If an external pressure be applied at any point in a fluid, it is
transmitted equally in all direc-
tions through the whole mass.
This is proved experimentally
by means of a simple apparatus
such as shown in Fig. 7.

If a pressure P is exerted upon
& small piston Q of a sq. inches Fig. 7.
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area, the pressure per unit area p= g— , and the piston at R on the
same level as Q, which has an area A, can be made to lift a load W
equal to A% ; or the pressure per sq. inch at R is equal to the

pressure at Q. The piston at R is assumed to be on the same level
as Q so as to eliminate the consideration of the small differences of
pressure due to the weight of the fluid.

If a pressure gauge is fitted on the connecting pipe at any
point, and p is so large that the pressure due to the weight of the
fluid may be neglected, it will be found that the intensity of
pressure i8 p. This result could have been anticipated from that
of section 8.

Upon this simple principle depends the fact that enmormous
forces can be exerted by means of hydraulic pressure.

If the piston at Q is of small area, while that at R is large,
then, since the pressure per sq. inch is constant throughout the
fluid,

or a very large«force W can be overcome by the application of
a small force P. A very large mechanical advantage is thus
obtained.

It should be clearly understood that the rate of doing work
at W, neglecting any losses, is equal to that at P, the distance
moved through by W being to that moved through by P in
the ratio of P to W, or in the ratio of a to A.

Ezample. A pump ram has a stroke of 8 inches and a diameter of 1 inch. The
pump supplies water to a lift which has a ram of 5 inches diameter. The force
driving the pump ram is 1500 lbs. Neglecting all losses due to friction ete.,
determine the weight lifted, the work done 1n raising it 6 feet, and the number
of strokes made by the pump while raising the weight.

Area of the pump ram='7854 sq. 1nch.
Area of the Lift ram =19-6 sq. inches.

19 6x 1500

Therefore W=—"———=387,500 lba.
“71854
Work done =87,500 x 6=187,5600 ft. lbs,
Let N equal the number of strokes of the pump ram,
Then N x ¢ x 1500 1bs. =187,500 ft. 1bs.
and N =500 strokes,

16. Total or whole pressure.

The whole pressure acting on a surface is the sum of all the
normal pressures acting on the surface. If the surface is plane all
the forces are parallel, and the whole pressure is the sum of these
parallel forces.
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Let any surface, which need not be a plane, be immersed
in a fluid. Let A be the area of the wetted surface, and A the
pressure head at the centre of gravity of the area. If the area
is immersed in a fluid the pressure on the surface of which is zero,
the free surface of the fluid will be at a height » above the centre
of gravity of the area. In the case of the area being immersed in
a fluid, the surface of which is exposed to a pressure p, and below
which the depth of the centre of gravity of the area is Ao, then

h=ho+“p".
w

If the area exposed to the fluid pressure is one face of a.body,
the opposite face of which is exposed to the atmospheric pressure,
as in the case of the side of a tank containing water, or the
masonry dam of Fig. 14, or a valve closing the end of a pipe as
in Fig. 8, the pressure due to the
atmosphere is the same on the two |ers——-—-~-—-—- x--
faces and therefore may be neglected. [= ;'

Let w be the weight of a cubic i
foot of the fluid. Then, the whole
pressure on the area is ~:&

|
i

Ly

P=w.A.h. .

If the surface is in a horizontal
plane the theorem is obviously true, | % ;
since the intensity of pressure is con- —B

stant and equals w . k. '

In general, imagine the surface, Fig. 8.
Fig. 9, divided into a large number of small areas a, a,, @; ....

Let @ be the depth below the free surface F'S, of any element
of area a; the pressure on this element=w.z.a.

The whole pressure P=3w.2.a.

But w is constant, and the sum of the moments of the elements
of the area about any axis equals the moment of the whole area™®
about the same axis, therefore

Sz.a=A.h,
and P=w.A.h.
16. Centre of pressure. F s

The centre of pressure of any plane

surface acted upon by a fluid is the x

point of action of the resultant pressure

. B D

acting upon the surface.
Depth of the centre of pressure. Leb G

DBC, Fig. 9, be any plane surface

exposed to fluid pressure. Fig. 9,

* See text-books on Mechanics.



14 HYDRAULICS

Let A be the area, and h the pressure head at the centre of
gravity of the surface, or if F'S is the free surface of the fluid, 4 is
the depth below F'S of the centre of gravity.

Then, the whole pressure

P=w.A.h.

Let X be the depth of the centre of pressure.

Imagine the surface, as before, divided into a number of small
areas a, @,, as, ... etc.

The pressure on any element a

=w.o.e,
and P =3waz.
Taking moments about F'S,
P.X = (waz® + wa,z,*+...)
= Swax’,
Swax?
or X= AR
_ 3a2?
N

When the area is in a vertical plane, which intersects the
surface of the water in F'S, 2axz® is the “second moment” of the
area about the axis F'S, or what is sometimes called the momen