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Preface to the Third Edition

This edition contains a few more examples added here and
there.

January, 1961 M. Ray.
H.S. SgaRMA.

Preface to the First Edition

This book on Hydrostatics is intended for ‘the usq of, students.
preparing for the B.A. and B.Sc, Examinations of the Indian Univer-
sities and is so written as to cover the courses commonly preseribed
for these Examinations of most of the Indian Universities. The
Chapter on Centre of Pressure has been dealt in a different but simple
and straight-forward way and the whole matter has been presented
in a clear and lucid style and the propesitions have been established
in a perfectly logical manner.

Great care has been taken to explain the fundamental princi-
ples fully and rigorously. To illustrate these principles large nuraber
of examples have been worked out in as simple and straight-forward
manner as possible. Numerous cxamples, mostly taken from
University question papers, have been added after cach important
article so as to give the studerts an idea of what types of examples
they can expect in the examinations. The book is complete as far as
it goes and it is hoped that nothing of importance has been left out.
Authors will consider their labour amply rewarded if this is of some
value to those for whom it is intended.

Suggestions for improvements will be thankfully received.

Acra COLLEGE, M. Ray.
AGRA H.S. SHARMA.

November, 1953.
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CHAPTER 1
INTRODUCTORY

1. Matter or substance is broadly divided into two classes,
(¢) SOLIDS, (it) FLUIDS.

4 Solid is a substance which retains its size and shape without
lateral support when left to itself.

A Fluid substance i3 one which requires lateral support to main-
tain its shape or in other words it is a substance which flows or is capa-
ble of flowing.

Fluids are again subdivided into two classes, viz., Liquids and
Gases.

Liquids require lateral support to maintain their shape. Their
volume is the same whatever be the shape of the vesscls containing
them. Water or oil is a liquid, and while it may be poured from one
vessel into another of a different shape, its volume does not alter
sut it moulds itself to the form of the new vessel.

Gases, on the other hand, are fluids which can easily be made
to change their total volume, s.e., which are, more or less easily, com-
pressible.

Air and steam arc the examples of gases. They can be made
to expand indefinitely by increasing the volume to which they have
access.

2. The distinction between solid, liquid and gas is some-
times formally stated as follows :—

A solid has a definite size and a definite shape.
A liguid kas a definite size but not a d-finite shape.
A gas has neither a definite size nor a definite shape.

3. It has been seen experimentally that all gases can be con-
verted into liquids by sufficient lowering of temperature and increase
of pressure. When, however, the temperature of a gas is above a cer-
tain point, no increase of pressure, however great, will cause the gas
to condense, whereas when the temperature is below this point, a
sufficient increase of pressure produces condensation. This tempera-
ture which varies for different gases i3 called the critical temperature.
At temperatures below the critical temperature, the gas is called a
vapour, and when above, a permanent gas.

4. Hydrostatics is the branch of Mathematics which deals with
the conditions of equilivrium of masses of fluids or of solids in contact
with fluids at rest.
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" 5. Fluids are again of two types :—
(a) PERFECT, (b) VISCOUS.

(a) Perfect fluid is a subsiance such that its shape can be alter-
ed by any tangential force however small, if applied long enough, of
which portions can be easily separated from the rest of the mass, and
between different portions of which there is no tangential force.

As in nature there are no perfectly smooth bodies, 8o no such
fluids are to be found which are wholly devoid of exerting tangential
resistance. If we set water revolving in a cup, we know that aft.r
some time it will come to rest. This is due to the frictional res's-
tances between the water and the cup and between different elements
of water. Had there been no tangential resistance the water wouid
go on revolving and would not come to rest.

Thus, a perfect flusd is an ideal substance whickh i3 sncapable f
exerting any tangential force. :

{(b) A fluid is said to be viscous when its particles exert friction
on one another, or it offers ressstance to the motion of a bedy in it.

Fluids such as honey, tar, treacle are examples of this type.
The viscosity of a fluid does not affect its equilibrium, but it does
affect its motion.

Perfect liguids are incompressible fluids whose total volume,
i.e., the space they occupy, cannot be increased or diminished by the
application of any force. however great, although any force, however
small, would change their shape.

Liquids are also called Inelastic Fluids.
Ge s are also known as Elastic Fluids.

6. Fluid Pressure. Suppose a hole be made in the side of a
vessel containing fluid, and that this hole is covered by a plate which
exactly fits the hole. The plate will only remain at rest when some
external force is applied to it. The fluid must, therefore, exert a force
on the plate. Suppose P be the force necessary to keep the area in
position by counterbalancing the action of the fluid, then P ig the
measure of the fluid pressure or fluid thrust on the whole area of
the plate.

7. Uniform Pressure. If the fluid thrust on any portion of
a plane area be proporiional to the area of that portion, the pressure on
the area is said to be uniform.

If, however, the action of the fluid be different on equal por-
tions of the area, the pressure is said to be varyéng.

8. Mean Pressure. The mean pressure on a plane area is

the uniform pressure ow it which will give the same resullant thrust as
the actual one,

Hence, if A be the area, and P be the fluid thrust on it, the

mean pressure is ~f;~,
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9. Intensity of Pressure at a point. If the pressure is
variable on a surface it is measured by the ratio of the pressure on a
small area to the area itself, as that area becomes infinitesimally
small in the limit.

Thys, if SP be the fluid pressure on a small area SA about a
given point in the fluid, the mean pressure per unit area in the
neighbourhood of that point is §~§~

In the limit when 8A tends to zero

lim &P _dP _
3A—>0 5A = da P (62Y)
then p is defined as the Intensity of Pressure or simply Pressure
at that point.

Therefore, the pressure at any point of an area is the limit of the

mean pressure on an indefinitely small area enclosing the point.

10. The pressure at any point of a fluid at rest is the
same for all directions.

In the fluid draw a small
tetrahedron OABC with three
mutually perpendicular faces OBC,
OCA, OAB.

Let p;, » be the mean pres-
sures on the surfaces OBC, ABC,
so that the actual thrusts on these
faces are p;./\ OBC and p. AABC.

The forces acting on the fluid =
within this tetrahedron are :— -

(1) The resultant of the external forces which will be propor-
tional to the volume of the element, if gravity be the only external
force acting on the fluid. .

(2) The thrust on the face OBC which is p;. AOBC acting -
along OA.

(3) The thrust on the face ABC which is p. AABC acting along
the normal to the face ABC.

(4) The thrusts on the faces AOB and AOC which are acting
along OC and OB respectively.

Since the ABOC is the projection of the AABC on the plane
BOC, we have .

ABOC=AABC cos 0
where 0 is the angle between BOC and ABC or between OA and the
normal to ABC.

l
Now the portion of the fluid enclosed within this tetrahedron is
at rest because the whole mass of the fluid is at rest. Therefore
resolving along OA,
21.AOBC—p. ANABC cos 04k volume OABC cos ¢=0 where
¢ is the angle between OA and the vertical line along which the
weight of the fluid is acting.
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or 9. AOBC—p.\OBC+%£30A./A OBC cos p=0.

or p1—p+k.30A cos p=0.

Now, let the elementary tetrahedron diminish indefinitel.
size 8o that ultimately OA=0 and the tetrahedron dwindles,into
point O. In that case, therefore, we have

p»1—p=0 or pr=p
i.e., the pressurc at O along OA is equal to the pressure at O
_ pendicular to ABC.

In a similar way it can be shown that the latter is cqual to
pressure along OB or OC, and by varying the magnitude of OA,
and OC, it can alto be shown that this holds whatever be the dirc
tion of the planc ABC.

Note. If there be any system of external forces instead of t
weight, then instead of the vertical we shall bave the direction of
resultant external force. Procecding as before, the same result w
be obtained.

11. Transmissibility of Liquid Pressure. If a fluid
resi have any pressure applied to any pownt of its surface, the pressure
transmitted equally in all d.rections.®

Jet A, B be any
points in the liquidl.

Case 1. [Then the
st:aight line AB lies entirely
in the fluid.

About the straight line
AB as axis isolate a eylinder
of small cross-section S with
plane ends at right angles.

Let the axis of the ecylinder be inclined & an angle 9 to the
vertical and the pressure intensity of the fluid on the plane ends A
and B be p and »' respectively.

The fluid contained within the cylinder is kept in equilibrinm

by

(1) the pressures 28 and p’S on the ends A and B respectively ;

(2) the pressures on the curved surface which are at every
point perpendicular to AB ;

(3) its weight W acting downwards.

Now resolving thesc forces along AB, we have

pS—p'S—W cos 0=0 v (D

Apply an extra pressure of intensity P at theend A. In
consequence, let the extra pressure of intensity at the other end B,
be P'.

*This principle of perfect transmission of pressure of {luids appears to have
been first discovered by STEVINUS ; but it was later rediscovered by Pascal,
and, having been made generally known by his writings, is often ealled Pascal’s
Principle.
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The system still being in equilibrium, resolving the forces along

(p+P)S—(p'4P)S—W cos 0=0 .o (2)
Subtracting (1) from (2)
' P=P
Hence a pressure of inteusity P applied at the end A is trans-
aitted with the same intensity P to the other end A.
., CaselIL When the straight line AB is not entirely in the liquid.
"I Join A, B by means of straight lines AC, CD, DE, EB cach of
hich lies entirely within the liquid.
Then, by the proposition B
st proved, the additional S
pressure at A=the additional
pressurc at C=the additional
fpressure at D=.........=that
* B.

: Note. This may be J—__
Alustrated by taking a rubber \/_‘
hall, pricking several holes in ¢ D
§ with a necdle and filling it
© water. When the ball is squeezed, water jets of equal intensity

:.rt out in all direetions normal to the surfuce of the ball at these
points.

12. Hydraulic or Bramah’s Press. The transmission of
fluid pressure is the prineiple upon which Iydraunlics or Bramah’s
Presses arc constructed.

It consists of two vertical cylinders communicating with one
another by a tube noar their bases, and cach fisted with a water-tight

piston, the spacc below the

]N ' } k| pistons being filled with water.
ey B a If a downward force p be

applied to the piston of area

a, pressure g will be trans-

|

N

I-I mitted throughout the liquid,
1

|

and conscquently if the second
piston is of ares A, the result-
ing upward thrust upon it is
represented by
P= Ap ;
. a
so that P:p=A:a
or the thrust on the pisions are proportional to their areas.
Hence by adjusting the ratio of the arcas we arrive at the
‘Hydrostatic Paradox’ i.e., any force however smali may, by #ts
viransmission through a liquid, be made to support any weight hewever
arge.




CHAPTER II
DENSITY AND SPECIFIC GRAVIT Y

13 Density. The density of a substance is defined as its mass
per unit volume.

The mass of a cubic foot of pure water at 4°C is found to weigh
about 62} lbs. Hence the density of water is 62'5 in foot-pound
system. The mass of a cubic contimetre of water at 4°C is 1 gm.,
hence density of water in C.G.S. system is 1.

Homogeneous. 4 body is said to be homogencous (or of uni-
Jorm density) if equal volumes of it, however small, have equal masses.

Otherwise, the body is said to be heterogeneous (or of variable
densit&;‘

14. Weight in terms of density. If W be the weight of a
gsven substance in poundals, p its density in lbs. per cubic foot, V its
volume in cubic ft., and g the acceleration due to gravily measured in
Joot-second units, then W=Vge.

If M be the mass of the substance, then we have by Dynamics,

W=My
Also from the definition of density
: =mass of V cubic feet of the substance
=V Xmass of one cubic foot
- =Vp
W=Vygp
15. Specific Gravity or Relative Density. 7'ke specific

gravity of a substance s the ratio which sts denstty bears to the density
of some standard substance.

Note 1. The standard substance usually taken is pure water
at a temperature of 4°C.

Note 2. The specific gravity is always a number.

Note 3. The term specific gravity is generally shortened to
sp. gr.

16. Weight in term of Specific Gravity. If W be the weight
of a volume V of a substance whose specific gravity is s, and w be the
weight of a unit volume of the standard substance, then

W=Vsw.
wt. of a unit volume of the substance

ineo #= Wt. of a unit volume of the standard substance
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. wt. of unit volume of the substance=sw
.. wt. of V units volume of the substance=Vsw
Hence W=Vsw.

17. Specific gravity of mixtures. To find the specific gravity
of a mixture of given volumes of different substances whose specific
gravities are given.

Let Vq, V,, V,,...be the volumes of the different substances and
8y, 84, 85 ..their specific gravities, so that the weights of the different
substances are

Vis,w, Vasqw, Vasgw......
where w is the weight of & unit volume of the standard substance.

Let s be the specific gravity of the mixture, then the weight of
the mixture is
(V14 Vy+Vst.) sw;
but this must be equal to the sum of the weights of the different
substances, viz.,
Visyw+ V804 Vasaw—+- ...
whence, equating and cancelling the factor w, we get
s = Vis1+ Ve +Visgt.

Vit Vet Vet oo .

18. To find the specific gravity of a mixture of given weights of
different substances whose specific gravities are given.

Let the given weights W;, W, Wy,...have s,, 85, 8,...a8 their
respective specific gravities. Let s be the sp. gr. of the mixture
and let w be the weight of a unit volume of the standard substance.

Then their respective volumes will be

W, W, W,
s 8w syw’
‘. The weight of the mlxture is
(W‘+ Wap. )aw o (1)

W Sw. Sgw

.........

This must be equal to the sum of the weights of the substances
of which the mixture is made, viz.,

W1+W2+W3+... .se (2)
Hence equating (1) and (2)

Note. It has been assumed in this article and the preceding
that the volume of the mixture is the sum of the volumes of the
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component parts ; the results, therefore, will not hold for cases w
there is an expansion or shrinkage in volume, as for instance wher
salt is dissolved in water.

19. Solved Examples.

Ex. x. When equal volumes of two substances are mized th:
gr. of the mizxture is G, when equal weights of the same substance
mixed, the sp. gr. of the mizture is 4. Find the specific gravities cf e
substances. (Utlkal 16)

Let the specific gravities of the substances be s;, $;

6= Vo +Ve,  si+s,
V4+V T 2

Wiw 2 _
wWow 1 1
wTs wTy
1 2

and 4=

R 81+82=12 '™ (l)
B LY
and 5 + P .. (2)

From (1) and (2) s;=6+24/3 and 8,=6—24/3.

Ex. 2. Show that the specific gravity of a mizture of n liquids s
greater when equal volumes are taken than when equal weights are taken,
assuming no change in volume as 1he resull of mixing. (Utkal 1946)

Let s bo tho sp. gr. of the mixture when the mixture of equal
volumes is taken and s’ be that when the mixture of equal weights is
taken.

If 51, S5,.. 8, be the sp. gravities of the different substances,
then we have

3=-1-];—— (81-{— 8ot ...nn +8,),

1 171 1 1
and _.é'— =‘In:'('-8‘1 + S +.--+ n )

Since the Arithmetic Mean of # unequal positive numbers is
greater than their Geometric Mean, we have

1
8> (818,...8,) ™ and

1 1
‘...,, >  ——— e .__.l.
(8485...80) 1
whence it follows that

8> 4.
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Examples x

_ 12 1bs. wt. of liquid of ¢p. gr. 1'1 is mixed with 20 lbs. of & liquid of
9 3 what is tho sp. gr. of the,mixture ?

2. The specific gravity of cork being °24, find what volume of water
« as much as a cubic yard of cork.
. A vessel full of water is fitted with a tight cork. How is it that a
.‘g(_)w on the cork may bo sufficient to break the vessel ?
~. (Agru 1954 ; U.P.S.C. 1940)
‘(Hint.-—Apply Principle of Transmission.)
4. The spocific gravities of pure gold and copper are 193 and 862.
Find the sp. gr. of standard gold which is an alloy of gold and copper in the
proportion of 11 : 1. (Patna 1940)
+ 5. What quantity of water must be mixed with a gallon of milk to
reduce ts sp. gr. from 103 to 102 ?

6. A mixture is formed of two fluids, The density ¢ of the mixture,
the ratio m:1 of the volumes, and the ratio n : 1 of the densities are given,
Prove that the densities of the fluids are

mn+n m+1
IS B e
+ 7.,/ Three equal vessels A, B und C are half full of liquids of densities
p1s Py and pg rospectively. If now I3 be filled from A and then C from B, prove
that the deusity of the liquid now contained in C is

1 (p1+pat2eg)

the liquids being supposed to mix completely. (Nagpur 1956)

- 8. A mixturo is formed of equal volumes of n liquids, the densities of
which are in the rutio of the numbers 1, 2, ,...n; find the density of the
mixture. Also find the density of the mixture when the vnlumes are in the
ratio :—first, of the numbers 1, 2, 3,..n and second, of tho numbers
n, n—1,...3, 2, 1.

J g. When equal volumes of two sulistances are mixed, the sp. gr, of the
mixture is 4 ; when equal weights of the samo substances are mixed, the sp, gr.
of the mixture is 3. Fiad the sp. gr. of tho substances.

(Calcutta 1945, 47, 49)

.« 10. Having given tho sp. gr. p of & mixture formed of equal volumes of
two fluide, and also the sp. gr. e of o mixtura formed by taking a volume of
one fluid double that of the other, prove that tho sp. gr. of the fluids are

36—2p and 4¢—3o.

« xx. Two liquids of sp, gravities s, s’ and of volumcs v, »’ having been
mixed, the «p. gr. of the mixture is found to be . Prove that the volume of
the mixture is °

vtv's,
G



CHAPTER 'IIT
THEOREMS ON FLUID-PRESSURES UNDER GRAVITY

. 20. Theorem. The pressure of a heavy homogeneous fluid at all
poinis in the same horizontal plane 18 the same.

(3) Let A, B be any two points within the fluid in the same
horizontal line, and let the line AB be wholly within the fluid. About
AB as axis isolate a cylinder of
the fluid of indefinitely small
cross-section S.

Let p and p’ be the inten-
sities of the pressures at its two
ends A and B.

The cylinder is in equili-
brium under the action of the
pressure of the surrounding fluid
upon its bounding surfaces, and its weight acting downwards. The
pressures on the curved surface will not contribute anything to the
forces parallel to the length of the cylinder.

Hence for equilibrium resolving parallel to AB ; pS—p'S=0

p=p'.

(#4) If the st.line AB does not lic entirely in the fluid. In the
case join AB by a broken horizontal line ACDEB, the several parts
AC, CD, DE, EB being straight and lying entirely in the fluid.

.. The pressure at A=that at C=that at D=...=that at B.

21. To find the pressure at a depth z below the surface.

(@) If the liquid be homogeneous, the pressure at a depth z below
its surface is given by p=wz+w, when © 13 the almospheric pressure
and ® the weight of a unit volume of the liquid. '

Take a point P within the liquid at a depth z below the surface
and draw PQ perpendicular to the gurface. With PQ as axis con-
struct a thin cylinder of cross’section §. This .
cylinder of liquid is in equilibrium under the
following forces :— -

(1) thrust Sp on the face at P upwards,

(2) thrust Sw on the face at @ downwards, =

(3) thrust on the curved surface horizontally --:

(4) the weight of the liquid inside the cylin- -
der which is Szw downwards.

Hence for equilibrium resolving vertically

we have Sr+Szw—Sp=0 7 e
p=mn-+ o2, - %PP»--
If there be no atmospheric pressure then p

p=wz, thus the pressure at any point varies as the
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depth of the point.
Also if p; be pressure at depth 2z, and p, that at depth z, then

pr=n+wz and Py=7=+ W2,
P1—Py=0(2;—2,).
Hence in homogeneous liquid at rest under gravity the difference

between. the pressures at two points varies as the vertical distance between
them.

(b) When the!iquid is heterogeneous.

To find the pressure at a point P at a depth z below the sur-
face, draw a perpendicular PM to the surface, and let MP be produc-
ed to Q so that PQ=23z. With PQ as axis draw a
thin cylinder of cross-section 8. Since this 7
cylinder is very small, density of the liquid in~
side it may be taken to be constant and let the
weight per unit volume of it be w. It is to be
noted that o is not the same at every point of
the liquid but varies from point to point. %

If p be the intensity of pressure at the point
P, then we can take p+§p to be the intensity of
pressure at Q.

Now this elementary cylinder of liquid is in
equilibrium under the following forces :— @P
€

(1) thrust pS on the face at P downwards,
2) thrélst (p+35p)S on the faceat Q up-
wards.

Q

(3) thrust on the curved surface horizontally,

(4) the weight of the liquid which is S§z@ downwards.

Hence for equilibrium resolving vertically we have
PS+Swsz—(p+3p)S=0

dp=wsz
or in the limit, @ _,.
dz

If however @ be constant, i.e., liquid be homogeneous then we
have by integration

p=wnz4C.
At the surface when 2=0, p==r .". p=n+wz.
This is part (a).
22. The surface of a heavy liquid at rest is horizonial,

Take two points, A and B, in the same horizontal plane in the
liquid.
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Then the pressure at A is equal to the pressure at B,
Hence from the previous theorem
w. AD+IT=W.BC+II .,
where II is the atmospheric pressure.
AD=BC
Hence, since AB is horizontal, the
line DC also must be horizontal.

Since A and B are any two points
in the same horizontal line, it follows
that any line DC drawn in the surface
of the liquid must be horizontal.

Hence the surface is a horizontal
plane.

Note. The above theorem confirms the popular saying “Water
finds its own level.”

23. Theorem. The densilies at two points in a fluid at rest
under gravity and in the same horizontal plane are equal.

Let A, B be two points in the fluid in the same horizontal line
and A', B’ two points at a short distance vertically above A, B and
such that AA’=BB'.

Let p denote the mean
density of the fluid between A
and A’ and p’ the mean density
of the fluid between B and B',
so that

pressure at A—pressure at A'=gpAA’
Also  pressure at B—pressure at B'=gp'BB’

But pressure at A=pressure at B

and pressure at A’= pressure at B'.
gPAA’'=gp'BB’

or p=p".

-

24. Theorem. 7o find the pressure at any given depth in the
lower of two given heavy homcgeneous liguids which do not mix.

Let the weights per unit volume of the upper and lower liquids
be w and w’ respectively. Let the depth of the upper liquid be b,
and A be any point in the lower liquid at a depth A’ below the com-
mon surface.

Isolate a vertical cylinder with its base at A, and its upper end
in the free surface of the upper liquid.
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Let S be the area of the cross-section of the cylinder, and P

the intensity of pressure on the base.

The cylinder is in equilibrium under the

pressures on its bounding surfaces and its own
weight acting downwards.

The pressures on the vertical curved sides
are horizontal and balance one another. For
vertical equilibrium

:’HHUHIHIH

ps=whs+w'k's
or p=wh-+w'h’.

25. Theorem. The common surface of two
heavy homogeneous liquids that do not mix isq
horizontal plane.

liquid, the straight line being horizontal.

DN

-
Let A, B be any two points in the lower / /
7

Draw AA’C and BB'D vertically to meet the common surface
in A’ and B’ and the upper sur-

face in C and D respectively.
Let CA'=7, A'A=}’,
2 / DB'=k, B'B=1I'.
. ¢/// e i omraBa o he vt
f/,( //// - 5 77 the lower liquids respectively.
= Since AB is horizontal,
Pressure  at A=Pressure at B.

hw—-b'w' =kw--k'w' e (1)
Since both CD and AB are horizontal
CA=DB
or b =k+k
or  whtw'h' =whtwk, . (2)

Subtracting (1) from (2)
(' —w)h=(w'—w)k
or h=k
Hence the common surface AB is horizontal.

26. Effective surface. In tho formula p=wz+1I when II is
not zero, let us imagine the atmosphere to be removed, and a stratum

of the liquid of thickness I&I’ (=2’ say) to be placed above the
original liquid. Then the pressure at a point at a depth b below the

original surface is

w(z+2')
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t.e., wz+II are the same as it was before the atmosphere was
removed.

The upper surface of the supposed superimposed liquid is termed
the Effective surface or Surface of zero pressure.

Hence, the pressure at any point of @ homogeneous liquid is pro-
portional to the depth below the effective surface.

27. Head of Liquid. The pressure to any point is often said
to be due to such a depth of liquid, or to such a ‘head’ of liquid,
meaning that it is at that depth below the effective surface.

Thus we may say that a certain pressure is that due to a head
of 10 feet of water. It means that it is the samo as the pressure at a
point in water 10 feet below the effective surface.

28. Characteristics of liquids.

From the theorems given above some of the characteristics of
liquids can be summarized.

(1) The surface of a heavy liquid at rest is horizontal.

(2) The common surface of two heavy liquids that do not mix

is horizontal.

(3) If therc are two heavy liquids that do not mix, the density

of the lower liquid is greater than that of the upper.

(4) Liquid always finds its own level.

Note. It must be remembered that somo of the above Theo-
rems are truo only for small portions of liquids. For a large sheet
of water like a big lake or sea, the free surface 13 a curved surface, as
the attraction on each portion of the liquid is directed towards the
centre of the Earth.

29. Solved Examples.

« Ex. x. A small uniform tube is bent into the form of a circle
whose plane s3 vertical ; equal volumes of two fluids whose densities are
P, 6 fill half the tube. Shew that the radius passing through the common
surface makes with the vertical an angle 0 given by ,

pP—o

pto
(dgra 1955 ; Lucknow 1926 ; Bombay 1940 ; Rajputana 1949)
Let AB be the portion of the tube occupied by the liquid of
density ¢ and the portion BMC by the
liquid of density p.

Let M be the lowest point of the
tube. Let the radius through the com-
mon surface B make an angle § with the
vertical.

It is given that the volume of the
liquid in AB=vol. in BC.

arc AB=arc BC

« 7 But the total arc occupied is half of
the circumference.
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£AOB= ., [ BOC=7 , / MOC="F .

Now the pressure at M must be the same on both the sides of
the tube, and the pressures are equal to the vertical projections of the
arcs containing the liquids multiplied by the product of the density
and acceleration g.

EM.gp=DM.gr+FD.go.
a(1—sin 8)p=a(1—cos B)p-+a(sin 04 cos 0) o.
Hence tan 0=-2"_7

Ex, 2. Three liquids, whose densities are in A.P., fill a semi-
circular tube whose bounding diameter is horizontal. Prove that the
depth. of one of the common surfaces is double that of the other.

(M.T. 1861 ; Caloutta 1916 ; Patna 1927 ; Rangoon 1937 ; Utkal 1948)

Let P and Q be the common surfaces of the liquids.

Let the densities of liquids be p—3, p, p+35. Let the column

BQ contain the liquid of density p—8§, QP contain that of p-+§ and
CP that of .

The pressures on the two sides

of A, the lowest point, must be the Q\:
same, &
gp.OM+(p--8)g MA

=(pP—38)gON-+(p+8)gNA.
Let a be the radius of the tube.

OA=a, MA=a—OM, NA=q—ON.

Hence  p.OM+(P+5)(a—OM)=(p—35 ON+(p+5)(@—ON)
or Pa+383—8.0M=—25.0N-+ap-+tad
Hence OM=20N.

w Ex. 3. A4 closed tube in the form of an equilateral triangle con-
tains equal volumss of three liquids which do not miz and is placed
with its lowest side horizontal. Prove that if the densities of the liquids

are in _A.P., their‘surfaaes of separation will be at points of trisection
of the sides of the triangle. (4gra 1957)

ABC is the equilateral triangular tube, D, E, F are the common
_ surfaces.
° Let CD or BE or AF=1x, since the three
volumes are equal.
Let the side of the triangle be a.

Let the portion EBD occupy the liquid
of density p+23, FCD that of p+35 and BAF
that of p. The densities are in A.P.

Since B and C are in the same horizon-
>~ ¢ tal line

s
(I

fi
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The pressure at B=the pressure at C.
(P+28)x sin 60°+p(a—=) sin 60°=px sin 60°4-(P+-5) (a—=z) sin 60°
pr425x+4 Pa—pPx=pPxr+Pa-+5a—Px—5x

or 38x=2sa
or =2
=,.

Hence at the common surface the side is trisected.

Ex. 4. A fine tube bent in the form of ellipse i3 held with its
plane vertical and is filled with n liguids whose densities are py, Py,..., s

taken n order round the elliptic tube. If ry, ry,...... , 7y be the distances
of the points of separation from either focus, prove that
'1(91"'"2)"{“72(”2—93)'{" ...... +'Tﬂ(pn—P1)=0.

Let S boe the focus of the elliptic tube. P,, P,,...P, are the
» points of the common surfaces.
Let the depths of P, P,...P,
from the directrix of the ellipse
be z;, 2s,...2, respectively.
SPy=r1, SPy=rg,...,.SP,=1,.
Let py, Ps,...pn be the pres-
sures at the points of separation.
Pz"?lr—‘.ﬂf'a(zafzx)
(1.e., vertical depth of the
liquid)
Pa— P2 =GP3(23—2)
Pn—Pn1==9P n(2n="2n-1)
P1—Pn=9”1(zx—zn)

Adding
0=g[Py(za—21) +P3(23—22) +...... 1
0=P2("2—1'1)+P3('r3—r3) + ...... +P1(71'—fﬂ)

for the ratio of the distance of a poi: t from the focus to that {from its
directrix is constant

| 71(P1—Pg) +73(Pa—P3) ... +7n(Pu—P1) =0.
Ex 5. A tube in the form of a parabola held with its vertex
downwards and axis vertical, is filled with dijferent liquids of densities
« 8and §. If the distances of the free surface of the liquids from the focus
be r and 1’ respectively, show that the distance of their common surface

Jrom the focus is
s’
3—-3 A

(Vikram 1959 ; Jaipur 1951 ; Lucknow 1929 ; Agra 1930
Calcutta 1948 ; Nagpur 1957 ; Allahabad 1959 ; Saugar 1959)
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Let S be the focus. A and B be the free surfaces. O is the
point of the common surface. Let «, B be the angles that SA and
SB make with the axis of the parabola. ‘

Let SO (=7") make an angle 0 with
SM where M is the lowest point of the
parabola.

Let the equation of the parabola be

]
§-=1+cos (] ~/

Since A, O, B, are on the parabola

1
;-.=l+cosﬂ V .o (1)
%— =1--cos « . (2)
] )
g =14cos 8 e (3)
The pressures on the two sides of M must be the same,
39 MN =34MP-+-8'gPT
or 3(a—r cos B)=8(a—r" cos 0)+§'(r" cos 8—7r' cos )
or —8 r cos B=—§r" cos 043’ 7" cos 0—§'r' cos a

From (1), (2) and (3)
B

e (b ()

or 84 8r=—8l+ 8"+ 31— r" —§'14+8'r
P 7'87—7""
I P

Ex. 6. A circular tube centre O ix filled with three fluids of
densities Py, Py, Py, (in descending order of magnitude) and placed in a
vertical plane. If 2o, 28, 2v, be the angles subtended at the centres by
the fluids and P be the point on the circumference midiway between the
ends of the lightest fluid, then angle 6 which OP makes with the vertical
18 given by

Pa—Py_ sina  sin (B—6)
Py—pPy sin (x4+0) * sinp (Agra 1946)
Let AB, BC, CA represent the three liquids of densities Py, Py, Py,
respectively. O is the centre.
£LAOB=2«, [ BOC=28, { AOC=2Y
OP is the bisector of the angle 2.
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[ POD=6, [ AOP=7,
/MOA=n—7+90
/. BOM=20+7Y+0—m,
/COD=y—6
Now the pressures at the lowest
point M must be the same from both
the sidesQ oD
s pg MQ--ryg. QD.
’ =p,gfﬂ>+ PgPR+ P, gRD
pyla—a cos {m—(Y+8)}] o
+pgla+ta cos (n—7+0)
=p,[a—a cos (2a+7+0—=)]
+p,[a cos (Y—0)+a cos (2a+7Y+-0—m)]
+pz{a-—a cos (Y—0)}
or Py cos (Y +0)—p, cos (¥ +0)=p, cos (2a+7+0)
=P, cos (Y —0)— Py cos (2a-+7+8)—pPg cos (Y —6)
or (p1—ps) €08 (Y-+6)=(ps—p) c08 (Za+Y+8)+(pr—ps)
cos (Y—6)
Since 20+2B+2Y=2r, a+B+¥=mr or Y=n—a—B,
hence eliminating ¥, we get

(p1—ps) cos (m—a—B4-0)=(p;—p,) cos (n+a+0—B)
+ (pa—ps) cos (n—a—f—0)

or (p;—ps) co8 («+B—0)=(p1—ps) cos (x+8—B)+(ps—ps)

cos (x+fB+9)
e1{008 (-+B—8)— cos(a+0—B)}+ps{oos(e-+B+6)
—cos (x+B—0)}

=p; {cos (x-+B+6)—cos(x+0—B)}

p1 8in (B—8) sin a+p; {sin («+6) sin f—sin « sin (B—0)}.
=p, sin (@46} sin B

or (p;—ps) sin a sin (B—8)==(p,—p3) sin (x+0) sin B
or Pa—ps _ sina  sin(B—0)
e1—ps sin (a6 *  sinp
Examples 2

x. If a cubic foot’of water weighs 1000 ozs., what is the pressure per
square inch at the depth of a mile below the surface of water ?

2. The pressure in a water-pipe at the base of a building is 34 lbs, wt.
per. gq. inch and on the roof of it is 18 lbs. wt. per sq. inch; find the height of
the roof. (1 cu. ft. of water weighs 625 1bsa.)

3. A water tank is 200 ft, above the level of the ground-floor of a
house ; find the pressure of the water in a pipe at a height of 30 ft. above the
ground-floor.

4. The pressure of the atmosphere is equivalent to that of 30 ft. of
water. Assuming this to be true find the depth of a wgll the pressure at the
bottom of which is 3 times that & depth of 3 feet, The well is full of water.

(Banaras 1938 ; Rangeon 1947)
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The lower ends of two vertical tubes, whose cross-sections are 1 and
*1 sq. inch respectively, are connected by a tube, ''he tube contains mercury
of sp. gr. 13 596. How much water must be poured into the larger tube to raise
the level in the smaller tube by one inch ? (Utkal 1945)

6. A glass tube of uniform bore is bent into the form of a U-tube,
whose arms are vertical ; it contains mercury of sp. gr. 13:6 ; water is poured
into one arm to occupy a height of 408 cms, of it. Find the rise of the level of
mercury in the other arm. (Patna 1941)

7. Two liquids that do not mix together meet in a bent tube. Prove
that the heights of their surfaces above their common surface will be inversely
proportional to their densities,

8. A vessel whose bottom is horizontal contains mercury whose depth
is 30 inches and water floats on the mercury to a depth of 24 inches; find the
pressure at a point on the bottom of the vessel, the sp. gr. of mercury being
13:6.

9./Two liquids A and B do not mix and have different densities. When
A is poured in a vessel to a vertical height /, the pressure on the bottom is the
same as when A stands to a height k; and B to a height hy aboveit. Show that
the ratio of the density of A to that of B is

/ Ii—"-_l-zlii . (AlUalabad 1955 ; Banaras 1940)

10, the pressures at two pointa A and B in a homogeneous liquid are p

and p’. Prove that the pressure at the point R which divides AB in the ratio
m:nis

mp' +np

‘m+4n
11./ If there be n liquids arranged in strata of equal thickness h, and the
density of the uppermost being p, that of the next 2p, and so on, that of the

lowest being np, Prove that the pressure at the lowest point of the lowest
stratum is

n(n+1)gph. (M.T.)
12../If & triangle be immersed in & homogeneous liquid, provg_ that the

sum of the pressures at the vertices is equal to three times the P’ at the
centroid of the triangle.

13.~ If & parallelogram be immersed in any manner in a homogeneous
liquid, prove that the sum of the pressures at the extremities of each diagonal is
the same.

14. If aliquid be heterogeneous and of density kz at depth z, show that
the pressure is
I1+}gk22 |

where 11 is the atmospheric presssure, (Lucknow 1950 Supp.)

15.) If o, o’ be the densitios of two fluids (p<p’) and the lengths of the
arms U-tube in which they meet bo m and n inches respectively; prove that
in order that the tube may be completely filled, the height of the column of
the lighter fluid above the horizontal plane in which they meet he

’ —
? ;'":-5 ™). inches, (M.T. 1859)

16. A fine circular tube in the vertical plane contains a column of liquid,
of density §, which subtends a right angle at the centre, and a column of
density §’ subtending angle «t. If  is the angle that the radius through the
common surface makes with the vertical, prove that

_8—3'+8"coscx ,
tan f= "848 sina .
(Jaipur 1953 ; Agra 1932, 48)
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17. In the lower half of a uniform circular tube, one quadrant is occu-
pied by a liquid of density 2p, and the other by two liquids of densities p and
3p. Prove that the volume of the lower of the two latter liquids is twice that
of the other. (Agra 1953 Supp. ; Lucknow 1938)

~ 18. A circular tube of fine uniform bore is half filled with equal volumes

of four liquids which do not mix and whose densities are as “1:4:8:7 andis

held with its plane vertical, show that the diameter joining the free surfaces
makes an angle () with the vertical such that

tan 0=2. (Jaipur 1952)

19 Equal volumes of three fluids of different densities, which do not

mix together, completely fill a circular tube which is kept in a vertical plane.

Prove that, if the densities of the fluids are in A.P., the common surface of the

lightest and heaviest fluids is at an extremity of a horizontal diameter of the

circle,

20. A circular tube of uniform thin bore is half filled with equal volumecs
of three liquids of sp. gravities 3, 4 and 6, and is kept with its plane vertical.
Prove that the diameter joining the two free surfaces makos an angle 0 to the
vertical such that

tan @= - (Jaipur 1950)

2r. In a uniform circular tubo two liquids are placed so as to subtend
90° each at the centre, If tho diameter joining the two free surfaces be in-
clined at 60° to the vertical, prove that the densities of the two liquids are as

V3+1:4/3-1.

22. A circular tube of uniform bore, whose plane is vertical, contains
columns of two liquids, whose respective densities are p,a, the respective
columns subtending angles 2a, 28 at the centre of the circle. If§ ks the angle
which the portion of the tube intercepted between the lowest point and the
common surface of the liquids subtends at the centre of the tube, prove that

p sin o 8in (4-0) =o sin @ sin (BF0). (M.T'. 1873)

23. The two arms of a U-tube are closo together. Tn one arm there is
water and in the other mercury, so that their common surtace is at the lowest
point. One quarter of the water is taken out and is poured into the other arm
over the mercury. Prove that in the new equilibriuin position the differonce
of heights of the upper surfaces is one-half of what it was formorly.

24. A tube of the form of a complete circle fixed in a vertical planc,
contains equal lengths of four liquids which do not mix and whose sp. gravities
are as 1: 2 :4 : 3 filling the tube in this order. Prove that the inclinations to
the vertical of the two diameters joining the points of division are .

tan—1} and tan—1 2,

\4 25. If three liquids which do not mix and whose densities are p1, gy, 3,
fill & circular tube in a vertical plane and if «, B, y are the angles which the
radii to the common surfaces make with the vertical diameter measured in the
same direction, prove that

p1(cos B—cos y) +py{cos y—cos )+py(cos a—cos B)=C.

26. A closed tube in the form of an ellipse, with its major axis vertical,
is filled with three liquids of densities py, py, 3. P is the point of separation
of liquids of densities py, p3 ; Py that of the liquids of densities ps, py; and Py
that of liquids p, and p,. If the distances of Pj, Py, P; from the same focus be
71, g, 73 Tespectively ; prove that

71(pa—p3) +ra(pa—p1) +rale1—e2)=0.

27. A thin uniform cycloided tube contains equal weights of two fluids :
if it be placed with its axis vertical, prove that the heights of the free surfaces
of the fluids above the vertex of the tube are as.

(3a+b)?: (3b+a)2,
whero a and b are the lengths of the tube which the fluids occupy.
(Agra 1957)
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28. A fine glass tube in the form of an equilateral triangle is filled with
equal volumes of three liquids which do not mix and whose densities are in
A.P. The tube is held in a vertical plane, and the side that contains portions
of the heaviest and lightest liquids make an angle § with the vertical. Show
that the surfaces of separation divide the sides in the ratio

cos ( :;—— 0 ):cos(--:» +0 )

29. Three liquids, whose densities py, pp, p3 (py>ps>p3) are in AP,
completely fill a circular tube in a vertical plane and occupy lengths of arcs
subtending at the centre angles 2a, 28, ¥y respectively, If the radius to the
point midway between the ends of the lightest liquid makes with the vertical
an angle 6, provo that

cot 8==cot a4 2 cot B. (Bombay 1951)



CHAPTER IV
PRESSURES ON PLANE SURFACES

30. We have seen that when a surface be in contact with a
liquid, the pressure at any element of it is normal to the surface. If
this surface bo a plane area, the pressure at any point of it is per-
pendicular to the plane area. Pressures at all points on one side of
this plane area, therefore constitute a system of parallel forces whose
magnitudes arc known. Hence all these parallel forces can be com-
pounded into one single force acting at some definite point of the
plane area.

This single force is called the Resultant Fluid Pressare or
Resultant Thrust.

But since the thrusts are parallel, this resultant thrust will be
the arithmetic sum of all the thrusts on the various elements of the
surface. On this account the resultant fluid-pressure on a plane
area is termed as the whole pressure.

31. Definition. 7The whole pressure of a fluid on a surface,
13 the sum of all the normal pressures exerted by the fluid on every
element of the surface.

Note 1. If the surface considered be a curved one the whole
pressure is considered as the arithmetic sum of the thrusts at various
elements of the area, though they are not in the same direction. In
this case the whole pressure has no physical meaning whatever, and
thus its calculation serves no useful purpose.

Note 2. The students must carefully note that in the case of a
curved surface, the whole pressure is not the resultant thrust on the
curved surface. The topic how to find out the resultant thrust will
be considered later on.

32. Theorem. The whole pressure of a heavy homogeneous
liqguid on a plane area i3 equal to the product of the area and the pres-
sure at it3 centre of gravity.

Let the surface S be divided into a great number of very small
elements «;, o,, a,...... and let z;, z;, z; be the depths of these
elements from the free surface.
Since the elements are to be taken
very small, the pressures on them
will be respectively

WOky2y, WihgZgyersees
taking the pressure over each area
to be uniform.

Hence the whole pressure

=w(oy2;+ogZpt.eenee )

But from statics we know
that if z be the depth of the
centre of gravity of the given plane
area




PRESSURES ON PLANE SURFACES 23

" e M T T

or gty +tgzet ... = 2ttt ) =28

Hence the whole pressure =u;S

~ =Pressure at the C. G.Xarea, -
Note 1. The above theorem may also be stated as follows :—
(¢) If a plane surface be immersed in a liquid the whole pressure
or thrust on it is equal to w S .z ; where S 4s the area of this plane
surface and z is the depth of ils centre of gravity below the surface of
zero pressure and w the weight of the unit volume of the liquid.

(#) The whole pressure of a liquid on a surface is equal to the
weight of a column of liguid whose base i equal to the area of the given
plane surface, and whose height is equal to the depth below the surface
of the ligusd of the centre of gravity of the given plare surface.

Note 2. If the pressure of the air is not to be neglected, let
II be the pressure at any point of the surface of the liquid.
The prossure on the e ement
=(I1+4zwy)ey
=TTo;+wz;a;
.*, whole pressure
=II(ag+ 0y +...) +w(z2,+ 2505+ ...)
=TIS+wSz
=(I4+w 2)8.

If II=wh,, where /, is the height of the effective surface above
the free surface, the whole pressure is given by

w(hy+2)8, or w S 2,
where z is the depth of the C.G. of the area below the effective
surface.

Therefore tn this case also the above theorem holds provided if =z
is taken as the depth of the C.Q. below the ‘effective surface.’

33. Layers of different Liquids. Let the fluid consist of
layers of different liquids of densitics Py, pg,--+, Pn beginning from the
top where pressure is zero. Let their depths be hy, k..., ky, Tes-
pectively and let the arca be entirely in contact with the lowest liguid.

Let z, be the depth of «,, a very small element of the area
below the lowest surface of separation.
Then the pressure at the element oy

=gPihy0y+gPohgty+ ... +GPn-1 101+ gPrZ10%y
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.. Whole pressure on the area
=gPrhy(oy-Fagt...)FgPoho(®) +@at ) F oeenee - gP (210 200004 ..0.)
=gPihiS+gPohoS+ ... +-gPp_shoyS+gPaz S
=(9Pshy+gPole;+-...... +9PnsbnatgPuz)S

where z denotes the depth of the C.G. of the area below the lowest
surface of separation,

Note. If the atmospheric pressure II is taken into account,
the above formula becomes

(II+gPihy+eeee+9Pp-shiny+gPa2)S
which can be easily proved.

34. A plane area in contace with more than one fluid.

If the plane area be in contact with more than one fluid, we
divide it into several parts, each of which is in contact with one fluid
only. The pressures on each part will be given by the formula given
in the last Article and their sum is the whole pressure required.

35. Thrust on a horizontal area. Now it is evident that
the thrust on the horizontal base of a vessel of the liquid which it
contains does not depend on the shape of the vessel but only on the
area of the base and the dopth of the liquid.

£
t
]
v
]
[}
1]
’
.
]

Thus suppose we have four vessels of different shapes but hav-
ing the same height and equal bases. They contain different amount
of liquids. But the thrust on the base of each of the vessels is the
same, for

the thrust=w. area. depth of the C.G. of the area, which are
the same for all the vessels. . .

36. Solved Examples. )

Ex. 1. Find the whole pressure on a triangle, the depths of whose
vertices are hy, hyand hy, the liquid being homogeneous.

The depth of the C.G. of the triangle

=%(h1+h2+h3)

.. Whole pressure=}% w (hy+hy—+k3) S where S is the area of

the triangle.
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Ex. 2. The width of a rectangular vertical dockgate is 40 fi. and
on one side there is salt-water (sp. gr. 1°026) toa depth of 24 ft. On
the other side there is fresh water. Find its depth if the thrusts on_the
two sides are equal. (Rangoon 1947)

The area immersed under salt-water
=40 X 24 sq. ft.
The depth of the C.G. of the immersed arca
=12 ft.
RS Whole pressure on one side of the dock-gate
=40X24X12Xgx1026
If k be the depth of the fresh water on the other side, the whole
pressure on the other side
=(40xh) ﬁ g

The thrust on the two sides being equal

1X40 h?g=40 %24 X 12 Xg X 1'026
h2=24 x 24 X1'026

/ h=24X1-0129
J =243096 ft.
Ex. 3. A square lamina ABCD, which is immersed in water, has

the side AB in the surface. Draw a line BE to a point E in CD such
that the pressures on the Lo portions into which it divides the lamina,
may be equal. (Allakabad 1921 ; Agra 1931, 37, 51)

Let the side of the square ABCD be a and let EC=z, ( oV 55)
The pressure on BEC

= pressure on ABED
=} pressure on ABCD
Now pressure on BEC
=w. %.a. J;ax
=}alzw
Pressure on ABCD
=w.ha.a?=}% a®w
Y atxw=1. 1. adwls
r= ;;a
. EC:ED=3: 1L
Ex 4. A triangle is tmmers-
ed in a liquid with one vertex in the
surface and the opposite side hori-
zontal ; meglecting the atmospheric
pressure, find the ratio in which the median through that vertex will be
divided by « horizontal line which divides the triangle into two parts in
which the total pressures are equal. (Allahabad 1922)

Let DE divide the /\ ABC into two portions such that
pressure on ADE=pressure on DECB=1 pressure on ABC

Let AM and AN be the perpendicular and the median of the
side BC respectively. Let them cut DE in P and Q respectively.

TITIIIit
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Pressure on /A ADE
=w.§AP. }AP.DE

Pressure on AABC
=w.2 AM. } AM.BC
w.2AP JAP. DE
={w.Z AM { AM.BC.
or AP2.DE=}AM2BC
DE AP AQ

Now  "Bo = AM =N
2 2
-‘3%% ) B%Q =1AM2.BC.
or AQ®=}AN?
. AN
. AQ= "o,

Ex. 5. 4 square of side a i dipped vertically in two liquids of
densities P and & with the upper side in the free surface. The depth of
the upper liquid of density p is b (<a). Find the thrust on the square.

Let the square ABCD be immersed with AB in the free surface
The portion ABFE is in the
wpper liquid.

Thrust on the area ABFE
b
=ab. <P
\/'('hryt on the area EFCD by : -
—{gpb+go(a—b)}a—b)a - ©
. WholS pressur on the symare e
ABCD J7) C

=}ab’*gp+ab(a—b)gr+igoa (a—b)*
=}ab gr (2a—b)+1gea (a—b).
Aliter.—The thrusts of the liquids on the squarc will remain
the same even if we consider that one liquid of density P is in con-

tact with the whole area and another liquid of density (¢—p)in con-
tact with the lower part only of the rectangle.

The thrust due to the first liquid
=a’.—g- pg=1 a® pg
The thrust due to the second liquid
_ (a—b)
=a (a—b) 9 g(e—r)
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.. Total thrust on ABCD
=} a® pg+1} a(a—Db)%g (6—P)
=}a(a—b)? go+iagp {a®—(a—b)?}
=1}a (a—b)% go+}ab gr (20—D).

Ex. 6. The lighter of the two liguids of density p rests on the
heavier of densily o, to a depth b. If square of side a is smmersed in @
vertical position with one side in the surface of the wpper liquid, if the
thrusts on the two portions of the square in contact with the two liguids
be e ual, prove that

bp(3b—2a)=c(a—by. .
(Allahubad 1927 ; Sagar 1949 ; Jaipur 1953, 58)
From solved Ex. 5

thrust on ABFE="thrust on EFCD
. v tab? gpo={gpb+3go(a—b)} (a—b)a
% ab gp{b—2 (a—b)}=} go (a—b)%a
or bp (3b—2a)==0 (@—b)%.

Examples 3

1. A cube of 30 cms, edge is suspended in water with its upper faee
horizontal and at a depth of 75 cms. below the surface. Find the thrust on
each face of the cube.

2. A rectangular vessel, one faco of which is of height 2 ft. and width
1 ft., is half filled with mercury (sp. gr. 13'5) and half with water. Find the
thrust on this face. =

. One-third of a rectangular vessel is filled with mereury (sp. gr.
13-6) and the remainder with salt water (sp. gr. 1:04). If 32 be the depth of
the vertical side and @ be breadth, find the fluid thrust on a vertical side.

~~ 4. The lighter of two fluids, whose sp, gravities are as 2 : 3, rests on
the heavier, to a depth of 4 inches, A square is immersed in o vertical position
with one side in the upper-surface, determine the side of the square in order
that the pressures on the portions in the two fluids may be equal, (M.Z1'. 1855)

5. Arectangular vessol contains three liquids which do not mix and
whose sp. gravitios are 1-0, 12 and 1'6, the thickness of which are 4,3 and 2
inches respectively, Comparc the total thrusts of the liquids on the different
parts of a side of the vessel. (Andhra 1950)

6. 1Inthe vortical side of a water tank there is a square plate whose
upper edge is horizontal and at a depth of 8 it. below the surface of the water,
The depth of the plate is one foot ; fiud the resultant pressure on the plate,
taking the weight of 1 cu. ft. of water to he 62:5 lbs. (Calcutta 1910)

7. A square plate, whose edge is § inches, i3 immersed in water, its
upper edge being horizontal at o depth of 12 inches below the surface of the
water. Find the thrast of the water on the surface of the plate when it is in-
clined at 45° to the horizon ; the mass of a cu. ft. of water boing 64 Ibs.

(Calcutta 1947)

8. The resultant fluid prossure on a vertical circle of radius a is equal to

twice the weight of & sphere of the same liquid of radjur a. The circle is naw

lowered through a depth equal to 2a. Prove that the fluid pressure in the new
position is i times the original one.

IS

9. Find out the total thrust on one side of a rectangular vertical dock-
gate 45 feet, wide, immersed in sea water to depth of 30 feet, given that 1 o. ft.
of sea-water weighs 1023 ozs.
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- If there is fresh water on the other side of the gate, find
that the resultant thrusts on the two sides are equal. (Slau

10. A rectangular vessel is full of water, compare the fluid
the lower and the upper halves of a vertical side of the vessel.

“—"11. The side of a cistern are vertical. Its base is & horizo.
hexagon each side of which is 4/3 ft. long. Find the depth if, when 1t
water, the thrust on each of its sides is the same as on its base.

/ (Banaras 1927 ; Agra

12. A vessel containing some water rests on a horizontal table,
son dips his hand in the water without touching, how is the pressnrc
table affected ? (Agra 1959 ; Luckno

‘a/ 13. An ellipse is placed with its major axis on the surface of wu
its plane vertical ; a circle—the auxiliary circle—is described on the majur
as diameter. Prove that the thrust of water on the portion of the area enclo
between the auxiliary circle and the ellipse is

fwa(a®—b2)
where a and b are the major and minor axes of the ellipse respectively.

14. An ellipse is placed with its minor axis, on the surface of water an
its plane vertical. A circle is described on the minor axis as diameter. Fin
the total pressure of water on the portion of the area enclosed between the
ellipse and circle.

15. A square is placed in a liquid with one side in the surface. Show
bhow to draw horizontal line in the square dividing it into two portions, the
thrusts on which are the same, (Lucknow 1959 ; Calcutta 1938)

~16. ABCDisa rectangle, AB being equal to 2BC. It is immersed in
water with its plane vertical and“AB in the surface. Show how to divide the
area into two parts by a straight line from A such that the pressure on the two
parts may be equal. - - (Bombay 1947)

‘\/17. ABCD is a rectangle immersed in a homogeneous liquid with AB in
the'free surface and AD vertical. Show how to draw a straight line through A,
dividing the rectangular area into two portions equally pressed. (Nagpur 1943)

¥8. A parallelogram is immersed in a homogeneous liquid with one side
in the surface ; show how to draw horizontal lines dividing it into » portions ths
thrusts on which are equal. (Jaipur 1950

19. A triangle ABC has its plane vertical and the side AB is in the su
face of the liquid in which the triangle is immersed ; divide it by the straigh
lines drawn from A into n triangles on each of which the pressure shall be the
same,

20. An isosceles triangle is immersed vertically in a fluid with its verte.
coincident with the surface of the fluid and its base horizontal ; determine hc:
it must be divided by a line parallel to the base so that the pressures on t
upper and lower parts may be respectively in the ratio m : n. (Allahabad 19'.

a2x. A closed hollow cone is just filled with liquid, and is placed with i
vertex upwards and axis vertical ; divide its curved surface by a horizont
plane into two parts on which the whole pressures are equal.

22. A cone, full of water, is placed on its side on a horizontal ..
show that the thrust on its base is 3 sin o times the weight of the con's
fluid, where 2w is the vertical angle of the cone. (Lucknow 1956 ; Patna .

23. A triangle ABC is immersed in a liquid, its plane being vertical
the side AB in the surfacg ; if O be the centre of the circumscribed circle -

A ABC, prove that i
pressure on AOCA sin 2B
(s = . (Agr.
pressure on ,\OCB™ #in 24

24. A triangle ABC is immersed vertically in a liquid with the v-
in the surface, and the sides AC, BC equally inclined to the surface; &'
the vertical through C divides the triangle into two others, the fluid
upon which are as 534-3ab8 : a3+43al. (Lue
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77. Harder Solved Examples.
1. A sems-circle 18 ymmersed vertically in a liquid with the
"sren the surface ; show how to divide it into n sectors, such that
“ust on each s the same. (M.T., Finance 1926 ; Utkal 1945)
«;&et the semi-circle AP,B of radius @ be immersed. Let AOP,

e w n of r sectors of the type AOP,, P,0OP,...... such that the
m ‘uo.eomn each of them is the

i0,, P,0,,...P,0,...be the B
vertical heights of the re-
quired sectors from the free
surface.

Let £ AOP,=2x. Let BY

Thrust on the area AOP,
Thrust on the semi-circle

r
7' oy (1)

Area of sector AOP,=aa?.
Depth of the C.G. of this ares from the free surface

=0G sin «
=2 asna . ,_2 asnlc«
3’ a - R ™

Thrust on the area AOP,=aq?.3->° sin’a ~gp=1a® sin®x gp.

Thrust on the semi-circle=§1m’. 3n gp=%adgp

From (1)
$asinage __ 7

Tiegp m

. r
or sin®a=—
n

cos 20=1—2 sin®a=1— _2;:
AQ,=a—a cos 2v._.a-a( 1_2"_> E’_’:_

Giving r=1,2,3,...n
2a 4a 6a
A01 = T N AO’—T 3 AOa_' ‘"_ LYY
The horizontal diameter is dividedin # equal parts. The

at these points will divide the arc of the semi-circle in the
the required sectors.
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Ex. 2. A parallelogram is immersed in a fluid with a diagonal
vertical, one extremity of which is in the surface of the liguid. Through
this point lines are drawn dividing the parallelogram inlo three equal
parts. Compare the pressures on these three parts, and if P, be the
pressure on the middle part and Py, Py those on the other two prove that

16P,=11(P,+ P,).

Lot ABCD be the parallelogram with AC vertical and A in the
surface. Let «, B, ¥ be the depths of B, C, D from the surface res-
pectively. BN, EM are the perpendi-
\ culars on AC. Let E and F be such
: : points so that pressure on the NABC=

; i that on AECF=that on AAFD. Let
4 '»  3S be the area of the wholo parallelo-
: gram,

AAEC = AABC—AABE
=38—8=1S=} AABC

:
i A

B $AC.EM—=4.4 ACBN
‘ or EM=1BN.
In the ACBN, CM=}CN or NM=3CN=3B—«)

Depth of E=a+NM=¢+%(B—°‘)=§j;§'2E

Depth of C.G. of the AABC from the frec surface
= a+2p \_ 4212
=H( e+ 57 9
447
P;=Thrust on NAABE= gPS(-— OEZE Q)
Similarly P;=Thrust on AAFD=3gpS(4Y+2B)
P,=Thrust on the parallelogram —(P,+P;)

=gpr38. ‘;—P,—-Pa whence the thrusts can be compared.

Now P1+P3=ﬁgPS(a+B+Y)=%fSB, for at7v=f for the
parallelogram.
o Py =3 X§(P+Ps)—P—Ps
= %ol(Pl'l“P 3)
16P2= l 1 (P1+P3).
Ex. 3. A wessel contains n different liguids resting in horizon-
tal layers and of densities Py, Py, ...Py starting from the highest fluid. A
triangle is held with its base in the upper surface of the highest liquid
and with its vertex in the nth liguid. Prove that if /\ be the area of
the triangle and hy, hy.. k, be the depths of the vertex below the upper
surface of the lst, 2nd,...... nth liquids respectively, the thrust on the
triangle ts

lh%‘{pl(hf—h,*)+pa(h,°—h,’)+-..+Puhn”},
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ABGQ is the triangle immersed in n liquids with AB in the upper
surface of the highest liquid. Its vertex C in the nth liquid.
CD=h,;, CD'==hy, CD"=h;...

i‘ABJ"x:% A D ?
AB= ,é Y
1 v
A'B'_ b, s
Also = B =% —
AR 20k
Similarly A"B" = 200,
Hence areas ofl different trian-
gles are
A, Okt OB AR AR
PThE T R R X

The thrust on the AABC in this position will be the same as
the sum of the thrusts on the NABC in a liquid of density f4, on
AA'B'C’ in a liquid of density py—P,, on AA'B"C’ in a liquid of
density {Pa-—P,-—-(Pz— Py)} s.e., (P3—Py) and so on.

.. Total thrust . .

JAY JAY hy
=A. %‘—P;ﬁ—-,;l,-z» . ';f . (Pa—Py)g+ 76“8‘ + 3 (Ps—Py)g+....
ht b,
+—Ahls“"' ‘:; (Pn—Pu1)g

=3 gé} {P1he>+ha¥(Py —P1) +Rg®(Py— Po) + -+ R (Pa—Puy) }

=1 9 {os(h—h) 4 Pulh R e P,

1
Ex. 4. The inclinations of the axis of a submerged solid cylinder
do the wertical in two different posstions are complementary to each other.
If P and P’ be the difference between the pressures on the two ends in
the two cases, prove that the weight of the displaced fluid is equal to
(P24 P'z)%.
Let AB be a circular cylinder of radius ¢ and length .
Let the depth of A from the free surface be z. 0 is the angle
that the axis makes with the vertical.
R Thrust on the end A=na%gpz
Thrust on the end B=na?yp(z+h cos 6)
P=Thrust on the end B—thrust on the
end A

=m a%gph cos 0.
In the second position the angle of
inclination is 90°—6
P’ =na’ghp sin §

(P’+P'2)¥=nazaph
=weight of the displaced fluid.
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Ex. 5. A hollow weightless cone of 8emi-ve:':—,'cal angle o and of
height h, is filled with liquid and freely hung from a point on the rim of
the base ; show that the thrust of the water on the base is

nh? tan® « sin a gp
W/ 1+15 sin?a
(Nagpur 1954 ; Banaras 1938)

Let ABC be the cone of height £ and base of radius a.

a

RS tan a= W

The cone is suspended from the
point B. Since there are only two forces
i.e., wt. of liquid contained in the cone
and the tension in the string, the line
BG, where G is the C.G. of the cone,
must be vertical.

Let LOBG=0
_0G _ k4 _h
tan 0=g5="¢ =4a
1 1

=Hh T 4 tan «
4sino
\/1_+15 sin® o
.. Thrust on the base
=ralu cos 0 gr

whence cos 0=

4nhd tand o sina gp
+/ 1415 sin%a
Ex. 6. A parollclogram ABCD dis immersed in_homogeneous
fluid of density p, open o the atmospheric pressure 11, with the side AB
an the surface. B is« point in AB such that AE=% AB. A siraight
line joins B to a point ' in CD. Show that, if the thrusis on AEFD
and EBCF are equal, DI is given by
6 DF (3 LI +2g¢b)=AB (6°11+5;pb),
where b is the depth of CD. (M.7.)
Let AM (==b) be the height of the pa allelogram. Let z be
the depth of C.G. of the area AEFD .
from AB. Join AF. 4

2. {AE+DF)b
—JAE. b. g>+;~ DF. b. 33”

‘e

=---- (Y

.z (AE+DF)=(AE+2DF).§~ -
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Thrust on AEF =} AE-+DF) b. ([[+95 )
Thrust on ABCD=AB. b([[+gp )
<. ABb(J[+1 grb)=2. 3(AE+DF) b ([[+gr2)

¥ 3 2
s -anonf 1 (13330

~TI(EAB+DF)+gp f; (AB-+2DF)
)
or AB ([[+g¢ 'z'— 2? — ; gob) =DF ]+ 5 ged)

or 4B (I 4 % gty —DR(I+1g00)
or AB (6]]+5gpb) =6 DF (3[1+2gpb).
Examples 4

x. Find the thrust on a vertical quadrilateral which has one side of
length a in the surface, and the opposite side of length & parallel to it at a
depth h.

If the fluid consists of a top layer of density p and thickness 34, and the
rest of density o ; prove that the thrust on the quadrilateral is

s W{(Ta+116)0-+ (a-+5b)a}.

2. A parallelogram ABCD is immersed vertically in & homogeneous
liquid with the side A of length 2a in the surface. Points F and E are taken
upon AB and DC, such that EC=z and AF=y, If EF divides ABCD into two
parts of which the pressures are equal, show that

22—y=a.

A holldw cone, ¥ »axis is vertical and base downwards, is filled
with equal volumeg of two 1 * s whose densities are in the ratio 3 : 1 ; show
that the thrust on the base is \» -\3/ 4) times as much as it is when the vessel is
filled with the lighter liquid. (Allahabud 1957 ; Lucknow 1946, 55)

A hollow weightless hemisphere, filled with liquid is suspended freely
from a point in the rim of its base ; show that the thrust on the plane base is
to the weight of contaned liquid as 12 : /73, (Agra 1960)

5. Arectangular area is immersed in a heavy liquid with two sides
horizontal, and is divided by horizontal lines into strips on which the total
thrusts are equal. Prove that if a, b, ¢ are the breadths of the consecutive

strips
a(a+b) (b—c) =c(b+c)(a—b).
(Banaras 1941 ; Delhi 1946 ; Utkal 1946 ; Calcutta 1948)

6. A cubical box with frertical sides is filled with equal volumes of n
ditferent liquids, which do not mix, the density of the uppermost being p, that

of the next 2p,...... and that of the lowest np. Show that the thrust on the
base is (n+-1) times the thrust on that part of one of the sides which is in
contact with the lowest liquid, (Jaspur 1954)

7. A cylindrical vessel on a horizontal circular base of radius g, is
illed with a liquid of density w to a height h. If now a sphere of radius ¢ and
density greater than w isv suspended by a thread so that it is completely
immersed, prove thut the increase of the whole pressure on the curved surface
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8 2¢3
iy 1] —
da *° ( h+ 303)'

8. A cylindrical tumbler, half filled with a liquid of density p, is filled
ap with a liquid of density p’ which does not mix with the former one. Shew
that the thrust on the base of the tumbler is to the whole pressure on its curved
surface as

is

2r(p+p’) to h(p+3¢")

where 4 is the height and r the radius of the base of the cylinder.
(Allchabad 1943 ; Agra 1953)

9. A cylinder is filled with equal volumes of n different fluids which do
not mix ; the density of the highest is p, that of the nextis 2p, and so on,
that of the lowest beng np. Shew that the whole pressure on the different
portions of the curved surfaces of the eylinder are in the ratios

12:22:32: ... RRERTCR

10. A thin hollow cone, of negligible weight is filled with water, and is
then suspended from & point in the rim and allowed gradually to take its
position of equilibrium, Prove that if the vertical angle of the cone is cos™1 2,
the surface of water will divide the generating line through the point of suspen-
sion in the ratio 2: 1. (dgra 1930)

11, A square immersed vertically in a fluid with one side in the surface
is divided by a straight line parallel to a diagonal so that the thrusts on the two
parts are equal, 1f x be the depth of the point in which the dividing line cuts
a vertical side a of the square, then prove that

223 —6a2r+ad=0.

12. A triangle, completely immersed in a liquid with the vertex C in its
surface is divided into two parts by a straight line through A so that the
thrusts on two parts are equal. If z be the depth of the point at which the
dividing line cuts CB, and «, 3 be the depths of A and B, then prove that

224207 - B(a+ B)=0.

13. A triangle js immersed in a fluid with one of its sides in the surface ;
find the position of a point within the triangle, such that, if it be joined to the
angular points, the triangle will be divided into three others, the fluid pressures
upon which are equal.



CHAPTER V

CENTRE OF PRESSURE

38. Centre of Pressure.—If a planc area be immersed in a
liquid, the pressure at any point of it is normal to the plane surface
and is proportional to the depth of the point from the free surface.
The pressures at all the points on one side of it form a system of
parallel forces which can be compounded into one single force acting
at some definite point of the plane of the area. This single force is
called the Resultant Fluid-Pressure or Fluid Thrust the magnitude of
which, in the case of a plane area, is the sum of all the pressures
acting at various elements of it. The definite point of the plane
of the area where the Resultant Pressure acts is called the Centre of
Pressure.

Definition. The Centre of Pressure of a plane area in
contact with a fluid is the point of the area at which the Resullant Thrust
on one side of the area acts.

Note.—It has already been shown that the intensity of pres-
sure in a heavy homogeneous liquid increases with the depth. ff the
area to be considered is horizontal, then the pressure at every point
will be the same, and the resultant thrust will act through the
centroid of the area. In all other cases when the pressures on all the
points of the lower part of the area are greater than those on the
upper one, the centre of Pressure will be below the centroid of the
area. This leads to the establishment of the Proposition.

“The depth of the centre of pressure of a plane area immersed in
a liquid is greater than the depth of its C.G.”

Henceforth Centre of Pressure will be shortened as C.P.

39. How to find the Centre of Pressure.

Let 2, y be the coordinates of the small element dS of a plane
area immersed in a liquid and let (z, y) be the co-ordinates of the
centre of Pressure, where the line of the
intersection of the plane area and the 0
free surface is taken as y-axis and a
perpendicular line in the plane of the
area as x-axis.

Let p be the intensity of pressure
on the element dS. Therefore the pres-
sure on the element is pdS and its
moment about the axis of y is xpdS.
Hence the sum of the moments of the
pressures on_all the elements of the
type dS of the area is [ 2pdS. The
pressure on the whole area is | pdS act-
ing at «, y since all the forces are
parallel, by taking moments about the <
axis of y, we obtain -

Y

- -
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z [ pdS= [ 2pdS
7 = J 2pd8
fpdS
Similarly, by taking moments about the axis of 2
7 = Jwwas
fpdS

40. To prove that the position of the Centre of Pressure of a
plane area is independent of the inclination of the area to the vertical.

Let « be the inclination of the plane area to the vertical. Take
the line of inter-section of the plane area with the surface of the
liquid as y-axis and a perpendicular line
OX in the plane of area as z-axis.

Let dS be a small element of the are;
at a point (x, ¥) and let p be the intensity of
pressure at that element.

.. The depth of the element dS from
the free surface
=2 CO8 a
So P=gpx COS &

7= JapdS_ [gra® cos a dS__ [2%S

) Fen% T fpdS  Jgpx cos wdS [xdS
Similarly y =%ng

' 'These values of z, y do not involve «. Therefore they are the
same whatever be the inclination of the plane to the vertical,

Note. Thus to find the Centre of Pressure of an area we may
make the area vertical if not vertical, by rotating it about the line
of intersection with the effective surface. And if P be the Centre of
Pressure, then P will remain the Centre of Pressure in every case,

41. The C.P. of a parallelogram with ome side in the
free surface.

Let the parallelogram ABCD be immersed in a liquid with DC
in the free surface. If the parallelogram is not vertical, let us rotate

D £ ¢...

it about DC so that it may be verti-
cal ; and in doing s there is no loss
of generality.

Join E, ‘the middle point of
DC,; with ¥, the middle point of AB.

Take the line EF as 2-axis and
let « be the angle that EF makes
with the horizontal.
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Now take . strip parallel to the free surface at a distance z
from the origin E in the free surfice along EF. Let dz be the
breadth of the strip along EF. Let DC=b, DA=a.

If the area be divided into an infinite number of horizontal
elementary strips like PQ, the thrusts on all such strips will be acting
at their middle points which lie on EF. Hence the C.P. will lie
on EF.

p=intensity of pressure on the strip
=gpx sin «, where p is the density of the liquid
dS=area of the strip

=bdzx sin «
a
—_ [ apds ——L x. gpzx sin o. bdx sin «
= ="
f pdS J gPx sin o bdx sin a
o
'a
J' «*dx
— : . g'-a
J xdx
o
Hence the C.P. is in EF at a distance 2EF from E.
Note.—For a rectangle put a== Z , the result will be the same.

42. Centre of Pressure of a triangular area immersed
in a liquid with its vertex in the surface and base horizontal.

Let AD, the median of the triangular area ABC immersed in
a liquid, make an angle « with the horizon.

Take one strip PQ parallel to the
base at a distance AM (.- z) from A along
AD. Let the intercept MN of AD, cut
off by the strip, be d.

Lot BC=a and AD=r

PQ AM
Now BC =AD
ax

R PQ= o

Also the depth of the strip from the free surface=z sin « and
dS=Area of the strip=PQ.MN sin a

ax .
=, dz sin «.

p=the pressure at any point of the strip
=z sin agp, where p is the density of the liquid.
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If the area is divided into an infinite number of horizontal ele-
mentary strips like PQ, the thrusts on all such strips will be acting at
their middle points which lie on the median AD.

Hence the C.P. of the triangle will be on AD.

T

__ j'xpdS jxxsinagp % dz sin

o -
- I pds [ x sin « gp. *—dxsmm

=4 AD, the C.P. of ABC is in AD at a distance 3 AD
from A.

43- The Centre of Pressure of a triangular area immer-
sed in a liquid with one side in the surface.

Let DA, the median of the triangle ABC immersed in a liquid,
make an angle « with the horizontal. As before it is evident that
the C. P. will be on DA.

Take PQ any horizontal strip at a dis-
tance 2 from D along DA. Let the intercept
MN of AD, cut off by the strip, be dz.

Let BC=a, DA=r

PQ_AD—z r—=z

BC™ AD — r
a(r—=x)

PQ= ;s

Also the depth of the strip from the
free surface =z sin «

dS=area of the strip=PQ.MN sin «

(r-—-x .
=_a\r ) dx sin o

p=pressure at any point of the strip
=gpz sin «, where P is the density of the liquid.

)d:csmo:gpxsmoc

w e = JEpdS _ J

RS I "(r:x)dx sin « gp z sin a
o

'(r-— x)x?dx

=].ir—x);:;lz
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LI

r
T T &2
(2 ]-L5)

Hence the centre of pressure is the middle point of AD.

44. The centre of pressure of a vertical circular area
of radius a wholly immersed with its centre at a depth k.

Let O, the centre of the circle, be the origin. Take a point Q
on the circle whose co-ordinates are (x, ¥).

From symmetry it is clear that
the C.P. will be on the vertical line
ABOC.

Now take PQ, any horizontal
strip of thickness dz, at a distance x
from O.

Let the equation of the circle be

x? +y2=a2.
dS=area of the strip
=2ydx
p=intensity of pressure on the
strip PQ

=gp(h+2), where p is the density of the liquid.
Therefore the depth of the C.P. of the circle from the centre

[apds I—a zgp(h+x)2ydx

- IpdS _r gp (h+2)2ydz

Iia zy(h+z)dx

a
j_ay(h+x)dx
Putting x=a cos 0, y=a sin 0 and dx=—a sin 0 d6

a r cos 0 sin20(h+a cos 0)d9

_r' sin® (h+-a cosd)d0

T . V[~ .
cos 0 sin20 d) . Q’L cos%0 sin20 do

h j " sin® 0 dea_f. " sin cosd do
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aTr cos® sin® 8,
0 a

b J "ein®do
o
Thus the depth of the C.P. from the free surface
. 2
‘o =ht @
; Bt

. Aliter. Construct a hemisphere on the circle as base, and con-
sider the equilibrium of the liquid contained in it.

The forces acting on this liquid are

(7) Its wt. 3na’jp, vertically
downwards through G, the C.G. of it,
where 0G=1a.

(13) The +thrust on the eircle
na®hge through the centre of pressure P
which is clearly in AB.

(14¢) The resultant thrust on the
curved surface, which must pass through

.

Taking moments about O, ‘we
obtain
¢na’go X OG=ma*hgp X OP

@ _ @
8§ b dhC
Corollary. If the plane be not vertical, we shall obtain the

same expression for OP, provided % denotes the distance of the centre
from the effective surface measured in the plane of the circle.

If. however, % is taken to denote the vertical depth of O then
since its distance along the inclined plane of the circle will become
k cosec 0, the distance O will be given by .

2
% sin0

OP= ah
where 0 is the inclination of the plane.

45. Given the position of the C.P. and the pressure on
each of the two portions into which a plane area is divided,
to find the G.P. of the whole area.

Let P,, P, be the C.P. and py, p; be the pressures on the two
portions A and B respectively. Now p; acts at P, and p, at P, and
we are requircd to find where =
the total pressure (p,+p,) on /,.' - B
the wholc area will act. This + *'
total pressure is clearly the P

resultant of p, and p, and e £
therefore acts at P, (a point on  *-
the straight line joining P,P,)

such that '
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This gives position of P,

46. If the C.P. and the pressures on the whole area and
on one of the parts be given, to find the C.P. of the other
part. (0-v-6

Let P, P, be the C.P., and p, p, be the pressures on thé™whole
area and the part A respectively, Then the pressure p (on the whole
area) will be resultant of the pressure p; (on A) and the pressure
P—p; (on the other part B) ; let the last act at P, Then P, PP, is
a straight line and

PP, M
PP, p—py’
thus giving the C.P. required.

47. Solved Example.

Ex. 1. ABC isa triangular lamina vertically immersed in a
Jlwid with A in the surface and BU horizontal. M und N are the mid-
points of AB and AC’ Prove that the depth of the centre of pressure of
the area MNCB is §5d, where d is the depth of B. (Lucknow 1959)

Depth of the horizontal side
MN= g ; MN=4BC.

If p be the density of the
liquid, thrust on the triangle ABC

2d
=1BCd= ge,

and it acts at a depth 3d below A.
Again, the thrust on the AAMN

_1 d 2 d
- 2MN.2~ 3 o 7P
. d 2 d
=%.%B(J.-2 c g 9 9P
h BCd? go

o

and it acts at a dept;h - f below A.

Hence, the depth ot the C.P. of the tmpozium MNCB

! Beyzo, 3 2o, S
:;Bf‘d 0. 4 :1 — BClgp Py N

156 ;_" :
, BCdgo— Bw g0
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Examples 5

1. Prove that the centre of pressure of triangle ABC immersed in &
homogeneous liquid with the side BC in the surface, coincides with the centre
of two equal forces each } w A a acting at the middle point of AB and AC,
where g is the vertical depth of A below BC, A the area of the triangle and w
the specific wt. of the liquid. (A lUahabad 1931)

Prove that the depth of the centre of pressure of a trapezium im-

merse water with the side a in the rurface and the parallel side b at a depth
h below the surface is

(el L
at+2b/ 2

(Caleutta 1912 ; Luck 1923, 34, 40, 47 ; Agra 1934 ;
Utkal 1948 ; Allahabad 1949, 51 ; Rajputana 1949)

3.\4 triangle is wholly immersed in a liquid with its base on the sur-
face, Shew that a horizontal straight line drawn through the centre of pressure
of the triangle divides it into two purts, the prossures on which are equal.

(Banaras 1959 ; Calcutta 1937)

4. Prove that the horizontal line through the centre of pressure of &
rectangle, immersed in a liquid with one sido in the surface, divides the rectan-
glo in two parts, the fluid pressures on which are in the ratio 4 : 5,

(Jaipur 1956 ; Andhra 1953)

5. Pis the C.P. of the rectangle ABCD, the sida AB being in the sur-
face. Prove that the line through A aud P divides the area mnto two portions
the pressures on which are equal.

6. A quadrilateral ABCD, with sides AB, CD parallel (and DA, BC
equal) is immersed in a homogeneous liquid with AB in the freo surface. Show
that the ceutre of pressure will be the intersection of the diagonals, if
AB=4/3CD. (Bombay 1940)

/7. ABC is a triangular lamina immersed vertically in water with C in
the surface and AB horizontal. Show how to divide the area by a horizontal
line PQ into two portions, thrusts on which are equal.

If b be the length of the perpendicular from C on AB, prove that the
height above AB of the centre of pressure of the area APQIB in the above case is
th(3/1—4). (Banaras 1933)
8. A plane lamina consists of a circular disc (radius @ and centre O)
from which a circular portion (radius a/2 and centre P) has been cut. .The
lamina is completely immersed 1n a homogeneous fluid with its plane vertical
and P vertically below O. If OP is equal to a/2 and tho centre of pressure of
the lamina is at O, prove that O is at a depth (11/8a) below the surface of the
fluid. (Karnatak 1952 ; Agra 1946)

. A square lamina, of side a, has & portion of it in the form of the
inscribed circle removed from it and the remaining figure is immersed vertically
in water with one side of the square in the surface. Prove that the depth of the
C.P.is

o t4=lon
24" 4—m
—

48. Effect of further immersion,

A plane area is immersed in a homogeneous liguid, and the depths
of its centres of gravity and pressure are respectively @ and b ; if the
whole aren be now lowered (without any rotation), to find the new posi-
tion of the centre of pressure.
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A plane lamina is immersed in a liquid with its centre of
gravity, G,, at a depth a and centre of pressure P, at a depth b from
the frce surface. If S is the area of the
lamina, the thrust on it is ggSa acting
at P,.

It is then further dipped through %
in its own plane. Therefore the depths of
G and P, (the corresponding points of G,
and P, in the new position) are now a-+h
and b--h respectively.

Due to this further immersion the
pressure at every point increases by an
amount gph and this extra pressure is
uniform over the whole area. Therefore
the resultant increased thrust due to this
depth is gpkS acting at G.

Thus in the second position there are
two thrusts

(1) goSa acting at P,’

(¢4) geSh acting at G.

Hence by the rules for compounding parallel forces, it follows
that the resultant of these two pressures acts at P which lies on
P G and divides it so that

GP geSa a
PP " geSh T~ A
If z be the depth of P from BA. we have b, taking moments-
about BA,

5 = 9684 (b+h) + goSh (a+h)

geSa + goSh
_ - h24-2ah+-ab
or z = oth

Corollary 1. We have
depth of P — depth of P’
h2+2ah+-ab
== — o4
b—a
=~ 1 Ta" A
which is always negative for b>a.

Hence, as a consequence of further immersion, in the area itself
the centre of pressure is raised through the distance
b—a
h h:‘_ﬂ .
Corollary 2. The vertical distance between the centre of
pressure and the centre of gravity in the second position
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h2+4-2ah+ab

= —a¥h (a+h)
__ab—a?
= h

which varies inversely as a-+-h, i.e., as the depth of the C.G.
It follows that, the greater the depth, the more nearly does the

cenire of pressure approach lo the centre of gravity, and hence at an
snfinite depth the two centres coincide.

Corollary 3. If the centre of pressure of an area be known when
the atmospheric pressure is neglected, its position muy be found when
this pressure is taken into account.

For if ]] is the atmospheric pressure its effect is equivalent to
supposing that the given area has been further lowered through the

distance , because a height lI— of that liquid would produce
the same pressure J] as the atmosphere.

Corollary 4. The above theorem is true if instead of the area
being depressed through a distance h, a depth h of the liquid has been
superimposed on the surface of the liquid.

49. Solved Examples.

Ex. 1. A triangle of height h is immersed in a liquid with the
base horizontal and vertex in the surface. If the atmospheric pressure is
equivalent to a head of H feet of the liquid, prove that the centre of
pressure 18 raised to a height

L ARH

4(2h+4-3H)
in the plane of the tiiangle. (Bombay 1935)
Let the AABC be immersed with A in the free surface and
BC horizontal. Let G be the C.G. and P the centre of pressure when
the atmospheric pressure is
neglected. Let S be the area of
the triangle and p the density of
the liquid. Since & is the height
of the triangle, the depth of G is

——%;-" and that of P is $h.

When the atmospheric
pressure is taken into account,
the following are the thrusts

acting on the triangle :—

9
2h acting at P whose depth from

(1) The whole pressure gpS X 3

A is 3h.



OENTRE OF PRESSURE 45

(2) The increased thrust goSH on account of the atmosphere

acting at G whose depth from A is ih- . This pressure is
uniform on the whole triangle.

Now, if P’ be the new position of the centre of pressure, its
depth from A

o 3 2
I B Ll ¥

2h
geS 3" +geSH

_ 3h4-4RH
=220 +3H)

Hence the raised part

_ 3k 3I44hH
=4 TI@h3H)
. 1 hH

4 (2h43H)"

Examples 6

\/1. A triangle is wholly immersed in a liquid with its C.G. at a depth 2"
and C.P. at a depth 3”. [f the triangle be lowered through & distance 27, find
the depth of the C.P. in the new position,

~2. An equilateral triangle, ench of whose sidos is 64/3 feet long, is
immorsed vertically in wator with 1ts side in tho surface which is open to the air.
If the water barometer stands at 34 feet, find the depth of the centre of
pressure of vhe triangle.

3. Aplane area of any shape is completely submerged in a fluid of
uniform density. Its planc is vertical. The depth of immersion is varied with-
out rotatiog the area in its own plane. Show that the product of (#) tho depth
of the centre of gravity below the free surfuce and (ii) the depth of its centre of
pressure below its centre of gravity is constant, the atmospheric pressuro is to
be neglected. (1.C.S. 1928)

4. A triangle has its base in tho surface of a liquid and its vertex down-
wards ; if the atmospheric pressurs be equivalent to a hsight & of water, prove
that the centre of pressure will be higher by a distance

h b
/u-1-ll.;
than it is when the atmospheric pressure is neglocted, where i’ is the depth of
the C.G. of the triangle from the surface of vhe water,
(Lucknow 1932 ; Aliahabad 1938)

5.} A square lamina is just immersed vertically in water and is then
loweret™through a depth & ; if a is the length of the edge of the square, prove
that the distance of the centre of pressure from the centre of the square is

a2
Ba+ 12 (Allahabad 1935 ; Agra 1944).
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50. The depth of the C.P. of a triangle in terms of the
depths of its three vertices.

Case 1. When one angular point A is in the free surface.

Let ABC be the triangle immersed in a liquid with A in the
free surface, Let the depths of B and C be b and ¢ respectively.

A Let CB be produced to meet the surface
in D. Let p be the density of the liquid.

! Thrust on the triangle ACD=gp} AD

HS ; acting at a point whose depth is g ]

Thrust on the triangle ABD=gp} AD.
b.-g- acting at a point whose depth is ; -

¢l
.. Thrust on the triangle ABC=gp}AD
{c2—b?) acting at a point whose depth is z (say).
Taking moments about the line AD

3 b3
- yp%AD 6~—gp£AD . é
2= T el AD(* 1Y)
3—bs
T2 o2_pa
_y Bkebe
¥ b+c J

Case II. When the depths of the vertices from the free surface
are «, B, Y.

Let the triangle of case I be now
lowered through a distance « so that the
depths of A, B and C are respectively «,
a-+b, a+c.

Due to this additional depth « an
additional thrust gpeS will act at the
centre of gravity Go, where S is the area of
the triangle.

Thus in this position there are two
parallel thrusts.

(1) 39eS(b+c) acting at P, whose

Y ¢
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(2) gp aS, acting at Gy, whose depth is }(b+-c) from A, *

Therefore the depth of the final C.P. below the horizontal line
through A is

b2+ c%+-be b+
s ko (4757 e x ()
T } geS(b-+c)+geSa
_ ¥+ tbe+-2a(b+-c)
=t Tb+e+3a
The depth of P below the free surface is

b%+c? -+ be+2u(b+-c)

T btet3e

If the depths of B and C from the free surface be B and ¥, then
b=pB—a, c=7—a and the above expression becomes

[

T et} (B—a)?+(Y—a)+(B—a) (Y —a)+-20(B+ ¥ —2a)
- B+v—20+3a
_ B2 Y2+ BY +Ya+aB S
B 2(x+B+7)
Cor. 1. The above expression can be written as
otB otp, BHY BV, YHa Y«
R S I I
B BHY Ve
g T o T "

which shows thdt the C.P. coincides with the centre of parallel forces
acting at the middle point of the sides'and proportionate to the corres-
ponding depths. '

Cor. 2. The above expression can also be written as

o(204-B+7)+Blat-28-+7)+ 7 (@+B+27)

(20+B+7)+(x+28+7) + (x+B+27)

which shows that the C.P. coincides with the centre of parallel forces
acting at vertices 4, B, C, and proportionate to 2a+B+7v, a-+284-7,
a+B+2Y respectively.

51. Solved Examples.

Ex. 1. A plane triangular area is smmersed in a liguid of
uniform density with its plane vertical, one side horizontal and the
opposite corner downwards. Its vertical altitude is h, and the horizontal
side 18 at a depth h below the effective surface. Show that its centre of
pressure 18 at a depth %+ h below the surface.

(T'ravancore 1945, 1.C.S. 1928)
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Let ABC be the triangle immersed in a liquid with AB
horizontal.

According to the given con-
ditions the depths of A, B, C are
respectively (b, 4, 2h) from the
free surface.

.. Depth of C.P.
N e o Ll
2h+-h+2h)

=32 k.

Ex 2. A rhombus is immer-
sed in a liquid with a verlecx tn the
surface and the diagonal through the vertcx vertical. Prove that the
centre of pressure divides the dingonal in the ratio 7 : 5.

(Lucknow, 1944 ; Nagpur 1930, 43, 55 ; Agra 1927, 36, 40, 52, 56 ;
Jaipur 1955 ; Allahabad 1920, 27, 31, 54 ; Gorakhpur 1959)

Let ABCTD be the rhombus immersed in the liquid with A in
the surface and AD vertical.

Since the rhombus is sym-
metrical about the diagonal AD,
the depth of the C.P. of the
rhombus ABCD will be the same
as that of the triangle ABD and
will lic on AD.

Let one side of the rhombus
be a and let AB make an angle 6
with AD.

.. Depths of A, B, D the three vertices of the /A ABD are res-
pectively a, @ cos 0, 2a cos 0 '
__a? cos® 0+4a® cos® 04-2a% cos® 0
Depth of C.P. === 3 (a cos 0421 cos b)

=~;— @ cos 0

Vertical distance between the C.P. and the point D,
=AD—%a cos 0
=2a cos 0—Fa cos 6
=3%a cos 0
Hence at the C.P. AD is divided in the ratio
tacos0: gacosa
t.e., 7:5.
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Ex . A quadrilateral is immersed in waler with two angular
points in the surface and the other two at depths a and b. If x and y
are the depths below the surface of its centres of gravity and pressure res-.
pectively, show that

6zy+ab=3x(a+b).
(Allahabad 1926 ; Nagpur 1942)

Lot ABCD be the quadrilateral with AB in the surface. Let
the depths of C and D be « and b respectively. Join AC. Let S;, S,
be the areas of the triangles ABC,
ADC respectively.

The depths of their C.G’s arc
;, and a_;b-lgépectively.

Since  is the depth of the C.G.
of the quadrilateral

(81+8y)z=S,. - ‘; +sz.'-’~§;"
3z—a__ S,
O s - @y

The depths of the centres of pressures of the triangles ABC,
ADC respectively are
b2+a2+gb .
%a: }‘ ) _‘a_l;b M )
and the thrust on them arc
9681y 496Ss (a+b).
Since y is the depth of the C.P. of the quadrilateral
_q @ @ a+b a*+b*+ad
(8:+8;) zy=S8, 3 9 +8,. 5 v
or 6 (8;+8;) zy=a%8,+8,)+S:b (a+b)
or 6:ty=a’+sl—s_i_°—s; b (a+b)
=a?+(3z—a) (a+b) from (1)
. =3z(a+b)—ab.
Ex. ‘4 4 parallelogram has its corners at depths hy, kg, hs, by

below the surface of a liquid, and its centre at a depth b ; show that the
depth of its centre of pressure is

R’ +hy? 4 hg'+-hy? 1812

12h .
(Agra 1941 ; Allahabad 1942 ; Utkal 1945 ; Lucknow 1951)
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Let the parallelogram ABCD be immersed with its corners
A, B, C, D at depths &y, hy, ks, k4 respectively from the surface. Join
AC. :

Now h =
._hl e l ‘is l h&
=t 5 [t vee (l)

Pathy_hythe
2 2

We know that the C.P. is the same
as the centre of parallel forces acting at
the middle points of the sides of these
two triangles and proportional in magni-

tudes to the depths of these points.

(4 (o ()

Suppose forces proportional to
act as the middle points of the sides of the triangle ABC and forces
proportional to(’i‘;i‘) , (b;;—é‘)and (’l”;— »h—‘) act at the middle
points of the /\-ACD.

But hl;£’-=h.

Depth of C.P.
hl‘l""s) +(”g+"3) +(h4+h1) +(" +h4> +-ont

hy+hy+hyt+ha+2h
=g[{‘!_z_+ha.+h3'+h4=+h1(’l2+h‘)+I?3(}lz+h‘\]+8h’
4.6h
2 L} 2 2 2 2 ‘
bR )4 from (1)
=Pl A+ he +h -8R
12h
Aliter. Let the area of each triangle be S.

Thrust on the A ABC=geS lligzih_t

point whose depth from the surface is
ht+ht+ haz+h2h3+h3h,+h,h,

2(hy+ha+hg)
Thrust on the A ACD=gpS(—}~'-1-L}§£';h‘—) and acts at a point

2 3 2
whose depth from the free surface is bty +21_&:-i_-;1;;h¥|’;‘l;.h+h,h,

and acts at a
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Depth of the C.P.
hy+hy+h {h 2 ho? + hot+hohg+hghy+hah (hy+hs+hy)
g M NaTrhg Y AP Re” e - hahgthahy -hihy b1 111 1)
ses( ) 2ht-hy-+ho) fros®E]
{ byt hy® + b+ hohot hedy+-hihy }
= N 2(hy+hg+hy)
908.3(2h1+2hg+ha+hy)
— B hsP+hs® - hohg+-hahy+hyha+ (A2 + ko + b+ hahg+hahy +-hihy
12h
Also  (hy+hg+hy+hy)2=16A7 e (1)
(ha+h)=4h? . (2)
(hy-+hy)t =43 e (3)
Subtracting the sum of (2) and (3) from (1)
hahy +hghy+hyhy+hyhy=4R3 - (4)
The depth of the C.P.
— h’2+h’2+h32+h‘2+(’ll—";h3)2+hqh3+hnh‘+hlh£_+—_h1‘h4 .
12n
hy®+ho®+h2+h 2+ 4h2 - 4h2
s a_lgib4_+‘. AR from (3) & (4)
= M’ +h’thed+heSH2
- 12h '
Examples 7

‘/‘/:. A triangle of height 1’/ is immersed vertically in a liquid with its
base parallel to the surface and at a depth 3’7, If the vertex be downwards,
find thj depth of the centre of pressure of the triangle,

2. A plane triangle (height 30 cm.) is immersed in a liquid, its base
horizontal and vertex uppermost. Find the difference of level between the
C.P. and C.G. of the triangle, given the vertex is 10 cm. below the surface.

v (Madras 1926)
»/3, Show that the centre of pressure of a triangular lamina, the depths
of whose angular points are q, b, ¢, is at a depth
1 a?4b24c2—be—ca—ab

[ atbse
(b—¢)2+(c—a)2+(a—b)2
or T Ti2 (atbFe) T
below the centre of gravity of the lamina. (Agra 1942, 60)

\{/4. Find the centre of pressure of an isosceles triangle immersed with its
plane vertical and its bace horizontal half as far below the surface as its vertex.
(Calcutta 1911)
4 5. Find the centre of pressure of a square lamina immersed in a fluid,
with one vertex in the surface and the diagonal vertical.

(Allahabad 1920 ; Patna 1926 ; Lucknow 1944 ; Agra 1931, 35, 50)
6. An equilateral trisngle ABC of altitude & has ony(’ertex fixed at o

depth 2h below the surface of a liquid. From the position in which BC+is hori.
zontal above A, the triangle is turned till BC is again horizontal but Below A,
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the plane of the triangle always remaining vertical. Show that the shift of the
ocentre of pressure relative to the triangle is h/16. (4gra 1938)

7. A parallelogram ABCD is immersed in a liquid with A in the surface,
and BD horizontal. Prove that the centre of pressure P lies on AC such that

AP: AC=T7:12, (dgra 1958 ; Patna 1935)

8. A quadrilateral is immersed vertically having two sides of lengths
2a, a parallel to the surface at depth h and 2k respectively. Show that the
depth of the centre of pressure is £ h. (M.T.)

/ . Alamina in the shape of a quadrilateral ABCD has the side OD in
the m(%ee, and the sides AD, BC vertical an of leagths ¢ and B respeotvely.,
Prove that the depth of the ocentre of pressure is :

os—pe (x+B) (x2+B%)
R L
(Lucknow 1956 ; Banaras 1944 ; Agr 1947, 1951 ; Sagar 1959)
10. Show that the depth of centre of pressure of a rhombus totally
immersed with one diagonal vertical and its centre at a depth , is
a?
h+ ‘ﬁ}?)

where a is the length of the vertical diagonal.
(Agra 1959 ; Allahabad 1924, 34 ; Aligrah 1942 | Lucknow

52. Solved Examples with Integration.

Ex- 1. A rectangle immersed vertically in water with two sides
horizontal and at depths h and a-+h respectively below the effective sur-
Jace ; prove that the distance of the C.P. from the upper side is

a  3ht2e
3 2h+ta
~ Show also that the C.P. is below the C.G. of the area, and as the

depth increases, approaches but never coincides with it.
(Allahabad 1923 ; Lucknow 1943)

Let ABCD be the rectangle immersed in water with two sides
AB and CD horizontal and at
Idepths h and a+h respective-
y.

. MA=h. MD=}k+a

Take OX, a vertical line
dividing the rectangle into
two equal parts as the axis of
z with its point O in the free
surface.

Divide the rectangular
area into horizontal strips of
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thickness dz. Let PQ be one of them at a distance z from the free
surface.

Let AB =b and p the density of the water.
p=npressure at any point of PQ=gp.
dS=area of the strip=>bdz.

Hence the depth of C.P. below the free surface

a-+h
prds L z.gpx bdx

T= a+h
J.pdS I geox. bdx
»

'a+h 2
L P R

 H(a+h)—R

=t
z dx
Y

a*-+31+3ah
a—+2h :

The depth of the C.P. below the upperside
g @3R3ah
-3 a+2h

=% 3ht2a

T8 a+2h

And the depth below the C.G.

a
== ~(h+5)
_z a?+}-3ah+ 342 2h+a
3 2h+a - 2
4a®—3q?
2h+-a
at
" 6(2h+a)
The above expression is positive hence the C.P. is below the
C.G. of the area.

As h increases the above expression decreases but never actual-
ly vanishes until % is infinite,

—2
z

h

~1

Ex. 2. A segment of a parabola cut off by a double ordinate in a
distance h from the vertex is immersed with this ordinate in the surface
of a liguid ; find the resultant thrust on it. Find also the position of
the point where its line of action meels the lamina. {Jaipur 1955 ;

Lucknow 1955 ; Allahabad 1925, 37 ; 52. 57 ; Agra 1949)
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Let the equation to the parabola be y*=4ar where a vertical
line through O, the vertex, is z-axis
and a perpendicular line OY through
O as y-axis.

Let MN be in the free surface.

Take a horizontal strip PQ at a
distance z from O and thickness dz.

Let p be the density of the
liquid.

.~ p=gp. XT=gp (h—2),
dS =2ydx

.. The pressure on the strip
==2gp (h—=x)y.dx
Hence the whole pressure

h
=2 [ oo )y s

h -
=2gp J (h—2x) 2y ax dw

h

=4gp\/a[ %hx% -—§xg ].

3
=dgova 2h° (3—%)
=8gpvahh® A=1¢gp kt Vah .

Taking moment about MN, we obtain if z be the depth of
the CP.,

1) n
# L 2goy (h—2)dx = L 2goy(h—2)*dx

" y—arae O yangew
, Yh—a) do 1_0§\/ayp

=y 16 . —
J ylh—z)dx 15 geh®\/ ah
=%h.

Ex. §. An ellipse ts just immersed in water with its major axis
vertical. Show that if the centre of pressure coincides with the focus,

the eccentricity of the ellipse must be }.
(Nagpur 1956 ; Allahabad 1926, 43 ; Agra 1929, 43 ;
Sagar 1949 ; Jaipur 1957)

Let the major axis and minor axis be respectivel y the axes of &
and y. Then the equation of the ellipse is
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PR
=l e (1)
By symmetry it is evident that the
C.P. will lie on the line AOB.

Take an elementary strip PQ at a

depth z from O, the centre of the ellipse
and of thickness dx.

dS8=area of the strip=_2ydx

p=intensity of pressure at any point
of the strip

=gp (a+2)
If Z be the depth of the C.P. from O, we have

_r: 2ydzgo(at-z)x

J‘; 2ydxgo(a+x)

g ==

J.a zy (a+x)dx

y (a+x) dz

-G

I_ x (a+x)/\/( 1— ;: ) da

=T T
J_a (a+w)V(l— )de
Now putting x=a sin 0, we get

T2
j / (1+sin 0) cos? 6 sin 6 do

-T2

z= 72 T
f (14-8in 6) cos? 0 do
-n/2

2
ar , (sin 0 cos? B+ sin® 0 cos? 0) df
eyt e

vl2
I (cos® 8-+sin 8 cos? 6) do

-2

/2
aI sin2 6 cos® 6 df
= Y-T2

J i cos? 0 d0
—rl2

/2

% I sin? 0 cos? 0 d9
:‘2_ ———————
o

= I’-- -
2! cos? 0 dO
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rdhrd
_ 2r(3) _ a.
gy 4
2r(2)
Now the C.P. will coincide with the focus, if
{a=ae

t.e., e=}.

Ex. 4. A quadrant of a circle is just immersed vertically in a
heavy homogeneous liquid with one edge tn the surface. Find the centre
of pressure. (Agra 1945 ; Allahabad 1948 ; Jaipur 1949, 59)

Let the edge OB of the quadrant be in the free surface. Let
OA be the other vertical edge.

B Let OA and OB be the axes of #
>———>Y and y respectively. If a be the radius ;

—-~"_  the equation of the curve is
. x?+y?=a? - (1)

Take one strip PQ parallel to OB at
a depth 2 and of thickness dx.

o p=gex
dS=ydx.

y Denoting by zand ythe x and y co-
X ordinates of the C.P.

Putting z=a sin 0, dx=a cos 6 df.

L
a J': sin® 6 cos® 6 dO N gjx{ '('.3(;2 ) 3ra
“Tx T T3 16

I"T-‘sin 0 cos? 0 d9 2r(3)
o

Since the thrust on PQ will be acting at its middle point, tak-
ing'moments about the axis of z we obtain
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P L P T Kt

IpdS I:xydx r zy/a®—addx
- o
at _at
3 2 - 4/ _ 2q
3

Thus the C.P. is (#ra, 2a).

Ex. 5. A semi-ellipse bounded by its minor axis is just smmers-
ed in a liquid, the density of which varies as the depth; if the minor
azis be in the surface, find the eccentricity in order that the focus may

be the centre of pressure. (Lucknow 1953 ; Allahabad 1933, 55 ;
Agra 1938)
Let the equation to the ellipse be
x2 2
art =l 0

with reference to the major as the axis of z. It
is clear that the C.P. lies on OX. P 0

Take one strip PQ parallel to the minor
axis at a depth » from O, the centre of the
ellipse and of thickness de.

dS=Area of the strip=_2ydz. 4
Since the density at any point of PQ=cx,
where ¢ is any constant, .
p=the intensity of pressure at any point of PQ.
=gox.x=gcx?

I 2pdS l gez® (2ydz) -
Depth of C.P.=" ——=" -
I pdS L gea? (2yde)

I :a:’ ydx I:x"\/ 2%z

j:x’ydx r 2/t " ad dx
Putting x=a sin 0, dx=a cos § :1’0

2
K a? sin3 0. a? cos? 9 d
Depth of C.P. =1l
L a® sin® 0 a3 cos® § dO
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r@r@)
—_2r@)_,
Tr@rc@
2r(3)
_3%
T lbm
In order that C.P. may coincide with the focus
32a
~Ibn
e=32_
157
E}/ 6. Prove that the depth of the C.P. of a parallelogram two of

whose sides are horizontal and at depths h, k below the surface of a

liquid whose densily varies as the depth below the surface is
RR+ 1k hEP 4+ k3

2""“h=+h/c+k=“ )
(Allakabad 1911 ; Calcutta ; 1914, 48 ; Agra 1955)

Let PQ be an elementary strip of area of small breadth de,
parallel to the horizontal side of the parallelogram, at a depth =
from the free surface.

ae

.. The density at
any point of this strip is

b

’ 1

Ay A s =¢x where ¢ is any cons-
! / / tant.

: (*.* density varies as depth)
i /a —7/¢ p=intensity of pressure at
E/ / any point of the strip

C =gex.x=gea®
b dS=Area of the strip

=PQ.de=ABdx.
.. The depth of the C.P.
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B B3k 4R B

3
=1

Examples 8

“ 1. A rectangle is immersed vertically in a heavy homogeneous liguid
with two of its sides horizontal and at depths x and (3 below the surface. Show
that the depth of the centre of pressure is

N 2 ataBifl
3 a+B -
(Calcutta 1918 ; Paina 1942, 47 ; Utkal 1945, 47 ; Jaipur 1959)

a2 A rectangular aroa of height % is immersed vertically in a liquid
with one side in the surface ; show how to draw -a horizontal line across the
area so that the centres of pressure of the parts of the area above and below
this line of division shall be equally distant fromn it. (Nagpur 1957)
~”3. A semi-circular lamina of radius ¢ is immersed in a liquid with the
diameter in the surface. Kind the depth of the contre of pressure. (Sagur 1959;
Lucknow 1942, 45 ; Agra 1928, 48, 52, 54, 56 ; .1llahabad 1939, 42, 59)
/4. A uniform elliptic lamina, whose axes aro 2a and 26, is half immers-

ed in water, the axis 2b being in the surface. Find the centro of pressure.
(etilahabad ; 1953 Lucknow 1912, 48)
\/5. An ellipse is completely immersed, with its minor axis horizontal
and at a depth A ; find the positoin of the centre of pressure.  (AHahabad 1943)
6. A semi-circular area of radius a is immersed vertically with ite
diameter horizontal at a depth &. If the ciccumference be below the centre,

prove that the depth of the centre of pressure is

1 3 (a®4-402) 43206
4T harsm (Bombay 1948)

9. Prove that the depth of the centre of pressure of the area bounded
by two concentric semi-circles with their common bounding diametsr in the

surface is

3 at—d4
16 * a%—43°
a and b being their radii. ' (Allahabad 1950 ; Jaipur 1956)

8. A quadrant of a circle of radius a isimmersed vertically with its
bounding radius horizontal at a depth 0.

Find the centre of pressure,

9. Find the C.P. of a parabolic lamina immersad vertically in a liquid
with its vertex at & depth k below the water surface, and the lamina is bounded
by an ordinate at a distance /& from the vertex which is below the ordinate,

. A quadrant of a circle is just immorsed vorticallv with one edge on
the surface in a liquid whose density varies as the depth. Find out the centre
of pressure.

xx. Prove that the depth of the C.P. of a parabolic lamina from its
vertex immersed vertically in a liquid with its vertex at a depth % below the
water surface, and bounded by an ordinate at a distance h from ths vertex is

3 Tk+8h
7 bk+3h
when the vertex is above the ordinate.

Consider also the case when the density of the liquid varies as the depth.

h.
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53. Liquids more than one.—Suppose we have a number of
layers of different fluids which do not mix and we want to find the
-depth of the C.P. of an area immersed in all the liquids.

Let the densities of the » liquids be gy, p3---... , pn in ascending
order and let A, A,,...... A, be the parts of the whole area in contact
with these liquids respectively.

The thrust on the area will remain the same even if we consider
that one liquid of density p, is in contact with the whole area
(Ay+As+...... +A,), second liquid of density ps—p, in contact with
(Ag+Ag+...... +A,) area, third liquid of density ps—p;~ (p3—p1) t.€.,
(ps—py) in contact with (A;+A,+...+A,) area and so on and lastly
the liquid of density (ps—pns—1) in contact with A, area.

Then taking moments of these thrusts and the resultant thrust
about some suitable line, the depth of the C.P. can be found.

The method is illustrated by means of examples in the next
article.

54. Solved Examples.

Ex. 1. Prove that the centre of pressure of a rhombus immersed
in two liquids which do not mix, wilth a vertex in the upper surface and
- diagonal in the common surface, divides the other diagonal tn the ratio
of 17 : 11 if the densily of the lower liquid s twice that of the upper
igquid.

Let ABCD be the rhombus with A in the surface and BD in the
common surface. Letp and 2p be the densities of the two liquids.
Let & be the depth of BD, therefore
2h is the depth of C. On account of the
symmetry about the diagonal AC, the
depth of the C.P. of the rhombus will be
the same as that of the AABC. Let
ABC be of area S.

Now for this triangle, thrust will
be the same as that for a liquid of
density p for the whole triangle ABC
and that for a liquid of density (2p—p)
i.e., p for the triangle BOC.

Thrust on the triangle ABC

=8 hgp acting at a point whose
depth from the upper surface is §h.
Thrust on the ABOC

:.--S«. g ge acting at a point whose depth from the upper

surfaco is ( h+ -g-)i.e., %h.
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.. Depth of the C.P. of the whole area

7 8 &
Shgp.~6~ h+2 . _3_g9 e 3

Depth of AC=2h.

Hence at the C.P. the ‘diagona.l AC is divided in the ratio
11k : (2h—1Zh) de., 17 : 11.

Ex. 2. A rectangle is immersed in fluids of density o, 2p. 3p......
np ; the top of the rectangle being in the surface of the first liguid and

the area immersed in each liquid being the same ; show that the depth of
the centre of pressure of the rectangle is

3n+1 b
41 "2
where h is the depth of the lower side.

Rectangle ABCD is immersed in # liquids with AB in the free
surface.

Thrust in this case is the same as \,/,A 3
that for a liquid of density ¢ on the -:]
rectangle of height h4-that for a liquid
of density (2p—p) on the rect. of height

a( 1——5—)+ that for a liquid of density
(3p—2p) on the rect. of height.

A

h{1= “21?)4- o +that for a liquid of 2 Y77 2 00N,
. - C
density np—(n—1) p on the rect. of height P

h

"

The thrusts on these rcctangles are

h? —1)2 p2 —9y B2
ge AB. "o 1 9P AB ("ng) _’,’2_ go AB (n—2)* A

B 2
90 9,2 respectively.
The distances of tho centres of pressures of these rectangles from

the lowest side DC are respectively

A (n=Dh - (n—2)k h
3’ 3n > %’n y sseseeisiias 3n "
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If 3 be the height of the C.P. from DC, then taking moments
about DC, we obtain

Wk m=1) A (a—Dh S
goAB 9 T"'(IPAB B e R e +.,+(IPABna i 3n

K3 n—1)2 R 7
geAB— -+ goAB ’(—,.T”)‘ '2—+................+gpAB St

_h @’+(n—1)‘1+............+1§
= S (=1t
1 LI

A {—2-”(7"4‘1) }

3 nn+1)@ntl)
6

h(n+1)
S2@nt1y
Depth of the C.P. from the free surface
—h— Matl)

2(2n+1) -

3nt1 A

=omt1 2"
Examples 9

is immersed in two liquids of density p and 2p
f the rectangle is in the surface of the first
Prove that the C.P. divides

x. A rectangle
which do not mix; the top o
liquid and the area immersed in each is the same.
the rectangle in the ratio 7 : 3.

Prove that the C.P. of a thombus immersed in two liquids which
iagonal in the common
3 if the denmsity of the

2.
do not mix, with & vertex in the upper surface and adi
surface, divides the other diagonal 1n the ratio of 5 :
lower liquid is thrice that of the upper liquid.

3. A vessel contains three fAuids of densities p, 20 and 3p. A triangle
of area A is support ed with one side in the surface of the fluid of density p and
the opposite vertex in the fluid of density %p. If 3h, 2h and & are the depths
of the vertex below the upper surface of the thrce fluids, prove that, neglecting
the atmospheric pressure, the thrust on each face of the triangle is )

4
59 Ah.

Also prove that the depth of the C.P. of the triangle from the free sur-
face is 50h/38. (M.T)
A fluid of depth 2a and uniform density p is superposed on a liquid
of density 2p and depth greater than a. A circular lamina of radius a,is
placed with its plane vertical and its centre in the surface common to the two
liquids. Prove that the depth of the C.P. below the centre of lamina, negleot-
ing the atmospheric pressure, is

9ra M.T
16 @rt D) (M.T)

. . The centre of Pressure of a plane area lies verti-
cally beneath the centre of Gravity of the superincumbent

fluid.
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Let the area ABCD be immersed not in a vertical position.
From every point of the perimeter of the area draw vertical lines to
meet the free surface in tho curve A'B'C'D’.
The volume of the fluid enclosed by these
lines and the plane area is called the superin-
cumbent fluid. Consider the equilibrium of
the superincumbent fluid. The forces acting
on it are :

(1) its wt. acting vertically downwards
through its centre of gravity G ;

(2) normal fluid-thrust on ABCD act-
ing at its centre of pressure P ;

(3) pressure on the curved surface,
which is horizontal at every point.

The vertical components of these forces must themselves form
a system in equilibrium s.e., the wt. of the superincumbent liquid at
G and the vertical component of the fluid thrust on the area acting
at P must be equal and must act along tho same line, so that GP
is vertical.

56. Application. The above method can be illustrated by
finding the C.P. of a rectangular plane area.

Let ABCD be rectangle inclined at a finite angle to the vertical
plane through AB which is in the free surface.

Draw vertical lines through all

B % .\ the points on BC, CD, DA to meet
™ the surface in BR, RQ, QA. Now

\ N the superincumbent liquid is in

(BRC, AQD.)

B B G:—",” \ Q the shape of a triangular prism
P If I, M, N be the middle points

of AB, CD, RQ it is clear that the
c M D C.G. of the superincumbent liquid
LMN coincides with the C.G. of the
PAY .

Hence bisecting LM in E, and taking EG=4 EN, we have G,
the centre of gravity.

If we draw GP a vertical line to cut the rectangle in P, we have
EP: EM=EG: EN=1: 3.

EP=} EM=} LM
and LP=LE+EP=} LM+ LM=2% LM.
Hence the centre of pressure lies on the middle line of the reciangle
ai a distance down equal to two-thirds of it.
57. Harder Examples Solved.
Ex. 1 A system of coaxal circle is immersed in water with the

line of.centrcs at @ given depth. Prove that the cenires of pressure of
those circular areas which are completely smmersed, lie on a parabola.
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Taking the line of centres as a-axis and the radical line as
« y-axis, the equation to any
such circle is

2?+y?—2g2+¢=0,

where g is variable i.e., diffe~

O 0l @ rent for different cireles.
P

Its centre C is (g, 0) and
if 7 be its radius then

r2=g%—c.
2
Now the C.P. P is below C such that CP=--2—h where h is the

depth of the line of centres.
If (z, y) be the co-ordinates of P then

r2
2=0C=g, y=CP = o '
2_ 2_
y= g4h°.= € 4 hc . Hence the locus of P is parabola,

Ex. 2. The asymptote of a hyperbola lies in the surface of /a
Juid ; find the depth of the centre of pressure of the area included bel-
ween the immersed asymptole, the curve, and two given horizontal lines
wn the place of the hyperbola.

Asymptote OA is in the free surface. Let the depths of the
given horizontal lines SR and LM be ¢ and b respectively. We are
required to find the C.P. of the area
SRML. Divide the area into thin O A
horizontal strips and let PQ be one of :
them at a depth = tfrom the surface. Let
its vertical thickness be dz.

If the angle between the asym-
ptote is &, the area of this strip=PQ.dx

The pressure on the strip
=gp.PQ.dz. OP sin a.

bl But PQ.OP sin a=c, constant, by the property of the hyper-
ola.

.. The pressure on the strip=gpcdz and it acts at a depth s
below the surface.

Hence depth of the C.P. of the area SRML
b
L gecxdz b—g?
=y ==- - ~_
J’ gocde 2(b
a
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= % (a+D), i.e., the arithmetic mean between the depths of
the given lines. '

f
Ex, 3. Find the coordinates of the centre of pressure of the area
between the curve v/z++/y =+/a. and the axes, taking the axes to be
rectangular and one of them in the surface.
Take one strip PQ parallel to OY, the axis in the surface at.
a depth z from O and of thickness dz.

Let the coordinates of the point Q
be (z, )

) suRrFIcE Y

dS=ydz and p=gpx P (VeA7)
_ J- zpdS r 2%y dw

x = = == a
IpdS j zy dv
4

Putting z = a sin* 0, y=a cos* 0 and X
dr = 4a sin®0Gcos 0 d 0

/2
a j sin!! 6 cos® 0 dr
N
wiz ‘
f sin? 6 cos® 6 dd

o

T(6)T(3)
— 2];’(9) _z
‘P T
2T (7)

Taking moments about the axis of =

b fwis 1 [ wpa

y =
oo [
rtl 2 ¢0s% sin0 d0
=}a"’ 2 “ - — --~, with the same substitution
J':t ~ 8in"0 cos’0 d6
rore
20(9)
1y - =2 a.
“rire =
21(7)

.« The C.P. is (%42, s%a)

Ex. 4. If a quadrilateral area be entirely immersed in waler, and
o, B, 7, 3 be depths of its four corners_and h that of its cenire of gravity,
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show that the depth of its centre of pressure 18
Ha+BH7+0)— g (BV+yotop-Hastps+7d).

(M.T. 1881 ; Patna 1927)

Let ABCD be the quadrilateral. Join AC. LetS;, S, be the
-areas of the triangles ABC, ADC respectively.

The depths of their centres of gra-

B SE Er vity are
]

$@+B+7Y) and H(a+5+7) res-
pectively. Since A& is the depth of the
C.G. of the quadrilateral.

h(S1+8,) =§{a+B+7) 8y +3(@+347) S,
or ;‘{ 3h—(a+B+7) %:(«x—l—&—l—‘l)—-h.

2
S]_ ¢+ 8 + Y —h
°T8y 3h—(atB+Y) - @
The depths of the centres of pressure
D of the triangles ABC, ADC respectively,

are
1 @Y taftar+By 1 @Y s tay 57
2 atBty Ce a+8+7
and the thrusts on them are
} Su(a+B+7)gp, §Se («+5-Y)gp respectively.

. 2, the depth of the C.P. of the quadrilateral is given by

2 W(S;+8y)=48,(a*+ 8%+ Y*+aB +ay+BY)
+38a(a+ V24 82+ a¥ +ud478) ;

or 2h(§H1)=b g @BV e barY)
* FH@ VIt aY +a3478).. (3)

Putting the value of ~2—1~ from (1) in (2)
2

7= 1 @hBHTHD) — o (BrHYatapadB3+1d).

Examples 10

1. When the depth of the liquid is increased by an amount a, the

«depth of the centre of pressure is found to increase by y, and when instead,

-the depth of the liquid is increased by b, that of the centre of pressure is found

to increase by z. Show that the depth of the centre of gravity of the area in

‘the original state of the liquid is

abb—a+y—=z)

il S (Utkal 1947, Poona 1932)

az— by .

2. Show that the ratio of the depths of the centre of pressure of an

-ellipse completely immersed in a liquid with its centre at a depth h below

the free surface and with its minor axis horizontal in one case and vertical in



OENTRE OF PRESSURE 67

another case is

412+q*
b
- Show that if & lamina totally immersed in & liquid is & quadrant of
a circle of radius a, of which the centre is in the surface, the locus of the C.P.
lies in a straight line
x+ty= 13-641(1:+2). {Poona 1949)

4. A trapezium ABCD is immersed with the side AB in the surface of
water and the rides AD (=a), BC (=b) are vertical. Prove that the vertieal
line through the C P. divides AB in the ratio

a?4-2ab+3b2 : 3a2+ 2ub-+b2, (Agra 1947)
5. A parallelogram, whose plane is vertical and centre at adepth h
below the surtace, 18 totally immersed. Show that if « and b are the lengths of

the projections of its sides on & vertical lino, then tho depth of its centre of
pressure will be

b
126 ¢
6. A square whose side is 2a is completely immersed in a homogeneous
liquid is a vertical plane with its centre at a depth d. Prove that the C.P. is
vertically below the centro of the equare and at a distance 3a2/d from it, what.
ever be the inclination of the side of the square to the vertical. (M.7.)
From a semi-circle whose diameter is in the surface of a liquid, circle

is cut out, whore diameter is the vertical radius of the semi-circle, Prove that
the depth of the C.P. of the remainder is

ht (M.T)

Ina
8(16—3m) * (Nagpur 1955)

8. A rectangular hexagon of side a is immersed in water with one side
in the surface. Show that the depth of its centre of pressure is to that of its
centre of gravity as 23 : 18. (U.r.8.c. 1939)

a. A flat circular plate of radius «, lies on a plane inclined at 30° to the
horizontal, and is subjected to water pressure on one face, 'I'he centre of pres-

sure is at a distance x:« from the geometric centre. Show that the geometric
centre is at a depth 2a below the free surface of the water, (M.T.)

1o. A cube, with edges of length 2¢, i3 immersed in a liquid and has one
edge in the surface and two faces through that edge equally inclined to the
horizental. Find the centres of pressure of all the faces, (M.T'. Utkal 1946)

1x. ABC is a triangle immersed in & liquid. The side AB is in the surface
and is divided in D go that 6AD.DB=AB?2. Lines DE, DF drawn parallel to
AC and BC form the parallelogram DECK. Prove that the depths of the
centre of pressure of DECF and ACB are in the ratio 11 : 9.

x2. An area bounded by the curve ay2=x3, the x-axis and the ordinate
Xx=:a, i3 immersed in water with the axis in the surface. Find the co-ordinates
of the centre of pressure. (Agra 1948, 51, Jaipur 1959)

13. An area bounded by the curve ay2=x3, an abscissa of length s and
the ordinate at its extremity, is placed in water with the ordinate in the surface,
Prove that the depth of the C.P. is k.

14. A circular disc of radius @ is completely immersed with its plane
vertical in a homogeneoi:s fluid. If h is the depth of the centre below the free
surface of the liquid, prove that the distance between the centres of pressure of
the two semi-circles into which the disc is divided by its horizonal diameter is

4h2—at
(23 a, gﬂ’h{'— I'ea’ . (M.T.)
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15. If the C.P, of a triangle ABC, completely immersed, coincide with its

circumcentre, show that the depths of the angular points are as
1—2cot Beot C: 1—2 cot C cot A : 1—2 cot A cot B.

16. Given that the centre of pressure of a circular disc of radius » with
one point in the surface, is at a distance p from the centre, show that for a dise
of radius R wholly immersed with its centre at a distance b from the surface, the
distance hetween the centre of the circle and the centre of pressure is

pR2
hr

17. A plane quadrilateral ABCD is entirely immersed in water with the
side AB in the surface. If the depths of C and D helow the surface arc y and §
respectively, and that of the C.G. is /i, prove that the depth of the centre of
pressure is

(M.71.)

Y+8 8
2 L
x8. A triangular lamina ABC right-angled at C, is just immersed in a
fluid with the vertex C in the surface and the side CA inclined at 30° with the
surface. If the centre of pressure is vertically below C, prove that the angle
B is § tan—1(24/3). (Nagpur 1940)
19. A circular sector centro O and radius @, symmetrical about the
radius OP, is completely immersed with P in the surface and OP vertical.
Determine tho dopth of its centre of preesure,
2z0. The angular points of a triangle immeorsed in a liquid whose density
varies as the depth, are at distances a, (3, y respectively below the surface.
Show that the centre of pressure is at the depth

3 (@+B+Y) (o2 +B24+y2)+aBy , ,
o+BY 42+ aB+By +ay (Patna 1926)



CHAPTER VI
THRUSTS ON CURVED SURFACES

58. Thrust on a Curved Surface. So far we have confined
ourselves to planc surfaces in contact with {luids, But in this
chapter we shall be considering the curved surfaces in eontact with
fluids at rest under gravity.

Suppose a curved surface is in contact with a tluid. This surface
can be divided into very small elements the fluid thrust on each of
which is normal to that clement. In this manner these fuid thrusts
form a system of forees which are neither in the same direction, nor
generally in the same plane. Thercfore such a system can be reduced
in general to a single jorce together wilh « single couple, and not to
a single force. But this totality of pressure can be found in the form
of three (or two) forces acting along lines which may not necessarily
be coplanar in the following manner.

59. Resultant Vertical Thrust. Lct the fluid thrust on
each element be firstly resolved into vertical and horizontal com-
ponents. Since all the vertical components are parallel they now
form a system of parallel forces which can be compounded into a
single resultant vertical force, say Z. This resultant is called the
Resultant Vertical Thrust of the fluid on the surface.

60. Resultant Horizontal Thrust. Next consider the hori-
zontal components. They are not parallel to each other since hori-
zontal lines can be drawn in infinite directions. Hence we resolve
them further along Oz and Oy, two conveniently chosen horizontal
directions at right angles to one another. The components parallel
to Ox will form a system of parallel forces which can be compounded
into a single resultant (say X) acting parallel to Oz. Similarly the
resolved components parallel to Oy can be compounded into a single
resultant (say Y) along Oy. Thesc resultants X and Y which can be
thus determined in magnitude and direction are called the Resul-
tant Horizontal Thrusts parallel to Ox and Oy respectively.

Three resultants X, Y and Z will together give us the resultant
of the tluid thrust on the given surface. These thrusts will in general
act along non-coplanar lines.

Note 1. If in a particular case these three forces are concur-
rent, they can be.compounded into a single resultant force, which
may be called Resultant Fluid Thrust on the surface.

Note 2. If only two forces X and Y intersect, these two
can be compounded and thus the horizontal fluid thrust will be
obtained.
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61. How to find Resultant Vettical Thrust.

Let a curved surface ABCD be immersed in a heavy homo-
geneous liquid. Through each point of the bounding edge of the
. surface ABCD draw vertical straight lines

so as to isolate a vertical cylinder (ABCD,
A'B'C'D’) of the liquid, resting on the curved
area ABCD and cutting the surface of the
liquid in A'B'C'D’. This cylinder of liquid
may be called the ‘superincumbent liquid’.

v,
'
'

For vertical equilibrium the forces
acting on this cylinder are

(¢) The weight of the cylinder of the
liquid acting downwards through its centre
of gravity.

(#3) The vertical component of the
reaction of the surface ABCD upon it acting
upwards.

But the reaction of the surface is equal and opposite to the
thrust of the fluid upon it. Therefore the vertical component of
the thrust of the fluid upon the surface is equal to the weight of the
superincumbent liguid.

Hence

The Resultant Vertical Thrust on any surface immersed sn a
liguid ts equal to the weight of the superincumbent liguid and acts
through. the cenire of gravily of this superincumbent liquid.

62. Special Cases.

(a) When the liquid presses upwards.

Suppose a vessel (surahi) as shown in the adjoining figure is
filled with a liquid and it is required to find a vertical thrust on the
portion ABCD. This thrust is pressing .
upwards. As in the last article through 17~
every point of the bounding edge of the Afl
surface ABCD draw vertical straight
lines to mcet the plane of zero pressure
in curve A’'B'C'TY.

Since pressui» at each point of the
surface ABCD depends only on the depth
of the point below the surface of the
liquid, the vertical component of the
upward thrust of the fluid on ABCD is
equal to the weight of the fluid which
would fill the cylinder (ABCD, A’B'C'D’).
Hence in such cases
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The Resultant Vertical Thrust on the given portion of surface
18 equal to the weight of the liquid that could lie upon 1t upto the level of
the surface of the liguid, and acts vertically upwards through the C.G. of
the liquid.

(6) When the liquid presses partly upwards and partly
downwards.

Suppose we are to consider the pressure on the area ABC
where liquid presses partly upwards on the aren AB and
presses partly downwards on the area BC.

The resultant vertical thrust on the
area AB is upwards and is equal to the
weight of the liquid that would fill the
column ABB’A’ vertically above it.

The resultant vertical thrust on the
area BC is downwards and is equal to the
weight of the liquid that would fill the
column BCA'B’ vertically above it.

The vertical thrust on the sur-
face ABC
=Difference of the above two weights

=wt. of the liquid CBA .
=wt. of tle contained liquid acting downwards.

Note.—The above is a particular case of the next Article.
63. Liquid contained in a vessel.

If liquid be contained in a vessel, then the resultant fluid thrust
on the vessel is equal to the weight of the liquid in the vessel and acts
vertically downwards through the C.G. of this liquid.

Consider the equilibrium of the liquid contained in the vessel.
There are two forces acting on it, viz., its weight and the rcaction of
the vessel on the liquid. Hence these two must be equal and
opposite ; but the reaction of the vessel on the liquid is equal and
opposite to the thrust of the liquid on the vessel. Therefore the
fluid-thrust on the vessel is equal to the weight of contained liquid,
whence, the theorem.

64. Solved Examples.

Ex. 1. A conical wine-glass is filled with water and placed in
an inverted position upon a table ; show that the resultant vertical
thrust of the water on the glass is two-thirds that on the table.

(M.T. 1858, Rangoo¥ 1947 ; Agra 1950)
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ba Let ABC be the conical glass of height % and radius of the
se 7. !

Thrust on the base=nr2kgp

Vertical thrust on the curved surface

=wt. of the superincumbent liquid

=wt. of the cylindrical liquid of height
% and the same base — wt. of the
liquid contained in the glass.

=nrthgp— §nrhgp

=§7|:1'2th

=% thrust on the base,

Ex. 2. A vessel in the shape of a hollow kemisphere surmounted
by @ cone is held with the axis vertical and vertex uppermost. If it be
Jilled with a Liquid so as to submerge half the azis of the cone in the
Uiquid, and height of the cone be double the radius of its b_a-se, .s-lgow that
the resultant downward thrust of the liguid on the vesscl is 15 times the
weight of the liquid that the hemisphere can hold.

Let the radius of the hemisphere be 7.

Height of the cone=2r. Hence the radius of the

r
free surface can easily be found to be 9

Weight of the liquid that the hemisphere
can hold
=% 7rip, where p is the density of the
liquid.
The resultant vertical downward thrust on

the vessel. \
=wt. of the liquid contained in the vessel. .
—wr A e

=38, the wt. of the liquid that the hemisphere can hold.

Ex. 3. A double-funnel is formed by joining two equal hollow
.cones at their vertices und stands on a horizontal plane with the common
azxis vertical ; liquid is poured into the come until its surface Uisects
the axis of the upper cone. If the liquid be on the point of escaping
between the lower cones and the table, prove that the weight of either cone
18 to that of the liquid it can hold as 27 : 16. (M.T. Agra 1949)

Let each cone be of height & and radius . The height of the
iquid is 34,
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.. Vertical downward thrust on the upper cone==gY nr2hgp
where p is the density of tho liquid.

Vertical upward thrust on the cone

=wt. of the superincumbent liquid

=wt. of the cylindrical liquid ABCD—wt.

of the liquid in the cone OAB

=3nrihgp — Yrr*hgp=inrhge

.. Resultant vertical npward thrust on
the vessel = (&—+) nrhge.~=3% nrighe.
Since the liquid is on the point of escaping
between the lower cone and the table, the

vertical upward thrust must be cqual to the
weight of the vesscl.

Il

Let W bo the wt. of cither cone

o 3T arthgp=2W

or W=2Z =rihgp.

The weight of the liquid that a cone can hold=3§nrthgp

. W : wt. of the liquid a cone can hold=%% =r®hgp : inrihge
=27 1 16.

Examples 1x

1. A conical vessel filled with water, stands with its plano base on a

horizontal table. Prove that the thrust of the liquid un tho base of the cone ia
threo times the woight of tho contained water, Iow do von oxplain the result ?

(~yra 1933, 58 ; Culentta 1948)

“2. A quantity of water which just fills a cone, whose height is k and the
radius of whose base is 7, iy poured into a cyhader, the radius of whono base is
ulso 7. Comparo the thrust on the two bases, the axis of each vessel being
vertical.

,~j{. A hemispherieal bowl is illed with  water and inverted and placed
with its plane base in contact with a horizontal table : show that the resultant
thrust on its surface is one-third of thoe thiust on the table,

(dgra 1944, 49 ; 1'utna 1948)

A hnllow cone filled with water and closed, is held w:ith its axis
horizontal, tind the resultant verti al pres-ure on the upper half of its curved
surfuce,

Find it on the lower half as well, ('wleutia 1915 5 Aligarh 1942)

5. A right circular cylinder is just immmersed in water with its axis
horizontal. Compare the vertical thrusts on the two parts of the curved surface
into which it is divided by the horizontal plano through the axis,

6. A solid right cone, height b aud radius g (of the baso) i+ comgletely
immersed in a lquid with its axis hoiizontal and av depth b. Compure the
vertical fluid thrusy on the two halves into which the curved surface s divided

' by a horizontal plane through the axis, (Utkal 1947)

7. A bucket in the form of a frustum of a cone, the radii of its top and
bottom being ¢ and b (b<a) inches respectively, is of height A and is full of
water. Find the resultant vertical thrust on its curved surface.
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8. A hollow sphere of radius a is just filled with water ; find the resul-
tant vertical thrusts on the two portions into which the surface is divided by a
horizontal plane at depth ¢ below the centre. (dllahabad 1946)

9. A hollow closed vessel in the shape of a cylinder surmounted by &
eone is tilled with liquid. If the axis of the cone be three times as long as that
of the cylinder, prove that the resultant thrust on the surfare of the cone will be
the rame in the two positions in which the vessel can be placed with its axis
vertical.

10. A conical glass whose weight is £th of the weight of water which
would just fill it, is pla~ed vertex upwards on a smooth table and water is
gradually poured in through a hole made in the top. Show that the cup will be
on the point of rising from the table when the water reaches half the height of °
the cup. (Sagar 1949 ; Agra 1956)

x1. A hollow cone is placed with its vertex upwards on a horizontal table
and a liguid is poured in through a am1] hole in the vertex ; if the cone begins
to rise when the weight of the liquid poured in is equal to its own weight, prove
that its weight is to tho weight of the liquid required to fill the cone as

9—34/3: 4, (Nagpur 1956 ; Patna 1941)

12. A vessel in the shape of the greator sogmeut of a sphere of radius a
cut off by a plano at a distance ¢ from the centre rests with its base on & table.
If the segrnent is filled with water, show that the resultant vertical thrust on
the curved surface will be an upward force if c < }a.

13. 'The shapo of the interior of a vessel is a double cone, the ends being
open and the two portions connected by a minutoe aperture at s common vertex ;
it is placed with one circular rim fitting close upon a hovizontal plane and is
filled with wator ; find the resultant vertieal thrust on the vessel and show that
{t will be zero if the loength of the axis of the upper portion be twice that of the
ower,

14. A double funnel, formed of two equal cones with a common axis
communicating at their common vertex, is placed on a horizontal plane with the
axia vertical and is fitled with water ; prove that the resultant vertical thrust
on the curved surface of the lower cone is 2} times the wt, of the water.

65. How to find Resultant Horizontal Thrust.

Suppose ABCD is a surface on which the horizontal thrust is
to be found in a given horizontal direc-
tion.

Through each point of the
boundary of the given surface, draw
horizontal lines AA’, BB’, CC’, DD’ in
the given direction, and let these lines
meet a vertical plane perpendicular to
the given direction in a closed curve
A'B'C’D’. Then A'B'C'D’ will be the
projection of the surface on this plane.

Now consider the equilibrium of the mass of fluid enclosed
between the given surface ABCD, its projection AfB’C’D' and the
cylindrical surface gencrated by lines drawn in the given horizontal
divection. For horizontal equilibrium of this cylinder, the only
forces are
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(¢) the horizontal component of the thrust on the surface
ABCD in this direction, and

(#8) the fluid-thrust or the whole pressure on the plane area
A’B’'C'D’ acting through its centre of pressure.

Therefore these two fluid-thrusts must be equal in magnitude
and act along the same linc on opposite directions.

Hence, the Resultant Horizontal Thrust on a given susface
15 contact with a fluid in any given direction s equal, in magnitude and
line of action, to the whole pressure on the projection of the surface
upon a vertical plane perpendicular to the given direction.

Note x. The direction of the resultant horizontal thrust is
from the liquid to the side of the surface under consideration.

Note 2. In the above theorem each of the lines AA’ cuts the
surface in one point only. Ifthe case be otherwise, the given sur-
face should be divided into two or more parts in cach of which the
condition is satisfied. Then the above theorcm may be applied to
obtain the horizontal component in the given direction on cach part
separately and then all these components can be compounded into a
single one.

Note 3. If a continuous surface can be divided into two parts
only, the projections of which on the plane perpendicular to the given
direction are identical, there will be no horizontal thrust on the
surface in that direction (for the horizontal thrusts on two parts
will balance).

For an example we may consider the curved surface of a right
circular solid cone immersed in a liquid with its axis vertical. There
is no horizontal fluid thrust on this solid cone. The only fluid
thrust is wholly vertical.

66. Resultant Thrust. As has been stated in the beginning
of this chapter, the resultant horizontal thrust is obtained by com-
pounding, where ever possible, the horizontal components in two con-
venient directions at right angles (say X and Y).

The Resultant Vertical Thrust Z is also determined in both
magnitude and line of action.

If these three thrusts can he compounded into one single re-
sultant (as is generally the case with symmetrical bodies) the re-
sultant thrust on the curved surface can be found.

67. Solids immersed in fluids.

A solid can be immersed either entirely or in part in a liquid.
Whatever be the case, let us consider the position of equilibrium of
the solid in the liquid and suppose for a’ moment that the solid is-
removed and its place filled by the same liquid which may be called
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the displaced liquid.

This liquid occupying the space of the solid is subject to the
same resultant pressure due to the surrounding liquid as the original
solid.

Now the liquid, which is supposced to occupy the position of the
solid, is in equilibrium under the action of its own weight acting
vertically downwards through its centre of gravity, and the thrusts
upon its bounding surfaces due to the surrounding liquid.

Hence the resultant thrust, to which the solid is subject, is
oqual to the weight of the liquid displaced and acts vertically up-
wards through the eentre of gravity of the liquid displaced.

The results of the above explanations were formulated by the
Greek scientist Archimedes and may be included in the following
principle known as the Principle of Archimedes.

“When a solid is wholly or partially immersed in fluid at
rest, the vesultant thrust of the fluid on the solid is equal and opposite
to the weight of the fluid displuced by the solid amd acts wvertically wup-
-wards through the centre of yravity of the fluid displaced.”

Or in simple words, every body immersed in o liquid loses a
portion of ils weight equal to the weight of the liquid displaced.

Note. It is not necessary for the truth of this theorem that
the fluid should hbe homogencous. The deasity of the fluid may vary
from ono horizontal layer to another. In such cases the displaced
fluid must be taken to be of the same density at any point as that of
the surrounding fluid at tho same horizontal level.

68. Definitions.

Force of Buoyancy. 7The resultant fluid thrust on @ body wholly
or partially smmersed in o fluid is called the Force of Buoyancy.

Inother words the force of buoyancy is equal to the wt. of the
diquid displaced and acts wpwards.

Centre of Buoyancy. The Cenire of .Gravity of the displaced
Jluid s called the Centre of Buoyancy.
~69. Solved Examples..

Ex. L A hollow cylinder closed by a plane base is filled with
liquid and held with its axis vertical. Find the resultant horizontal
thrust on half the cylinder cut off by w verticul plane through the axss.

(A'B’C’, ABC) is half the cylinder cut off by a vertical plane
ACC’A’ through its axis 00'.

Let OBB’O’ be another vertical plane perpendicular to the
plane ACC'A’.
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Choosing AC and its perpendicular OB, "
as the two horizontal directions along which 3
components of horizontal thrust may be taken 9 )
we note that the horizontal thrusts in the direc- 2
tion AC must be zero. For, if the surfaces
AB, B'A’ and BC, C'B’ be projected on the
vertical plane OB, B'O’, which is a plane of
symmetry for the semi-cylindrical surface, the
projections will be identical ; consequently the
horizontal thrusts for the surfaces ABB’A’ and
BCC'B’, being equal and opposite, will cancel
one another. Therefore the horizontal thrust
will be parallel to OB only.

~

S

-~

)

Horizontal thrust=whole pressure on ¢~ | #5----= ‘B
the projection of the semi-cylindrical surface
(ABC, A'B'C’) on the vertical plane ACC'A’.

=whole pressure on the rectangle ACC'A’
h
=2ah. 'ré—gﬂ.

| t/-
4

Y

=ah®yp, where h is the height and o the
radius of the base of the cylinder.

Ex. 2. A solid right circular cone is divided into two parts by @
plane through its axis and one of these portions is just immersed, vertex
downwards and axis vertical in water. Find the resultant thrust on its
curved surface and show that it is inclined at an angle tan™ (} = tan a)
to the horizontal, where « is the semi-vertical angle of the cone.

(Agra 1929, 49 ; Allakabad 1933 ; Banaras 1944, 59)

Let OAC be the vertical plane which cuts the cone into halves.
Let OABC be one of them immersed in the liquid. Let a be
radius of the base of the cone.

Let AC and BD which are perpen-
dicular to each other be the two convenient
horizontal directions along which the com-
ponents of horizontal thrust may be taken.
Here we sec that the horizontal thrust
in the direction AC must be zero. For
if the surfaces OAB and OBC be projected
on the vertical plane ODB, which is a plane
of symmetry for the semi-conical surface,
the projections will be identical ; conse-
quently the horizontal thrusts for the sur-
faces OAB and OBC being equal and
opposite will balance one another.

Therefore the horizontal thrust will
be parallel to BD only. Let X and Z
denote the resultant horizontal and verti-
cal thrust respectively.
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X=whole pressure on the projection of the semi-conical
surface OABC on the vertical plane OAC

=whole pressure on the triangle OAC
=gra.a cot a.} a cot a
=1gPa? cot? a.

Z=wt. of the supereincumbent liquid
=wt. of the vol. OABC of liquid
=1}. 4r a® cot « gp=3}na? cot agp.

Now since resultant horizontal thrust is normal to the plane
AOC through some point.on OD, its line of action will be in the plane
ODB.

Since the resultant vertical thrust acts downwards through the
centre of gravity of the semi-cone which is in the symmetrical
plane ODB, its line of action is also in the plane ODB asit is also
vertical.

Thercfore these two thrusts are coplanar and since they are not
parallel, they must be concurrent.

Resultant Thrust=(X2+22)}
—3gpa® cot av/4 cot? «fr?
If 6 be the inclination of this resultant thrust to the horizontal,
we have
Z sma® cot agp __

w
tan 0= X =71 ad cot* agp 2~tan o

9=ta.n“1<—; tan az).

Ex. 3. A thin hollow vessel in the shape of a right cone with o
.ctrcular base is cut in two by a plane through the axis, and the two parts
are hinged together at the vertex and the edges greased so as to be water-
tight. The wvessel ts then hung up by the hinge and filled with water
through a small aperture near the hinge. Show that the water will not
Jflow out if the vertical angle of the cone exceeds 120°.

OCBD is half of the cone cut off by the plane OCD. Lct a be
the radius of the base and « the semi-vertical angle of the cone.

Let X and Y be the horizontal and
0 vertical thrusts respectively.

.. X=whole pressure on the AOCD, by
symmetry there is no component along the
perpendicular to X.

X=a? cot a. % a cot x go

=% a® cot® « gp acting at P where
OP=% a cot a.
Y =vertical thrust on the curved surface.
=3n a® cot agpP acting at G where
the distance of G from the axis of the cone

. a
f 18 ——.
. T

1~
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From Statics we know that the water will not flow out if
Moment of Y about the hinge > moment of X about the hinge

i.e., $m a® cot « gp. % > % a® cot® a gp. §a cot «

or tan?a > 3

or tana > /3
or o > 60°
or 2a > 120°.

Ex. 4. Two closely fitting hemispheres made of a material of
uniform thickness are hinged together at a point on their rims, and are
suspended from the hinge. The rims are greased so that the whole forms
a water-tight vessel. It is being filled with a liguid through a small hole
near the hinge. Prove that the contact will not give way if the weight of
.the shell exceeds three times that of the water it contains, (M.T.)

Let A be the hinge and O the centre of the hemispheres whose
radius is a.

The forces acting on one of the

hemispheres arc
() Reaction at the hinge A.

(éi) Its weight W' acting verti-
cally downwards at G where OG =}a.

(#77) The vertical fluid thrust equal
to the weight of the hemispherical
volume of the liquid, say W acting
downwards through M where OM  §a.

(iv) The horizontal fluid thrust
equal to the whole pressure on the
vertical circle acting through P, its
centre of pressure where OP=1} a.

This thrust is==a3 gp=2W,

When we take moments about A, we notice that the force (2)
can be neglected, that the forces (i) and (i4i) tend to keep the hemi-
sphercs together and that the force (iv) tries to separate them.

Hence the contact will not give way if the sum of the moments
of (i) and (i7%) are greater or cqual to that of (iv)

or W.y +W.§a>iW(at § )

or W > 3w

or wt.of the shell > 3 (wt. of the liquid contained),

Ex. 5. A hollow right circular cone, filled with water is held with
its axis vertical and vertex downwards. Find the resultant Ppressure on
the portion of its surface contained between two vertical planes through
18 axis, and show that if the inclination of these planes to each other be
20 and the vertical angle of the cone 2«, the direction of the resultant

pressure makes with the vertical an angle equal to
sin § )

tan3( -

o o (Allakabad 1919)



80 A TEXT BOOK OF HYDROSTATICS

Let 7 be the height of the cone and ¢ the radius of its base.
Let OABCO’ be the portion of the cone between the two vertical
planes OO’A and O0’C.
a

/. 0'0A=a=tan"1 .
h

L AO'B=} AO'C=6

Area of the sector 0’ABC =0a”

Let V and H be the resultant
vertical and resultant horizontal thrusts
respectively.

V=weight of the superincumbent

liquid
=gp. volume OABCO’
=gp‘)(12.& h

H=:whole pressure on the horizontal
projection of the curved surface on a
plane perpendicular to O'B i.e., on the
plane OAC
0 =go} h. ha sin 0, for AC=2q sin

(The horizontal component of the
thrust along o line perpendicular to O'B will be zero by symmetry.) .

The required angle

4 H gpihia sin O
— 1 an-1 s
= tan™ g tan grd a?}h
=tan=1 h im 0 .
- «f
— tan-1f 8@
tan ( otan o /°

Examples 12

x. An unsymmetrical cask with plane horizontal ends of equal ares s
just filled with water. Prove that the thrust on its curved surface is the same
in magnitude whichever end is uppermost. (Delhi 1927

2. A right circular cone is just immersed in a liquid with its axis
horizontal. Find vhe resultant horizontal thrust on the curved surface of the-
Jower half of the cone cut off by a horizontal plane through the axis.

A right circular cone filled with liquid is held with its axis vertical.
Prove that the horizontul thrust on half the curved surface cut by a plane-
through the axis, when the vertex is upwards, is twice that when the vertex is:
downwards,

A right circular cone is just immersed in a liquid with its axis:
horizontal. Find the resultant horizontal thrust on the curved surfuce of half’
the cone cut off by a vertical planc through the axis.

5. A solid right circular cone is placed with its axi= horizontal and' at
a depth h below the surface of water ; find the horizontal thrust on half of the
cone imagined to be cut off by a vertical plane through the axis,

6. A hollow cylinder closed by & plane base is filled with liquid and
held with its axis vertical ; find the magnitude and the line of action of the:



THRUSTS ON OURVED SURFACES 81

resultant thrust on half the@linder cut off by a vertical plane through the
axis, (Utkal 1947)

7. A solid circular cylindor is divided in two equal parts by a plane
through the axis. Ifit is held just immersed in a liquid with the axis hori-

zontal and the plane section vertical, what will be the resultant horzontal
thrust on the curved surfaco ?

8. If a hollow right circular cylinder is filled with liquid and held with
its axis horizontal, find the magnitude and the lino of action of the resultant
thrust on half the curved surface cut off by a vortical plane through the axis.

(Japur 1957 ; Agra 1943, 55)

9. A solid hemisphere, of radius a, is placed with its centre at o depth

h below the surface of water, aud has its plane base in & vertical plane ; what

is the horizontal thrust on its curved surface ? Find also the resultant thrust
on it.

x0. A hemirpherical bow! with its lowest point downwards and the
plane base horizontal 1s filled with water. The water is poured into a cylin-
drical tumbler, the radius of whose base is equal to that of the hemisphere.
Prove that the horizontal thrusts on half of the curved surfaces in which they
may be divided by vertical planes through their axis, arc 1 the ratio of 3 : 2,

11. A hemispherical bowl is filled with water ; find the horizontal
fluid preassure on one half of the surface divided by a vertical diametral plane,

and show that it is :: of the magnitude of the resultant fluid thrust on the
whole surface. (Calcutta 1918 ; Lucknow 1941)

x2. A right hollow cylinder with a circular base is filled with liquid and
closed at the top. Prove that the ratio of the height of the cylinder to the
radius of the base is 2 : 1 if the resultant horizontal thrust on half the curved
surface cut off by a vertical plane through the axis, when the axis is horizon-
tal, is equal to that when the axis is vertical,

13. A horizontal trough is semi-circular in section and is filled with
water whose weight is w ; if the trough be imagined to bo divided into halves
ulong the middle, show that the water, will‘ tend to push them asunder hori-

zontally with a force Z

Show also that the resultant thrust of the water on either half of the
trough malkes with the vertical angle 8 so that

=
cot O= 5 -

14. A closed cylindrical vessel with hemispherical ends is filled with
water, and placed with its axis horizontal. Kind the resultant thrust on each
of the ends and determine its line of action.

(dllahabad 1920 ; Patna 1940 ; Agra 1956)

15. A hollow right circular cone filled with liquid is held with its axis
vertical and vertex downwads. Prove that the magnitude of the resultant fluid
thrust in half the surfuce of the cone cut off by a vertical plane through the
axis is 3 wrh 4/(n?r2+4+412) and that 1t is inclined at an angle

tan— (’f—;b) to the borizontal.

16. A right circular cylinder is just immersed in water with its axis
horizontal, Compare the horizontal fluid thrusts on the four parts of the
curved surface made by the horizontal and vertical planes through the axis.

17. A spherical shell formed of two halves in contact along a vertical
plane is filled with water ; show that the resultant pressure on either half of
the shell is "{“. of tha total weight of the liquid.
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18. The end of a horizontal pipe is closed by a sphere of the same radius
« a8 the internal section of the pipe. The sphere is hinged at its highest point.
If the pipo is just full of liquid of density p, prove that the moment about tho
hinge of the liquid pressure on the sphere is gorad. (M.T.)

19. A right cone whose base is an ellipse of remi-axes a, b isdivided
into two equal parts by a plane through its axis and the major axis of the
base. One part is then removed and just immersed in a liquid with its vertex
upwards and the axis of tho come vertical. Tind the horizontal thrust on one
half of its curved surface made by plane perpendicular to the vertical face of

the solid.

20. A solid circular cone of uniform material and height & and of verti-
cal angle 2a, is made of uniform material and {loats in water with its axis verti-
cal and vertex downwards and a length A/ of the axis is immersed. The cone
is bisected by & vertical plane through the axis and the two parts are hinged
together at the vertex. Show that tho two parts will remain in contact if
L' >h ain? a. (AlUahabad 1938 : Agra 1934, 52 Supp.. 54 ; Banaras 1943 ;

Jaipur 1954, 56 ; Gorakhpur 1959 ; Lucknow 1944)

2x. The stem of a funnel has a radius a and its mouth has a radiusb:
the height of the stem is h and that of the slanting partis /. The mouth is
laced in a horizontal plano (being greased so as to remain wator-tight) and the
funnel is filled with water to tho top of the stemn ; prove that the upward pros-
sure on the funnel is equal to
nw(b—al{h(a+b) +1la+2b)}

where w is the weight of unit volume of water.

7o. Thrust on a curved surface bounded by a plane
curve.

If the solid consists partly of a curved surface and partly of
known plane areas, the resultant fluid pressure may be casily obtain-
ed as follows :—

Let the components of the resultant thrust on the curved sur-
face be X and Y in the horizontal and vertical directions respective-
ly.
Let tho components of the thrust on the plane arca be X', Y’
in the same directions respectively.

Now, the resultant thrust on all the surfaces of the hody is a
vertical force gpV, acting through the centre of gravity of the solid,
and thero is no horizontal component to the resultant thrust on the
solid.

Hence Y -Y'=gpV
X—X'=0
Y=Y',+99V

7x. Solved Examples.

Ex. 1. A hemispherical surface of radius a is immersed in
liquid of density p with its cenire of depth h and its base inclined at an
anglé 0 to the horizontal. Find the resultant thrust on the curved surface
and its direction. (M.T., 1.C.S. 1935 ; Delhi 1947 ; Rajputana 1949)
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Let X, Y be the horizontal and vertical components of the re-
sultant thrust on the curved surface.

By Archimedes’ Principle the re-
sultant thrust on the whole surface of
the body is equal to thc weight of the
liquid displaced, viz. $gPnad.

But since the surface of a hemi-
sphere is partly curved and partly plane,
this thrust is the resultant of

1) X, )Y,

(3) The whole pressure P on the
circular plane base acting normal to it.
where P= gpra®h.

Resolving horizontally and vertical-
ly X, Y and P which together make up
the total vertical thrust 2 gpPna3, we get

X—P sin =0
Y —P cos 6=%gpPra®
whence X=gpPra’h sin 6 e (1)
=% gpna®+ gerna®h cos O - (2)

Resultant thrust on the curved surface is
ayve Vi oo g2yt 2, 4 3
<X+Y) gona (h+9a+3ahoose).

Let @ be the angle which this resultant thrust makes with the
horizontal.
_ Y 2a+3hcosb
tan $="x =35 sin 0

If the curved surface of the hemisphere be taken to be upper-
most the Jast term in the results of the resultant thrust and the angle
will have a minus sign. :

Ex. 2. A solid cone is just immersed with a gencrating line in
the surface : if 8 be the inclination to the vertical of the resultant thrust
on the curved surface, prove that

(1—3 sin’x) tan 0 =3 sin « cos «,
20 being the vertical angle of the cone. (Raj. 1960 ; Agra 1952)

Let AB, a generating line of the cone ABC, be in the free sur-
face. Let a be the radius of the base
of the cone.

Let X and Y be the horizontal
and vertical components of the resul-
tant thrust on the curved surface,

By Archimedes’ Principle the
resultant thrust on the whole surface
of the cone is equal to the weight of
the liquid displaced, viz. gpna® cot «.




84 A TEXT BOOK OF HYDROSTATICS

Since the surface of the cone is partly curved and partly plane,
this thrust is the resultant of

) X, (i) Y,

(#22) The whole pressure P on the circular end acting normal to

it

where P=gpr a® cos a.

Resolving horizontally and vertically X, Y and P which to-
gether make up the total vertical thrust } gorma® cot o, we get

X—P cos a=0
Y+ P sin a=}gprad cot «
whence X =gpPna® cos® a

Y=1}gpna® cot « —gpma® cos a sin &
since 0 is the inclination to the vertical of the resultant thrust
tan 0 — X . cos? « .
Y 7 4 cot a—cos « sin «
3 cos a sin a
= 1-3sinta
(1—3 sin? o) tan 0=3 sin « cos «.

Ex. 3. A hollow cone without weight, closed and filled with some
liquid, 1s suspended from a pointin the rim of its base ; if 0 be the
angle which the direction of the resultant pressure makes with the vertical
then show that
28 cot a+cot® « ,

48
o being the semi-verlical angle of the cone.

cot 0 =

Let a be the radius and A the point of suspension of the cone
OAB ; then AG will be vertical, where G is the C.G. of the enclosed
conical mass of water, so that

C.G.=310C=} a cot a.

Let X, Y be the horizontal and
ina’osh vertical components of the resultant
thrust on the curved surface.

If the diamcter AB makes an

Y angle B with AG, then
o _ GC tacota_
- t‘mﬁ“—AC_ a =% cot &
whence sin f= cot e and cos B = 4

V164 cot?a ’ 4/ 164 cos?

Here the resultant thrust on the vessel is equal to the wt. of
the liquid contained, wiz., rma® cot agp where P is the density of
the liquid and it acts vertically downwards through G.
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P, the whole pressure on the circular end
=gPraZ. a cos B
Resolving horizontally and vertically X, Y, and P which to-
gether make up the total vertical thrust } gena® cot «,
we get

X—P cos B=0
Y —P sin B=3na® cot a gp
whence X=gpna3 cot? B o (1)
Y=1 gpna® cot a+gpra® cos B sin f )]
16 gp ma®
or X = 61 cot? a
4gora® cot «
= 3 i
Y=} gpna® cot a+ 16400t o
4 cot a
1 .
o= ¥ 0 T a6 ot e
X 16
16+cot? «
__ 28 cot a+tcot? «
- 48

Ex. 4. A solid is formed by the revolution of a semi-circle of
radius a aboul its bounding diameter through an angle «, and the solid
18 immersed wilh one plane face in the surface of a liquid ; prove that
the magnitude of the resultant (hrust on the curved surface of the solid
18

3a%ge{(o-—sin o cos a)?--sin? a}*'

Let the plane face ABC be in the surface of the liquid. Let R
be the resultant thrust on the curved surface of the wsolid. The
lower plane end is ADB inclined at an B
angle « with the horizontal.

The C.G. of the semi-circle ADB

. . 4
is at a distance 3: from the centre.

Therefore thrust X on the plane aren
ADB is equal to

da .
gP.ina®. 5, Sin oa=2%gpa® sin «

volume of this solid o X /

‘volume of the whole sphere™ 2x

Also

3
or volume of the solid ABCD= —3—?!;- -
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~. Wt. of the liquid displaced =%« a3 gp which is the resultant
of X and R. Therefore
R cos =X cos (90 —«a)
=X sin a=%gpa® sin? o ... (1)
and R sin 0=%x a® gp—% gp a® sin « cos « ... (2)
where 0 is the angle R makes with the horizontal.

R=4%gp a® {(x—sin a cos )24 sint u}%-
Examples 13

x. Find the direction and magnitude of the resultant thrust on the
curved surface of a hemisphere of radius 3'/, placed with its base vertical and
centre at a depth of 6/’ below the free surface of a liquid of which one cubic inch
weighs w grammes, (Agra 1938)

2. A hemisphere of radius @ is immersed in a liquid of density o. The
plane of the base is vertical and its centre at a depth a4/5 below the surface.

Show that the resultant force on the curved surface is 'g‘ﬂ:cyail and that its
direction makes with the horizontal an angle (), where

2
tan B=v4—5 . (4uld., 1957 ; Lucknow 1950 ; Jaipur 1952)

3. A solid hemisphero is immersed in & liquid with the highest point of
ite plane baso in the surface, and the base is inclined at a given angle o to the
horizon ; show that the resultant thrust on the curved surfaco will be equal to
twice the weight of the liquid displaced if tan a==2. (Jaipur 1959 ; Agra 1958)

A cylindrical vessel full of wator is held with its axis inclined at an
angle of 46° to the vertical. Find the magnitudes of the pressures on the ends
and show that the resultant pressure on the curved surface is equal to the
difference between the pressures on the ends, (Luckrow 1948 ; Puina 1931)

A cylinder closed at both ends is entirely immersed in water with its
axis inclined at a given angle O to the horizontal ; if its height be & and the
radius of its base be a, prove that the resultant thrust on its curved surface is
cos O times the weight of the liquid displaced inclined at an angle 0 to the
vertical.

6. A closed cylinder whose base diameter js equal to its length is full
of water, and hangs freely from a point in its upper rim, if the weight of the
eylinder ia neglected, prove that the vertical and horizontal componerts of the
resultant thrust on the curved surface are each half the weight of the water, )

M.T.

%- A cone floats with its axis horizontal in a liquid of density double its
own ; find the pressure on its hase and prove that if § be the inclination to the
vertical of the resultant thrust onthe curved surface, and ¢ the semi-vertical
angle of the cone, then

tan 0= i tan a.

T
(Saugar 1959 ; Agra 1942, 48, 53 Supp.; Lucknow 1938,43, 50, 54)
8. A right cone of semi-vertical angle 30° has its uppermost generator
in the surface of a liguid. Show that the resultant thrust on its curved surface
passes through thoe centre of its base. (Delhi H.M. 1927)
A solid right circular cone of vertical angle 2« is just immersed in
water 80 that ono generator is in the surface of the liquid ; prove that the
resultant pressure on the curved surface of the cone is to the weight of the fluid
displaced by the cone, as
AV 1¥8sin2a:1,

and that it is inclined to the axis of the cone at an angle cot—1! (2 tan a),
(Allahabad 1951, 57 ; Lucknow 1952 ; Nagpur 1957)
x0. A right cone of vertical angle 20 is filled with water, it is then
closed and laid with a generating line in contact with & table, Prove that the
resultant vertical and horizontal thrusts upon the curved surface are
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respectively
W(1+3 sin2 «) and 3 W sin & cos g
where W i the weight of the contained liquid.
x1. A coune whose vertical angle is 2a, has its lowest generator horizontal
and is filled with liquid ; prove that the resultant pressure on the curved
surface is
Wa/1+ 1682
where W is the weight of the hquid.
(dAllahabad 1956 ; Lucknow 1953 ; Jaipur 1951, 55 ; Agra 1937)
x2. A solid cone is just immersed in water with & generating line in the
surface ; prove that the inclination to the vertical of the resultant thrust on the
curved surface is
3 tan L
1=2 tan2 ¢
where 2 is the vertical angle of the cone, (Nagpur 1955 ; Agra 1936, 45)
A 13. A solid cone, whose vertical angle is 2a, is immersed in & liquid with
its vertex in the surface and axis vortical, Prove that if P be the whole pressure
on the curved surface and base, and P’ the resultant pressure, then
P 243sing,

P T Ting (Bombay 1936)
x4. A spherical shell is filled with liquid, find the magnitude and line of

action of the resultant pressure on each of the hemispheres divided by a dia-
metral plano making an angle 0 to the horizon. (Agra 1960)

15. A hollow weightless homisphere with a plane base is filled with water
and hung up by means of & string, one end of which is attached to a point of
the rim of 1ts base. Provo that the whole pressure on the curved surface and
on the base are in the ratio of

tan—1

19 : 8.
Also prove that the resultant thrust on its curved surface makes an
angle tan~1 190 with the horizontal, \Rajputana 1949 ; Utkal 1945)

16. A solid sphers of density p is placed at the bottorn of a vessel which
i8 horizontal, and a liquid of density ¢ (<p) is poured in go as just to cover up
the sphere. 'I'he sphere is then cut along the vertical diametral plaue. Prove
that the two parts will not separate if

p<do. (Agra 1947 ; Calcwita 1948 ; Alld. 1959)

17. A portion of a sphere cut off by two planes through its centre
inclined at an angle ~——1: is just immersed in & liquid with one face in the
surface. TFind the resultant thrust on the curved surface and show that
it malkes an angle 6 with the horizontal so that

ten ) = ’; —1. (1.0.8. 1937 ; Jaipur 1953)

18. A right cone of semi-vertical angle « is just immersed with a slant
sido of length I in the freo sutfuce. Show that the rosultant thrust on the
curved surface will cut this slant side at a distance

pyem— 31 —
4(1—3 8in2 o)
from the vertex, and find the magnitude ot this thrust. (Bombay 1940)
1g9. A solid octant of o sphere is immersed with & plane face in the
surfaco, prove that the resultant pressure on the curved surface is
( 1 -(-—%i)i times the weight of water displaced by the 034 ant.

(Jatpur 1953 ; Sagar 1951)



CHAPTER VII
FLOATING BODIES

72. Conditions of equilibrium of a body freely floating
in a liguid.

Consider the cquilibrium of a body floating freely wholly or
partially immersed in a liquid which is at rest under gravity.

The only forces acting on the
body are

(1) its weight acting vertically
downwards through G, the C.G. of the
body,

(2) the force of buoyancy which
is equal to the weight of the liquid dis-
placed and acts vertically upwards
through H, its centre of buoyancy.

The necessary and sufficient con-
ditions of equilibrium are that these
two forces should be equal and opposite and act along the same
straight line.

Hence the required conditions are :

(1) The weight of the body must be equal to the weight of the
liqued displaced by it.

(2) The centre of gravity and the centre of buoyancy muat be in
the same vertical line.
73. Volume immersed. Wien a solid of volume V and mean

density p is floating in a liquid of density o, the volume immersed is Y’P

Let V' be the volume immersed.
Then the weight of the liquid displaced=g o V’.
The weight of the solid=g ¢ V

go V' =gpV
or V'=—V-p.
o

Note 1. (z) Since V' cannot be greater, it follows from the
above formula that o cannot be less than p or a solid cannot float in
a liquid of less density than its own. Ifthe density of the liquid
be less than that of the solid, the latter will sink, as for instance, a
piece of lcad dropped in water.
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(#3) If the density of the solid be less than that of the liquid,
the body will rise partly out of the liquid until the weight of the
liquid displaced is equal to its own weight as, for instance, a pieco of
cork.

Note 2. In the above formula it should be quite clear what is
meant by the mean density of the solid. For instance, we know that
though the density of iron is much greater than that of water, yet a
hollow iron ball may be made to float in water. The reason is that
in finding out the mean density of the ball, we have to take into
account the hollow space inside. We know that for a given weight
W=Vpg, ¢ will depend upon the volume and will differ from the
actual density of the iron. In this way the mean density of the iron
ball may be made less than that of water.

74. Solved Examples.
Ex. 1. A cylinder floats vertically with 8 feet of ils length above

the fluid ; find the whole length of the cylinder, the sp. gr. of the fluid
being three times that of the cylinder.

Let the sp. gr. of the cylinder be p. Therefore the sp. gr. of
the fluid is 3p. Let h be the whole length and S be the cross-section
of the cylinder.

Since wt. of the body=wt. of the liquid displaced,

therefore Shgo=S (h—8) g 3¢p.
or . h=3h—24
or h=12,

. Ex. 2. A frustum of a right circular cone, cut off by a plane
bisecting the axis perpendicularly, floats with its smaller end tn water
cmdsit.s axis just half immersed. [Prove that the sp. gr. of the come
18 %o‘.

Tet « be the semi-vertical angle and % be the height of com-

_I:' and the height of the part

plete cone. Height of the frustum is

of the frustum in contact with water is Ii .

Radius of the lower end is —?; tan « and

-

that of the upper one is b tan «.

Also the radius of the circular section
which the water level cuts the frustum is
2k tan «.
wt. of the cone

1:? ~ (h?* tan® a1 h’»tan a+3 B tan®agp,
where p is the density of the cone.
-=ygnhitan?agop
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wt. of the wa.ter displaced
2 ;];h2 tan?x++% h? tan’a+3% A2 tan? a)g
=3%% ™ h® tan® ag
+% 7 h® tan®a gp=+7 wh® tan® a g.
or p=32.

Ex. 3. A4 thin rod, of weight W, is loaded at one end with a
weight P of insignificant volume. If the rod floats in an inclined

position with “m th of its length out of the water, prove that
(n—1) P=W. (Patna 1948)

Let AB be the rod of length 2a. Let G be the C.G. of the rod
and H, the centre of buoyancy. Let W' be the force of buoyancy.
Portion BO is in the water.
BG=a,

BH=}BO

—1 ogf 1 1.
=1 .2a{ 1 ”)

Let 6 be the angle the
rod makes with the hori-
zontal. )

The only forces acting
on the rod are P and W acting vertically downwards and W’ acting
upwards.

Taking moments about H,

W. HG cos 6=P. BH cos 0

I 1 )
a 1— -
BH \ n
or W= PHQ =P, o
n
=(n—1)P.

Ex. 4. A ship sailing out of the sea into a river sinks through &
distance b feet ; on ynloading & cargo of weight P, the ship rises through
¢ feet. Show that the weight of the ship after unloadmg s
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where ¢ and p are sp. gr. of sea water and river waler respectively. The
cross-section of the ship near the level of water may be assumed to be
uniform. (Lucknow 1931, 40)

Let S be the cross-section of the ship and W be the wt. of the
ship before unloading. Let A be the height to which the ship is
already sinking in the sea.

Since the wt. of the ship is equal to the wt. of the liquid dis-
placed,

. W=S8hgg . @)
When it goes to the river from the sea it sinks b feet
W=8(h+b)gr o (2
When a weight P is unloaded, it rises through ¢ feet
: W—-P=8(h+b—c)gr e (3)
Dlwdmg (1) by (2)
= ho = be
lm(h—}-b)p whence & =e_p e (4)
Subtracting (3) {from (2)
P=Scgp whonce Sg= Z . (B)
From (1), (4) and (5)
w— B g P
cp —p ¢(o—p)
Hence the required weight=W —P= ic(o —-lgP.

Ex. 5. A triangular lamina ABC of density P _ﬂoata in a lLiquid
of demsity o with its plane vertical, the angle B being-in the surface of

the ligwid, and the angle A not immersed.  Show that e gj
! 2 2__ 2
P smsAnclo; C__g_—-l‘—):z c* ‘\,‘ﬂ : "
o i g/o, "

a, b, ¢ being the lengths of the sides of the triangle.
(Lucknow 1927, 33 ; Patna 1926 ; Agra 1952 ; Alld. 1954)

The portion BCD of the AABC is in contact with the liquid.
BD, being the level of the liquid, is horizontal. Let G and H be the
centres of gravity and buoyancy respectively.
E is the mid-point of BC.

The conditions of equilibrium are

(1) The line GH must be vertical.

(2) The weight of the lamina must be
equal to the weight of displaced liquid.

Since EG=3EA, EH=3ED, GH is
parallel to AD.

But GH is vertical from (1), hence AC
also must be vertical. !
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Now applying the second condition
NABC g p=/\BDC go

p _ABDC_43BD.DC_DC

T AABG 4BD . ACTAC'
AC _ BC
But n B snA
sin B
or AC=BC . s]th

p __DCsin A_ cos Csin A

Henee =p0gin B~ snB

Examples 14

1. What fraction of a solid (sp. gr. *7) must be outside the water in
which it floats ?

2. A man of weight 160 Ibs. floats in water with 4 cu, inches of his body
above the surface. What is his volume ?

. A piece of iron weighing 275 grammes floats in mercury of density
13-6 with 3 of its volume immersed. Find out the volume and density of the
iron,
(@) How much water will overflow from the edges of a cup just full of
water when a cork 2 cu. inches in volume is gently placed in it so as to float ?
The sp. gr. of the cork is 0°24.

(b) How much water will overflow from a tumbler full of water when a
piece of ice 1 cubic inch in volume is gently put in it so as to float ? (Specific
gravity of ice may be taken to 0-9). (Jatpur 1959)

A spherical shell of copper (sp. gr. 8) floats in water with half its
surface immersed. Find its internal radius if the outer one be 10*.

6. A man whose weight is equal to 160Jbs. and whose sp. gr.is 1'l,

can just float in water with his head above the surface by the aid of a

piece of cork which 1s wholly immersed, Having given that the volume of

his head is ;1:th of his whole volume and that the ap. gr. of the cork is 0-24,
find the volume of the cork, the weight of a cu. ft. of water being 625 1bs.

(AUahabad 1931)

A cylindrical lead pencil floats in water with Jth of its velume
immersed. If the lead is a cylinder whose radius is one-fourth that of the
pencil and the sp. gr. of the wood is 78, fiud tho sp. gr. of the lead.

8. A cubical box of one foot extornal dimension is made of a material
of thickness one inch and {loats in water immersed to a depth of 3} inches.
Not taking air into considcration, determine the weight of the box and the
amount of water that must be poured in to that the water inside and outside
may stand at the same level. (Agra 1938)

A hollow conical ves<el floats In water with its vertex downwards
and/a certain depth of its axis immersed ; when water is poured into it upto
the level originally immersed. It sinks till its mouth is on a level with the sur-
faco of the water, What portion of the axis was originally immersed ?

(dgra 1936 ; M.T., Banaras 1926 ; 48)

10. A solid homogeneous cone of sp. gr. o and height / floats in a given
liquid of sp. gr. ¢. Find the position of equilibrium when

() the vertex is down and the baso up,
(#¢) the base is down and the vertex up.
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11. A ship of mass 1000 touns, goes from fresh water to salt water. If
the area of the section of the ship at the water line be 15,000 sq. ft. and its side
vertical where they cut the water, find how much the ship will rise, taking the
sp. gr. of sea water to be 1-026.

X2 A steamer in going from salt water into frash water was observed
to sink 2 inches, but after burning 50 tons of coal to rise one inch. Supposing
the densities of salt and fresh water to be as 65 : 64, find the displacement of
the steamer in tons. (Lucknow 1931 ; Agra 1951)

.~ 13- A ship sailing from the sea into a river sinks a inches, and on dis-
charging x tons of her cargo rises b inches. If sea water be one-fortieth heavier-

than river water, prove that the weight of the ship is 41( Z- ) X tons. Assume

the sides of the ship to be vertical at water level.
(Lucknow 1949 ; Banaras Eng. 1943 ; Banaras 1944 ; Jaipur 1959)

- 14. A thin cylindricajgod. weighed at one end, floats in water with half
it length immersed and incl#m®d at any angle to the horizon. Prove that the
weight which is added is eqg@y to the weight of the rod.

_~ 15 A solid displglifs (—i~ , -;)—- , ~:~ - of its volume respectively when

it floats in three different Wluids, find the volume it displaces when it floats in &
mixture formed ot
(5) equal volumes of the fluids,
(¥3) equal weights of the fluids,
(Agra 1935 ; Rangoon 1938 ; Utl:al 1948)
%’ 16. A rod, of small section and of density p, has a small portion of

1 .
metal of weighhh th that of the rod attached to one extremity; prove that

the rod will float at any inclination in a liquid of density o if

(n+1)2% =nls :
/ (Bucknow 1936, 42 ; Banaras 1948 ; Agra 1929, 35 ; Jaipur 1956)

\/17. Shew that a homogeneous body in the shape of right eircular cone
can float in a liquid of twice its own density with its axis horizontal.
. (Allahabad 1927)
18. A uniform prism, whose cross- on is an i les triangle of
vertical angle 2o, floats freely in a liquid with its base just immersed, one edge
being in the surface ; show that the ratio of its density to that of the liquid is
2 sin2q : 1. (M.T.)

19. A prism, whose section is a triangle ABC is made of uniform mate-
rial, and floats freely in water with the vertex C in the surface ; prove that its
8p. gr. is either

™

sin A cos B~ sin BB cos A
sin C sin C

75. Bodies floating in more than one liquid. 4 body
Jloats partly immersed in one liguid and partly in another, to find the
conditions of equilibrium.

Let W be the wt. of the body and W/, W' be the wts. of the
two displaced liquids. W’ and W are also the forces of buoyancy
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acting vertically upwards.

Now there are only three
forces acting on the body, al of
them vertical.

For equilibrium
W =W +Wu

Hence the required condi-

tions are
Ea— (1) The wt. of the body wust
be equal to the sum of the wis. of the displaced portions of the two liguids.

(2) The C.Q of the body must lie on thg line joining the cenires of
gravsty of the two displaced liquids.

Note 1. The above theorem include§jthe case of a body float-
ing partly immersed in liquid and partly in ajr.

Note 2. The above theorem is also truo if there are more
than two liquids.

76. Solved Examples.

Ex. 1. A mass composed partly of gold (sp. gr. 1925) and partly
of silver (sp. gr. 10°5) floats with +3th of its wvolume immersed in mer-
cury (sp. gr. 13:6) and the remainder in waler. Compure the weights
of gold and silver in the mass.

Let V, and V, be the volumes of the gold and silver respec-
tively.

hiles

wt. of the mass=V,.g 19-25¥yg 105

wt. of the mercury displaced=3{(V,4-V3)g (13'6)

wt. of the water displaced =+v4(V;+Va)g

o Vig (19°25)4- Vg (10°5)=1§(V1+Va)g (13:6) +3'6(V,+Valy
or  V, (19°25)+Vy(10'5) =333 (V1+Vs,)

or 103V,;=37V,
A%
or V; — '1% 13_

wt. of the gold__V,g(19-25) _ 37 x19-25__ 407
“wt. of silver  V,9(10'5)  103x10'5 618"

Ex. 2. A cylinder of wood (sp. gr. $) of length k, floats with its
axis vertical in waler and oil (sp. gr. }), the length of the solid in
contacl with oil being a (<3ih). Find how much of the wood is above
the liquid.

Also find to what additional depth must oil be added so as just to
cover the cylinder. (Jatpur 1952 ; 1.C.S. 1940)

Let 2 be the lengths of the cylinder above the liquids ; since a
length a is in contact with oil, the remainder h—a—= is in water. Let
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4 be the height and r radius of the base of the cylinder.

Since the wt. of the solid=sum of the wts. of the liquids

displaced.
nrthg. i=nrl.ag+nr? (h—a—2a) g. 1

or 3h=}a+h—a—z
whence z=3%h—}a.

Since a is given to be less than 1k, the value of x is positive.
If, however, a were greater than 1k, the value of z would have been
negative, showing thereby that the hypothesis as well as the above
equations were wrong. 1In that case no part of the cylinder would be
above the surface of the oil, its length I in contact with oil being
given by

$h=1h+(h—1)
whence 1= }h.
~ Second Part. Now let y be the additional depth of oil which is
. mecessary just to cover up the cylinder.
The new length of the solid in contact with oil=a-y.

Its length in water=h—a—7y.

Hence wrhgi=nria+y) g.3+nr*(h—a—y)g

or ih=3(at+y)th—a—y

or y=%h—a.

Ex. 3. A solid sphere floats just immersed in heterogeneous liquid
composed of three liquids which do not miaz: and whose densities are as
1:2: 3. If the thickness of the two upper liquids be cach one-third of
the diameter of the sphere, show that the density of ihe liquid in the
middle is equal 1o the density of the sphere. (Allahabad 1924, 38)

Let the density of the sphere be ¢ and those of the liquids be
e, 2p, 3P respectively.

Let a be the radius of the sphere. The

volume of the uppermost and lowest liquids N\
displaced are equal and each

% 2 2
=ir g {3a2—<a2+ L;---f—-%' g
=Enad X 3t =2%n0®

The volume of the middle liquid dis-
placed is

~mad— o= FEnad

Henco the wts. of the three displaced liquids are respectively

81ra’gp, §1na’.20g, §1na’.3pg.

By the conditions of equilibrium of floating, the wt. of the

sphere must be equal to the sums of the wts. of the liquids displaced.
fna’go=§ina’eg+§Ena’. 2004 ina®.3pg
=§na’ge

. c=2p.
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Examples 15

—" 1. Analloy of gold (sp. gr. 19) and silver (sp. gr. 10-5) floats with 5
of its volume in mercury (sp. gr. 13'6) and the remainder in a liquid of sp, gr.

0-8. Find the proportion of gold and silver in the alloy. (Utkal 1946)
«2. Apiece of wood flouts with # th of its volume in water and the

remafnhing iSRG thodiltignaleplume which will be immersed when
the vessel is THCWNEESW.cuum, the sp ggr. of air being 0-0013.
o— 3. Tf a body be floating partially immersed in a liquid and the air in
contact with it ho suddenly removed, will the body rise or sink ? Give reasons.
(Agra 1959)
4. A cylinder floats completely with its axis vertical immersed in two
liquids ; the densities of the upper and lower liquids being respectively p and
2p, snd the density ot tho eylinaor }¢. Find what portion of the cylinder is m
the lower liquid.

5 A cylinder of sp. gr. 2p floats with its axis vertical hetween two
liquids of sp. gr. p and 3p respectively, the height of the cylinder being equal to
the depth of the upper hiquid. Prove that the pressures on its ends are as 1 : 5.

(L2angoon. 1938, 48 : Bombay 1947)

A~"6. Aright circular cylinder of sp gr. o floats in water with its WRis
vertical, one-third being above the water. If g be the sp. zr. of air, prove that

s 3o=24p. (Banaras 1959)

7. A cylinder of sp. gr. o floats with its axis vertical partly in one fluid

of sp. gr. o; and partly in another of sp. gr. 6. Show that the comnmon surface

divides the axis in the ratio of

§—0g : 6] —0C, * (L ucknow 1959)

‘/{l. A rolid sphere of radius a is just immersed in threo liquids whose

densities are 1 : 3 : 5; the two surfaces of separation of the hiquid+ are at depths

%« and $a from the top. Prove that the density of the sphere to that of the

-

topinost liquid are in the rasio of 71 : 27.

9. "Two liquids which do not mix are placed in the same vessel ; the
density of the lower liquid is p and that of the upper is mp. A cylinder floats in
them with its axis vertical and i completely submerged ; its density beng np.
Prove that the condition that it may be half in the upper aud balf in the lower

liquid is
n=4¢(m+1).

10. A vertical cylinder of density p, floats in two liquids, the density of
the upper liquid being p; and that of the lower ¢p. If thelongth h of the
cylinder be n times the depth of the upper liquid, prove that the depth of
immersion of the upper face of the eylinder 18

ho_, ¢2—e
* 2 —P1
provided the necessary relations between the densities exist for floating.

s11 A right circular cone, of density p, iloats just immersed with ity
vertex downwards in a vessel enataining two liquids, of densities oy and o,
respectivoly  Show that the plane of separation of the two liquids cuts off
from the axis of the cone u traction

o )}
002
of its length.

(Lucknow 1944, 45, 48 ; Allahabad 1925, 39, 50 ; Agra 1949, 52 Supp.)

77. Tension in the string supporting a body.—4 body ic
enlirely immersed in a liquid, being supported by a string, to find the
tension of the string.
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Let T denote the tension of the string, W the wt. of the body
and W' the wt. of the liquid
displaced.

In this case the vertical forces
(and they are the only) acting on the
body are :

(1) T, the tension of the string
acting upwards.

(2) W', the force of buoyancy
acting upwards.

(3) W, the wt. of the body acting
downwards.

Hence, for equilibrium, we have
T+W=W
or T=W-wW'
t.e., Tension of the siring
=wt. of the body—wt. of the displaced liquid.

78. Weighing in a liquid. —Suppose a body is weighed while
immersed in & liquid by means of a balance. Tho tension of the
string supporting the body will be equal to the true weight of the
body minus the weight of the displaced liquid.

The tension is termed as the apparent weight of the body.

True weight of a body=apparent weight+wt. of the dis-
placed liquid.

79. Weighing in air. To obtain a perfectly accurato weight
the body should be weighed in vacuo. Otherwise a slight discrepancy,
as when weighed in a liquid, will arise from the fact that the quanti-
ties of air displaced, by the body and by the “weights” that are used
are not the same. =

However, to be more accurate, if the densities of the body and
the “‘weights’ are given the true weight can be dctermined from the
apparent weight as in the next Article.

80), A4 body, whose density is p, is weighed in air by means of
weight¥whose density is o'.  If o be the density of air, to find the true
weight corresponding to an apparent weight W.,.

Let W be the true weight of the body corresponding to its
apparent weight W, which is the sum of the weights used.

Then, the balance being assumed to be pure, the tensions of the
two supporting strings of the scale-pans are equal, i.e., :
wt. of the body—wt. of the air it displaces

=wt. of the ‘weights’—wt. of the air the ‘weights’ displace.

i.e., W—%—. ag=W,— —}j—‘,—’;-. ag, for the volume of the body of wt.
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W and density P is —gv;L and the wt. of the air it displaces is—gvg--.qc
and similarly the wt. of the air displaced by the ‘weights’ is

P
o o \!
(0= 5) (1= §)
a c o
=w,( 1- 9) (1+ R )
Since, in general, ¢ is very small compared with p and ',
neglecting the square and higher powers of : , & sufficiently appro-

ximate value of the true weight is given by
a (¢4
wew (1= 5

81. Solved Examples.

Ex. 1. A body immersed in a liquid is balanced by a weight P
to which it is attached by a thread passing over a fixed pulley and when
half smmersed, 1s balanced in the same manner by a weight 2P. Prove
that the densities of the body and liquid are as 3 : 2.

Let p and o be the densities of the body and the liquid respec-
tively. Let V be the volume of the body. If T be the tension
in the string in the first case, then

P=T=wt. of the body—wt. of the liquid displaced

=Vgr—Vgs- v (D)
If TV be the tension in the second case, then
2P=T'=Vgp—34Vgo e (2)
Dividing (1) by (2)
P—c
=i
or p—3o=2p—2¢
or LA
2 =p
P _ 3
or ¢ =9

Ex. 2. A body consists of an alloy of two metals of sp. gr. 8
and 8, respectively ; its weight in vacuo 18 w and in water 18 W. Show
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that the proportion of the two meials by volume is
8 W—(s3—1) w: (8,—1) w—s, W.
Let V, and V; be the volumes of the two metals of the body.
w=V 18,0+ V8,9
=(V18,+V,s5)g - oo ()
W=wt. of one metal —wt. of the water displaced by i
+wt. of the other metal —wt. of the water displaced
by the other metal.
=Vi019—V19+ V38,9 —Vog
=[Vy(8;—1)+Vy(ss— 1)}y . (2)
Dividing (2) by (1)
W _ Via=D+Vi(s—1)
w - V181+V333
or Vy(Ws; —ws;+w)=V,(wsy,—w—Ws,)
Vi_ Ws—w(s,—1)
Vo w(s;—1)—Ws,

Ex. 3. Two solids are each weighed in succession in three
homogeneous liquids of different densities, if the weights of the one are
wy, Wy, w and those of the other are Wy, W, and W, prove that

wl(Wg - Wa) +w2( W3 —Wl) -+ s (Wl—Wg) =0,
(Banaras 1935 ; Jaipur 1954 ; Agra 1954).

Let v, V bé the volumes of the two solids and let oy, o4 be
their respective densities. Let p,, p,, P; be the densities of the three
liquids.

Since the apparent weight=wt. of the body—wt. of the liquid
displaced

or

190 —vgpy =W, - (1)
1go1—vgps =Wy ee (2)
VGO —VJPg =Wy eon (3)
and Vgo,—Vgp, =W, v (4)
Vgo,—Vgr, =W, .o (B)
Vgo,—Vgr; =W, ... (6)

From (4), (5) and (6)
Wa— W= Vg(ps—pa)

W3 —W,=Vg(p;—ps)
W1—W;=Vg(ps—p1)

Substituting these values

wy(Wy—Wo)+wy (W, — W) +wy(W; —W,)
=29(01— 1) Vg (pa—pa) +29( 01— pa) Vg(e1— p3) -+ v9(01—ps) Vg (3 —py)
=vVg*{(0,—P1) (P3—ps)+(81—p3)(P1—ps) + (P1—ps) (03— P3)}

=9Vg2.0 , on opening the brackets.
=0.
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Examples 16

x. A body, whose wt, is 100 lbs. and whose sp. gr. is 10, is suspended by
a string in a liquid of sp. gr. 7. What is the tension of the string ?

v, Asolid (sp. gr. 21) is held suspended by string so that 19th of its

volume is immersed in & liquid of 8p. gr. 13 and the remainder in water. Prove
that the tension of the string is half the weight of the solid.

v3. A mixture of gold (sp. gr. 19-25) and silver (sp, gr. 10°5) lost
——114 th of its weight when weighed in water. Prove that the ratio of the volume

of the two metals is 2 : 3.

. A piece of lead and a piece of wood balance one another when
weighed in air ; which will really weigh the most and why ?

. A body is found to sink in each of liquids whose sp. gr. are *7 and
1:3 and its apparent weight in the two liquids is found to be 14 and 8 grammes
respectively. Find the sp. gr. of the body and show that it will float half
immersed when placed in a liquid of sp. gr. ¢-2. (Banaras 1927)

6. An iron (sp. gr. 7-2) spheroid shell is found to lose half its
weight when weighed in water. If the external radius is 12”, find out the thick-
ness of the metal, )

v 7. A vessel containing water, the whole weighing 3 Ibs. is suspended
from a sprin: balance. A mass of iron weighing 1-3 lbs, is suspended by a thin
string from a second spring bulance, which is moved so that tho iron is immersed
in the water, without touching the sides or bottom of the vessel. State what
variations and their amounts, you would expect to observe in the readings on
the spring balances, and explain why they occur, 'The sp. gr. of the iron may be
taken as 7°7. (AlUahabad 1923)

.8. A glass, partly filled with a liquid, is placed on ore pan of a common
balance and 18 counterpoised by suitable weight-pieces placed on the other. A
solid which is suspended by menns of a string is now brought and immersed in
the liquid without touching the sides of the glass, being still in suspension from
the string, Neglecting the offect of the atmosphere, explain why some muore
weights are now needed on the second pan to balance the glass of water,

9. A graduated glass vessel in the form of a cylinder with vertical walls
contains water to a height of 20 em. from the bottom. A body weighing 20 gms.
is placed in 1t and floats, and the water level rises to 24 em, The body is then
completely submerged with some force, the water level rises to 25 cm. Find
the mean sp. gr. of the body, the force required to submerge it and volume of

water jn the vessel.

./::,_ A body of sp. gr. - when weighed againsta weight of sp. gr. p in
water—the whole balance being immersed—appears to have a weight W, Show
that its true weight is

PR (Jaipur 1955 ; LA.S. 1948 ; Lucknow 1952)

11. If W and w be the weights of a body in vacuo and water respectively,
prove that the weight in the air of sp, gr. ¢ will be

W—o(W—w). (Jatpur 1957 ; Patna 1941 ; Lucknow 1951)
./]z, A given mass weighed in air on a spring balance indicates a weight

W, it is then compressed to %—vh of its former volume and appears to weigh

W'’ ; prove that its weight in vacuo is

W' —W
- (M.T.)
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ng. A solid of weight W is weighed in air by a spring balance and its
weight is found to be w, Prove that

W__e

w p—a
where ¢ and p are the sp. gravities of ths air and the solid respectively.
\A4. If a body of mass m; and density p; is balanced by a mass my den-
sity p; when placed on the pans of a common balance, show that
fL ( P2—OC )

[ P1—0
where ¢ is the density of the air. ? (Banaras 1940)

my=mgy

x5. Tf the sp. gr. of air be s and W. W’ be the weights of a body in air
and water respectively, prove that its weight in vacuo is

W+I£é (W—=W"), (Lucknow 1953)

16. A body floats in a fluid of sp. gr. p with as much of its volume out of
the fluid as would be immersed in a second fluid of sp. gr. o, if it floated in that
fluid. Prove that the sp. gr. of the body is

L
pto
J 17.  If wy, wy, w3 be the apparent weights of a given body in fluids whose
8p. gravitie 1 are sy, 85, and s3 respectively, then shew that
w1(83—53) +wa(s3—51) +wa(s1—65) =0.
(Jaipur 1957 ; Agra 1933, 50, 58 ; Utkal 1945 ; Allahabad 1948)

18. Prove that, if volumes v and V of two different substances balance
in vacuum and volumes »’, V’ balance when weighed in a liquid, the densities

of the substances and the liquid are as .
v I_VI ',’_'Vl vl v’
Ty TV '(_v__V ’

19. A substance whose density is p, is weighed by means of woights, the
density of which is ¢’ ; if o be the density of air, find what is the true weight
corresponding to any apparent weight.

Tf the density of air increases from o to o’, prove that the apparent weight
of the body is less than its former weight by a fraction

(o'—p) (' —0)
(p—0) (p'—o’)
of the latter, o' being greater than p,
(Allahabad 1932 ; Lucknow 1951)

20. A body floating in water has volumes Vj, V,, V;above the surface

;}h:n the densities of the surrounding air are respectively gy, p,, p3. Prove
a/

P2—P3 | P3—0y  P1—f2 _
VitV v
(Allahabad 1951 ; Jaipur 1951 ; Lucknow 1952 ; Utkal 1947 ;

Agra 1937, 44, 50 ; Savgar 1959)

82. To find the conditions of equilibrium of a bhody
floating with a string attached to a point of it.
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Let P be the point at which the string is attached to the body
and let T be its tension acting vertically upwards.

N Let W be the weight of the body
ac&ing vertically downwards through its
CaG., G.

Let W’ be the force of buoyancy s.e.,
the weight of the liquid displaced acting
vertically upwards through H, its centre of
buoyancy.

Let the vertical lines through P, G,
H meet the surface of the liquid in the
points A, B and C respectively.

H

Sinee the vertical forces acting on the body are only T, W and
W’ and the system is in equilibrium, the points A, B and C arein
the same straight line and by Statics the sum of the moments about
A must be zero.
Hence the conditions for equilibrium are
: W=T+W . (1)
and W.AB=W'.AC. .« (2)

83. Tension acting downwards. If a body be wholly
immersed in a liquid whose sp. gr. is greater than that of the body,
the force of buoyancy will be great-
er than the weight of the body. In
this case the body will ascend
unless it is prevented from doing
so by applying some downward
force. Therefore T will be acting
downwards.

Hence the corresponding con-
ditions of equilibrium (as found in
the last Art.) are

T=W-W
W.AC=W.AB.

Note 1. It should be carefully noted that in this case the line
of action of W' will be between those of T and W.

Note 2. The ascent of a balloon depends on the principle of
the previous article. A balloon consists of a very large envelope
made of sillk or some other strong and light substance. It is filled
with a gas or hydrogen. Since the weight of the displaced air is
greater than the weight of the balloon, the balloon ascends until air
around is not of sufficient density to support its weight.

The force with which the balloon ascends is called ascensional
force. Itis equal to

wt. of the air displaced — wt. of the balloon.
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Bodies floating about a fixed point. If a body be free
to turn about a fixed point O, there willbe some reaction R at that
point. Since the only forces acting are W, W’ and R_and W, W' are
both vertical, R will also be vertical. Hence the conditions of equili-
brium will be the same as obtained previously.

85. Bodies floating about two fixed points.

When two points in the body are fixed, it means that a line is
fixed in the body, and the necessary and sufficient condition of
equilibrium is that the moments of the weights of the body and the
force of buoyaney about this line must be equal and opposite.

86. Solved Examples.

Ex. 1. The mass of a balloon and the gas which it confains is
3,500 Ibs. If the balloon displaces 48,000 cu. ft. of air and the mass of &
cu. fi. air be I'25 ozs. ; find the acceleration with which the balloon
commences 1o ascend.

The wt. of the air displaced by the balloon
=48000 X 1'25 oz. wt.
=3750 Ib. wt.

Hence ascensional force .
=wt. of the displaced air—wt. of balloon
=(3750—3500) lb. wt.
=250g poundals.
Initial acceleration of balloon

_Torce _250g9__ g

Mass 3500 11°

Ex. 2. A uniform rod of length 2a, can turn freely about one
énd which is fized at a height b (< 2a) above the surface of the liquid ;
if the densities of the rod and liquid be p and o show that the rod can
vest either in a vertical position or inclined at an angle 8 fo the vertical

such that

cos 6=._h_ _2 .
2a a—p

(Jaipur 1955 ; Nagpur.1942 ; Lucknow 1932, 37, 46, 47 ;
Agra 1928, 31, 43,49 ; Allahabad 1935)

Let the rod AB of cross-section S be movable about the end A.
Portion BO is in the liquid. Let W and W’
be the wt. of the rod and the wt. of the
displaced liquid respectively. AN=h;G
and H are respectively the centres of
gravity of the rod and the displaced
liquid.

BO=AB—~AO=(2a—% sec b)

=a-+4h sec O
.. W=2aSgp, W’'=(2a—% sec B) Sge.

The rod is in equilibrium under the

forces R (reaction), W and W', all vertical.
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Taking moments of the forces about the point A,

2aSgp A G sin 0=(2a—h sec 0) Sgo AH sin .o (@)
or 2ap.AG = (2a—h sec 0) c.AH
or 2ap.0=(2a—h sec 0) ¢ (a+1b sec 0)
or 2a%p=0(2a*—}h? sec? )
or 372 sec? 0o =2a%(c —p)
or sec”0=4;:;— . ST‘_;__P_

or cos =P ,\/A.f._ .
2a c—p

The other position will be vertical when taking sin 6 common
in (1) ; sin 6=0 i.e., 0=0.

Ex. 3. 4 triangular lamina ABC, of which the sides AB, AC are
equal, floats in water with BC vertical, and three quarters of ils length
tmmersed, being kept in equilibrium in this position by means of a
string fastened to A in the bottom of the vessel. Find the sp. gr. of the
lamina, and show that the tension of the string is +5th of the weight of
the lamina. (Alud. 1959)

Let T be the tension, W be the wt. of the lamina and W’ be the
force of buoyancy acting vertically as shown in the figure. G is the
C.G. and H the centre of buoyancy.

Let AD be the perpendicular on
____________ Y BC since BN=} BC=4} BD and MN

: i and AD are parallel being horizontal,
therefore MN=4 AD.
Area of the ABMN

=13 :MN.BN=§.} AD. { BD
=3 AD.BD -
=3AABC.

.. The volume of the lamina
. C=7% that of the lamina ABC.
If W be the wt. of the lamina ABC and p be its density

Volume of the lamina AMNC

iy

pprgvrrogr et

B¢

=1.w
8 pg
, 1T W 1T W
W_S" pgq'y__ﬂ P
For equilibrium
+w=w=1W
%
. e f .o (1
- T=(go—1 )W (1)
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We know that the distance of the C.G. of the AABC from A is
% AD and that of ABMN is § AD+% MN

=1aD+4. 475 4D

Let the distance of H i.e., C.G. of AMNC=x from A.
s. ANABC. % AD=% AABCz+3% AABC & AD
or 2AD={2z+& AD
or ='1!; AD
Now taking moments about A
W.2 AD=W'. 2% AD

or Ww. —g-AD= Z— V:_ . %—AD
or p=3%
T=@F.8#-1)W
= W.

Examples 17

/1. A piece of wood of weight 14 1bs. and sp. gr. §, is tied by a string to
the bottom of a vessel of water so as to be totally immersed. Prove that the
tensjon ef the rope is § lb. wt.

2. A cylinder of wt. 15 1bs, and length 3 ft. floats in water with its axis
vertical and half immersed in water. Prove that a force of & Ibs. wt. will be
required to depress it } ft. more,

3. A uniform rod capable of turning about one end, which is out of the
water, rests inclined to the vertical with one-third of its length in some water,

Prove that its sp. gr. is §. (€alcutta 1938 ; Lucknow 1950 Supp.)

./4' A thin rod, of sp. gr. } and of length 4 ft. floats partly immersed in
water, being supported by a string fastencd to one end of the rod ; how much of
the rod is immersed ?

If the upper end of the rod be 1 ft. above the surface of water, prove
that the rod is inclined at an angle 30° to the horizontal, (Allahabad 1922)

¢ 5 A uniform rod, of length 2a, floats partly immersed in a liquid, being
supported by a string to one of its onds, If the density of the liquid be 4 times
that of the rod, prove that the rod will rest with half its length out of the
liquid.

Find also the tension of tho string. (Jaipur 1950 ; Agra 1932)

/ 6. A uniform rod is suspended by two vertical strings attached to its
extrermties and half of it is immeorsed in water ; if its sp. gr. be 2+5, prove that
the tensions of the strings will be as 9 : 7,

7. A solid hemisphere floats in a liquid, complotely immersed with a
point of the rim joined to a fixed point by means of a string, Prove that the
inclination of the base to the vertical is

tan—1 3. I~ .
Also prove that the tension of the string is
§ ®(e—o)a%y
where p and ¢ are the densities of the solid and the liquid respectively.
(Agra 1955)
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‘/a. A uniform rod is bent in the form of the three sides AB, BO, CD of
a square, A is attached to a hinge fixed on the surface of water and the frame
rests in & vertical plane with AB, BC and half of CD immersed in water., Prove

that the sp, gr. of the rod is §3.

9. A semi-circular oylinder floats in water with its axis fixed in the
surface of water, If this cylinder be movable about the fixed axis and if its
density be half of that of water, show that it will be in equilibrium in any
position. (Agra 1939)

b*/io. A rod of length 2/ and ep. gr. p is hinged at one end at a height A
aboVe the surface of liquid of sp. gr. np(n>1). The rod remains in equilibrium
in an inclined position, partly immersed in the liquid. Prove that the inclina-

tion of the rod to the vertical is

h
081 5 Af 1.
¢ A V0

and the length immersed is

2 (1-41- )
n
(Nagpur 1941, 55 ; Agra 1953)

“/u. A uniform rod of length 2a and density p is movable in a vertical
plane about one end which is fixed in a liquid of density ¢’ at a depth 2k below
the surface, A liquid of smaller density o is added on the top of the first
liquid ; if in the oblique position of equilibrium the rod is just covered by the
liquid, prove that its inclination to the vertical is

eo.-l[_h_ il )i]
a \ p—oc
(Agra 1946 ; Nagpur 1942 ; Jaipur 1959)

12. An equilateral triangular lamina suspended freely from A, rests with
the side AB vertical and the side AC bisected by the surface of a heavy fluid ;
prove that the density of the lamina js to that of the fluid as 15 : 16.

13. An equilateral triangular lamina ABC of sp. gr. n'(<1) is movable
about a fixed hinge at A and isin the equilibrium when the corner C is im-
mersed in water and AB horizontal and above the water. If the triangle be
turned about A in its vertical plane and kept in the position with the side BC
immersed and horizontal, prove that the action of the hinge in this position is

-:— (1=n) W

where W is the wt. of the lamina.

14. A uniform rod, loaded at one end so as to float upright, floats in &
liquid of density p; with a length a unimmersed, in & liquid of density p; with &
length b unimmersed. Show that the length that is unimmersed when the rod
floats in a liquid of density p is

ap)(p—pg) —brale—p1)
"o PlPr—rPa)

15. A rod of density ¢ and length I is freely movable about one end
fixed at & depth & below the surface of & liquid of deusitye ; show that the
rod may rest in a positiontinclined to the vertical provided that

P B
1< -< 45

16. An equilateral triangle ABC of woight W and sp. gr, cis !novuble

sbout & hinge at A and is in equilibrium when the angle C is immersed in water
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and the side AB, is horizontal and above water. Itis then turned about A in
its own vertical until the whole of the side BC is in the water and horizontal ;
prove that the pressure on the hinge in this position is

1—
2( VL/G)W (Nagpur 1956; Agra 1945)

17. A semi-circular lamina has one of the ends of its diameter smoothly
hinged to & fixed point®above the surface of a liquid, and floats with its plane
vertical and its diameter half-immersed. If the inclination of the diameter to
]the horizon ie }r, prove that the ratio of deasity of the liquid to that of the
amina is

4(3x—4) : (gn—8). (M.T)

——— o e

87. Harder Solved Examples

Ex. 1. 4 solid hemisphere of radius a and weight W is floating
in liquid, and at a point on the base at a distance ¢ from the centre rests
a weight w ; show that the tangent of the inclination of the awis of the
hemisphere to the vertical for the corresponding position of equilibrium,
assuming the base of the hemisphere entirely out of the fluid, is

8 ¢ w
3 "a W'
If w is attached to the rim, then prove that tan 0= g’ %V' .
(Allahabad 1956)

OM is the axis of the hemisphere making an angle 0 with the
vertical ; G is the C.G. so that OG=3a. C is the point on the
base at a distance ¢ from the centre, w is :
acting on C.

The pressure at every point being
along the normal passes through the
centre. Therefore the force of buoyancy
also passes through the centre and is
vertical because w and W both are
vertical.

Taking moments about O
W. OG sin 8=w. ¢ cos 0

tan 0= ¢ 8 ¢ w
MU= " 0G= 3 "4 W

For the second part put c=a.

Ex. 2. A thin hollow cone, with a base, floats completely immers-
ed in waler wherever it s placed. Show that the vertical angle is

2 sin~1(}). (Agra 1928,48 ; Allakabad 1937)
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The condition that the cone may float in equilibrium in any
position is that the C.G. of the whole surface of the cone must coin-
cide with the C.G. of solid cone i.c.,

the centre of buoyancy in this case.

Let G’ be the C.G. of the curved
surface so that AG'=4} % where his
X the height of the cone. O is the
centre of the base.
a is the semi-vertical angle.
Now the curved surface
=nAB.BO

=mh? sec « tan o
Ares, of the base
=nBO0%=xh% tan? «

To find the C.G. of the whole surface of the cone, let us take

moments about the point O. Let G be the C.G. of the whole
surface.

YN

OG.(nh? sec o tan a+-nh? tan? a)=n h2 sec o tan a. OG’

_ seoa OG"
" sec attan «
_h 1
3 "l+sina
Since the C.G. of the surface coincides with the C.Q. of the

conica I volume of the fluid displaced which is at a distance -ib— from
0, therefore, we have
B by
3 "14sina 4°°90%=
Hence the vertical angle is 2 sin~1(3).
Ex. 3. A thin unif orm wooden vod AB is in equilibrium in an

anclined position with one end AC immersed in a bowl of waler, one

point D supported on the edge of the bowl. Shew that the sp. gr. o of
the rod is

AC . 2 AD—AC,
BC 2 AD—AB

Also prove that the greatest fraction of the length of the rod which
can remain ymmersed is

1—+/(1—0).
(M.T., Agra 1947)
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Let G and H be the centres of gravity and buoyancy respec-
tively. Let S be the cross-section of the rod.

Weight of the rod=8.AB. go
and the force of buoyancy==8.ACg.
Now GD=AD—-AG=AD-—}AB
and HD=AD-—1} AC.

Taking moments about the
point D to cancel the reaction at
D), we have

S.AB. go (AD—3 AB) cos 0

=8.AC. g (AD—%AD) cos 0
-where 0 is the angle the rod makes with the horizontal.

o AB (2 AD—AB)=AC (2 AD—-ACQ)
0=A_g 2 AD—AC
AB * 2AD—-AB’
Second Part. Since the weight of the part BD has tendency to

lift the rod out of water, so the length immersed will be greatest
when BD is least i.e., when Bisat D,

If AC=ux. AB where x is a proper fraction, the result of the first
part becomes

or

o=x (2—2)
or 1—o=(l—x)*
or z=1—4/(1—0).

Ex. 4. A uniform isosceles triangular lamina (sp. gr. o) floats in
water with its plane wvertical, its vertical angle (which is equal to 2a)
smmersed and the base wholly above the water. Prove that in the position
of equilibrium in which the base is not horizontal the sum of the lengths
of the immersed portions of the two sides is

2a cos® a
where a is one of the equal sides.

Also prove that o < cos* o. as well as cos 2 a.

(Delhi 1947)

Let MN be the level of water, therefore horizontal.

AB=AC=q, BC is not horizontal. D and E are the mid-points

of BC and MN, [/ BAD=a.
Let G and H be the centres of gravity

and buoyancy. Therefore for the equilibrium
GH must be vertical.

In the A\ ADE, GH | DE

.. DE is also vertical. Also E is the
mid-point of MN

.. DM=DN

From A DMA
DM2=AM?+ AD2—2AM.AD cos a.
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Similarly from the ADNA
DNZ2=AD?+ AN2—2 AD.AN cos «
.. Equating the values of DM? and DN?
AM2—~AN2=2AD(AM—AN) cos a

Either AM=AN in which case BC is horizontal but the
base is not so by hypothesis.

or AM+AN=2AD cos «

=2a cos’x . (1)
Second Part. Since the wt. of the lamina=wt. of the water
displaced
o9+ AB.ACsin 2 a=g. } AM.AN sin 2 «
or o= ‘_&M;:N_ - (2)
2

or o<géL£L‘3—l\]:2-~, from the inequality
4 ab < (a+D)?

or < cos? o from (1).

Third Part. We know that greater o is, the greater will be the
portion in water, viz., the AAMN. But by hypothesis, the base BC
must always be ‘wholly above water. Therefore ¢ will be greatest
when MN passes through the lower point C. Hence

AN=AC=qa
From (1) AM=2q cos? a —AN=2a cos? «—a=a cos 2«

)
from (2) o= :f.‘lz AN _0.000822_gnq
But this is the greatest value of o
Hence o < cos2a

Ex. 5. The vertical angle of a solid right circular cone is 60° ;
prove that it can float in a liguid with its vertex above the surface and
one point of its base in the surface, if the densities of the cone and the
liquid are in the ratio of 24/2—1 : 24/2. (Allahabad 1920)

Let the cone of radius r float with BD as the surface of floata-
tion. G is the C.G. of the complete cone so that OG=% OA.

Similarly G’ is the C.G. of the
portion of the cone above the liquid on
AO’ such that O'G'=}A0".

Hence the C.G. of the portion
submerged i.e., the centre of buoyancy
will be on the line G'G (produced) at H.
O and O’ are the middle points of BC
and BD respectively.
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.. Inthe ABCD, 00’ will be parallel to DC. Hence G'GH
will also be parallel to DC.

For equilibrium to exist GH must be a vertical line. Hence
the line AC is also vertical.

Vol. of the complete cone=4rr2.4/3r (vertical angle is 60°)
R
= ‘\/3 .

The section of the cone by the plane of floatation is an ellipse ;

let us obtain the volume of the fluid displaced.

Let BD be the major axis of the ellipse of the surface of floata-
tion ; Q’ its centre and a, b its semi-axes.

Through O’ and D draw LM and DR pdrallel to BC.

Then BD=2a and AO=+/3 r

Also it is proved in the books of geometry that
»?=L0".0'M (Euclid, Book III, Pr. 35)

_DR BC
2 2
_r 29;‘ r?
T2 2 7 2
.
b= T
V-

Height of the cone above the surface is AD=r.
Volume of the cone above the surface
=nab. § AD

1 1
—ryd [~
Hence the volume submerged=rr ( V3T 2 /6)‘
Let o and p be tho densities of the solid and the liquid
respectively.

For equilibrium the wt. of the body must be equal to the wt.
of the liquid displaced.

1 71 1
- R p— N S .

nor 3 go="r (v3—ave )gp

4 o 2v2~1

or =17 5ye= 2y2
Ex. 6. A rectangle movable about an angular point floats with
its area immersed in a liguid. If the a:g]ular point lies outside the
liquid, and if the rectangle floats with its sides equally inclined to the
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verlical, shew that the ratio of the density of the rectangle to thai of the

liquid s
3b+a: 4b
where a and b are the sides of the rectangle.

Let ABCD be the rectangle movable about C. EF is the
horizontal line in which the surface of the liquid cuts the rectangle.
BC=b, CD=a. Let BFE=2, [ ACB=0.

Draw FM perpendicular to AD.
Since EM, MF are equally inclined to
the horizon, EM=MF=a.

Since half of the rectangle is in
the liquid, the surface EF of the liquid
must pass through G, the C.G. of the
rect.

.. 3ab=rect. AMFB+ AEFTM

=z.0+3a?

r=}(b—a), and AE=4%(a+b)
Let p and o be the densities of the rectangle and the liquid
respectively.
The wt. W of the rectangle=alyp and acts vertically down-
ward through G.

The wt. W’ of the liquid ABFM=az.go=4}a(b—a)go and acts
vertically upwards through the mid-point of AF.

The wt. W’ of the liquid EFM=} EM.MFyo=}a’go.
Also W’ acting at the C.G. of the AEFM is equivalent to
W at each of the angular points E, F, M.

Taking moments about C
}W.AC cos(84-45°) = V;f {(b—=) cos 45°+AC cos (0+45°) —= cos 45

—a cos 45°+(b—a—=x) cos 45°}+~‘g]- {AC cos (0+45°)

+(b—x) cos 45°

or 21’/"2_ (b—a)= XV\/z (b—z-}-b—a—x—a—i—b——a—’x)

. +-;N\/2 (2b—a—2)
or ‘g (b—a)= W"(b—a—2)+ _2%‘7‘—; (2b—a—2)
o Y p-a= - oot @0

or %b_(b—a) pg=>%a2a(b—a)g+3Ea.b—a)(8b—a)og



FLOATING BODIES 113

or pb=3%ac-+3(3b—a)e
P:o=3b+a: 4b.

Examples 18
1. A hollow conical vessel floats in water with its axis vertical and
—:Tof its axis immersed. Find to what depth must the vessel be filled with

water so that it may just sink till its mouth is on the level with the surface of
the water outside.
2. A sphere of radius r made of wood of sp. gr. ¢ floats in water with

its lowest point at a depth _Irf below the surface of water. Find an expression

for the fraction of the volume of the sphere which is iinmersed and show that
h is the root of the equation 46s3—3x-+1=0. (I1.C.8. 1926)

3. A thin uniform rod of weight W has & particle of weight w attached
to one end. Itis floating, in an inclined position, in water with this end
immersed. Prove that the length of the rod above water is ;’—“L- times its

+W
whole length and that the sp. gr. of the rod is
wse
(wt W)z
(Delhi 1959 ; Agra 1955 ;5 Lucknow 1950, 57)

4. _A thin uniform rod AB, of length 2a and weight W, has a particle
of weight W’ attached to a point D near the end A, AD being of length b. The
rod floats, in an inclined position, freely in waper with a length AC (=2z)
immersed. Prove that

_ aW4pwr

T W W
and that the sp, gr. o of the rod is given by
as(W+W')2=W(aW+5HW’),

5. A cone of given weight and volume, floats in a given fluid with
vertex downwards ; show that the surface of the cone in contact with the fluid
is least, when the vertical angle of the cone is

1
2 tan'l(— 5 )
V2 (Raj. 1960)
6. ABC, an isosceles triangle richt angled at A, composed of two
heavy roads AB, AC hinged together at A and a light string BC, floats with the
angle A immersed in water, Show that the temsion of the string is
qz;b W, where 2a is the length of a rod, 2 the length immersed and W the

weight of each rod. (Bombay 1940 ; Agra 1948)

7. A hollow closed cono of semi-vertical angle sin—1 } of metal whose
specific gr, is o is made of such uniform thickness that it will float in all posi-
tions wholly submerged in liquid of sp, gr.p. Show that the thickness must

w{i- (- )]

where £ is the external height of the cone. (Nagpur 1943)

8. A sphere of density ¢ floats just immersed in three liquids, The
densities of the liquid in descending order are p, 4p, 90 and the thickness of the
two upper liquid layers are each on2e-third of the sphere. Prove that

276=122p,
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A cylindrical piece of cork, of height h, is floating with its axis
vertical in a basin of water. If the basin be placed under the receiver of an
air-pump and the air be pumped out, prove that the cork will sink through a

distanco lc . (1—¢) h, where c and p are respectively the sp, gravities of air
and cork.

10 A rod floats upright partially immersed in a homogeneous liquid.
Prove that a small increase of atmoapheric density will produce a small rise
of the rod proportional to the square of the length of the unimmersed portion.

(Allahabad 1943)

xx. A triangular lamina ABC of sp. gr. ¢ floats with its plane vertical
in water, A being outside the surfuce and BC not horizontal. The angle A is a
right angle and AC=AB. If 0 be the inclination of AB to the vertical, prove
that

. 2—2
sin 20= o1

given o> 3. (Gorakhpur 1959 ; Nagpur 1935)

1a. Two uniform straight rods of length 2a, 2b and sp. gr. p, 6 respec-
tively, are joined together to form ono straight rod. If it floats freely in
water in an inclined position, the rod of length 2a and part of the other being
immorsed, prove that

azp(p—1) +2abo(p—1)+b2s(c—1)=:0.

13. Two equal and similar rods AB, BC, fixed at an angle & at B rest ina
fluid of twice the sp. gr. with tho angle BB out of the fluid, and the bisector of
the angle A BC mukes an angle () with the horizon, Prove that

cos 20+s0c =2, (Bombay 1937)

14. ABC is a right-aggled triangular lamina and floats with its plane
vertical, and the right angle immersed in water ; prove that if its sp.gr. be to
that of the water as 2 : b, and CB : CA=5: 4, CB is cut by the surface of the
water at a distance from C equal to CA.

15 A rectangle, movable about an angular point which is flxed below the
surface of a liquid, floats with its sides equally mclined to the vertical and with
half ita area immersed in the liquid. If the lengths of the sides be a and b and
ono of the sides of length b be entirely immersed in the liquid, show that the
ratio of the density of the body to that of the liquid is

a—b: 4a.

16. A uniform log whose cross-section is a square floats horizontally
with one edge in the surfuce and one edge above the surface of a homogeneous
liquid, Show that the ratio of their sp. gr. is as 3 is to 4.

(M.T., Rangoon 1947)

17 A prism of square section floats in water with its long edges hori-
zontal and the centre line of one of its faces hinged to an axis fixed in the
surface of the water. Show that, if the sp. gr. of the prism is 32, the opposite
face of the prism will be } immersed. (M.T.)

18. Shew that a right circular cone of density p and semi.angle « can
float vertex downwards in a liquid of density o with one generator vertical and
the base just clear of the liquid if 3

p=a (cos 2a)2. (1.4.8., 1959)

19. Two buckets containing water, tho mass of each bucket with the
contnined water being M, balance each other over a smooth pulley. Two
pieces of wood masses m and m’ and specific gravity o, ¢’ are then tied to the
bottoms of the bucksts so as to be wholly immersed prove that the tension of
the string attached to the masses is

2m(M4-m'ig 7 1 . ;
St =1 ) (J aipur 1953)



CHAPTER VIII
PROPERTIES OF GASES

88. Gases and Liquids. As already mentioned gases have
several properties in common with liquids, and both are commonly
termed fluids. Gases like liquids, transmit pressure and possess
elasticity of volume but not shape. It possesses no free surface as a
liquid. On the other hand, gases being much lighter than liquids,
are very compressible and have got the property of indefinite expan-
sion. A certain volume of a gas like that of liquid possesses mass
and so it has got some weight.

89. Air has weight. On weighing a flask full of air, and
then exhausting the air by means of an exhaust-pump, and weighing
again, Otto Von Guericke found that the empty flask weighed
somewhat less than when full. This experiment proved that air has
weight.

go. Air exerts pressure. That air or gases exert pressure
can be shown from scveral experiments.

(1) If a rubber balloon be filled with a gas or air, the envelope
expands owing to the pressure exerted by the gas or air within it on
its surface.

(2) If a glass tumbler be pushed with its mouth downwards
into water, it will be secn that the level of the water inside the
tumbler is lower than that outside ; the pressure of the air inside
the glass forces the water down.

(3) If the two hollow hemispheres are fitted together very
accurately so that they are air-tight and if the air is drawn out, a
great force will berequired to separate the hemispheres. The reason
is that the air from outside presses the hemispheres from all sides
and keep them very tightly pressed against each other. This
experiment is called as that of Magdeburgh.

gr. Specific Gravities of some principal Gases. It can
be proved experimentally that the density of a given quantity of
gas does not remain constant. It changes with the change of tem-
perature and pressure. In the case of solids and liquids, tempera-~
ture has some slight effect on their densitics, but in gases the effect is
much considerable. In order to compare the densities and sp. gravities
of gases it is, therefore, necessary that they should be reduced to the
same temperature and pressure. For this purpose the standard
temperature is usually taken to be 0°C and the standard pressure to
be the pressure due to a column of 76 cms. of mercury. The follow-
ing are the sp. gravities of some principal gases at the above standard
when water is taken as the standard substance.

1156
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Air 0001293
Oxygen 0-001430
Hydrogen - e 0000089
Nitrogen e 0 001256
Carbon dioxide ... e 0001977
Steam e .. 0°000802

Hydrogen is the lightest gas known. For this reason it is taken
as the standard substance for measuring the sp. gr. of gases. Thus
the values of the sp. gravities of the above gases will be

Air 14'5 Oxygen ... 16
Hydrogen . 1 Nitrogen ... 14
Carbon dioxide ... 22 Steam e 9

92. Measurement of the Atmospheric Pressure.

Torricelli’s Experiment.—After having reached at a definite
conclusion that therc is atmospheric pressurc, the scientists had
been busy in finding some methods to measure it. Evengelista
Torricelli, a pupil of Galileo, was the first who in 1643 performed a

simple cxperiment to determine the mecasure of the atmospheric
pressure.

A glass tube AD about 3 feet in length, closed at one end and

open at the other, is filled with mercury. The tube is then tempo-

A rarily closed and inverted and re-opened

with its lower end D below the surface of

mercury contained in a basin PQ. The

mercury column then sinks down to some

extent and ‘comes to rest at a point B,

The height of the point B above the mer-

cury surface C in the basin is found to be
nearly 29 or 30 inches.

Now the pressure inside the tube at
level C is the same as the pressure outside
the tube at the surface of mercury. The
pressure inside is due to a depth BC of
=4 mercury, i.e., go.BC, where p is the density

S of mercury. The pressure outside the tube
at the surface of mercury is the pressure
due to the atmosphere. Hence the at-
mospheric pressure is gp. BC.

D)
®

T

il

T

T
i

The space AB within the tube above the mercury surface contains
no air and is usually referred to as Torricellian Vacuum.

Note 1. Really, however, the above space AB contains some
mercury vapour and is not a perfect vacuum. But as the pressure
due to mercury vapour at the ordinary temperature is extremely
small, its presence may practically be neglected.
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Note 2. Other liquids than mercury might be used, but
mercury is the most convenient because of its high sp. gr. If water
were used, the tube would need to be at least 35 feet in length.

93. Pascal’s Experiment. Pascal suggested that since the
atmospheric pressure decreases as we go up, the height of the
mercury column would also decrease accordingly. In 1648, Perrier
went up to the top of Puy-de-Dome, a mountain in France about
1000 metres in height and found that the mercury column actually
came down through 8 ems. It was also found that with different
liquids columns stood at diffcrent heights.

94. Height of the Homogeneous Atmosphere. The
atmosphere is not homogencous. Its density gradually decreases as
one proceeds up from the surface of the earth. If the atmosphere be
replaced by a column of homogencous air of the same density as at
the earth’s surface and of height such as would give the same pressure
at the carth’s surface as the actual atmosphere docs, then this height
is called the height of the homogeneous atmosphere.

Method to find this height :—

The wt. of a cubic foot of air="0013 X wt. of a cu. ft. of water
='0013 X 624 1bs. wt. nearly.

If z be the height of the homogeneous atmosphere x Xsp. gr. of
air=height of mercury barometer X sp. gr. of mercury

_ Sp. gr. of mercury

x . Xht. of the mercury barometer
sp. gr. of air
13:596 _ 30
= ~oo13 12

=26146 ft. nearly
=5 miles nearly.

95. The Barometer. 7 barometer is an instrument
which is used for measuring the atmospheric pressure.

Cistern Barometer. The Torricellian tube standing verti-
cally on o cistern of mercury constitutes the simplest type of a baro-
meter which is usually known as the Cistern barometer. The
height of the mercury eolumn measured {from the mcreury surface in
the cistern gives the atmospheric pressurc at the time. When the
atmospheric pressurc changes, the height of the mercury column in
the tube and consequently the level of mercury in the cistern also
changes.

Fortin’s Barometer. Since the barometric height is always
measured above the mercury-level in the cistern, to avoid the neces-
sity of measuring from different levels means are devised by which
the mercury-level in the cistern can be brought to a definite posi-
tion : such as a flexible bottom to the cistern, whose capacity can be
increased or decrcased by turning a screw attached to its base,
Fortin’s Baromeler is one of such types.
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Siphon Barometer. This type of barometer is more con-
venient and portable than a simple cistern one. It consists of a
U-tube, one arm of which AE is long and narrow
qA and the other arm DE short and wide. The longer
B arm, which is closed at the top, is filledl with mer-
- cury as in the Cistern Barometer, while the shor-
B ter arm, which is open, serves as a cistern.
Above the mercury in the long arm there is a
vacuum AB.

When the surfaces of the mercury in the two
arms are at B and D respectively, the pressure of the
air is measured by the wt. of a column of mercury
whose height is equal to the vertical distance bet-
ween B and D i.e., BC (as in the case of a Cistern
Barometer).

Therefore the pressure of the atmosphere is
ge.BC, where p is the density of mercury.

Aneroid Barometer. This barometer derives
its name from the fact that no liquid is used in its
construction. Its consists of a cylindrical metal
box exhausted of air, the top of which is made of thin corrugated
metal, so elastic that it really yields to alternations in the pressure of
the atmosphere.

When the pressure increases, the top is pressed inwards ; when
it decreases the clasticity of the lid, aided by a spring tends to move
it in the opposite direction. Then motions are transmitted by deli-
cate multiplying levers to an index which moves on a scale. It is
graduated empirically by comparing its indications, under different
pressures, with those of a standard mercurial barometer. It is por-
table and so sensitive as to be able to indicate even small heights.
Arrangements for allowing for temperature and
the elasticity of the disc are also attached to the B
instrument. They are used with great advantage A
in the aeroplanes for measuring heights but
a sudden variation in height impairs the sensi- D
tiveness of the disc which should be corrected
from time to time, by comparing its readings
with those of a standard mercurial barometer. -

Manometer. Manometer i sometimes =
used to determine the pressure of some E
enclosed volume of a gas. Tt is just like a U-tube
with a horizontal connection AB. The lower part
ECF is filled with mercury. The horizontal
arm AB is connected with the vessel containing
the gas, and the end D is open. The difference
of mercury-levels in the two arms is then mea-
sured. Let it be d.

Then pressure of the gas c
=pressure at the level E
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=the pressure at the level F4-wt. of column, d, of the liquid
according as E is below or above F ; the pressure at F is that due to
atmosphere whose value can be found by means of a barometer.

g6. Graduation of a Barometer. In graduating a baro-
meter we must keep in view the fact that if the mercury level rises
in one arm, its level in the cistern (or in the shorter arm in case of
Siphon Barometer) must fall and the height of the barometric
column is the difference of those two levels.

Cistern Barometer. Let a and A be the uniform sectional
areas of the tube and the cistern respectively.

Let  be the rise in the level of the mercury in the tube. The
level in the cistern will, therefore, fall by Aafz , since the area of the
surface of mercury in it is A—a.

Hence an apparent increase of z in the height of the barometric
column would correspond to a real increase of

nY

x+*A_-a— ez g%

—Q

. A .
So an apparent increase Aea® would correspond to a real in-
crease of z.

Siphon Barometer. In Siphon Barometer if A be the cross-
section of the shorter arm, a rise of  in the level of the mercury in

the longer arm would cause a fall of X z in the shorter arm.

Hence an apparent increase of  in the height of the barometric
column would correspond to a real increase of

x+- %= a‘zAx.

So an apparent increase of - A 2 would correspond to a real

a+A
increase of .
For this reason, in the graduation of a barometer the distances
between successive markings in the longer tube are gencrally kept
shorter and they are marked in the ratio

A:alA.
In a particular casc if @ and A be § and 1 sq. inch respectively,
the height between the two levels has increased by (14-2) s.e., § of
an inch corresponding to an apparent rise of 1 inch in the longer arm.

So the distance given as onc inch by the graduations on the longer
arm must really be kept only § inch long.

97. Correction to the Barometer reading.

There are a number of corrections which are applied to an
observation with the mercury barometer.
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(1) Correction for capacity.

If the graduations on a barometer be marked at their true
value, then to get the true height we must multiply the apparent

height by a_j\—A as shown in the last article.

(2) Correction of temperature.

Since the mercury and the measuring rod both expand with a
rise of temperature, the following account is taken of the temperature
at which observations are made.

If h be the observed height of the mercury at temperature i
centigrade, the true height hy is given by

ho=h—0'00016 X h Xt.

(3) Correction for height above the sea-level.

If the observation is taken over the sea-level, the height is less
than it would have been if it had been taken at the same time and
place but at the sca-level.

For an apparent height A, this correction is ‘

(% 1)

where 2z is the altitude above sea-level, and k is the constant ratio of
pressure and deunsity.

(4) Corrections for Capillarity.

On account of capillarity, the top of the mercury in the tubo is
not flat but is convex. Thercfore this is also taken into consideration
for the correct reading.

(4) Correction for Vapour Pressure.

The mercury in the tube gives off a certain amount of vapour
in the 7'orricellian Vacuum. Its pressure depresses the mercury
column,

Note r. In a mercury barometer the effect caused by the last
two errors given above is very small.

Note 2. For the detailed description of these corrections
students are advised to consult standard books on Physics.

98. Expansion of Gases. Gases like solids and liquids
change in volume due to changes in temperature, although ata
greater rate. Again in considering the changes of volume of solids or
liguids, the effect of pressure is not taken into account, but in case of
gases oven a small change in pressure produces an appreciable change
in volume, although the temperature is kept constant.

99. Relation between Pressure and Volume.

Boyle’'s Law. If the temperature of a given mass of gas is
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constant, the pressure varies inversely as its volume, i.e.,
1
[ J——
p v
where p denoles the pressure and v the volume.

Note 1. The above formula also gives pv=Lk, where k is
constant. This equation is called the Isothermal Equation of
state.

Note 2. The above law is also called as Marriotte’s Law.

Note 3. Strictly speaking Boyle’s Law is not perfectly true.
For gases like air, oxygen, hydrogen, and nitrogen which are very
hard to liquefy, the law is very nearly true. But for easily liquefiable
gases, such as carbon dioxide, water-vapour cte. the volume is found
to decrease more rapidly than the pressure increases and, therefore,
they do not behave quite in accordance with this law.

Note 4. A gas which accurately obeys Boyle’s Law is called a
Perfect Gas.

100. Relation between Pressure and Density. Let m
denote the given mass of a gas, and p, v and p denote respectively
its pressure, volume and density. Let p’, v', p’ denote the correspond-
ing quantitics when the pressure is changed from p to p’, temperature
being the same in the two cases.

Boyle’s law then gives

po=p'v’ @)
But since the given mass of the gas remains unaltered, we

get
pv=m=p'v' e (2)
Therefore from (1) and (2), by division
p_7. v (3)
[

Hence -2 is always the same for a given mass. Let its value

be denoted by k, so that
p=ko .. (4)

i.e., if the temperature *emains unaltered, the pressure of gas varies as
its density.

Note. The equation p=Fkp may be taken as another mode of
stating Boyle’s Law.
101. Solved Examples.

Ex. x. The diameter of the tube of @ mercurial barometer is % in.
and that of cistern is 1% ins. When the surface of the mercury rises
1 4n., find the real alteration in the height of the barometer,

Area of the cross-section of the tube
=m . 1iz 8q. in.
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Area of the cross-section of the cistern

=x . % sq. ins,

For an apparent increase of 1 in. in the height of the barometric
column, the real increase is
— 144 16 . 1.
1+~ 2 =14 144x 9 o =1 g ibs.

Ex. 2. When the water barometer is slanding at 33 fi. a bubble
at a depth of 10 ft. from the surface of water has a volume of 3 cub. ins.
At what depth will ils volume be 2 cub. ins. ?

Let b be the required depth.
The pressure at a depth of 10 ft. from the surface of water is
due to a column of water=(33+10) ft.
Applying Boyle’s Law, therefore, we get
(h+33)'2=(331+10)38
or 2h=63
h=31} ft.
Ex. 3. At a depth of 10 ft. in a pond the volume of an air bubble
43 00001 of a cubic inch ; find approximately what it will be when it
reaches the surface, if the height of the barometer and the specific gravity
of mercury is 13°5. (Lucknow 1934)
The height of the water barometer
=30x13'5=232ft, -
The pressure at a depth of 10 ft. below the surface of water is
due to a column of water .
=(10+135) ft.
=175 ft.
If V cu. in. be the volume of the bubble at the water surface,
then applying Boyle’s Law we get

v 135 -0001 175
ex12x12° 4 —12x12x12X 4
yo 0001X175%

4%135

='00013 nearly.

Ex. 4. A hollow closed conical vessel of height h, floats partially
immersed in water with vertex downwards and axis verlical. A hole is
then made wvery near the vertex and water allowed to come snio the vessel
30 that no air escapes from within. If the vertex was originally at a depth
b and H is the height of the water barometer, prove that the new depth c
of the vertex is given by

_ H(@—1%) P
“bs“{c B—(c3— ba)%
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Let W be the wt. of the cone and « the semi-vertical angle.
Therefore originally

W=wt. of the water displaced
=4 =« b® tan? a.g ... (1)
Let x be the depth of water inside the vessel in the second
position. Therefore wt. of the water inside=4n2? tan? a.g.
~. In this case
wt. of the cone+wt. of the water inside
=wt. of the water displaced.
Hence from (1)
inb® tan? a.g+43na® tan®u.g=3nc® tan? a.g
or =c3—0b3 .. (2)
Again, the air which occupied the whole volume of the cone at
the atmospheric pressure H, now occupies a volume }n(h*—=®) tan®«
under a pressure H-+c—z which is the pressure at the level of water
inside the vessel.
. By Boyle’s Law
nh3 tan? . H=4r (h*—2°) tan® a. (H+c—x)

or B H=h*—2%) (H+c—2x)
or r=c— LH
T R—a®
. _ »#H \*
o z’-—-( G“—""s:xs' .
H (*—b) )° o
Hence 03—b3={ c——ﬁf_(—-(ca:bajg from (g).

Examples 19

1. The diameter of the tubs of a mercurial barometer is 1 cm. and that
of the cistern is 4'6 cms. If the surface of the mercury in the tube rise through
25 oms,, find the real alteration in the height of the barometer.

&~ a. The volume of an air bubble increases ten-fold in rising from the
bottom of a lake to its surface. If the barometric height is 30 inches, what is
the depth of the lake ? (sp. gr. of mercury=136). (Dacca 1941)

3. A good barometer reads 76 ems. On admitting 1 c.c. of air, the
reading is 70 cms. Find the volume of the space above the mercury at the
end. . (Punjab 1931)

4. Find the height of the homogeneous atmnrsphere corresponding
to a barometric height of 760 mm. of mercucy, taking ths sp. gr. of air 0°0013
end that of mercury 13:596. (Nagpur 1933)

./5. The sp. gr. of mercury is 13:6 and the baromoter stands at 30 ins.
A bubble of gas, the volume of which is 1 cub. in. when it is at the bottom
of a lake 170 ft. deep, rises to the surface. What will be its volume when it
reaches the surface ?

«~ 6. Bubbles of air rise from a depth of 20 ft. in water. Find ths ratio
in which the radius of bubble is increased when it reaches the surface, given
that the height of the mercury barometer is 30 inches and the sp. gr. of mer-
cury is 13-6.
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‘/7. A balloon half filled with coal-gas just floats in the air when the

'y bar ter stands at 30 ins. What will happen when the barometer

einks to 28 ins. ? (Utkal 1945)

8. A conical glaes, height A, is immersed mouth downwards in water,

the height of the water barometer being H. If the water inside the glass is
to rise balf way within it, prove that it must be depressed through a distance

TH-J.
(M.T. 1859 ; Calcutta 1916)
A hollow cylinder, of height h and open at the top, is inverted and
partially immersed so that a length k of it is under water, Prove that the air
inside it occupies a length z given by the equation
x2+x(H+k—h)==H.h,
where H is the height of the water barometer. (Lucknow 1954)

10. A hollow cylinder of height 5, open at the top is inverted, and
partly immersed in water with its length a in air. Find the difference between
the water levels outside and inside the cylinder. (Banaras 1942)

-- xx. A thin closed cylindrical vessel, of height a, contains air at atmos-
eric pressure and floats in water with axis vertical and length & immersed.
f a small hole is made in the bottom of the vessel, shew that water leaks in
until there is a depth b
a

h+b
i nside, h being the height of the water barometer.
(Allahabad 1950 ; Lucknow 1956, 57)
xa. If a body floats in a liquid with volume v;, v3 and vz above the
surface when the barometric heights are 4y, hy and hg, prove that

hy vy (v, )+hg ve (Vg—vy)+h3 v3 (v3—1,)=0.
1 91 (vg—v3)+hg ve (v3—v1)+h3 v3 (01—1,) (Lucknow 1959)

13. ‘A heavy sphere of weight W and radius r is placed in a vertical
oylinder, filled with atmospheric air of density c. Prove that the density of the

air in the cylinder when the sphere is & position of per t rest is
W
( + i )
where II is the atmospheric pressure, (M.T.)

14. A U-tube with equal arms of fine uniform bore is placed so that
the arms are vertical and the end of one of the arms is closed. The tube is
partially fi Yled with mercury, go that thero is a length % of vacuum above
the surface of the mercury in the closed arm, the barometric height being h.
Prove that, if it is inclined at an angle of 60° to the vertical, the mercury
reaches the top of the closed end ; also that if the end that is npen when the
tube is vertical is closed before inclining it, the length of vacuum becomes

1—% roughly. ..

15. A closed air-tight cylinder, of height 2a, is half-full of water and
half-ful? of air at atmospheric pressure, which is equal to that of a column, of
height h, of the water, Water is introduced without letting the air escape so
as to fill an additional height k of the cylinder, and the pressure of the base is
thereby doubled. Prove that

k=a+h—+/ap1p?

16. A thin conical surface of weight W just sinks to the surface of a
fluid, when immersed with its open end downwards ; but when immersed
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with its vertex downwards, a weight equal to m\V must be placed within it to
make it sink to the same depth as before. If . be the length of the axis, &
the height of the barometric column of the fluid, show that

3
x=hm(l4m) .

102. Charles’ Law. If the pressure of a given mass of gas
be constant, the volume increases by a definite fraction a of the volume
at 0°C, for every degree centrigrade by which the temperaturc is
raised.

Hence, if V, be the volume at 0°C and V be the volume at ¢°C,

then
V—-V0=V0.ﬁt,
or V=V, (1+at). -
Note 1. The above law is sometimes called as Gay-Lussac’s
or Dalton’s Law. :
Note 2. For air and most of the gases, the value of «, which
is called the coefficient of expansion, is 0°003663 or 335 approximately,

Note 3. Like Boyle's law, this law is also based on the results
of experiments, description of which can be found in any standard
book on Physics.

Note 4. The law does not apply to vapours.

103. Relation between Densities at different tempera-
tures.

Let p and po be the respeetive densities at the temperatures
1°C and 0°C ; and let V and V, be the corresponding volumes.  Sinee
mass remains unaltered we have

PV=p,V,
or Po_V =(1+4-at), from Charles’ Law
e Vo

.. p0=P (l+at).

104. Relation between Pressure, Density and Tempera-
e Let p and gy be the pressure and density of a given mass of gas
at 0°C temperature, theretore

p=kp, e (D)
where k is a constant which depends upon the nature of the gas.

Let p be the density when the temperature of the gas is raised
to #°C, while the pressure p remains the same.

po=p(l+af) e (2)
from the last article.
From (1) and (2), therefore, we have
p=kp (1+a)
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105. Absolute Temperature. If we imagine that the tem-
perature of a gas is lowered till its pressure becomes equal to zero
and that in this process it neither liquefies nor suffers any alteration
in volume, we shall arrive at what is known as the absolute zero of
the temperature.

Therefore 14-at=0
or t=— L —_a73°C.
4

This temperature, —273°C, is called the absolute zero, and
the temperatures measured from this zero point are called absolute
temperature.

The absolute temperature is generally denoted by T, so that
T =—:‘—+t=273+t.

106. Relation between Pressure, Volume, and Absolute

Temperature.
From above we have
p=ko(l+at)
1
=kpa( a——l-—t )
=koaT .

Therefore, if V be the volume of a certain quantity of gas, we
have

p,i.Y= ko.(V.p)=k.¢ X mass of the gas

=a constant, mass of the gas being constant.

or pV=R.T, where R is a constant depending on
the nature of the gas.

i.e., the product of the volume of any given mass of gas and its
pressure varies as its absolute temperature.

107. Mixture of Gases :
It has been experimentally seen that

If two gases, occupying different vessels, be at the same tempera-
ture and pressure, they will, when one vessel is allowed to communicate
with the other, form a mixture whose pressure is the same as before,
provided no chemical action takes place.”

Pressure of a mixture of equal volumes.

The pressure of the mixture of two gases occupying a
given volume would be the sum of the pressures that each
gas would have when occupying alome the same volume at
the same temperature.
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Let p,, pg be the pressures of the two gases when the volume (of
each) is v. Let the pressure of the second gas be changed to p, bofore
mixing, so that its volume changes from v to . Then, by Boyle’s
Law,

PV’ =pgv. e (D

When the gases are mixed, the volume of the mixture is v+v
and by the experimental law stated in the beginning, its pressure is
pi. Now if the volume of the mixture is changed to v, then the

required pressure p is given by
Po=p,(v+7')
=P+ Pav from (1)
P=p;+p,
Note 1. This result is known as Dalton’s Law for the pressure
of a mixture of gases.
Note 2. It is applicable to the mixture of any number of
gages.
108. Pressure of a mixture of gases of different
volumes.

Two volumes »; and v, of different gases at different
pressures, p, and p,, are mixed together to form a mixture,
of volume V ; to find the pressure of the mixture, the tem-
perature being constant.

Let us suppose that before mixing, the volume of each gas is
changed to V ; then their pressures are, by Boyle's Law,

P11 Po¥2
v and v
respectively.
Now if they are mixed ; the pressure P of the mixture when its
volume is V is, by the last Art., given by

=P10 P
P= v .

Aliter. Let the pressure of the second gas be changed from p,
VaPa

n
2Pz

v,
Thus there are now two gases, of volumes v; and })—
V4

to p; ; so by Boyle’s Law its volume changes from v, to

, each of
Ppressure p;.
When the gases are mixed, the volume of the mixture is
v + v_;p ? of pressure p;.
1

Let P be the pressure when the volume of the mixture is chang-
ed. Therefore, by Boyle’s Law,
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P.V= PaV2.
mX (vx + 8 )
=p101+Pavp
_ P01+ Petsy
or P v .

Note. This result also holds true for a mixture of more than
two gases.

109. Solved Examples.

Ex. 1. If the volume of « certain quantily of air at a temperature
of 10°C, be 300 cu. cm., what will be its volume when its temperature s
20°C' ? (Calcutta 1938)

If m be the mass of the air and « be the coefficient of expan-
sion of air, we have by Charles’ Law

p=ke(l+at)
or pv=ppv (1+at)
=km (14 af)
From given conditions
p.300=km (14«.10) e (1)

and p.V=km (14+.20) . (2)
where V is the required volume.

Dividing (2) by (1)

\'% w_l +20x

300 1410
273420
273410

V=213X300

=3103%3 c.cs.

Ex. 2. In the morning a graduated bottle when placed mouth
downwards on the surface of water was found to have 200 c.cs. of air,
atmospheric lemperature and pressure being 10°C and 74 e, respectively.
How many gm. of weight must be placed on the bottle so that the volume
of air inside it may be halved, temperature and atmospheric pressure
being 20°C and 75 cm. respectively ¢ Density of mercury is 13:6 gm.
per c.c. -

In the second case volume becomes 100 c.cs. at 20°C at total
pressure say P,, then

r,v, PV,
T, T T, .
or 74 X200  P,X100
(2734+10) " (273+420)
or P.— T4 X200 X 293
2 ’83 X100

=153"2 cms. of mercury column,
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Out of this total pressure there is already atmospheric pressure
of 75 cm. of mercury column.

Therefore, the additional pressure must be

=153'2—75=782 em. mercury column,
.. Mass of this mercury column

=782X13'6 gms.

=1063'52 gms.

Ex. 3. Masses m, m' of two gases in which the ratio of the
pressure to the density are respectively k and k' are mived at the same
temperature. Prove that the ratio of the pressure to the denssty sn the
compound i3

mk+m'k .
m+m' (JL.7., Calcutta 1929)

Let o, o’ and p, p’ be the densities and the pressures of the
masses m, m’ respectively.

We have p=kp, and p'=kp’
Let v, v’ be the corresponding volumes.
m , m
v=-_",v=
P e

If P be the pressure of the compound and V be the volume,
then

_ p”_{_plvl
P= \'
mo o, m
- 3 rk. p—+pk. o

m+4m' * if o bo the densit y of the
c mixture.
P mk4m'k
o T m4wm
==ratio of the pressurc to tho density in tho
compound.

Ex. 4. If puen ty) Do P tas Py Parla be the corresponding
values of the pressure, density and temperature of the same gas, show

that
P2 Ps Py M (P _ P
‘l(Pa—Pa)-H’(Ps f1 )+3 P1 f’a)

(M.7T.)

From the formula

p=ke (1+as)
we have pr=kp; (1+4afy)
i.e., A= '+aktl e (l)

f1
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Similarly f—’-_—.k+«k:, o ()
2

and -—g‘i-;-k—}-akta o (3)
3
Subtracting (3) from (2)

P2 Ps oyt~ o (4

o " oa ak(tz—1s) (4)

Similarly s P o, —ty) e (5)
g P1

and Di_ Do —k(ty—ty) v (6)
f1 P2

Multiplying (4) by ¢, (5) by t,, (6) by 3 and adding we get

D2 Ps D3 Pt P2
(2222 (2 2)
Ny pa *\og ”x+3 Py P2
=ak(tyha— tabs+tals —boty + st —1ats)
=0.

Ex. 5. If volumes vy, vy,........, ¥y Of gases al pressures py, Py,...
v+ ooy D and absolute temperatures ty, fy,......... , 1, are mixed without
chemical change and V, P, 'I' denote the volume, pressure and absolute
temperature of the mixture, thew prove thal

Py, VaPa vapn \ T
pa( PP o) T
b Ty Tt )y
Let us suppose that the volumes and absolute temperatures of
all different gases are changed to V and T ; then their corresponding
pressures arc

T . Uihy T | D T vaps
Vv t1 ) V tg yessasiraey A . tn .
Now when the temperature remains T, let the different gases be
mixed in a vessel of volume V. In this new case the pressure P is the
sum of the pressures of all gases, so that

_ Tromp | vaps Vun
P“V( P P +-t”--).

Examples 20

1. At what temperature will the volumo of a given mass of gas be
exactly double of what it is at 17°C ? (The coefficient of expansion=-2-}~§).

2. At 0°C the density of pas A is to that of gas B as 28 is to 44,
Prove that the density of B at 156°C is equal to that of A at 0°C., the pressures
being the same. The coefficient of expansion is taken as -:z%s.

3 A gas wasfound to have a volume of 100 c.c. at 18°C, and 72 cm.
pressure, and a volume of 200 c.c. at 90°C. and 45 cm. pressuro. Assuming that
the gas is perfect, find out at what temperature it would have a volume of
400 c.c. at 100 cm. pressure,
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A mass of air at a temperature of 39°C. and a pressure of 32 ins, of
mercury occupies & volume of 15 cub. ins. What volume will it occupy at a
temperature of 78°C, under a pressure of 54 inches of mercury ?

. At gea-level the barometer stands at 7560 mm. and the temperature is
7°C., while on the top of & mountain it stands at 400 mm. and the temperature
is 13°C. Compare the weights of a cubic meter of air at the two places.
(Calcutta 1937)
6. The radius of a sphere conteining air is doubled and the temperature
raised from 0°C to 455°C. Show that the pressure of the air is reduced to one-
third of its original value, the coeff. of expansion of air per 1°C being -1
(U.P.C.S. 1938)
. The sp. gr. of the gas inside a balloon is 0'1, the air at 76 cm. pres-
sure at 0°C. being taken as the standard substance. If the atmospheric pressure
changes from 76 cm. to 75 cm. while the temperature remains at 0°C,, prove
that the lifting power of the balloon is reduced in the ratio 337: 342, the
volume of the balloon romaining unaltered end the weight of ite envelope
neglected.
a-'8. The same quantities of atmospheric air are contained in two hollow
spheres, their internal radii being r, 1’ and the temperatures ¢, ¢/ respectively.
Prove that the whole pressures on the surfaces aro in the ratio

' (14at): r(1+as)
with the usual notation of o,

v

«~9. A volume » of a gas at temperature ¢ and pressure p is mixed with a
volume »’ of another gas at temperature t’ and pressure 7. If the volume of
the mixture is V and the temperature T, prove that the pressure is,

T ” Vo'
v (0 ) (Patna 1935)

10. For a gas of which at temperature ¢°C. the mass of V cubic feet is
W 1lbs., the height of the barometer being / inches. Prove that in the formula
p=ke (14+at), the value of k in ft 1b. sec. units is

Vie 273000
W T 2784
where ¢ is the sp, gr. of mercuty,
1r. A volume of air of any magnitude, free from the action of forco, and

of variable tomperature, is at rost. Tf the temperature at a series of points be in
A.D, prove that tho densities at theso points are in 1., (M.7.)

\12. Two vessels contain air having the same pressure IT but different
temporatures ¢, ¢’ : the temperature of each being increased by the same quan-
tity, find which has its pressure most increased.

If the vessols be of the same size and the air in one bo foreed in to the
other, prove that the pressure of the mixture at zero temperaturo is

1 1
(4 i+ ivee)
with the usual notation of .
13. Prove that if volumes vy and vy of atmospheric air are forced into

vessels of volumes V; and Vj and a communication is opencd between them, a
mass of air of volume

(V1ra ~ Vo)
Vi+V,
at atmospheric pressure will pass from one vessel to the other.

14. A cylinder coptains two gases which are separated from each other
by a movable piston. The gasca are both at 0°C. and the volume of one gas is
double that of the other. If the temperature of the first be raised ¢°, prove that
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4

the piston will move through a space

et

9+6at ’
where [ is the length of the cylinder, and « is the coeff, of expansion per 1°C,

x5. A piston accurately fitsa cylinder and moves freely in it ; initially

it is placed in the middle of the cylinder and the ends are closed. The cylinder
being placed vertically the distance of the piston from the top is 4/2 times its
original distance, The temperature in the two parts being raised to the absolute
temperatura ¢; and ¢y, the piston goes back to the middle of the eylinder. Show
that the original absolute temperature of the cylinder is

1~ tg.

110. Theorem. If the atmosplere be al rest and if its tem-
perature and force of gravity be constant, then, if points be iuken whose
heights above the earth are in Arithmetic Progression, the common
difference being small, the densities at these poinls are tn Geometrical
Progression.

Let a column of air, of small horizontal section, be taken with
a vertical axis OPP,...P,. Let Py, Py, Ps...... be a scries of points on

0OA in A.P. so that
A 0P1=P1Pg=...--.Pn_1 Pn
=0, where § is very small.
If » be taken indefinitely great i.e., if § is taken very
small, we may supposc the density of each layer OPy, P,P,,
P,P;...... constant throughout. Let the densities of the layers
' op,, PP, }’,P,,......_P,._IP,, be P1, P2 P3-.-s Pn TOSpECtively
Pn.. and, therefore, their corresponding pressures are kp;, kp,,
3ereens , ke, which may be taken as the pressures at the
points O, Py, Py......, Py,
The difference of the pressures on the faces at O and P,
supports the clement OP;. Hence
. koy—kpy=gr,8
Similarly, for the columns P,P,, P,P;, ......we have
koy— koy=g0,,
kpg—koy=go,B,

CLLLTITITITTTT

SR

kon1—ken=9gpn-18,
_ 9
Hence p,-—p,( 1— s )

PFP’( 1- Zf) = ( 1_4‘2?)2
Pa=93( 1-?) =P;( ~ gkg )3

sseessees cesessane eresertasensans

Hence as the altitudes increase in A.P., the densities and, therefore,
the corresponding pressures diminish in G.P.
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111, Density of air at given altitude.
If p be the density just above P,, we have as in the last Art.

=el(1= % ) =0 (1= )

If we put =" so that p is the density at a height A above the

ground, we have
h n
e=ei(1-7 )

Now, if nk =z, 8o that n= ghe
gh k
ghz —gh
1\ % 1\*| k&
s e=o(1-1) =n[(1- 1)
Now when n—>o0, & being kept constant, we get in the limit
p=pye oMk

This formula gives the density at a height in terms of that at
the surface of the earth.

Aliter. Calculus method.

Let p be the pressure at a height 2z, p+3p

that at & height z+ 8z, and p the density at height ' V-
z so that p=kp (1) —|prop
Then considering the equilibrium of the ele- .
ment 3z of the thin column, we have L 53
p=p+3p-tg.p.80 S—
Hence the limit l ?
g{)— == ._gp ves (2) l

f

Hence differentiating (1) with respect to 2
and combining the result with (2) e

we get

b __9

dz K
. d__49
A P ="k dz
log P———-Z—z-{-c
But when 2=0, p=p,
c=log p,

P __9
Hence log =Tk z

i.e., P=P, G__gz/k
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Cor. If p and p, bethe pressures corresponding to densities p
and P, respeciively, then we have
=P e—gz/k~
112. Determination of Heights by Barometer.

Let h, hy be the heights of the barometer at the upper and
lower stations respectively. Let z be the difference of their altitudes.

Let p, p, be the pressures, p, p; the densities at the two
stations,

Then if the temperature be constant throughout

™ p @
T mtog 1
A z=log B
-k b,
or z= g log .

This formula gives the height of one station above another
by means of a barometric observation at each.

113. The height of the homogeneous atmosphere is the
same at all places at the same temperature.

Let H be the height of the homogeneous atmosphere, p the
density of the air and p the pressure at that point.

Then go H=p
=P _ k’l = k = constant.
ge gr g

114. Solved Examples.

Ex. x. The readings of a faulty barometer containing same air
are 294 and 299 inches, the corresponding readsngs of a correct in-
sirument being 298 and 304 inches respectively. Prove that the length
of the tube occupied by the air is 29 inches, when the reading of the
barometer is 29 inches and find the corresponding correct reading.

(M.T. 1879 ; Allahabad 1919 ; Banaras 1927)

Let the total length of the tube be .
In the reading no. 1 the length occupied by the air
=x—29'4
The actual pressure =29'8

Hence the pressure due to the air column
=29'8—29'4="4"
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Hence by Boyle’s Law
prvy=(x—29'4) X4
Similarly in the second reading
Povy=(2—29'9) X5
But P11 =Pevs
(t—29'4) X *4=(2—29'9) X5
I X2=299X'5—29'4X"4
or r=29"9X5—294 X5
=31'9.
Hence when the reading of the faulty barometer is 29 the length
of the tube occupied by the air is
=31'9"—29"=29"
Let p be the correct pressure, then
(p—29) (2:9)=(31'9—29-9) ('5)
=1

. — ” _1__ — . ”n
S p=20Th g, =293,

Ex. 2. The reading of a faulty barometer, the tube of which con-
tains a quantity of air of length 3% inches, is 28 inches, when the reading
of a true barometer is 30 inches. What will be the reading of the faulty
barometer when the true barometer reads 29 inches ? (Agra 1929)

Let = be the reading of the faulty barometer when the
reading Xf the true barometer is 29, and let the cross-section of the
tube be A.

The total length of the barometric tubo
=3%4-28=31} inches.

Volume of contained air at 30 atmospheric pressure is =3}A
and the pressure of the contained air is (30" - 28")=2"..

pv=22 A2 e (1)

Again, volume of contained air at 29” atmospheric pressure is
=(314—=2).A and its pressure is 29—=z.

o pr=B1}—=z) A (29—x) .. (2)
Since pv is constant, equating (1) and (2)
12 A2=(31}—2)A.(29—2)

or P=(%—2)(29—2)
or 3x2—181x42706=0
x=27%,

the other value of x, vz, 33, is obviously absurd.

Ex. 3. The readings of a perfect mercurial barometer are o and
B when the corresponding readings of a faulty barometer are a and b,
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Prove that the correction to be applied lo any reading c of the faulty
barometer is
(x—a)(B—b)(a—b)
(x—a)(a—c)—(B—d)(b—c) °
(M.T. 1876 ; Allahabad 1926, 34, 37 ; U.P.C.8. 1941 ;
Lucknow 1948, 54)

Let % be the length of the tube of the false barometer and 2 be
the correction required.

By Boyle’s Law, therefore, we have
(h—a) (a—a)=(h—b) (B —b)=(h—c)z.
From the first two, we get
h(e—B—a+b)=a(a—a)—b(B—b)
_ale—a)—b(3—)

h a—B—a+b
From the last two, we get
g= (B=0)B—D)
h—c
Now
_a(e—a)—b(p—b)
h—b=" a—B—a+b b
_.(2—0a) (a—b) _
={x—a)— (=)
. (a—a) (a—c)—(B—b) (b—c)
hme= " lama)—(8—b)

Putting the values of 7—b and k—c in the value of z, we get
(z—a)(B—b)(a—Db)

Tle—a)(a—c)—(B—bt)(b—0) °
Ex. Assuming that a change from 30" to 27" in the height of
the baromeler corresponds lo a rise in the altitude of 2700 ft., find the
altitude corresponding to the height 21 87" of the barometer.
(Banaras 1934 ; Nagpur 1957, 59)

We know that p=p, e~ 9"/*

30=p, e~ IH/¥ o (D)
where % is the height of the first station and p, the pressure at the
point from which the height is measured.

Also 27=p, e~ 9ET00+1)/k e (2)

21'87=p, ¢ I(HII)IE . (3)
where H is the altitude in the 3rd case.
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Dividing (1) by (2)

29— 21000/ o ()
Dividing (1) by (3)
30 _ Hg/k
o187 ~° e (5)
From (4) and (5) we get
2700 10
—-~k—g-=log 5 =1—2log3 . (6)
H 10
and B Eq = log -?2-5-=3— 6log 3 e (7)
Dividing (7) by (6)
H
2700

\u/ H=8100 ft.
5. A box is filled with a keavy gas at uniform temperature.

Prove that if a is the altitude of the highest point about the lowest, and p
and p’ are the pressures at these poinis, the ratio of the pressure to the
density at any point is equal to

_ 8
. v
log( » )
(Lucknow 1948 ; Allahabad 1955 ; Nagpur 1931 ; Utkal 1946 ;
Patna 1926)
From the formula
p=p e—zg/lc
we have
p= pr e—ag/k
or L
p
Y o P
A log P
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Ex. 6. Taking into account the variations of gravity with height
and assuming that the temperature of the air is consiant at all heights,
prove that at a height « the pressure p of the air s given by

where a 18 the earth’s radius, k= %;l , and P, pos Go are the value of
pressure, density and gravity at the earth’s surface.
(I.A.8. 1959 ; Allahabad 1949)

We know from Dynamics that g at a height  from the earth’s
surface is given by

_ %o
g_(ﬂlo-l—m)’l e ()

where g, is the value of gravity at the earth’s surface and a radius of
the earth.

Now we know that

k
Hence from (1)

ng_)_=_—_g_ dx as obtained in determining the altitudes

dp _ % a?dx

p  kata)p?
. g a* 2
o log P=Hm+0 . - (2)
Initially when =0, p=po

log Po"—‘“%a‘*-c

when =log p.,-—&;cﬁ

(2) becomes

. Examples 21

1. A barometer whose eross-sectional area is one square om. has a little
air in the space above the mercury, Ifitis found to read 71'8 om. when the
true height is 77'1 em., determine the volume of the air present in the tube
measured under normal conditions. (Calcutta 1930)

2. A barometer with an imperfect vacuum stands at 29'8 and 29-4
inches when & correct barometer indicates 30'4 and 208 inches respectively.
When the faulty barometer stands at 20 inches, show that the atmospheric
pressure is 20°3 inches, (Bombay 1936 ; Utkal 1946)
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3. A barometer stands at 30 inches, the vacuum above the mercury
being perfect, and the area of the cross-section of the tube is 0'2sq, inch. If
0°2 cubic inch of ordinary air be introduced into the vacuum, the mercury is
seen to fall through 3 inches. Find the length of the original vacuum,

(Lucknow 1942)

A barometer tube rises to a height of 33 inches above the external
mercury surfaco, and contains as much air as would, at atmospheric pressure,
occupy 1 inch of the tube. The true barometric height is known to be 206
inches ; find the height of the tube actually occupied by the air.

5. The readings of a true barometer and of a barometer which contains
a small quantity of air in the upper portion of the tube are respectively 30 and
28 inches. When both barometers are placed under the receiver of an air-pump
from which the air is partially exhausted, the readings are observed to be 15
and 14°6 inches respectively. Prove that the length of the tube of the faulty
plrl;)meter measured from the surface of the mercury in the basin is 31:35
inches.

6. A barometer stands at 39 inches, and the space occupied by the
Torricellian vacuum is then 2 inches ; if now a bubble of air which would at
atmospherio pressure occupy half an inch of the tube be introduced into it, show
that the surface of the mercury in the tube will be lowered 3 inches. Show also
that the height of a correct barometer, when the incorrect one stands at 21
inches, is

15

x+ T inches.

The height of the Torricellian vacuum in a.barometer is @ inches,
and the instrument indicates a pressure b inches, of mercury when the true
reading is ¢ inches. The faulty readings are due to an imperfect vacuum, Prove
that the true reading corresponding to an apparent reading of d inches is

d _ﬂ(f:b,)_.
a+b—d
(Nagpur 1955 ; Lucknow 1928, 47, 51 ; Allahabad 1941, 54)

8. The barometer falls from 30 to 29 inches as a balloon rises 900 feet
from the surface, prove that :f ia approximately 26,500 ft. (M.T., Delhi 1927)

9. Provo that the height of the homogeneous atmosphere is equal to
k; , where k is given by the formula p=/p and g is the acceleration due to
g}avity, being assumed to be constant.

10. Prove that p=rFp(14-at) for a gas. If the law connecting the pres-
sure and density of air were p=kp2 prove that, neglecting changes of tempera-
ture and gravity, the height of the atmosphere would be twice the height of the
homogeneous atmosphere, (Puatna 1926)

11, If a change from 30 inches to 27 inches in the barometric height
corresponds to a rise in the altitude of 2290 ft. Prove that the altitude which
corresponds to the barometric height of 24 inches is 4850 ft. Given that

log 2=0-3010, log 3=0-4771.
(Lucknow 1952 ; Bombay 1935 ; Allahatad 1932, 40)

12. The density of mercury is 136 and that of air at 760 mm. pressure
0-001293. Prove that when the reading of the mercury barometer is 750 mm.,
‘ts reading at an altitude 500 metres is about 704'7 mm,, the variation of the

smperature being neglected.
log 2=0-301, log 3=0-4771, log, 10=2-3(26, log 70-47=1848,
(Bombay 1937)
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13. 'Th6 vertical distance between two points, whose pressures are pg and
p, is h.  Prave that the pressure at an intermediate point which is at & vertical
distancdd<f above the lower point of pressure pg is

(.7_’.)"/",
2o\ 20
assuming the temperature to be uniform.

14. A cylindrical well of depth / and section A is maintained at constant
temperature, /If pg and p; are the densities of the air at the top and bottom,
show that tHe total amount of air contained is

_Ah(p1—po)
log p;—log py
(4llahabad 1953, 56 ; Bombay 1936)

15, heavy gas at constant temperature is confined in a vertical cylinder
of height J¢’ If gy be the density at the base and  be the ratio of the pressure
to the.dpfisity of the gas, prove that the mean density is

ko —ghlk
fg'rr( 1=~

(Lucknow 1955 ; Delht 1947)

16. The fall in temperaturs in tho atmosphere is proportional to the in-
orease in height above the earth’s sutface ; k, ' are the readings of mercury
barometers at two stations, the former of which is at a hesght 2z above the other.

Prove that
z=) { l-—-(-,’:,—)m }'

where ) and m are some constants.

17. A thin heavy cylinder, hollow and open at its lower end, is found
when depressed from the atmosphere successively into three liquids, 1o remain
at rest when its higher end is at respective depth h, &', '’ below the surfaces.
If s, &', 5" be the sp, grs. of the fluids. Prove that

8{s’ —s5'")h+5' (8" —8)h' + 8" (s—5")h'' =0, ,
neglecting the wt. of the air inside the cylinder. (M.T. 1864)

. 18. If the pressure of the air at any hoight varied as the mth power of
its density, show that the height of the atmosphere would be

m
m—1 H

where H ig/fhe height of the hoinogeneous atmosphere.

197 A hollow gas-tight balloon, containing helium, weighs W 1bs. When
ita lowdst point; touches the ground, it requires & force of w lbs, to prevent it
from rising. Show that it can floas in equilibrium at a height

H log, ( 1+ %)

where H is constant, (AlUakabad 1924)

20. The tube of a barometer rises to 34 inches above the mercury in the
trough, and the mercury column is 30 inches high. Find what changes are
produced in the height of the column by the following operations performed
successively :—

(%) As much air is allowed to rise through the mercury as would, *

atmospheric pressure, occupy 2 inches of the tube ;
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(#) A rod of iron whose volume equals that of 5 inches of the tube is
allowed to float to the top of mercury column.

(sp. gr. of mercury 13'5, and that of iron to be 7-5).
(M.T.,, 1.C.8. 1937)
2r. A balloon carrying a self-registering barometer records pressures
equivalent to 4 and 4, inches of mercury when it ascends to heights equal to
fractions o and oy of the earth’s radius a respectively. Taking into account the

variation of gravity with height and assuming that the tomperature of the air is
constant at all height, prove that

ag _ai—mx o B g 1T
Eo(iFota) —% By T8It
where k=" and o, Fo» go are the values of the pressure, density and gravity at

the earth’gsurface. (1.4.8. 1959)

\j’j\ hollow spbero containing hydrogen requires a force mg to prevent
it from rising when the lowest point touches the ground; the total mass of
sphere and hydrogen is M. Show that the sphere can float in equilibrium with
its lowest point at a height 4 above the ground, whero

p=T0 log M4in

¥e0 M
po» 7o being the density and pressure at the surface of the earth,
(Patna 1954 ; M.T., Indian Finance 1927)



CHAPTER IX
STABILITY OF FLOATING BODIES

115. Stable, Unstable and Neutral Equilibrium. Suppose
a floating body be slightly displaced from its position of equilibrium
and then left to move under the influence of the forces acting on it.
If the forces tend to bring the body back into its original position,
the equilibrium is said to be stable, if they tend to send the body
still further from its original position the equilibrium is sajd to be
unstable ; and if the body remains at rest in the displaced position,
the equilibrium is neutral.

116. Displacements. Since the body may be stable, for one
displacement and unstable for another, we must define the stable,
unstable and neutral equilibriums for the different types of displace-
ments.

(1) Vertical displacement. Suppose the body is to undergo
a small vertical displacement say downwards from the equilibrium
position without any angular motion. In this case the excess fluid
displaced will exert an additional upward pressure which will be
equal to the weight of the excess fluid displaccd and naturally the
acting forces will try to restore the body to its original position, or,
in other words the body will remain in stable equilibrium and a slight
displacement will make it swing about this original position.

Similarly, if the body be raised up, it would displace less liquid
and its weight being now greater than the fluid pressure would urge
the body downwards ¢.e., towards the original position. Hence the
cquilibrium is stable.

(») Horizontal displacement. Suppose the body is tu under-
¢o & small horizontal displacement without any angular motion. In
this case, since there is no resultant horizontal force on the body, it
would have no tendeney to move horizontally from any position in
which it is placed. For such displacements, therefore, the equilibrium
is neutral.

(c) Rotational or Angular displacement. Lastly remains
for consideration the case of small rotational or angular displacement
in which the mass of the displaced liquid remains unaltered while
f‘hl(i shape changes. This case we shall consider at length in what
ollows.

117. Meta-centre. Let W be the weight of the floating
body, G its centre of gravity and H its centre of buoyancy in the
position of equilibrinm ; then GH is vertical in that position.

Let the body be slightly displaced so that H' is the new centre
.of buoyancy since the mass of liquid displaced remains unaltered the
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force of buoyancy remains equal to W but in the displaced position
of the body it acts upward through H'. If the displacement takes

place in a plane of symmetry of the body, the vertical through H’
will intersect the line GH, which was vertical before the displacement,
in the point M. Then the point M is called the Meta-centre and
GM is called the meta-centric height of the floating body.

The forces acting on the body in the displaced position are (z)
its weight, W, acting vertically downwards through G and (ii) the
force of buoyancy, W, acting vertically upwards in the line H'M.
These forces constitute a couple. This couple is gencrally known as
the Restoring couple.

(1) If the meta-centre M is above G. In this case, as in the
left-hand figure, the restoring couple tends to bring GH to the verti-
cal i.e., tends to bring the body back to its original position. 7The
equilibrium s, therefore, stable.

(2) If the meta-centre is below G. In this case, as in the
right-hand figure, the restoring couple causes the body to recede fur-
ther from its original position. 7T'he equilibrium is, therefore, unstable.

(3) If M coincides with G. In this case GH’ is vertical and
8o the condition of equilibrium is satisfied. The body remains at rest
in the displaced position. The equilibrium is, therefore, unstable.

Hence we may conclude from above that a floating body is in
stable or unstable equilibrium according as the meta-centre is above or
below the centre of gravity of the body.

If the meta-centre coincides with the centre of gravity the equilib-
rium is neutral,

In other words, the equilibrium is stable, unstable or
neutral according as HM>, <, or=HG.
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118. DEFINITIONS.

. . Surface of Buoyancy. If a body floating in a homogeneous
liquid be supposed to take in turn every possible position for which the
volume displaced remains constant, the locus of the centre of buoyancy 18
termed the Surface of Buoyancy.

. Plane of Floatation. If a body be floating partially immersed
sn a liquid, the section of the body made by the plane of the surface of
the liquid is called the corresponding Plane of Floatation.

Surface of Floatation, The surface enveloped by the planes of
Jloatation is called the Surface of Floatation.

11g. Theorem. The tangent-plane at any point of surface of
buoyancy is parallel tothe corresponding plane of floatation.

Let H be the centre of buoyancy corresponding to the plano of
floatation AOC. Let H' be the centre of buoyancy corresponding to
a consecutive plane of floatation A'OC.

Since the volume ABC=the volumec
A'BC’, the volume of the wedge AOA’
=that of COC'. e (1)

Let g, ¢', G be the centres of gravity
of AOA', COC’, A'BC respectively. Join
Gy, Gg'.

Now H, the C.G. of ABC must liein

g H, and divido it so that
gH _ vol. A'BC @)
HG  vol. AOA™’
Similarly, H' is in Gg’, so that
GH’ _ vol. COC" (3)
Hg ™ vol. ABC
From (1), (2) and (3)
o _T'g
HG H'G

Hence HH' is parallel to gy’ i.e., to AC, ultimately when the
displacement is very small.

In a similar way we can show that the line joining any point on
the surface of buoyancy near H with H is parallel to the plane AB.

Hence the tangent plane at H to the surface of buoyancy is
parallel to the corresponding plane of floatation, AB.

120. Theorem. The positions of equilibrium of a floating
solid are obtained by drawing normals from the centre of gravity of the
solid to the surface of buoyancy.

When the solid is in equilibrium the wvertical through the cer-
responding centre of buoyancy passes through the centre of gravity.
But this vertical line is perpendicular to the corresponding plane of
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floatation which is horizontal, and, therefore, by the last theorem is
normal to the surface of buoyancy. Hence the normal to the sur-
face of buoyancy at every centrc of buoyancy corresponding to
a position of equilibrium passes through the centre of gravity of the
solid.

Note x. Since we know that for certain rotations the lines
through adjacent centres of buoyancy perpendicular to the ocorres-
ponding planes of floatation meet, the point of intersection being the
mctacentre, a mela-centre, therefore, is a point where two consecutive
normals to the surface of buoyancy meet. It is in fact a centre of
curvature of the surface of buoyancy.

Note 2. If the displacements are confined to rotations about
axes perpendicular to the plane of symmetry in the solids like a
cylinder, tho centres of buoyancy will lie on & curve in the plano of
symmetry. This curve may be called the Curve of Buoyancy.

Note 3. From the last Theorem the locus of the meta-centre for
these displacements will be the evolute of the curve of Buoyancy.

121. Determination of the Meta-centre.
Let the plane of the paper be the plane of symmetry.

Let AOC be a plane of floatation, cutting off the volume V.
Let H be the corresponding centre of buoyancy. Let H' be the new
centre of buoyancy when A’OC’ is the
new plane of floatation inclined at a
small angle ¢ with AOC.

Since vol. ABC-=vol. A'B(,
vol. AOA’=vol. COCY.

Draw HM L AOC and H’'M L A’OC’,
then the limiting position of M is the
metacentre. Let g, ¢’ be the centres of
gravity of AOA’ and COC'.

vol. A'BC’=vol. ABC-}-vol.

COC’'—vol. AOA’, and H' is the
centre of gravity of A'BC'.

Taking the moments about the line H'M
V.HM sin 6 —vol. AOA’ gg'=0

vol. AOA’ gg’
V sin 6

HM=1lim
) 0—o

Analytical Expression. Let the line AOC in the plane of the
paper be as the axis of y, the perpendicular to the plane of the
paper through O that of z. Let dzdy be the area of an eclementary
portion of the area AOC at a point (z, y).

Now the height of the small column on this portion, cut off by
A'OC' is 4 y tanf.
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.. Volume of that element = 4-ydxdy tan 0
Hence the above formula becomes

V.AM sin 8—tan 0. [ fy®dzdy=0, where the integration is
extended over the area AOB.

aM= VR g

\' ! ’
AK?
v
where AK* is the moment of inertia of the area AOC (=A) about the
line through O perpendicular to the plane of the paper ; (or in other
words K is the radius of gyration of the area A of the section in the
plane of floatation, and V 1s the volume immersed).

Particular Cases. If a solid which is in contact with a liquid
be spherical, it is clear that the centre of the sphere is the Meta-centre
because the pressure at each point of the spherical surface is normal
to the surface and so passes through the centre.

If the immersed surface be the curved surface of a circular
cylinder whose axis is horizontal, the Meta-centre will be on the axis
of the cylinder, for the thrust on each point of the surface meets the
axis.

122. Solved Examples.

Ex. x. 4 solid body consisls of a right cone joined to hemisphere
on the same base and floats with the spherical portion partly immersed ;
prove that the greatest of the cone consistent with stability is v 3 times
the radius of the base. (Nagpur 1957 ; Banaras 1943)

Let r be the radius of the hemisphere whose centre is O and
lowest point A, and let & be the height of the cone.

If p be the density of the
_ma;terial, the wt. of the hemisphere
is §na’go acting through L where

3a
OL = 8
Wt. of the cone is }nahgp

acting through ¢ where Og= Z .

.. The height of the centre
of gravity G of the whole body

above the lowest point A is

bt (3= 22) i (4 1)

AG = —

T3 wayph nathgr
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2
5 thatime
T Za+h

In this case the mela-centre is at the centre O of the spherical
part. Hence for stability, we must have

AG < AO
or  fatthat-t<a (2a+h)
or h? < 3a?
or h</3a

.. The greatest height of the cone is 4/3 times the radius of
the base.

Ex. 2. A solid cone, of semi-vertical angle o sp. gr. o floats in
equilibrium in the liguid of sp. gr. p, with its axis vertical and vertex
downwards. Determine the condition for which the equilibrium is stable

(Nagpur 1941 ; Aligarh 1942)-

Let  be the height of the cone and A’
the length of axis immersed. ey

In this case A=area of the circle of
radius 4’ tan «

Akt==h"? tan? a.}h'? tan® «
=in b4 tant «
and V=ix 13 tan? a
s, _ AF* In % tant a
o HM= V ~ ink3tan?a
=} b tan®a.

Now OH=} &'
: OM=O0H-+HM=} &'+} I’ tan® «
=3}’ sec? a.

Hence for stability, we must have
OM>O0G@G, where G is the C.G. of the cone.

or 21 secta > §h.

But since the cone floats,  ph'® tan® a =4 ok® tan? «
4 G

or ‘ »=(7)

The equilibrium is stable if

’,

-, - > cos? « or ° > cos® «.
b P
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Examples 22

1. A wooden ball is floating in water; show that its equilibrium will
become unstable if any weight, however small, be placed upen its highest
point. .
a. A solid cylinder floats in a liquid with its axis vertical. If the ratio
of the sp. gr. of the cylinder to that of the fluid be o, prove that the equilibrium
is stable if the ratio of the radius of the base to the height be greater than

V2 (1-0).
/ A uniform circular cylinder, whose radius is two-thirds of its height,
floats in water with its axis vertical. Prove that the equilibrium cannot be
stable if the sp. gr. of the eylinder lies between } and §.

« 4 Showthata uniform eircular cylinder, of sp. gr. , cannot he in
stable equilibrium, when floating upright in water, if its length exceeds three-
quarter of its diameter.

A right circular eylinder of radius a and length h floats with its
axis vertical in a liquid whose density is 4 that of the cylinder. Prove that the

height of the metacentre above the base is
2
. 3h+3 ‘; .

4'6. Show that in the case of a right circular eylinder of radius a and
height h, floating with its axis vertical in any liquid the equilibrium will be
stable whatever be the sp. gr., if 4/2 ¢ >h. (Nagpur 1942, 43)

7. A solid and bomogeneous body consists of a cylinder joined to a
hemisphere on the same base and floats with the hemispherical portton partly
immersed in water. Prove that greatest height of the cylinder consistent with

stability is ~‘/l‘, times the radius of the base of the cylinder.  (Nagpur 1939)

8. A right prism whose base is an equilateral triangle, floats in water
with the lateral edges horizoutal and one of them below the surface. Show
that the equilibrium is stable for all displacements into which the lateral edges
remain horizontal, if it be given that the sp. gr. of the prism >'1%$'-

(Banaras 1940)

A hollow buoy is made of a hemisphere and a cone joined at their

bases, the thickness of the metal being the same throughout, Show that it

can float in stable equilibriurn with the cone uppermost if the semi-vertical
angle of the cone be 45° but not if it be 30°.

10. A uniform right circular cone of semi-vertical angle 30° is floating
with its axis vertical and its vebrtex downwards in a liquid whose density is
§its own, Show that the equilibriurn is stable. (Nagpur 1932)

1z. Show that when a uniform hemisphere of density p and radius a
floats with its plane bate immersed in homogeneous liquid of density o, the
equilibrium is stable and the meta-centric height is

ia «(9-3 ? . (M.T.)

v2. A homogeneous circular cylinder of length h, radius «, and sp. gr.
p floats in water. Prove that the position with the axis vertical is stable if

at
'ha" > (1_9) .
Also prove that the position with the axis horizontal is stable if h>b,

where b is the breadth of the rectangular water seotion.

If p=4, and 8a?e=3h?, also show that the position of stable equilibrium
is one in which one end of the cylinder is just immersed, and the other is just
out of the water, .
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13. A thin uniform lamina whoso shape is that of an isosceles triangle,
floats in water with its plane vertical and the base horizontal and above the
surface. Show that tho equilibrium is stable, if

a > coslq,
where ¢ is the sp. gr, of the lamina and 2a the vertical angle,

14. A right circular eylinder floats in a liquid with its axis (of length &)
horizontal and at & height ¢ above the surfuce. Show that the equilibrium will
be stable if

h2>4 (a2—c2)
where « ia the radius of the base of the cylinder.

15. A solid in the shape of two equal cones placed with their vertices
coincident and axes in the same straight iine, floats 'in & liquid of double its
density, the common axis being horizontal, Prove that the equilibrium is
stable if the semi-vertical angle of each cone is less than 60°,

’ (Indian Finance 1927)

16. A square lamina of density p iloats in water, of density o, with its
plane vertical and one angular point below the surface. If 96> 32p, prove that
there aro three positions of equilibrium in two of which neither diagonal is
vertical.

17. A bemispherical bowl rosts on the top of a sphere of double its
radius, and water is slowly poured in the bowl ; prove that the equilibrium will
be stable until a weight of water, equal to haif the weight of the bowl, has been
poured in.

18. A thin uniform lamina whose shape is that of an isosccles triangle
floats in water with its plane vertical and the base horizontal and below the
surface, If 2a be the vertical anglo of the triangle and p its sp. gr. prove that
the equilibrium is stable if p<1—cost .

19. Prove that if tho ratio of the length to the diameter of a uniform
solid circular cylinder of sp, gr. § lies between }v/2and 1, the cylinder cannot
float in a stablo equilibrium in water with its axis cither horizontal or vertical.

20. A thin uniform rod of weight w and sp, gr. s floats in a vertical
position in stablo oquilibrium, when a particle of weight W is attached to its
lower end, prove that

’ \V>w(—1;.’ —1).

\élx. If & segment of a sphere of density o floats in o liquid of density, p,
prove that the position in which the plane force is immersed and horizontal is
a position of stable equilibrium and that the metacentrio height is
P:o timos the distance of the centre of gravity of the segient from the centre
of the sphere.

22. A solid paraboloid of sp. gr. ¢ floats in & liquid of sp. gr. ¢ with its
axis vertical and vertox downwards, Prove that tho metacentric height is
constant, and the equilibrium will be stable if

3a>( 1 -\/ ° )h

n 13

where 4a is the latus rectun of the generating parabola and  is the height of
the solid.

: 23. Prove that a ¢ircular cylinder of radius a and length aln cannot
float upright in water in étable equilibrium if its sp. gr. lies between

}[I—VT—:‘!Z! and ¢ [1 + \/1'—-2;»2] . (Nagpur 1955)

24. Two equal uniform rods, whose density is p are joined together at
an angle 2a. If they be immersed with angle downwards in a fluid of density o
find the position of equilibrium and prove that the curve of buoyancy is a

parabola. Also show that the rods cannot float with the line joining their ends
inclined to the horizon unless

a—p .
ote >sin2g. (1.4.8. 1959)




CHAPTER X
HYDRGSTATIC MACHINES

123. There is a large number of machines which depend for
their working on the properties of luids, which have been discussed
in the previous chapters. Here we shall describe some of them.

The Siphon. 7The siphon is an instrument by means of which
a veasel, full of liquid, can be emptied without moving the vessel.

It consists of a bent tube ABCDE
usually of glass, open at both ends with one
arm ABC longer than the other CDE. To
use the siphon, it is first filled with the
same kind of liquid as is contained in the
vessel, and both the ends K and A are
temporarily closed. The tube is then invert-
ed and placed with the end E under the
level of the liquid in the vessel while the
longer arm ABC projects outside with its
end A below the level of the liquid in the
vessel. Now as soon as the ends are open-
ed, the liquid begins to flow in a continuous
stream so long as the end E.is below the
surface of the liquid.

Principle of Action. T.et CMN be a vertical line through the
highest point and let it meet the level of the surface of the liquid in
M and a horizontal line through A in N.

Let B be the point in which the horizontal plane through D
meets the longer arm. Let the atmospheric pressure be = and p the
density of the liquid.

Now just before the commencement of the motion, we have
The pressure at B=the pressure at D

=Tt
The pressure at A=the pressure at B-}-gp.MN

=n-+4gp.MN.
- The pressure at A is greater than the atmospheric pressure
t.e., T

Hence the liquid at A will flow out and the liquid in the arm

CA will follow.

It is clear that the siphon will not work if the height of C
above D exceeds the barometric height for the liquid concerned.
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LIQUID-PUMPS

124. Principle of Pumps. The principle of all pumps is that
of suction. A partial vacuum is created and the atmospheric pressure
on the surface outside forces the liquid in to fill up the partial
vacuum. A familiar instance of this is when liquid is sucked into
the mouth through a straw.

Valves are used in all pumps. They are placed at the openings
or in the connecting pipes. They open or close with change of pres-
sure and allow the passage of air or water in one direclion only but
prevent any fluid to pass through in the opposite direction. Valves
differ in forms according to the purpose for which they are meant.
They aro generally made of metal, leather or oiled silk. The difference
of pressure at the two sides of a valve causes it to open or close.

Theoretically a valve should open with the smallest cxcess of
pressure on one side and permit no leakage the way, but practically
in all valves a definite excoss of pressure is required, and a certain
amount of leakage occurs.

135. The Syringe. An ordinary syringe is an examplo of
the pump in its simplest form.

It cousists of a hollow cylinder AB, ending
in a nozzle C. An air-tight piston D works ©
within this cylinder. With the piston at its
lowest position, the nozzle is dipped under a
liquid. When the piston is drawn up, a partial
vacuum is formed within the cylinder below the |y
piston. In consequence of this the atmospheric
pressure forces the liquid up into the cylinder
to fill the vacuum. When the piston is again
pushed down, the pressure on the liquid becomes
greater than the outsider pressure and so the
liquid is forced out.

126. The Common or Suction Pump.
It consists of cylinder AB called the barrel within
which an air-tight piston P works smoothly. - - 3
The barrel is connected at its lower side with - — - --_ -~ -~
another longer cylinder BD which communi-
cates with the liquid to be raised. There are two valves, both
opening upwards, one of which, V, is at an opening in the piston,
while the other C is at the junction of the two cylinders. Near the
top of the barrel there is a spoul E through which the liquid flows
top. In the case of a hand pump, the piston is worked by means of
a handle KN which is attached to the piston-rod working as a lever
with T as fulerum and K the end at which the force is applied.

(a) Action of the Pump. Suppose the piston to be at its
lowett position B and that the water has not risen inside the lower
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cylinder. Let the piston P be moved upwards. As it moves
a partial vacuum is created between it and B. Tho air in BD
being at a greater pressurc forces the valve
C upwards, and some air puasses from the
lower cylinder to the upper. The pressure of
the air inside BD and PB becomes less than
the atmospheric pressurc and so the liquid
rises in the lower cylinder. This rising is
continued till the piston reaches the topmost
position. When the piston is' pushed down
the air in PB, is compressed and in conse-
quence the increcased pressure closes the valve
C and opens V in the piston so that the air
escapes through the piston valve. If some
liquid had been raised within the barrel
during the upstroke, this water finds its way
above tho piston through the valve V.

During the next up stroke, the valve V
remains closed due to atmospheric pressure
and any liquid above it, while due to the
vacuum produced between PB, the valve C
opéy:s and the liquid is forced in the barrel. The liquid above the
piston flows out through the spout E. It may often be nccessary to
work the piston a few times to drive off air from inside the pump
and hence to get the first supply of the liquid. In all this action the
height of ME must be less than that of the water barometer.

(b) Tension of the Piston rod.

The tension of the piston rod is equal lo the weight of a column of
water, whose sectional area is equal to that of piston, and whose height
18 equal to the disiance between lhe levels of the water within and without
the pump. ' ‘

Let A be the area of the piston, & the height of the water baro-
meter, and w the wt. of a unit volume of water. Let T denote the
tension of the piston rod.

The tension of the piston rod must be such that it would
balance the difference of pressures on the upper and lower surfaces of
the piston.

Case I. Let the water level be at L, a point between B and M.

The pressure of the air above L
=the pressure of the water at L
=the pressure at M—w.ML
=w (h—ML)
Therefore the pressure on the lower surface of the piston
=AXw (h—ML),
and that on the upper one
=A Xwh.
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Hence, we have
T+A)<'w (h— ML)mAwh
=AXw.ML.
Case L. Let the water have risen to a point F.
The pressure at a point on the upper surface of the piston
=w.PF+w.h=wh+PF)
The pressure at a point on the lower one
=wh—w MP=w (h— MP)
Hence, we have
T+A w (h— MP) = A.w(h+-PF)
=A.w MF.
Hence the theorem is e‘;ta.bhshcd

(¢) To find the water level raised during the nth stroke.

Let P,_y, P,, be the water surfaces at the beginning and end of
the nth stroke.

Let MP,_y =2,;, MP,, =z, where M is the
water-level.

Let MB=c, BE=d and let A be the height
of the water barometer.

Tet A be the cross-section of the barrel
BE, and a that of the pipe MB.

Case 1. When P, is below B.

At the beginning of the nth stroke when
the piston is at B, the volume of air in the
tube MP was (¢ —x,-1)a, and its pressure was

Wwh—2ap—)-

At the end of the wuth stroke when the
piston was at L, this air occupied the volume
=(C —x,) a+dA and its pressure=w(h—z,).

Hence from Boyle’s Law, we have, after
cancelling the common factor w
{(c—p) a-+dA} (h—xy)

2{(6_”2‘11—1) a} (/l'“"r’l» 1) s (l)

From this equation 2, would be obtained
if x,-; is known and hence the value of &, —a,—y
i.e., the rise in the water-level in the nth stroke.

Case II. When P, is above B.

At the e¢nd of the nth stroke, in this case, the volume occupied
by the air is (c+d—=z,)A and its pressure is (h—wx,).
Hence we shall have, as in formula (1)

(etd —x)A. (h—x5)={{c—2n_1)a}(h--Tp_;) . {(2)
which gives the value of z,, in terms of a,_,.
Cor. Giving = in succession the values 1, 2, 3...... in (1) or in
(2) and noting that 2,==0 we have the heights to which the surface
of the water has risen at the end of the 1st, 2nd, 3rd,...... strokes.

Therefore from (1), {(c—z,) a+dA} (h—x,)=cah
{(c—2=,) a+dA} (h—x,)=(c—2x,)a(h—2x;)
{(c—=s) a+dA} (h—a5)=(c—=,)a(h—x,), eto.
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127. The Lifting Pump. This pump is used to raise water

to any desired height.

It is only a modification of the common:

pump having a third valve V; opening
outwards at the junction of the spout
and the barrel. Thus the water
instead of being discharged at the
spout, rises up through the pipe
connected with the spout turned up-
wards.

As the piston rises, third valve
V, opens and the water enters the
spout and passes into the pipe above.
When the piston descends this valve
closes and does not allow the water
of upper pipe to come back in the
barrel. This process is repeated and
more and more water is forced up
the tube through the valve V. In
this way water can be lifted to any
height, provided the different parts of
the pump are strong enough to bear
the strain caused by the weight of
water above.

128. The Forcing Pump. It is another modified form of
the, common pump with a strong barrel AB. In this pump there is

no valve on the piston, which has a
solid base fitting the cylinder tightly.
The spout is fixed at the bottom B
and consists of a long pipe as in the
lifting pump, having a valve V open-
ing outward at the junction of the
barrel and the pipe. When the water
has entered the barrel PB as in other
pumps, the downward stroke of the
piston drives the air or water between
itself and B through the valve V into
the pipe GH, the valve C remaining
closed during the action. During the
upward stroke, C opens and V closed
and water rises in BA.

Thus the process is repeated and
the water passes in the pipe GH.

The Forcing Pump withan
Air-chamber. In order that the
forcing pump may throw up a conti-
nuous stream of water, a pipe from V

is introduced to a chamber LMN partially filled with air. From this-
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chamber a tube TMK, whose end T is well below the air in the
chamber, leads up to the height required.

Action. When the piston moves downwards the water is
forced into TMK. So there is flow of water
during this half-stroke and the airin the
chamber is compressed.

When the piston moves upwards, the
valve V is closed and the compressed air of
the chamber tries to expand and. therefore,
forces some water from the chamber, to go
up in the pipe TMK. Thus in the second
half-stroke also the flow of water continues.

x29. The Fire Engine. The fire-
engine is essentially a forcing up with air-
chamber described as above. 1t is formed
of two force-pumps communicating with the
same air chamber.

Both the pumps draw from a common
reservoir ; when the piston in one moves
down, that in the other moves up and wice
versa. 'Then the air-chamber maintains the
continuity of flow as in the forcing pump with an air chamber.

130. Solved Examples. .

Ex. x. The lenglh of the lower pipe of a common pump above the
surface of the water is 10 feet, and the area of the section of the upper
pipe is 4 times that of the lower. Talking 33 feet as the height of the
barometer, prove that, if at the end of the first stroke the water just rise
into the upper pipe, the length of the stroke must be very nearly 3 feet 7
tnches. (Allahabad 1921)

Initially the piston is at B, and encloses a
column of air 10" height in tube BC at atmospheric
pressure.

Let the piston now rise through a height x feet,
such that all the air is sucked up in the bigger barrel
i and the water rises in the lower column filling it up

‘ to the top B.

Let p be the pressure duc to the air enclosed in
the bigger barrel.
p+10=33
=pressure on the surface of the
reservoir.

- em——
IERERSAALIA
RS
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[

mm = me ==

p=23.

. Initially the volume of air was 10A, where A is
~4¢ the area of the cross-section of the lower pipe, and
its atmospheric pressure is 33'. After the first
stroke, the volume is #.4.A and the pressure 23’ of
water,

SRR
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The toemperature is assumed to bo constant throughout.
10A. 33=4A. 2. 23
1033

or rT=

4.23
=3 ft. 7 in. nearly.

Ex. 2. Prove that in the common pump the water will just rise
into the upper cylinder at the end of the second etroke if

hz(l—-v:b )‘(u nb/ h(4a+nb— )-I—a(Za-l—nb) =

where a, b are the lengths of the lower and upper ¢ _/lmders n s the ratio
of the sectional area of the latter to that of the former and I is the height
of the waler baromeler. (31.7. 1889 ; Calcutta 1912 ; Patna 1927)

Let y, 2, be the heights to which water is raised during the first
and the sccond strokes. Here x, is given to be a.

Hence applying the formula of the Art. in which the water
level raised during the nth stroke was found, we have

[(a—21) -+ nbl(h—ay)=ah .. ()
and nb(h— a)=(a—x,)(h—.z,) ... (2)
From (l) and (2). we got

nb(h—a)-+nb(h—ax,))=ah,

or h—ay= ah —(h—a) ;

nb

@ —a;= ;uh 2(h—a).

Substituting these values in (2) we get

nb(h—a)= ah -][ i - 2(h— )J

or /F( 1- o )( 2 73) )-41 (4a+nb— i‘z )+a(2a+n)=0.

Examples 23

1. A tall eylinder 90 cms. in length is full of mercury. What is the
groatest depth of it which can be emptied out by means of a siphon, the baro-
metric hoight boing 756 mms, of mercury. (Punjab 1924)

2. A siphon is used to empty a cylindrical vessel filled with mercury.
The shorler linb of the siphon reaches to the bottom of the vessel which is 456
inches deep, but it is found that the mercury ceases to run bhefore the vessel is
empty. Iixplain this (Caleutta 1919 ; Dacea 1930)

A cylindrical vessel, whose hoight is that of the water baromoter, is
threo.quarters full of water and is fitted with an air-tight lid. If a siphon,
whose highest point is in tho surface of the Jil and the end of whose longer arm
is on & level with the bottom of the vessel, be inserted through an air-tight
hole in the lid, prove that ore-third of the water may be removed by the action
of the siphon,
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4. The lengths of the arms of a siphon measured vertically are h, k
(h>k). The siphon is filled with liquid of density o greator than the density p
of the liquid in the vessel. Prove that the siphon will begin to work with the
end of the longer arm immersed in the liquid in the vessel provided the depth
of that ond below the surface of tho liquid in the vessol exceeds (h—k) ~—:— .
5. ‘T'he spout of & common putnp is 7 ft. above the level of water in a
well. The diameter of tho piston is 4 inches. What is the force on the piston
rod when the pump is working ?  Wt. of 1 cu. ft. of water is 62'5 Ibs.
(Alahabad 1931)
6. A lift pumnp is used to pump oil of sp. gr, 08 from a lower into an
upper tank. What is the maximum of possible horght of the pump above the
Jower tank when the pressuro of the atmosphere is 76 cins. of mercury.
(Patna 1929 ; Culcutta 1928)
7. ‘The length of the lower pipe of a common pump sbove the surface
of water is 20 fl., tho cross.soction of the barrel of tho pump is 36 timos that of
the pipe, und the length of tho stroke is 1 f. Iind how far the water will rise
at the end of the Ist stroke, taking the height of tho water-barometer to be
30 ft. (Patna 1934)
8. The lower valve of & common pump is 27 ft. above the surface of
water in a well, and the area of the cross-section of the upper eylinder is twices
that of the lowoer. If tho length of the upper cylinder be 38 tt., find how much
water rises at tho end of first and second strokes, the height of the water baro-
meter being 34 ft,

Tho lower valve of a common pump is a piece of hrass 8 ozs. in
weight, rosting over a hole 2 sq. inches in area. tind the creptest height at
which tho pump ean be installed, if the hoight of the water baron cler is 34 ft,
and the wt, of tho 1 cubic foot oi wator is 1000 ozs. (Lacknow 1939)

10. Inacoramon pump the length of the barrel is 18’ and that of tho

lower pipe 21 ft. abova the surface of water ; if the section of the pipe is &

of that of the harrel, find the height through which water would rise at the end
of tho first stroke, taking the height of the water barometer to be 32 ft.
(Patna 1931)

I1. A pump conrists of a pipo £ inchos in dimeter dipping into a well
12 ft. bolow, togother with a burrel 6 inches in dimineter. When the pipe is
full of air at atmospheric pressure, a clos ely fitting piston is raised 16 inche
from the bottom of tho barrel. How far will the water then rise in tho pipe
"The height of the water barometer 1s 33 ft.

12. If the barrel of a common pump bLe 2 1t, long, and its loner end be
26 ft. above tho surface, and if the area of the section of the barrel be 6 times
that of the pump, find in how many strokes the water will reach the barrel, the
height of the water-barometer being 32 (t.

13. Ina common pump, if the piston does not go home up to the lower
valve of the barvel, prove that no water can in genecal be lifted into the upper
eylinder unless the rangoe of the piston is greator than

ab

where a, b are tho lengths of the lower and upper cylinders and 7 is the height
of the water barometer. )
14. Prove that if :, ' be the heights at which the water stands in the
lower cylinder of & common pump before and after a stroke, thon
(B ~h)(W +-h—H —a)+nb(H—h')=0,

where a, b are the lengths of the lower and upper cylinders, 1 is the ratio of the
sectional area of the latter to that of the former, and H is the height of the.
water-barometer,
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AIR-PUMPS

131. Air-Pumps. The air-pumps are used to pump the air
out of a vessel in which a vacuum is desired.

132. Smeaton’s Air-Pump. The most common form of
vacuum pump is known as Smeaton’s Pump. In this type of pump
there is a cylinder CB with valves V,, V,
at C and B opening upwards. A piston
v D works in CB and is lifted at the bottom
3 . .

¢ with a valve opening upwards. Valves

arc all air-tight.

D Trom the bottom of the eylinder
Vo CB a pipe leads into the vessel A~ which
is to be exhausted of air. Suppose the
\/ B piston D resting at B is raised ; a vacuum
will be created between D and B and air
from A rushes through the pipe into the
cylinder after opening the valve at B.
When the piston is at C and is pressed
down again the air in D escapes through
the valve in the piston since the valve at B is closed and from the
piston this first instalinent of air escapes into the atmosphere. This
is the working of the first stroke and as these strokes are repeated
more and more air from A escapes into the atmosphere though at a
diminishing pressure.

The process iy continued till the pressure in the receiver is too
weak to raise the valves,

Sometimes another valve, opening upwardslis introduced at C.
Tts advantage is that during the downward stroke of the piston the
pressure of the air above it becomes much less than the atmospheric
pressure and hence the piston valve is more easily varied than would
otherwise be the case, g

133. Hawkskee’s or Double-barrelled Air-Pump.

To mako the action of the pump continuous, a double-barrelled
or Hawkskee’s Air-Pump is used. This machine consists of two
cylinders each similar to the single
eylinder in Smeaton’s Pump and cach
furnished with a piston. The pistons
aro worked by means of a toothed-
wheel in such a manner that as one
piston goes up the other goes down.

The barrels are connected to a com-

mon tube leading to the receiver A. A
Thus the air is taken out continuous-
ly and consequently the rate of rare-
faction becomes twice as rapid as a
pump with a single barrel.
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To Calculate the Density of the Air left in the Receiver
after the nth stroke.

Let V be the volume of the receiver including that of the pipe,
and v that of the barrcl between extreme positions of the piston. Let
P be the density of air initially in the receiver ; and let py, Py, ps...pn
be the density of the air in the receiver, after 1, 2,...... n complete
strokes.

At the end of cach up-stroke, a volume V of air expands to
occupy a volume (V+v) and thus is reduced in density to p;.

v
(V+vjp=Vp or =y,

At the end of the second up-stroke, the air of density p; in
the receiver expands to a volume (V+4v) and thereby becomes
reduced in density to p,. Hence

Proceeding in this way the density of air left in the roeeiver
after the nth stroke is given hy

- ()

Note. Since p, can never be zero, a perfect vacuum can
never be obtained.

p.

134. The Air-Condenser or Condensing Air-Pump. The
object of this type of pump is exactly opposite to that of the Air-
Pump, viz., to incrcase the pressure of the air in a given vessel or
recciver. This is the common bicycle-pump or inflator.

It consists of a cylinder AB into which works a piston P. The
cylinder is open at the top. At the end B of the cylinder is a valve
V, which opens outwards. In the piston there is
also another valve V, opening downwards. The
pump is connected to the receiver A into which the
air is to be pumped, by a tube below the valve Vj,
which is fitted with a stop-cock S.

When the piston is pressed down, the air bet-
ween B and the piston is compressed; the valve V;
opens and the air is forced into the recciver A.

When the piston reaches B, its action is revers-
ed and in doing so a partial vacuum is created bot-
ween B and the piston. In consequence of this the
valve V, closes and V, opens, and the barrel is filled
with air from outside. When the piston is pushed
down again, the air is driven into the receiver. Thus
at every stroke the air full of the barrel is forced
into the receiver.
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Density of Air in the Receiver after the nth Stroke.

Let p be the density of the air at atmospheric pressure, p,, the
density of the air in the receiver after the nth stroke. Let V be the
volume of the receiver with that of the connecting tube and v that
of the barrel.

After n strokes the total volume of air at atmospheric pressure
in the receiver is V-fne.

From Boyle’s Law
an"‘: (V 'Jl""”.)

or e ( I4- '(; >P-

135. Solved Examples.
Ex. 1. After 4 strokes the density of the air in the receiver of an
air pump is found o bear to ils original densily the ratio of 256 to 625.
What is the ratio of the volume of the barrel t that of the receiver !
(Calculia 1923)
Let the volume of the receiver and that of the barrel be V and
v respeetively,

- 256 Vo

ren 625 ~\V 4o J

) v 4 hence s
o Vo T 5 whence .=

Ex. 2. The mass of air in the rceeiver of an air-pump is m at
beginning, and it becomes m’ after n complete strokes of the piston. 1If
V" and v denote the volumes of the receiver and the burrel, prove that

log m - log m’
log, (Vo) —log V°
(-Alahabad 1938)

Let p and p,, be the densitics of the air in the receiver in the

beginning and after » strokes.

Since the volume of the reeeiver will remain the same,

we have
I"IL ==p and ):, =py e (1)
After the nth stroke the density p,, is given by
V n
= - 2
p" (V+v> P A (')
.. Replacing p and p, from (1) in (2)
m’
V(e ) v
m ¢V )"
or m  \V+v
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. 1 m'i__7 ) v
0 g, =nlogy
or log m’—log m=nf{log V—log (V+)}

_ log m—log m’
T log (VHv)=log V'
Examples 24

or n

x. If the eylinder of an air-pump is one third the rizo of the receiy,

what fractional part of the original air will bo 1~ft after 5 strokes ?
(Patna 1926, 29)
2. The volumes of the barrel and the recsiver are 23 and 75 eu. inches
rospectively, Ifind the prossure of the air after 3 strokes, (Bombay 1935)
Desctibe briefly the action of air-pump in its simplost, form, and
oxplain how the degree of rarefaction produced by a givon number of strokeg
can be calculated. (Punjah 1931)
If the volume of the receiver in a Sineaton’s air-pump is 5 tunos that
of the barrel, find the pressure in the recoiver after 3 strokes of the piston, the
baromotric height being 30 inches. (Calcutta 1912)

er,

If the pressurein a pump were reduced to ! of the atmospheric
prossure in 4 strokes, to what it would be reducod in 6 strokes ? (Litnjub 1923)

1
6. Inone pump the harrel has I.;th of the volume of the receiver

and  in another it has ith. Tlow many strokes of the latter are required
to produce the same degree of exhaustion as 81x of tho former ? (Patna 1935)

7- If the roceiver of an air-pump be 6 times as largo as the barrel, find the
number of strokes required before the density of the air is less than }thof the

original density. (Patna 1941)

8. The barrel and the recoiver of a condensing pump have capacities of
75 c.cs. and 1000 ¢.cs. respoectively.  How many strokes will be roquired to raise
the pressure of the air in the receiver from ono to four atmosphores,
(Calent'a 1925)
9. Ifthe volume of B of the cylinder of a condenser only C is traversed
by the piston, prove that the pressure in the receiver eannot he made to exceed
3
BLC atmosphere,
10. Ina condenser the piston can only work through o length, «, the
distanco of the piston in its lowest position from the lower valve heing b, Show

a+b

that tho density of the air in the roceiver cannot exceed S times the atmos-
)

pheric density.

11, Air is pumped from o veasel of volume V and forced into a vessol of
volume C by means of & Smeaton pump of volume B, Show that if the whole of
the air have originally a density p, and if the piston be originally at the end of
the cylinder necarest to the vessel A, then after tho [)th-O;I has mado 2n—1
strokes, reaching the end C for the nth time, the density of the air in the two

vessels will be
A n An o
(A+B) o and [ A+B +C— (A+—B),i._l..] ;.

12. If h he the range of tho piston in a Sineaton’s air pump, «, its dis.
tance from the top of the barrel in its highest position, b its distance from the
bottom in its lowest position, and p the density of the atmosphero, prove that
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thali \i ing density of the air in the receiver will be
e
(Fa) o)
(M.T. 1861; Calcutta 1912, 14, 15)
13. A body weighing n lbs. in air, weighs (n+1) Ibs. in the receiver of an
air-pump after n strokes of the piston. If the capacity of the receiver be n
times that of the barrel, prove that the wt. of the body in vacuum will be
(n41)n+1 —nn+l
TS p (Lucknow 1939)
14. In Smeaton’s air-pump, find the position of the piston in its (n+1)th
ascent when the highest valve begins to open ; and show that in that position
the tension of the piston rod : thrust of the atmosphere on the piston is as
A A B
1— ¢ l= .
(A4-B)» (A4+B)™ (A+B) (M.T. 1856)
x5. Prove that if the piston of Hawkskee's air-pump cannot trave rao
the whole length of the cylinder, the density in the receiver after » strokes will

be A o
= { - (Tﬂ’m)ﬂg B

of the density of the atmosphere, rupposing A to denote the volume of the
receiver, I3 that of the cylinder, and C that of the part traversed by the piston.
(Patna 1941 ; M.7'. 1883)

16. The volume of the barrcl of a condenser is V and volume v of itis
helow the piston when the lattor is pushed down as far as it will go. If the
valves open when the difforence of pressure between the two sidesis p, and IL
the atmospheric pressure, prove that the greatest pressure that can be produced
in the air in the receiver is

\'%
(I1=p) -, =P (M.T. 1872)

17. A condenser, whoso clearance may be neglected, and its receiver is
connected in an air-tight room. The air in the room and in the receiver is
initially of density p. Prove that after n strokes the density of the airin the

receiver becomes
[+ Vv  Viu g V. )"]
e v v V+u ’
where « is the volume of the barrel of the condenser, v that of the receiver and
V+u+v that of the room, (M.1.)

136. The Diving Bell. 1t is used to enable persons to go down
a great depth under water to lay the foundations of piers or do some
such work there. It consists of a large bell-
shaped or cylindrical vessel made of
metal closed at the top and open at the
bottom. To its upper extremity chains
are fastened and inside the bell there are
seats S for the divers.

The bell is lowered into the deep
water after the divers have taken their
seats within it by means of the chain. As
it descends it carries with it the air en-
closed within, but the volume of air
diminishes and water rises within it. To supply this diminution of
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the volume of the contained air and also to drive out polluted air,
a fresh stream of air is constantly being pumped in through a tube
A which opens above the surface of water and polluted air keeps
flowing out through another tube B.

The diving bell is so heavy that it can sink down to a very
great depth by its own weight and as soon as the divers have finished
their operations below, they indicate the intention by giving a jerk to
the chains.

137. Problems. A diving bell is lowered info water of given
density. If no air be supplied from above, find

(2) the compression of the air at a given depth a,
(12) the tension of the chain at this depth, and

(s13) the amount of air at atmospheric pressure that must be forced
tn 8o that at this depth the water may not rise within the bell.

(3) Let b be the height of the bell ABCD. Let a be the depth
of the upper side AB from the frce surface. Let AC’ the length of
the bell occupied by the air be # and let A -
be the height of the water barometer in
atmospheric pressure,

Now CC'=b—=a. Also, let A be the -}
cross-scetion of the bell. Let w be the wt. of %
unit volume of water and B ¢

IT the atmospheric pressure e

: II=wh (1 z=::

The pressure of compressed air encloged -
in ABD'C

=the pressure at the water level ¢'D’

=IT+(a4z)w

=(h+a+zw.

The original volume ABCD of air was at atmospheric pressure
II. Hence by Boyle’s Law

ZA.(h+a+z)w=>bA wh
or x%4(a+h)x—bh=o0

which is a quadratic cquation in z having one positive"and one
negative root. If the positive root be x,, the required rise of water
in the bell will be b—z;,.

(#9) If T be the tension of the chains and W be the wt. of
bell, we have
T=wt. of the bell—wt. of the water displaced
=W—w.Ax.
] Note. To be more accurate, the wt. of the air contained in
it may be added. But it is very small in comparison with the wt.
of the diving bell.

(543) Let V be the volume of the diving bell, and V' the volume
of atmospheric air that must be forced in to keep the water level at




164 A TEXT BOOK OF HYDROSTATICS

In this case the pressure of the air within the bell
=pressure of the water at the level CD
=w(b+a)+n
=w(a+b+1).

Since a volume (V+V’) of air at pressurc n(=wh) has been
compréssed to volume V at pressure w(a4-b+41h), it follows from
Boyle’s Law that

(V4+V') hw=V(a+b+h) w
4
or v=v? i.b .

138. Solved Examples.

Ex. 1. A cylindrical diving bell, whose height is 6 ft., is let down
till its top is at a depth of 80 ft. Find the pressure of the contained air,
the height of the waler baromeler being 33% f!.

(Patna 1941 ; Agra 1928)

If @ be the depth of the top of the bell below the water, b its
height, b the height of the water barometer and « the length of the
bell occupied by the compressed air, then from the first result of the
last Article we have

24 (a+4h)r—hh=0.
Putting the values of «, b and / in the above, we get
224 (80+334)r—333 X 6=0
or o _-‘170-1-_:0@/3074
Hence the pressure inside is equivalent to r4-80-33% ft. ot

water
r+80-+-33%

or == aul atmospheres
Oy
17447307
=1 i})— = atmospheres

=345 atmospheres,

Ex. 2. A cylindrical diving bell, whose cross-section is of area
A, is suspended in water with its flat top at @ distance a below the sur-
face, the air inside the bell then occupying a length b of the bell. A man
of wvolume kA and sp. gr. o who has been sitting on a platform inside
the bell, falls into the enclosed water and flonis.  Find the consequent
change in the level of the water inside the bell ond the total amount of
water inside the bell after the full of the man.
Find also the change in the tension of the supporting chain.
(1.0.8)

The volume of the air inside the bell initially
=Ab—kA=A(b-k).
Let b—x be the length of the bell occupied by the air finally,
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then the volume of the air inside the bell
=A(b—x) —(portion of the man above water in floating)
=A(b—x)—(Ak—Aodl,, since Aok is the volume of the
water displaced by the man
=A(b—x—k+ok)
Lev p and p’ be the pressures of the air initially and finally, we
have by Boyle’s Law
Ab—k)p=A(b—x—k+ok)p'
Bat ag the pressure inside is due to the level of water inside the
bell below the effective surface,
p==w(b+a+n) and
p'=w(b—x+a+h), where b is the ht. of the water baro-

meter
Hence (b—ZLk)(b+a+h)=(b—x—h+ok)(b—x+a+h)
s at—a(204a+h—Eb+ok)Fho(bta4-h)=0. .. (1)

which is a quadratic equation for . Its second term is clearly nega-
tive, and its third term is positive. Hence both the roots are posi-
tive. Thus  being positive, the level of the water rises in the bell.
Let ¢ be the total height of the bell the amount of water in it
initially =A(c—b).
The amount finally
=A{c—(b—=x)}—amount of water displaced by the man
=A(c—b+z)—Aok
Thus the amount of water initially —amount finally
==Aal - Az
S '—A(.L'—UIC) ves (2)
Henece from cquation (1)
(x—ok) (x--2b—a—h-+Lk)=ol(b—k).
The second factor on the left-hand side is clearly negative, and
the right-hand side is positive
x—ok is negative.
Here the right-hand side of (2) is positive i.e., initially the
amount of tho water inside the bell is greater than the final amount.
Tension of the chain initially
=wbt. of the bell4+wt. of the man—wt. of water dis-
placed
=W Akow—Abw
Tension of the chain finally
=W—-Al(b—2)w
Initial Tension—Final Tension
=Aho — Azw
=Aw(ck—2)
= positive as in (2).
Hence in the second case the tension of the chain is decreased.
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Ex. 3. In a diving bell a soda water boitle is opened, whick in
the external air would liberate a volume V of gas ; show that the tension
of the rope is diminished by

_ whV
Vv (@+h)?+4bh
where squares of {/4/" are neglected, w being the wt. of a unit volume of

the water, A the cross-section, a the depth and b the height of the bell,
aid k the height of the water baromeler in atmospheric air.
(Banaras 1933, 44)
With the usual notation, we have
22+ x(a--h)—hb=0 . (D)
When the bottle has been opened, let x become a-4y. The
original volume of the gas and air inside the bell would at pressure &

occupy a length b+ X of the bell.
Hence, by Boyle’s Law,

(toetytath=(b+ 5 ) (@)
Subtriwting (1) from (2), we have
y(y-+2x+a+-h)= ‘X"' e (3)

Since squares of ‘;’-" are to be neglected, it follows from (3)

that the squares of y arc also to be neglected.

Hence (3) becomes
Vi
y(2x+a+h)= A : ... (4)
If T and T" be the original and final tensions respectively, we
have
T=W—Azw and T'=W —A(z+y)w
T—T' =W—Avw—W+A(x+y)x
Vuwh
— -~ from (4
2z+4a-+h )
Vwh
= V(aFh2F4ny
Examples 25
1. A bottle whose volume is 500 c.cs. is sunk mouth downwards below
the surface of a tank containing water, How far must it be sunk for 100 c.cs.
of water to run up into the bottle ? The height of the barometer at the surface
of the tank is 760 ram. and the sp. gr. of mercury is 13'6. (Patna 1928)
2. A diving-bell is lowered in a lake until one half of it is filled with

water. Prove that if d be the depth of the top of the bell below the surface,
the height of tho bell is 2(h—d) whera k is the height of water barometer,

=A.yw=

from (1).
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3. A cylindrical diving bell weighs 2 tons and has an_internal capacity

of 200 cu. ft., while the volume of the material composing it is 20 cu. fit. The

bell is made to sink by attached weights. At what depth may the weights be

;gn;oved and the bell just not ascend, the height of the water barometer being
eet ?

4. A cylindrical diving bell, whose height is 9 ft. is lowered till the
level of the water in the bell is 17 ft. helow the surface. The height of the
water barometer being 34 ft. ; find the dopth of the bottom of the bell, If tl!e
area of the section of the bell be 23 sq. ft, find how much air at atmospheric
pressure must be pumped into the bell to drive out all the water.

5. The height of the water barometer being 33 feet 9 inchos and the
sp. gr. of mereury 13'5, find at what height a common barometer will stand in
a cylindrical diving bell whicli is lowered till the wator fills one-tenth of the
bell, How far will the surface of the water in the bell be below tho external
surface of tho water ?

6. A cylindrical diving bell is lowered in water and it is observed that
the depth of the top when ths water fills § of the inside is 3} times the depth
when the water fills } of tho inside ; prove that tho height of the cylinderis }
of the height of the water barometer,

A cylindrieal bell 4 ft. long whose volume is 20 cu. fi. is lowered
into water until its top is 14 ft. below the surface of the water, and air is forced
into it until it is 3th full. What volume would the entire quantity of air
occupy under atmospheric pressuro, the wator barometer standing at 33 ft, ?

(Caleutta 1912)
8. Ifa diving bell in the shape of an inverted cone, of height a, be
lowered till the vertex is at dopth d, prove 1hat the height x of the part of the
bell occupied by the air is given by the equation
ad4a3(h+4-d)-~ah,
whaeroe 7 is the height of tho water barometer. (Alahabad 1932)

A diving bell is made of a substance whose sp. gr.is 4 and its
interior will contain a quantity of water whose weicht is twice that of tho bell.
If the hell hoe lowered in water till the tonsion of tho rope is half tho woight of
the bell, prove that tho density of the air within it will bo eizht times that of
atmosphere. (M1 1870, Nagpur 1939, Calcutty 1924)

10. Tfh, b’ bo the heights of morcury in a barometer placed within a
cylindrical diving bell of length b, at the beginning and the end of a descent ;
H the height of the mercury barometer at the surface and p the sp.gr. of
mercury, prove that the depth of the bell is

, oiry,
(=1 ( et ‘im') (Allahabad 1933)

11, A circular cono, hollow, but of great weight is lowered into tho sea
by means of a rope attached to the vertex. If h be the height of the cone, ¢
the depth of the vertex bolow the free surface, I the height of the water baro-
meter and T, T’ the absoluto temnperature of the air at the surface and of the
water, prove that the depth of the water surface below the vertex of the cune
is given by

Tt a(ke+c)}—hh3T' —0 (Bombuy 1935)

12. A eylindrical diving bell of height : is sunk into water till its

lower end is at a depth nth below the surface ; if tho water fill 3th of the bell,
prove that the bell contains air whose volume at atmospheric pressure would bLe
4 19
5 ("+ 207 )V'
where V is the volume of the bell and  is the height of the water barometer.

13. A cylindrical diving bell of height a, is lowered till its top is at a
depth h below the surface of the water. If the hell be now half full of water
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and air he pumped in till all the water is oxpelled, prove that the bell must be
lowered a further distance 411 — 2k, before the bell is again half full of water, H,
being the height of the water barometer. (Nagpur 1938)

14. A hemispherical diving bell, of radius r, is lowered in waler with its
bare Lorizontal till the water rises up to the middle poiut of the vertical radius
of the bell. Show that the depth of the base of the bell below the surface is

11 r
h + '2_)
h being the height of the water barometer. (Nagpur 1942)

15. A diving-bell having the form of a cylinder surmounted by a hemi-
sphero, the height of the cylinder being equal to the radius of the common
base, is lowered in the sea until the water occupies the whole cylinder. The
height of the water barometer is 32 ft. and the sp. gr. of the sea-wator is 1025.
Find the depth of the water level inside the bell below the surface of the sea.

16. A diving bellis in the form of a cylinder of length « surmounted by
& cone of height, i, If no air is pumped in when it is immersed, find how far it
must be Jowered for all the air to be forced into the conical part, Show that
the volume of air at atmospheric density which must now be pumped in that

the bell may bo filled is
a da
(5w

where H is tho height of the water barometer, and V is the volume of the bell.
(Nagpur 1955 ; Indian Police 1926)

17. The weight in watcr of the material of a cylindrical diving bell is W,
o:nd the tension of the chain is P. A length « of the bell is occupied by air.
Show that, if a weight w of water is drawn up in & bucket into the air space,
and the bell is raised through a distance “;”-q'—P--, the tension of the chain will
be the same as hefure. (M. 1))

x8. A diving bell, whose hoight is b feet, contains & mercury barometer,
)1'11053 height is I inches when the bell is allove the surface of the water, and A’
inches when it is helow ; to what hoight is the top of the bell submergad when
its shape is
(%) conical, and
(i7) cylindrical.
. 1g9. A cylindriceal diving-bell of height 10 ft. and internal radius 3 ft. is
immersed in water o that the depth of the top is 100 ft. Show that if tho
tomperature of the air in the bell bo now lowered from 20°C to 15°C and if 30 ft.
bo the height of the water-barometer at the timne, the tension of the chain is
mereased by about 67 1bs. (1 cu. ft. of water weighs 621 1bs.)
(Patna 1926 ; Banaras 1926 ; M. 'I'))

20. A diving bell is inunersed in water so that its top is at a depth a
below tho surface, the height of tho air within the bell heing then .« and the
height of the water barometer being L. If a bucket of water, of small weight
W, be now drawn up into tho bell, prove that the tension of the chain is in-
“-},-}5:- approximately.

2x. If a diving bell descends from the surface with uniform velocity V,
show that the water will ascend a heizht & in the bell in time

b H
v“( I+ )
where [ is the length of the be'l and H the height of the water barometer,
(Nagpur 1957)

22. A diving bell is lowered into water at a uniform rate, and air is
supplied to it by a force pump, so as to keep the bell full without allowing any

creared by i _:
L
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-air to escape. How must the quantity i.e., mnass per second, vary as the bell
descends ? (-lgra 1930)

23. A cylindrical diving bell is lowered to a given depth in wator by
means of a chain and is completely immersed. If it be lowered to tho same
depth in a lighter liquid, will the tension of the chain be greater or smaller ?

(Bombay 1935)

24. Ifa cylindrical diving bell, of hoight a and of such internal volume
that it would contain a weight W of wutor, bo lowerod »o that the depth of its
highest point ie d, prove that, whon the tcimperature is raised from °C to ¢,°C,
the tension of tho supporting chain is diminished by

alty—1) Wh peatly
Lot A/ (h4d)244ah ’
% being the height of water barometer and g=513. (Patna 1927)

25. A cylindrical diving bell, of height b, is immersed in water with its
highest point at o dopth @ below the surface ; if the barometer rises so that t.;he
increase of the pressure on its top is P, show that the alteration in the tension
of the chain is approximately

r [ 1— ath ]
2 V (a+h2-Fith
where h is the height of the water baroweter.
26. If a cylindrical diving bell of hoight « whose chamber could contain
a weight W of water, be lowered so that the depth of tho highest point is d,

prove that when the temporature is raised to t°C, the tension of the supporting
-chein is diminished by
he\WV
A - . S he
T \/{(/L+d)‘!—|~-1ah}
h being the heigl:t of the water barometor and T the absolute temperature. .
(M, T.)
27. A cylindrical diving bell fully immerscd, is in equilibrium without a
chain, Show that if tho exterior atmospheric pressure increases slightly, the
ratio of the distance moved through by the bell, to that moved through by the
surfuce of water in the Lell when held fixed, is Hi+4-x2: x2 approximately
where I is the height of the water baromneter, i the heizht of the bell, and ¢
the height of that part of it whicl i filled with air.

arly,



CHAPTER XI
DETERMINATION OF SPECIFIC GRAVITY

139. Different Instruments. In chapter II the specific
gravity of a substance was defined as the ratio of the weight of any
volume of that substance to the weight of an equal volume of some
standard substance, usually water. The weight of a body can be
measured with very great accuracy, but it is often impracticable to
measure its volume directly. Therefore in such cases some indirect
methods are adopted.

The sp. gr. of solids or liquids are usually determined with the
help of the following instruments :

(1) The Specific Gravity Bottle,

(2) The Hydrostatic Balance,

(3) Hydrometers, and

(4) The U-tube.

140. The Specific Gravity Bottle. The Specific Gravity
Bottle is a glass which can hold a definite volume of liquid ; for this
purpose it is fitted with a glass-stopper through which a perforation
runs so that, when the bottle is quite full of liquid and the stopper is
pushed in, the excess of the liquid passes out through this hole and
;he stopper is always able to occupy the same position when pushed

ome.

141. (@) T'o determine the specific gravity of a given liquid by
means of the Specific Gravity Bottle.

Let the bottle be weighed when empty, next, when it is filled
with water, and again when filled, with the given liquid. Let these
weights be W;, W, and W, respectively.

Then the wt. of the water filling the bottle

=W2—"Wl’
The wt. of the liquid filling the bottle=W,—W,
Hence, the sp. gr. of the given liquid
—Wa— W,
W;—W,

(b) To determine the sp. gr. of a given solid.

Let the solid be broken into small pieces so
that they can be put inside the bottle.

Lot W;=wt. of the solid
We=wt. of the bottle when filled with water
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Wy;=wt. of the bottle when it contains the solid and is
filled up with water.

. W;+W,=total wt. of the solid and of the bottle when filled with
water,
Also Wy=total wt. of (the solid and of the bottle when filled
with water—wt. of the water displaced by the solid.
Hence, by subtraction,
W,;+W,—W,=wt. of the water displaced by the solid.

Therefore W; and W,+W,—Wj are the wts. of equal volumes
of the solid and water.

Hence, the sp. gr. of tho solid
- W
Wi+W,+W,

Note. If the body be, like sugar, soluble in water, it must be
placed in a liquid in which it is insoluble and the sp. gr. of which is
known. If the solid be lighter than water, another liquid should be
taken into which the solid sinks. By determining the sp. gr. of this
new liquid (@), the sp. gr. of the solid can be easily calculated. That
liquid should also not be used in which a given solid produces any
chemical changes.

142. The Hydrostatic Balance. This is an ordinary balance,
one scale-pan of which is suspended by shorter chains than the other.
The first scale-pan has a hook attached to it so that a solid can be
suspended from it and immersed in a liquid.

143. (a) To delermine the sp. gr. of a solid by means of the
Hydrostatic Balance.

(8) When ihe solid is heavier than the water.

Let
W;=wt. of the solid

W,=apparent wt. of the solid in water
wt. of the water displaced=W;—W,, which has the same
volume as the solid
w,
W,—W,*
(13) When the solid is lighter than the water.

In this case the body must be attached to another body, called
a sinker, which when attached to the solid will cause both to sink in
water.
Let
W;=wt. of the solid
W,=wt. of the sinker in water

W,;=wt. of the sinker and body together when placed in
water.

Hence the sp. gr. of the solid=
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s Wy=wt. of the sinker in watcr--wt. of the solid—ws. of
the water displaced by the solid.

=W,+W,— wt. of the water displaced by the solid
.~ wt. of the water displaced by the solid
=W1+W""W'

Hence, the sp. gr. of the sxolid=wl +:,vv:—_ W,

(b) To determine the sp. gr. of a liquid.

Let W, be the wt. of a solid which will sink both in the given
liquid and water without causing any chemical changes.

Let
W,=wt. of the solid in water
W;=wt. of the solid in the given liquid
- W;—W,=wt. of the water displaced by the solid

W;—W;=wt. of the given liquid displaced by the solid

Hence, the sp. gr. of the given liquid

=Wi= W,
W,—W, ’

142. Jolly’s Balance. This is practically a hydrostatic
balance which consists of a long spiral carrying two scale-pans, one
abovoe the other, and is so arranged that the lower scale-pan is in
water. The body whose sp. gr. is required is first placed in the upper
pan and the point to which the spring is extended is noted by means
of the scale. The body is removed and the ‘weights’ are placed to
produce the same extension as before. Thus the wt. of the body is
determined.  The body is next placed in the lower pan and ‘weights’
are placed in the upper to produce the same extension as before. This
gives the wt. of the water displaced by the body. Now since the wt.
of the body and the wt. of the water displaced have been found, the
sp. gr. of the bedy can be determined.

145. Solved Examples.

Ex. 1. A Specific Gravity Rottle tweighs 212 grains when it is
filled wwith water ; 50 grains of metal are put inio it ; the overflow of the
water is removed and bottle now weighs 254 grains. Find the sp. gr.
of the melal.

The wt. ol the bottle when filled with water only

=212 grains.
Wt. of the solid=50 grains

Wt. of the bottle when it contains the solid and is filled with
‘water
=254 grains
wt. of the water displaced by the solid
=(524212—254) grains
=8
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wt. of the solid
wt. of the water displaced by the solid
=52=6}. ’

Ex. 2. Some copper weighs 72 grammes and is conted with 18
grammes of wax whose sp. gr. is 9. If the whole weighs 62 grammes in
water, find the sp. gr. of the copper.

Wt. of the water displaced by the copper and wax

=T2+418—62=28 grammes.

Wt. of the water displaced by the wax

.. specific gratity=

= ;:’ X 18 grammes=20 grammes.

. wt. of the water displaced by the copper
=28—20=8 grammes.
.. sp. gr. of the copper=+2=9,

Examples 26

¥ A bndy weighs 755 gms. in air, 5:17 gms, in water and 6 35 gms, in
another liquid. Find the density of the body and the sp. gr. of the liquid.
(Culeutta 1932)

2. A specific gravity bottle weighs 12-64 gms. when empty and 61 54
gms, when some pieces of iron are put intot. On being filled up with water
only, it is found to weigh 37°6 gins, Find tho sp. gr, of the iron,

3. Asp, gr. bottle weighs 63 gins. when it is fillol with water ; some
pieces of metal (sp. gr. 8:4) are put into it when some water overflows. Then
the bottle is found to weigh 100 gms, Find the weight of the water that has
overflowed.

4. A pioce of metal which weighs 15 ozs, in water is attached to a piece
of wood which weighs 20 ozs. in vacuum, and tho two together weigh 10 ozs. in
water. Find the sp. gr. of the wood. (Calcutta 1913)

Two bodies are in oquilibritun when suspended in water from the

arms of a balance, Tho mass of ono bholy is 28 gins, and its density is 56
gm fc.c, If the maas of the other body is 36 gm=, what is its density ?

(Dacca 1942)

6. Tho offect of the air being neglected, the sp. gr. of a solid body is
found by a .specific gravity bottle to hoa; if o be the ap. ge. of the air, show
that the real specific gravity of the body is

a—plo—1).
A specific gravity bottle weighs 1472 grams when empty ; 39-74
grams when filled with water, and 44:15 grams whon filled with a solution of
common salt. Find the specific gravity ol the solution. (Caleutta 1934)

8. A solil, which would float in water, woighs 4 lbs,, and when the
solid is attache.l to a heavy piece of metal the whole weighs 6 Ibs, in water : the
woight of the metal in water being 8 Ibs,, find tho sp, gr. of the solid,

A piece of sugar weighing 40 grammos is conted with 5:76 grammes
of wax whose sp. gr,is 9G. If the whole weighs 1476 grammes in water, find
the sp. gr. of the rugar,

10. The apparent wt. of a sinker when weighed in water is 5 times the
wt. in vacuo of a portion of a certain substanco; the apparent wt. of tho sinker
and substance together is 4 times the same weight. Prove that tho specifie
gravity of the substance is 4. (M.T. 1855).
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xr. The sp. gr. of a body found by the Hedrostatic Balance, the
observation being in air and its effect neglected, is . Prove that this result is
too great by
9(0'—,)1

where p is the sp. gr. of air.

x2. A specific gravity bottle of oil weighs 42'5 grammes. A lump of

metal weight 112 grammes is placed in the bottle and the bottle filled up with

oil, the whole now weighing 52:1 grammes. The bottle is now emptied and 20

grammos of mercury (sp. gr. 13'5) poured into it ; on filling up with oil, the

ggmbium} woight is found to be 61'9. Find the specific gravities of the oil and
e metal.

13. The sp, gr. of a solid heavier than water is found to be p by the
Hydrostatic Balance when the effect of air is neglected. Prove that if this effect
be taken into consideration, the true sp. gr. is

. ¢(l—a)+o
whore o is the sp. gr. of tho atmospheric air.

146. Hydrometers. Hydrometer is an instrument which is
nsed to determine the sp. gr. of the liquids or of solids. There are
various forms of the hydrometer ; but here we shall confine ourselves
to only two varieties ¢.e.,

(3) Common Hydrometer
(#3) Nicholson’s Hydrometer.

147. Common Hydrometer. The specific gravities of

liquids only can be determined by the Common Hydrometer. It

consists of a straight glass stem CD ending in a

= bulb A, below which there is another smaller

bulb B. The bulb B is loaded with mercury,

F so that the hydrometer will float with the stem
vertical.

It is clear that the hydrometer always dis-
places liquids whose weights are equal to that
of the instrument ; for this reason it is some-
times called the constant weight hydromeler.

148. 7o determine the sp. gr. of a given
liquid.

Let V be the volume of the hydrometer.
Tet the portion DE of the stem remain above
the surface when the instrument floats in equili-
brium immersed in the given liquid and let DF
remain above when it floats in water. Let a be
the cross-section of the stem, which is constant

throughout.
The volumes of the given liquid and the water displaced by

the h);drometer are
V—a.DE and V—a.DF
respectively.

In each case the wt. of the displaced liquid is equal to the wt.
of the hydrometer.
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Hence, if s be the sp. gr. of the given liquid, we have
8.(V—a.DE)=V—a.DF
— V—aDF
#= V_uDE"
149. To graduate a Common Hydrometer.

Let the stem be produced, if necessary, to a point O such that
the volume of the length DO is equal to V, the total volume of the

hydrometer.
v Hence V=a.DO. :TD
The sp. gr. s of the liquid is given by the last Art. 1_1J7
~ V—aDF
*= V-«DE e

_ 2DO—aDF_OF
~ «.DO—a.DET OE
o= OF

s
As O would be a definite point on the prolongation of
the stem, we may take O as our origin ; and since I denotes
the point up to which the hydrometer sinksin water, OF
may be taken to be of definite length.

OE « —:-4. L()

8 'S «

! L 8 1. ete
OE,’* % "0E,* " “ oE,>*"
Hence the hydrometer may be graduated thus : —

Let F be the point at which the instrument would float in
water, let O be the point on the stem or stem produced, such that
the volume of the length OF of the stem is equal to that of water
displaced by the instrument when floating in water, then the gradua-
tion E,, E,;, E,...... corresponding {0 sp. gravities s;, 8, s...... are
given by

g
OE,;= OoF , OE,= OF, OE,= OF , respectively.
L4 S2 93

Hence it follows from above thatif the sp. gr. s vary in A.P.,
the corresponding distances OE would be in H.P., whilst if the distances
OF are in A. P. the corresponding sp. gravities are in H.P,

Thus there are two types of the common hydrometer ; —
(1) Twaddell’s Hydrometer.—This type of hydrometer is
used in England. In it the specific gravities ascend in A.P. and the

corresponding values of OE descent in H.P., so that the marks of
graduation become closer together the lower they are on the stem.

(2) Beaume’s Hydrometer.—This type of hydrometer is used
in Europe. In it the values of OE are in A.P., so that the distances
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between the marks of graduation are the same ; the corresponding:
values of s are now in H.P.

x50. Nicholson’s Hydrometer. This hydrometer is uscd
for determining the specific gravity of liquids as well as of solids. 1t
may also be used for weighing small bodies and
for comparing the specific gravities of two liquids.
It consists of a_hollow cylinder A, generally made
of brasz, which supports by a thin stem a small
cup B on which weights can be placed. Another
cup C below A is connected with it by a wire and
loaded sufficiently so that the instrument may
float with its stem vertical.

On the stem there is o well-defined mark D
and in wusing the hydrometer weight-pieces are
placed on the pan till the instrument sinks in the
liquid so that the point D js in the surface. Thus
the volume of the liquid displaced by the instru-
ment is always the same. Tor this rcason the
hydrometer is sometimes called the Constant
Volume Hydrometer.

151.  To determine the sp. gr. of @ given liquid.
Let
W =wt. of the hydrometer
W, =wt. required to be put on the pan B to sink the
instrument in the given liquid up to the mark D.
W,=wt. required to sink the hydrometer in water up
to the mark D.
So W+W; =wt. of the liquid displaced by the hydrometer.
W+ W,=w¢. of water displaced by the hydrometer.
Hence W4-W, and W+W, are the wts. of equal volumes of
the given liquid and water.
Hence, the sp. gr. of the liquid
_Wtw,
TOWHW,
152. 7o determine the sp. gr. of a solid.
Let . . ‘
W,=wt. required to be put on the pan B to sink the instru-

ment to D in water. )
W,=wt. required to sink the instrument to D, when the solid

is also placed upon the pan, )

Wy=wt. reqﬁimd to sink the instrument to D, when the solid
is placed in the cup C underneath the water.

The wt. of the solid together with W, has, -therefore, the same
effect as the wt. of the solid in water together with Wj.
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.. wt. of the solid in water+4-W,;=wt. of the solid4W,
;o Wy—W,=wt. of the solid—wt. of the solid in water
=wt. of the water displaced by the solid.
Also Wy—W;=wt. of the solid.
Hence, the sp. gr. of the solid
_W-w,
= W—W,
153. The U-Tube Method.—By this method the sp. grs. of
two liguids which do not mix can be compared.

Let ABCD be a U-shaped tube of glass. Let
the two liquids be poured into the two arms, one in
each, with their common surface at B.

Let E be the point of the other arm in the
same horizontal level as B.

The pressure at B=the pressure at E
98AB+n=gs,CE+n
where = is the atmospheric pressure
sy CE

i.e., the specific gravities are inversely propor-
tional to the heights of the free surfaces from their
common surface.

Note. If the liquids mixz with each other.—In each
case some mercury.js first poured into the U-tube.
Let BDE be the portion occupied by mercury, BE
being horizontal. Next Jiquids are poured in the two arms so that
the levels of the mercury are the same as before. Measure CE and
AB. The remaining calculation is the same as before.

154. The Inverted U-tube or Hare’s Hydrometer.

This instrument is used for comparing the sp. grs. of two
liquids. It consists of an inverted U-tube connected by an open tube
K as shown in the figure.

The two vertical arms of the tube are
dipped in two vessels A and B containing two
liquids whose sp. grs. are to be compared. The
tube K is connected by an air-pump which draws
out a certain quantity of air. In doing so let II,
the atmospheric pressure be reduced to II’ and
lFet the liquids rise in the two arms up to E and

D Let 8y, 8, be the sp. grs. of the liquids in
%E A and

II=II'+g¢s,.CE,
and I1=II'4-gs,. DF
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8,.CE=3, DF
5 _ DF
or s  CE*

155. Solved Examples.

Ex. 1. A common hydrometer sinks to the points A, B, C in
liquids whose densities are Py, ps, p3, respeciively. If AB=a, BC=b,
and AC=a+b, prove that ’

b a a+b

f1 (] Ps
We know that

. (Bombay 1937)

a=—“;—__—- :_'1'])2]% (see Common Hydrometer)
Pl.___y__{;.]]))% e (1)
V—a.DF V—-a.DF -
P="V_oDB ~ T—a(PAta) - @)
V—a.DF V—a«.DF
B= V=aDC = V—a(FA—a-?) - @)

Cross-multiplying and subtracting the result of (2) from (1)
V (p1—pe}=0. DF (Py—p,)+psaa

or V=oaDF+ 2%% v (4)
P1—Pa
Similarly from (1) and (3)
Ps(a+b)a
V=a.DF s\ LhZ .
* + P1—P3 ®)

Subtracting (5) from (4)
_apy _ eufath)

1n—"Fq P1—Pa.

or ap ezt b p3= (a+b)r1p;
a b a+b

or —— =
Ps P1 Py

Ex. 2. One limb of a U-lube of uniform cross-section I sg. cm.
is open to the atmosphere and the other is closed. The tube is partly
full of mercury and the space above the mercury in the closed limb is
occupied by air. The mercury stands at a higher level in the closed limb
than in the other. In what follows the temperature may be assumed
constant.

When the atmospheric pressure is equal to that due to hy+x cms.
of mercury the difference in the level of the mercury in the two limbs is
b, cms. ; and when the atmospheric pressure is hy+y cms. of mercury the
difference in the level is hy cms.  Show that if hy is greater than hg, « is
greater than y.
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Show further that when the difference of level is h ems. the atmos-
pheric pressure will be
2y(hy—hy)

t e lh—h) Fy =1y
of mercury. (1.C.8. 1926)
Let v; be the length of the tube occupied by air in the first
reading, v, in the second and v in the third.
Evidently the pressure due to the air column will be &, y, z
respectively in the three readings, where w4k is the atmospheric
pressure in the third reading.

V=2, Y=02

cms

Now as the pressure deercases, some mercury is forced down in
the tube and the same amount increases in the other tube.

S v+ 3k —hy)=v,
§1mlla.r]y for the third reading
vyt hy—h)=v
and ”1“"; vy =3(hy—hy)
z z
and Eyv]—---z"vl =}(h—h,)
Y=z Y h—ln
or 2—xy y  hinh,
. x(hg—hy)
or 2=y | -z)(h—h,
or ) 2—=~ - '_(t(ltzf’%’) o
=y —2ua—h)H(y—a)(h—hy)
Y (hi—hy) xy(hy— hs)

S~y — )+ y(h =) w(hy—h)+y(h—hg)
The atmospheric pressure

- zy(hy—h,)
M oty D y(h—h)

Ex. 3. The specific gravily of a buiy found by Nicholson’-
hydrometer is ¢ when the effect of the air 1is neglecteu ; rove that 1h
real specific gravity ts c—p(c—1), where P is the sp. gr. uf the air.
Also if W be the apparent weight of the body as found frows ihe
experiment, find its real weight. /

Let s, and s, be the real sp. grs. of the body and the weaghls 8
respectively. Let w; be the real wt. of the body and w, the wt. of
the hydrometer.

Let W,=wt. required to put on the pan to sink the instru-
ment to the definite point in water
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W,=wt. required to sink the hydro. to that point, when
the solid is also placed upon the pan
W,=wt. required to sink the hydro. to that point when
the solid is placed in the cup underneath the water.
= = =W,
Hence W=W,;—W,, o —W;:—W; .

o wetWy— W;‘: =wt. of the water displaced,

w,+W,( 1——:-"—)+w,( 1-——2-)=wt. of the water displaced ;

and 'w,,+Wa ( 1— g’.)--+w,( 1- -s-l)=wb. of the water dis-_

. placed
.. by subtraction, .
w, (--l-——;i—)=(W1——W,) ( 1"5,‘) o (1)
and w; ( 1;") =(W;—W,) ( 1"_:;’) . (@

. By division
G—p _ W,—W, _

1=p T Wi—W,
s=pto(l—P)=c—p(0c—1)
From (1)
1-£ W(l———;-
w1=W 1 - "—81
. l____g_ 81—p

41

. s
M(T_;’—f—)[o-p(c—l)l

=w (- 5) [ty )

. Examples 27

1. The whole volume of a common hydrometer is 6 cubic inches and
the stem, which is & equare, is § inch in breadth ; it floats in one liquid with 2
inches of its stem above the surface and in another with 4 inches above th»
surfaca, Prove that their sp. grs. are in the ratio 190 : 191

2. When a common hydrometer floats in water ‘f5th of its volume is

immersed, and when it floats in milk i%% of its volume is immersed. Prove
that the sp. gr. of the milk is 1 03.
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The whole volume of & common hydrometer is 15 ems. and its stem
is 3 mm. in diameter. The hydrometer floats in a liquid with 3 cm. of the stem
above the surface, and in another liquid with 6 cm. above the surface. Compare
the densities of the liquid. (Medras 1936)

4. A common hydrometer floats in water with half the stem immersed:
A lighter liquid which does not mix with water is poured into the containing
vessel until ono-fourth of the stem remains above the liquid. Tf the depth of the

upper liquid be —-:L-(h of the stem, n being <4, find the sp. gr, of the liquid,

. A common hydrometer has a small portion of its bulb rubbed off
from frequent use. Tn consequence, when placed in tho water, it appears to
indicate the sp. gr. of water is 1002 ; find what fraction of its weight has
been lost.

6. A common hydrometer being graduated upwards, its readings for
two difforent fluids are @/, and «” and for & mixture of equal volumes of these
readings is «; show that the volume of a unit of length of the stem is to the
volume of the whole instrument below zero point as

. o' fa” — 20 1 xx'+ex"—2x'2".
(M.T. 1872 3 Lucknow 1926)
. 7. . A Nicholson’s hydrometer sinks to a certain mark in liquid of sp. gr.
0.6 ; but it takes 120 grawmes to sink it to the same mar!- in water, What is
the weight of the hydrometer ? (Calcuita 1948)

8. A Nicholson’s hydrometer weighing 150'6 gms. requires 20'4 gms. to
be placed on the upper pan to sink it up to maik, when made to float
in water, What weight must be added to sink it up to mark when floated
in a liquid of sp. gr. 1'2 7

9. A hydrometer marks graduations a, b, ¢, in liquids whose densities
are g1, py, pg respoctively. Prove that

b—c¢ c¢—a , a-b
e =0,
f1 + Pa + P (Patna 1926, 33)

10. If w, wy, wp are the weights required to sink a Nicholson’s hydro-
meter in liquids of sp, grs. s, &, #,, respectively, prove that & can be dete.-
mined in terms of the other quuntities without knowing the weight of the
instrument and its value is

JwTry (g
wg—wy 2T wy—wy

Xx. A Nicholson’s hydrometor is used to determine the weight and
epecific gygvxﬁy of a solid, and W and s are the results when the effect of the air
is neglected. ~ .. "Ve that the actual woight is

Wil+tkfa(1—k)] (1 —k/d)

where k and d are specific gravities of air and of the waterial of the known
weights employed. (Patua 1927)

12. It is found that a solid who * true weight is w, placed on the upper
pan, sinks a Nicholson’s hydrometer to tho w.2"k ; as also another solid whose
true weight is W, whon placed in the lower cup. ' the two solids have the
same 8p, grs, show that its value is

Woug
W—w

where ¢ is the sp. gr. of the air. |

13. If a common hydrometer be accurately graduated for use in a
vacuum,. show that the error dus to using it in air of sp. gr.o will be an
apparent increase of 6’ of ep. gr., where ¢’ is to ¢ in tho ratio of the volume of
the bydrometer unimmersed to that immersed.

14. A common hydrometer whose volume is V and the cross-section of
v ey
whose stem is - has lengths a and b of its stem w of¥ when floating in
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one or the other of two liquids. In a mixture of weights of the two liquidsin
the proportion m : 1,  is uncovered, and in a mixture of volumes in tho propor-
tion m : 1, y is uncovered, Prove that

(x—y) (c—y)=(a~y) (b—y). (4llahabad 1927)

15. If the reading of a common hydrometer when placed in fluid at the
same temperature as itself be ., and i, when it is placed in the same fluid at &
higher temperature than itself its reading be at first 2;, but afterwards the
reading rises to wy, the ratio of the expansions of the fluid and of the hydro-
meter for the same change of temperature 18 approximately

L=yt Xyg—TY (M. T.)

16, A common hydrometer is used to determine the sp. gr. of a liquid
which is at & temperature higher than that of water. When the hydrometer is
transferred from water to the liquid the sp. gr. appears at first to be ¢ but
afterwards to be ¢;. Show that the true sp. gr. at the temperature of the
water is

o
¢+~°€..(°-1..¢,),
’

where o and « are the co-efficients of expansions of the hydrometer and the
fluid respectively. (Banaras 1937)

17. A common hydrometer has a piece of its bulb chipped off, When
placed in fluids of density ® and f, it indicates densities &', 3 respectively.
Find the proportion of the weight which has been chipped off, and show that if
in any fluid the apparent density is z, the true density is

o waf@leay '
B (- —x(a'B—aB’) (Caleutta 1927, M.T.)

18. Suppoting a common hydrometer to be immersed in a liquid les~
dense than water as far as the point to which it would sink in water prove that,
if let go, it will sink through & distance

2w 1-e

k' s
w being the wt. of the hydrometer, & the section of its stom and s the sp. gr. of
the liquid. The hydrometer is supposed to be never entirely immorsed. (M. T.)

19. A U-tube of cross-section ¢ with equal vertical legs contains a liquid
of density p. Tn the liquid on one side there is floating freely a solid body of
volume ab and density o(<p). I'be length of the other leg unoccupied by liquid
is c. Another liquid of density (<o) is then poured iuto tho leg in which the
eolid is floating till that log is tull. Show that the longth which is~""™
occupied of the other leg is .

p M (e=0)_
plZp—w)

’

. une-

p—
2 -y — -
+ 2o—p



1. °0658. 2. 648 cu. ft. 4. 1841. 5. 05 gall (nearly)
8. j(n+1), §2n+1), $(n+2) (Ratio). = 9. 6,2
- Examples 2
1. 2291; 1bs. wt. 2. 36864 ft.”
3. 73112 Ibs. wt. per. sq. inch. 4. 69 ft. g
5. 14°9556 cu. in, 6. 15cms.
8. 14 lbs. wt. per sq. inch.
Examples 3
1. 67500 grams. wt. on the upper face, 94500 grams wt. on the
lower face, 81000 grams gvt. on each vertical face.
2.-fl5g Ibs. wt.. 3. 1006 gah®. 4 $(1+y/1C).
5. 40 :87:92. 6. 531'25 Ibs. wt. 4. 35148 lbs. wt. nearly.
9. 1,297, 265625 lbs., 30-372 ft. nearly. 10. 3:1.
. 9 ft. 12. Increased. 14. %b(a2—b%w.
15. At a depth of \/_2 times its side.
16. Join A to a point P in DC so that DP : PC=3 : 1,
17. Asthe answer of Q. 16.
18. Draw lines at distance /\/ L , /\/ 2 , /\/ —3—...times
n n n
the height of the par™ from the top.
19. sttances from B of the points of division are in the ratio
V243
20, The plane cuts of ¥ 3 of the axis.
Examples 4
1. & gPh¥(a+2b).
13. The point lies in the line from the vertex bisecting the base and
at a depth ”v"l 3 times the depth of the vertex.
Examples 6
. 4} 2. 3%
Examples 7
. §%. 2. & 4. %! times the depth of the base.
5. Divides the dmgonal in the ratio 7 : 5.

ANSWERS

Examples 1
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Ix,

I0.

12,

19.
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Examples 8

(—l+\/5)—g is the depth of the line.
-,ﬂgm. 4. ma.
below the centre along the major axis, a being the sem-

4h
major axis.

( a  3a+8b i 3n(a®+40%) +32ab
2

"' 4g43qb '+ dat3nd
1 35k'+15h"—d42hk 10, 322 162
7 : 5k—3h ‘ * 16 16w °
63%2 43582 +-90kh

3 SBEIL 15Kt 42Kk ) from the vertex.

Examples 10

Vertical face at depth 3—272—-, ufber slant faces 4a from centro -

of face, lower faces §a from centre.

da 16a

5 83°

Z 15416 ;;n__azt?n%n—g S8 % where 20 is tho angle of tho
sector.

Examples x1

3:1. 4, ha3< 1+L) w, ha’( 1+-g-> w, b and a being

height and radius of the cone respectively.

5.
7.
8.

13.

4—n: 4+, 6. 6b—na: Gb+na

inh (a?+ab—20%w. _

in (a—c) (5a®+5ac+2¢%) w, ¥ nw{a®~ (3ac®+2¢%)}.

§ wrigo(3hy+2h ~hy3[h%), where h and b, are the heights of the
lower and upper cones, and r the radius of the base of the
lower cone.

Examples 12

ina’ug( a+§%), a being the radius of the base.

2
a”w(h’—{--n2 —% )%, a and h are the radius of the basc and height

of the cone respectively.
ahh'w, where b’ is the height and a the radius of the base of the
cone.



1r,
14.

15.
18.

ok

ANSWERS

whry/ B2+ 3n%2, tan 6= :;L .7 2r%hw.

Yathaw +/ n2+16 through the centre at an angle tan™! g to

horizontal.

T 4a? 2a .
= a*hw, T a*w 2+ - 9° at tan™ 7g3z" to the horizontal.

aasw
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tl;e

1v/13 na%w at an angle tan™(3) to the horizontal passing

through the centre of the hemisphere whose radius is a.

Thrust on a lower part is 3 times than on an upper.

Lwh?y/a®+b% where h is the height of the cone.
Examples 13

tan =1 (1) with the horizontal, 178°88 w grams.

7 a?w/y/ 2, T a*(h+a) w/v/2, ¢ is base-radius.

} naPwy/(13—12 cos 0), § ma’ws/{13+12 cos 6).

% gra® (7:‘3——41:+S)J£.
3 goml3 sin® « cos ®y/143 sin®x.
Examples 14

2. 2. 9873 cu. ft. 3. 364 cu. em. nearly, 7°5.
048 cu. in. 5. &3,
1% c. ft. 7. 23.
195 Ibs , 900 cu. ins.
3 ° %, [/ _9° %J
3. m"(p)]‘LI .\1 p) h
*726...inch. 2. 6,500 tens,
3 ab+tbe -1_cqi
adbdc ’ Babe
Examples 15
1:2. 2. *00013. 3. bwillsink. 4. }.
: Examples 16
30 Ibs. 4 \Vood. 5. 3L 6. 123",
1% Ibs,, (l 3——~ = ) Ibs. . '1, wt. of 5 gms., 100 c.cs.
Examples |7
2 ft. 5. {wt. of the rod.

Examples |8
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Examples 19

1. 2623...... cms. 2. 306ft. 3. 15 e.cs.
4. '7948'43 metres. 5. 6 cu.ins. 6. 3: 17*'
7. It would float.
10. The positive root of 2*4-(a+h)z—(b—a)k=0, k being the
height of water barometer,
Examples 20
1. 307°C. 3. 1330°C. 4. 10 cu. inches. 5. 429°224.
6. The one whose temperature is the lower.
Examples 21
1. 0°0686 of the original V., 3. Tin. 4. T4in.
Examples 23
1. 756 mm. 5. 382 lbs. wt. 6. 1292 metres.
7. 16 ft. 8. 2258 ft., 3320 ft. nearly.
9. 33 {t. 10. 4 ft. 1ir. 81ft. r2 6.
Examples 24
1. 2%y 2. *422 atmos. 4. 17'36 ins.
5. \{ of the initial pressure. 6. 4. 7. N 8. 40
Examples 25
1. 2584 cms. 2, 94%:5 ft.
4. 20 ft., 1327% cu. ft. 5. 33} inches., 3 ft. 9 inches.
6. 22.% cu. ft. 15. 46°83 ft, nearly.
. b %
18, (i) -12 (—m—b( 3]
(13) (h —h)— I;’,z, where o is sp. gr. of mercury.
22. It remains constant.
Examples 26
1. 317 gms.je.c., 05, 2. T54. 3. 5 gms.
4. 08. 5 277, 7. 1-17.
8 i 9. 1'6. 12, 405, 2'835.
Examples 27
1—"
3. 36:43. 4. 4
5 ol [ —i ] o beig tho sp. gr. of the substance of thr
7. 180 gms, 8. 546 gms.

s a————
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