UNIT-1_Fluid Properties and Fluid Statics

BRANCH: AUTOMOBILE ENGINEERING

SUBJECT: FLUID MECHANICS

INTRODUCTION

FFluid mechanics is that branch of science which deals with the behaviour of the fluids (liquids or
oases) at rest as well as in motion. Thus this branch of science deals with the static, kinematics and
dynamic aspects of fluids. The study of fluids at rest is called fluid statics. The study of fluids in
motion, where pressure forces are not considered, is called fluid kinematics and if the pressure forces
are also considered for the fluids in motion, that branch of science is called fluid dynamics.

PROPERTIES OF FLUIDS

Density or Mass Density. Density or mass density of a fluid is defined as the ratio of the
mass of a fluid to its volume. Thus mass per unit volume of a fluid is called density. It is denoted by the
symbol p (rho). The unit of mass density in SI unit is kg per cubic metre, i.e., kg/m”. The density of
liquids may be considered as constant while that of gases changes with the variation of pressure and
temperature.

Mathematically. mass density is written as
Mass of fluid
Volume of fluid -
The value of density of water is 1 gm/cm3 or 1000 kg/m".

Specific Weight or Weight Density. Specific weight or weight density of a fluid is the
ratio between the weight of a fluid to its volume. Thus weight per unit volume of a fluid is called
weight density and it is denoted by the symbol w.

Thus mathematically, —r Weight of fluid < (Mass of fluid) x Acceleralio.n due to gravity
Volume of fluid Volume of fluid

_ Mass of fluid X g
Volume of fluid

Mass of fluid
= p x Ig "' e R

Volume of fluid K

Specific Volume. Specific volume of a fluid is defined as the volume of a fluid occupied
by a unit mass or volume per unit mass of a fluid is called specific volume, Mathematically, it is
expressed as

Volume of fluid _ 1 1
" Massof fluid  Massof fluid — 5
Volume of fluid
Thus specific volume is the reciprocal of mass density. 1t is expressed as m:lfkg. It is commonly
applicd to gascs.

Specific volume

Specific Gravity. Spccific gravity is defined as the ratio of the weight density (or density)
of a fluid to the weight density (or density) of a standard fluid. For liquids, the standard fluid is taken
water and for gases, the standard fluid is taken air. Specific gravity is also called relative density. It is
dimensionless quantity and is denoted by the symbol &,

Weight density (density) of liquid
Weight density (density) of water

Mathematically, S{for liquids) =
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VISCOSITY

Viscosity is defined as the property of a fluid which offers resistance to the movement of one layer
of fluid over another adjacent layer of the fluid. When two layers of a fluid, a distance 'dy” apart, move
one over the other at different velocities, say u and « + du as shown in Fig. 1.1, the viscosity together
with relative velocity causes a shear stress acting between the fluid layers.

The top layer causes a shear stress on the
adjacent lower layer while the lower layer causes J
a shear stress on the adjacent top layer. This shear dy
stress is proportional to the rate of change of ve- f du
locity with respect to y. It is denoted by symbol ¥
1 (Taw) T VELOGITY PROFILE
. du PIIITII I I I YT
Mathematically, To< =% DT
y ? s z
: o Velocity variation near a solid boundary.
4
or T=H0—
dy

where [ (called mu) is the constant of propartionahty and is known as the co-efficient of dynamic viscosity

A . du . ; ) ) !
or only viscosity. T represents the rate of shear strain or rate of shear deformation or velocity gradient.
dy

Kinematic Viscosity. It is defined as the ratio between the dynamic viscosity and density
of fluid. It is denoted by the Greek symbol (v) called "nu’. Thus, mathematically,

L - Viscosity _ p

Density p
The units of kinematic viscosity is obtained as
_ Unitsof p _ [Force X Time _ Force x Time
Units of p (Length)® x Mass Mass
(Length)? Length
Mass x (L{%“it;:— x Time v Poroe = Mass 5 Aco.
= Mass = Mass X [{fmgﬂ
ime~
Length
(Length)®
© Time

In MKS and SI. the unit of kincmatic viscosity is metre*/scc or m*/sec while in CGS units it is
written as cm™/s. In CGS units, kinematic viscosity is also known as stoke,

Thus. one stoke =cm¥fs = (ﬁ) m¥s = 1074 ms

Centistoke means = L stoke.
100

Newton's Law of Viscosity. [t states that the shear stress (T) on a fluid element layer is
dircctly proportional to the rate of shear strain. The constant of proportionality is called the co-
efficient of viscosity. Mathematically, it is expressed as given by equation

du

t=}l’;’;,
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Types of Fluids. The fuids may be classified into the following five types: _

1. Ideal fluid, 2. Real fluid,

3. Newtonian fluid, 4. Non-Newtonian fluid, and

5. Ideal plastic fluid.

1. Ideal Fluid. A fluid, which is incompressible and is
having no viscosity, is known as an ideal fluid. Tdeal fluid is
only an imaginary fluid as all the fluids, which exist, have
some viscosity.

2. Real Fluid. A fluid, which possesses viscosity, is
known as real fluid. All the fluids, in actual practice. are real
fluids.

3. Newtonian Fluid. A real fluid, in which the shear
stress is dircctly proportional to the rate of shear strain (or
velocity gradient), is known as a Newtonian fluid. . VELOCITY GRADIENT (“d_q_

4. Non-Newtonian Fluid. A real fluid, in which the y dy
shear stress is not proportional to the rate of shear strain (or Types of fluids.
velocity gradient), known as a Non-Newtonian fluid.

5. Ideal Plastic Fluid. A fluid, in which shcar stress 1s more than the yicld value and shear
stress is proportional to the rate of shear strain (or velocity gradient), is known as ideal plastic fluid.

— SHEAR STRESS

IDEAL FLUID
rs

Problem [ the velocity profile of a fluid over a plate is parabolic with the vertex 20 cm from
the plate, where the velocity is 120 em/sec. Calewlate the velocity gradienis and shear stresses at a
distance of 0, 10 and 20 cm from the plate, if the viscosity of ihe fluid is 8.5 poise.

Solution. Given : y
Distance of vertex from plate = 20 cm
Velocity at veriex., u =120 cm/sec s u = 120 cm/sec
Viscosity, = 8.5 poise = ﬁé -N—,s = (0.85. 20 em
10 m~

The velocity profile is given parabolic and equation of velocity profile is

u= a)‘2 +hy+e k)

where a, b and ¢ are constants. Their values are determined from boundary conditions as :
(a) atyv=0,u=0
(b) aty=20cm,u = 120 cm/sec
(¢) atv=20cm, u =0.
! dy

Substituting boundary condition (a) in equation (i), we get

c=0.
Boundury condition (1) on substitution in (7) gives

120 = a(20)” + b(20) = 400a + 205 (H)

Boundary condition (¢) on substitution in equation (i) gives

BE Seved i)
dy ¥
or 0=2xax20+b=40a+b
Solving equations (#) and (i) for a and b
From equation (iff), bh=—40a
Substituting this value in equation (if). we get
120 = 400a + 20 x (- 40a) = 400a - 800a = - 400a
a= 22 -3 _ o3
& b=-40x(-03)=12.0
Substituting the values of @, b and ¢ in equation (i),
u=- 037+ 12y.
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Velocity Gradient

ﬁ ==03x2y+ 12==0.6y+ 12
dy
y 3 du
at y =, Velocity grudlem.(—-«j =-0.6 x( + 12 = 12/s. Ans.
y=I
du
at y = 10 ¢m, e =-06x10+12=-06+ 12 = 6/s. Ans.
y y=10
du
at y = 20) cm, (—] =-006x20+ 12=~12+ 12 = (. Ans.
d'\' y=X
Shear Stresses
: — du
Shear stress is given by, =4 e
¥
N o du "
(1) Shear stress at y = (), =l |— =0.85 x 12.0 = 10.2 N/m"~.
‘l
y=0
7y 5 du i 3
(fi) Shear stress at y = [0}, T=H|— ={.85 x6.0=5.1 N/m".
v
“Zy=1D
ot S du
(itt) Shear stress at y = 2(), =) ¥ =(.85x 0= . Ans.
¥
“Jy=20

SURFACE TENSION AND CAPILLARITY

Surface tension is defined as the tensile force acting on the surface of a liquid in contact with a gas
or on the surface between two immiscible liquids such that the contact surface behaves like a
membrane under tension. The magnitude of this force per unit length of the free surface will have the
same value as the surface energy per unit area. It is denoted by Greek letter ¢ (called sigma). In MKS

units, it is expressed as kgf/m while in ST units as N/m.

The phenomenon of surface tension is explained by
Fig. 1.10. Consider three molecules A, B, C of a liquid in a
mass of liquid. The molecule A is attracted in all directions
equally by the surrounding molecules of the liquid. Thus the
resultant force acting on the molecule A is zero. But the
molecule B, which is situated near the free surface, is acted
upon by upward and downward forces which are unbalanced.
Thus a net resultant force on molecule B is acting in the
downward direction. The molecule €, situated on the free
surface of liquid, does experience a resultant downward force.
All the molecules on the free surface experience a downward

FREE SURFACE

force. Thus the free surface of the liquid acts like a very thin film under tension of the surface of the

liquid act as though it is an elastic membrane under tension.

Ref.: R.K. Bansal



Capillarity. Capillarity is defined as a phenomenon of rise or fall of a liquid surface in a
small tube relative to the adjacent general level of liquid when the tube is held vertically in the liquid.
The rise of liquid surface is known as capillary rise while the fall of the liquid surface is known as
capillary depression. It is expressed in terms of cm or mm of liquid. Its Oy | Jdos°
value depends upon the specific weight of the liquid, diameter of the %
tube and surface tension of the liquid.

Expression for Capillary Rise. Consider a glass tube of small
diameter ‘d’ opened at both ends and is inserted in a liquid, say water.
The liquid will rise in the tube above the level of the liquid.

Let /i = height of the liquid in the tube. Under a state of equilibrium,
the weight of liquid of height /i is balanced by the force at the surface of
the liquid in the tube. But the force at the surface of the liquid in the
tube is due to surface tension. Capillary rise.

Let ¢ = Surface tension of liquid

0 = Angle of contact between liquid and glass tube.
The weight of liquid of height /1 in the tube = (Area of tube X h) x p X g

d'xhxpxg

==

where p = Density of liquid
Vertical component of the surface tensile force
= (¢ X% Circumference) % cos 0
=0 Xndxcos0

@ Xxhxpxg=0xndxcosd

N

oxndxcos®@ 4agcos
or h= =

gdzprg pxgxd

The value of 0 between water and clean glass tube is approximately equal to zero and hence cos 0 is
equal to unity. Then rise of water is given by

40

h= ———

pxgxd
Expression for Capillary Fall. If the glass tube is dipped in mercury, the level of mercury in the tube
will be lower than the general level of the outside liquid as shown in Fig.

Let i = Height of depression in tube.

Then in equilibrium, two forces are acting on the mercury inside the tube. First one is due to surface
tension acting in the downward direction and is equal to ¢ X 7d X cos 6.

Second force is due to hydrostatic force acting upward and is equal to intensity of pressure at a
depth ‘I’ x Area

=pX %f:pgxhx % d | p=pgh)
Equating the two, we get 4 "
-
oxzrdxcos():pghx%d2 ) oh
h= 46 cosB a P g¥
ped \
MERCURY

Value of 0 for mercury and glass tube is 128°.
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Fxample In the Fig. is shown a central plate of area 6 m* being pulled with a for,
of 160 N. If the dynamic viscosities of the two oils are in the ratio of 1:3 and the viscosity of top o
is 0.12 N.o/m* determine the velocity at which the central plate will move.
Solution: Area of the plate, 4 =6 m?
Force applied to the plate, F = 160 N et < ? <
Viscosity of top oil, p = 0.12 N.s/m*
Velocity of the plate, u:
Let F, = Shear force in the E
upper side of thin =
(assumed) plate, l =3

F?- = Shei\r force on the L TT77777777777777777777 777777
lower side of the thin
plate, and
F = Total force required to drag the plate
(=F,+F,)
Then, F =F+F=1x4+1,%x4

ou du
=ul—| xA4+3ul—1| x4
”(ayl “(dy)z

( where 1, and 7, are the shear stresses on the two sides of the plate)

160 =0.12 x #x6+3x0.12x%x6

x1 6x10
_ . _ 160 _
or 160 =120u + 360y =480y or u= 280 0.333 m/s (Ans.)

Problem  Find out the minimum size of glass tube that can be used to measure water level if
the capillary rise in the tube is to be restricted to 2 mm. Consider surface tension of water in contact
with air as 0.073575 N/m.

Solution. Given :

Capillary rise, h=20mm=20x10"m
Surface tension, o = 0.073575 N/m
Let dia. of tube =d
The angle 0 for water ="
The density for water, p = 1000 kg/m?
4 x 0.073575
h= ... or20x 10> s —m8———
pxgxd 1000 x 981 x d
4 x 0073575 &
d= L =0.015 m = 1.5 em. Ans.

1000x9.81x2x10"°
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Example A metal plate 1.25 m x 1.25 m x 6 mm thick and weighing 90 N is plact

midway in the 24 mm gap between the two vertical plane surfaces as shown in the Fig.

gap is filled with an oil of specific gravity 0.85 and dynamic viscosity 3.0 N. s/m?. Determine fl
force required to lift the plate with a constant velocity of 0.15 m/s.

Solution. Given: Dimensions of the plate
Area of the plate, 4

1.25mx 1.25m x 6 mm
1.25 x 1.25 = 1.5625 m®

il

Thickness of the plate = 6 mm ¥ Vertical
246 Plane
2
(Since the plate is situated midway in the gap)
Specific gravity of oil = 0.85
Dynamic viscosity of oil =3 N.s/m?
Velocity of the plate = 0.15 m/s
Weight of the plate =90 N
Force required to lift the plate:

=9 mm

B W W . Y.

NN VNN

NN

Drag force (or viscous resistance) against the motion of
the plate,

L L

F=1 .A+1,.4

e
(where 7, and t, are the shear stresses on two sides of the y | p
plate) , . ’
p p Ag——-—-o24 mm ———pV
U ]
Sn | xA4A+ ( ) x 4
(dy )1 dy

u.ExA+p.£xA
h 1

nAdu . l+l
h n

or F=3><1.5625><0.15[ P, }

9x10° 9x107
2

=3 x1,5625 % 0,15 x 3 =156.25 N
9x10~

Upward thrust or buoyant force on the plate = specific weight x volume of o0il displaced
=0.85 % 9810 x ( 1.25 x 1.25 x 0.006 )= 78.17 N

Effective weight of the plate =90 —78.17=11.83 N

. Total force required to lift the plate at velocity of 0.15 m/s = F' + effective weight of the plate
=156.25+11.83 =168.08 N (Ans.)
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Example . {n order to form a stream of bubbles, air is introduced through a nozzle into a
tank gf water at 20°C. If the process requires 3.0 mm diameter bubbles to be formed, by how much
the air pressure at the nozzle must exceed that of the surrounding water?

What would be the absolute pressure inside the bubble if the surrounding water is at

100.3 kN/m*?
Take surface tension of water at 20°C = 0.0735 N/m.
Solution. Diameter of a bubble, d = 3.0 mm =3 X 10° m

Surface tension of water at 20°C, ¢ = 0.0735 N/m
The excess pressure intensity of air over that of surrounding water, Ap = p.

We know, _ 4o _4x0.0733 _ 98 N/m? (Ans.)
. d 3x10
Absolute pressure inside the bubble, p,;,:
Paps = P = Patm

=98 x 107 +100.3
— 0.098 + 100.3 = 100.398 kN/m” (Ans.)
Example A soap bubble 62.5 mm diameter has an internal pressure in excess of the
outside pressure of 20 N/m". What is tension in the soap film?
Solution. Given: Diameter of the bubble, d = 62.5 mm = 62.5 X 107 m;
Internal pressure in excess of the outside pressure, p = 20 N/m?.

Surface tension, 6:

Using the relation, )4 =—8§—

8c 62.5x107°
j 20 = s 6=20x-——————=0. A
Le:; 6252107 c X 3 156 N/m (Ans.)
Example What do you mean by surface tension? If the pressure difference between the

inside and outside of the air bubble of diameter 0.01 mm is 29.2 kPa, what will be the surface tension

at air-water interface?

Solution. Surface tension is defined as the tensile force acting on the surface of a liquid in contac!
with a gas or on the surface between two immiscible liquids such that the contact surface behaves like
a membrane under tension. The magnitude of this force per unit length of the free surface will have the
same value as the surface energy per unit area. It is denoted by the letter o and is expressed as N/m.

o (nd)

or ()':pxz

[l

T ;2
—d
pPx7

Substituting the values; ~ d = 0.01 % 10 m; p =29.2 X 10° Pa ( or N/m?), we get
o = 29.2 % 10° X Qf%io—— ~ 0.073 N/m (Ans.) |

PASCAL'S LAW

0
‘tateae P =Y BQQ 1 1 P 5
It states that the pressure or intensity of pressure at a point B % ¥
. . I . . . - . ™ ( g
in a static fluid is equal in all directions. This is proved as : p, * dy 1 A2 "
; : ) A I :
The fluid element is of very small dimensions i.e., dx. dy : 3
and ds. 4 s
dx / X
Consider an arbitrary fluid eleme; : i " "
" ary ent of wedge shape in a -
fluid mass at rest as shown in Fig. . Let the width of the Py *Ax+1
g

element perpendic > 2 6 F 1t 2 .
t perpendicular to the plane of paper is unity and p, For 7
P bl orces on a _/Illl(.{ ('It'llu‘lll.
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Py and p. are the pressures or intensity of pressure acting on the face AB, AC and BC respectively. Let
ZABC = 6. Then the forces acting on the element are :

1. Pressure forces normal to the surfaces, and

2. Weight of element in the vertical direction.

The forces on the faces are :

Force on the facc AB = p, X Arca of facc AB
=p.xdyx1
Similarly force on the face AC=p X dxx 1
Force on the face BC =p, Xdsx|
Weight of clement = (Mass of element) x g
x
=(Volumexp)xQ=(—AB7ACxl) Xpxg,
where p = density of fluid.
Resolving the forces in x-direction, we have
p.xdyx1=p(ds=x1)sini90°-0) =0
or peXdyX1—p.dsxX1cos® =0.
But from Fig dscos ® = AB=dy
5 pexdyx1-p.xdyx1 =0
or Py =Py
Similarly, resolving the forces in y-direction, we get
v X dy
pyXdxx 1 —p, xdsx1 cos (90° - 0) - e 7 Y xXpxg=0
< dxdy
or py*dx—p,dssin@- :"xpxe=0.

But ds sin B = dx and also the element is very small and hence weight is negligible.

Y pdx—p.Xdx=0
Py=0;

we have

Pr=Py=P;

The above equation shows that the pressure at any point in x, y and z directions is equal.

Since the choice of fluid clement was completely arbitrary, which means the pressure at any point is

the same in all directions.

Problem A hvdraulic press has a ram of 20 cm diane ter and a plunger of 3 cm diameter, It is
wsed for lifting a weight of 30 kN. Find the force required at the plinger.

Solution. Given :

[¥ia. of ram, D=20cm=0.2m
Area of ram, A= E B= %f.2}3= 0.0314 m*
[Ma. of plunger d=3em=0.03m
Area of plunger, a= E{.U?p‘jz =7.068 % 107* m*
Weiaht lifted, W =30 kN = 30 x 1000 N = 30000 N.
Fowce I

Pressure intensity developed due 1o plunger = =—.
Area  a
By Pascal’s Law, this pressure is rransmitied equally in all directions

. r

Hence pressure transmitted at the ram = —
ol

Force acting on ram = Pressure intensity x Area of ram

_F . Fx.0314
a 7.068 %10 *
But force acting on ram = Weight lifted = 30000 N
30000 = FK.[BM-.;
7.068 x 10
4
F= 30000 x 7.068 x 10 = 6752 N. Ans.
0314
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MEASUREMENT OF PRESSURE

The pressure of a fluid is measured by the following devices :
1. Manometers 2. Mechanical Gauges.
Manometers. Manometers are defined as the devices used for measuring the pressure at
a point in a fluid by balancing the column of fluid by the same or another column of the fluid. They are
classified as :
(a) Simple Manometers, (bh) Differential Manometers.

Mechanical Gauges. Mechanical gauges are defined as the devices used for measuring
the pressurc by balancing the fluid column by the spring or dead weight. The commonly used mechani-
cal pressure gauges are :

(a) Diaphragm pressure gauge, (b) Bourdon tube pressure gauge,
(¢) Dead-weight pressure gauge. and (d) Bellows pressure gauge.

SIMPLE MANOMETERS

A simple manometer consists of a glass tube having one of its ends connected to a point where
pressure is to be measured and other end remains open to atmosphere. Common types of simple ma-
NonielErs are |

1. Piezometer,

2. U-wbe Manometer, and

3. Single Column Manometer.

Piezometer.  Itis the simplest form of manometer used for
measuring gauge pressures. One end of this manometer is connected (o
the point where pressure is to be measured and other end is open to the
atmosphere as shown in Fig. . . The rise of liquid gives the pressure
head at that point. If at a point A, the height of liquid say wateris /i in
piczometer tube, then pressure at A

3
- |
-
:
- |
g
5
-
-]

.

=pXgXh—.
m-
Piezometer.
U-tube Manometer. [t consists of glass tube bent in U-shape, one end of which is
connected o a point ai which pressure is (o be measured and other end remains open (o the
atmosphere as shown in Fig. The tube generally contains mercury or any other liquid whose
specific gravity is greater than the specific gravity of the liquid whose pressure is to be measured.

(a) For gauge pressura (b) For vacuum pressure

U-tube Manometer,
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(a) For Gauge 'ressure. Let B is the point at which pressure is to be measured, whose value is p.
The datum line 15 A-A.
Let i, = Height of light liquid above the datum line
i, = Height of heavy liquid above the datum line
S, = Sp. gr. of light liquid
P, = Density of light liquid = 1000 x §,
S, = Sp. gr. of heavy liquid

P, = Density of heavy liquid = 1000 x S,

As the pressure is the same for the horizontal surface. Hence pressure above the horizontal datum
line A-A in the left column and in the night column of U-tube manometer should be same,

Pressure above A-A in the left column =p+p;xXgxh
Pressure above A-A in the right column =pyxgxh,
Hence equating the two pressures p+peh = pgeh,

D= Apsgh, — py X g X ).
(£) For Vacuum Pressure. For measuring vacuum pressure, the level of the heavy hiquid in the
manometer will be as shown in Fig,
Pressure above A-A in the left column = Daehy + pyghy +p
Pressure head in the right column above A-A =0
Paghs + pyghy + p=10

P =—(pagh, + pghy).

Example A U-tube manometer is used to measure the pressure of oil of specific gravity
0.85 flowing in a pipe line. Its left end is connected to the pipe and the right-limh is open to the
atmosphere. The centre of the pipe is 100 mm below the level of mercury (specific gravily = 13.6) in
the right limb. If the difference of mercury level in the two limbs is 160 mm, determine the absolute
pressure of the oil in the pipe.

Solution. Specific gravity of oil, §, = 0.85

Specific gravity of mercury, S, =13.6 i
Height of the oil in the left limb,
h, = 160 — 100 = 60 mm = 0.06 m £
(=
[=}

Difference of mercury level, Liquid (5, = 0.85)

hy =160 mm = 0.16 m. g 4
Absolute pressure of oil: 2 2
Let, h, = Gauge pressure in the pipe in N

terms of head of water, and

p = Gauge pressure in terms of l

kN/m”. YN

Equating the pressure heads above the
datum line X=X, we get:

h+h, S, =hs,
or, h+0.06x085=0.16x 13.6=2.125m Mercury (S, = 13.)
The pressure p is given by: :

pP=wh
=9.81 x 2.125 kN/m?
=20.84kPa (= 'w=9.81 kN/m® in S.I units)
Absolute pressure of oil in the tube,
Pabs =Pam, T Pgayge
=100 +20.84 = 120.84 kPa (Ans.)
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Example An inverted differential manometer is connected to two pipes A and B carrying

water under pressure as shown in Fig. 2.26, The fluid in the manometer is oil of specific gravity
0.75. Determine the pressure difference between A and B. '

Solution.  Specific gravity of oil, § = 0.75
Specific gravity of water, S, S, = 1
Difference of oil in the two limbs = (450 + 200) — 450 = 200 mm

We know that pressure heads on the left and right limbs below the datum line X=X are equal.
Pressure head in the left limb below X—X

450 0il (5 =0.75)
= h,— 22 x1=h,—045
471000 < M
Pressure head in the right limb below XX
450 200 - O TTTTTEIY T T T X
= h, — - 75 S AN
s = 7000 <! ~1000 ¥ 070 z
= hyp -0.45-0.15=hy — 0.6 : 5,=1
Equating the two pressure heads, we get: 200 mm}_ -
hy—045 = h,— 0.6 *
hg—h, = 0.15 m (Ans.)

P
" -WA=0.15 or pp—py

=w x 0.15=9.81 x 0.15 = 1.47 kKN/m*® = 1.47 kPa (Ans.)

INTRODUCTION

In this chapter, the equilibrium of the floating and sub-merged bodies will be considered. Thus the
chapter will include : 1. Buoyancy, 2. Centre of buoyancy, 3. Metacentre, 4. Metacentric height,
5. Analytical method for determining metacentric height, 6. Conditions of equilibrium of a floating
and sub-merged body, and 7. Experimental method for metacentric height.

BUOYANCY

When a body is immersed in a fluid, an upward force is exerted by the fluid on the body. This

upward force is equal to the weight of the fluid displaced by the body and is called the force of
buoyancy or simply buoyancy.

CENTRE OF BUOYANCY

It is defined as the point, through which the force of buoyancy is supposed to act. As the force of
buoyancy is a vertical force and is equal to the weight of the fluid displaced by the body, the centre of
buoyancy will be the centre of gravity of the fluid displaced.
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META-CENTRE

It is defined as the point about which a body starts oscillating when the body is tilted by a small
angle. The meta-centre may also be defined as the point at which the line of action of the force of
buoyancy will meet the normal axis of the body when the body is given a small angular displacement.

Consider a body floating in a liguid as shown in Fig. {a). Let the body is in equilibrium and G is
the centre of gravity and B the centre of buoyancy. For equilibrium, both the points lic on the normal
axis, which is vertical.

NORMAL AXIS ANGULAR
I M DISPLACEMENT

NORMAL AXIS
(a) R (-
Meta-centre
Let the body is given a small angular displacement in the clockwise direction as shown in Fig. (h).

The centre of buoyancy, which is the centre of gravity of the displaced liquid or centre of gravity of the
portion of the body sub-merged in liquid, will now be shifted towards right from the normal axis. Let
itis at By as shown in Fig.«  (b). The line of action of the force of buoyancy in this new position, will
intersect the normal axis of the body at some point say M. This point M is called Meta-centre.

Stability of a Sub-merged Body. The position of centre of gravity and centre of buoy-
ancy in casc of a completely sub-merged body are fixed. Consider a balloon. which is completely sub-
merged in air. Let the lower portion of the balloon contains heavier material, so that its centre of
gravity is lower than its centre of buoyancy as shown in Fig. . (a). Let the weight of the balloon is
W. The weight W is acting through G, vertically in the downward direction, while the buoyant force F,
is acting vertically up, through B. For the equilibrium of the balloon W= Fg_If the balloon is given an

angular displacement in the clockwise direction as shown in Fig. (). then W and F, constitute a
couple acting in the anti-clockwise direction and brings the balloon in the original position. Thus the
balloon n the position, shown by Fig (a) 1s in stable equilibrium.
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Stabilities of sub-merged bodies.

(a) Stable Equilibrium. When W = F; and point B is above G, the body is said to be in stable
equilibrium.

(b) Unstable Equilibrium. If W = Fj;, but the centre of buoyancy (B) is below centre of gravity ((),
the body is in unstable equilibrium as shown in Fig. (). A slight displacement to the body, in the
clockwise direction, gives the couple due to W and F also in the clockwise direction. Thus the body
does not return Lo its original position and hence the body is in unstable equilibrium.

(c) Neutral Equilibrium, If ;= Wand B and G are at the same point, as shown in Fig. (¢). the
body is said to be in neutral equilibrium.
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(a) Stable Equilibrium. If the point A is above G, the floating body will be in stable equilibrium as
shown in Fig. (a). If a slight angular displacement is given 1o the floating body in the clockwise
direction, the centre of buoyancy shifts from B to B, such that the vertical line through B, cuts at M.
Then the buoyant force Fj; through B, and weight W through G constitute a couple acting in the anti-
clockwise direction and thus bringing the floating body in the original position.
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(a) Stable equilibrium M is above G (b) Unstable equilibrium M is below G.

Stability of floating bodies.

(b) Unstable Equilibrium. If the point M is below G, the floating body will be in unstable equilib-
rium as shown in Fig, (b). The disturbing couple is acting in the clockwise direction. The couple
due 10 buoyant force Fy and W is also acting in the clockwise direction and thus overturning the
floating body,

(¢) Neutral Equilibrinm. If the point M is at the centre of gravity of the body, the floating body will
be in neutral eauilibrium.
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VERTICAL PLANE SURFACE SUBMERGED IN LIQUID
Consider a plane vertical surface of arbitrary shape immersed in a liquid as shown in Fig
Let A = Total area of the surface

h = Distance of C.G. of the area from free surface of liquid

G = Centre of gravity of plane surface

P = Centre of pressure

h* = Distance of centre of pressure from free surface of liquid.

(@) Total Pressure (F), The total pressure on the surface  FREE SURFACE OF LIQUID
may be determined by dividing the entire surface into a number oo oA A
of small parallel strips. The force on small strip is then calcu- T A
lated and the total pressure foree on the whole arca is calculated

by mtegrating the force on small strip.

Consider a strip of thickness d/r and width 4 at a depth of /
from free surface of liquid as shown in Fig.

Pressure intensity on the strip, p=pgh

Area of the strip, dA = b X dh
Total pressure force on strip, dF = p x Arca
= pgh x b x dh
Total pressure force on the whole surface,

F =de=nghxbxdh=pg[bxhxd»

But behxdh:fhxdft

= Moment of surface arca about the free surface of liquid
= Arca of surface x Distance of C.G. from free surface

=AXE

& F = pgAh

For water the value of p = 1000 kg/m* and g = 9.81 m/s”, The force will be in Newton.

() Centre of Pressure (h*). Centre of pressure 1s calculated by using the “Principle of Moments”,
which states that the moment of the resultant force about an axis is equal to the sum of moments of the
components about the same axis.

The resultant force F is acting at P, at a distance /2% from free surface of the liquid as shown in

Fig. Hence moment of the force £ about free surface of the liquid = F x h*
Moment of force dF, acting on a strip about free surface of liquid
=dF xh [~ dF =pgh x b x dh)

=pghxhxdhxh
Sum of moments of all such forces about free surface of liquid

=nglxxhxdhxh=pgjbxhxhdh

= pgjbh: dh=pg Ihsz Co bdh = dA)
But [#an = [onan
= Moment of Inertia of the surface about free surface of liquid
= !U
o Sum of moments about free surface
=pgl,
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Equating
F x hY = pgl,

But F = pgAh
pgAI; X h* = pgl,
or h¥ = pi’n_—:i
pgAh Al

By the theorem of parallel axis, we have
L=I;+AX% K
where [, = Moment of Inertia of arca about an axis passing through the C.G. of the arca and parallel
to the free surface of liquid.
Substituting [, in equation

Io+AR™ 1, =
h* G " =76 4}
Al Ah
Problem Determine ithe towal pressure on a circular plate of diameier 1.5 m which is placed
vertically in water in such a way that the centre of the plate is 3 m below the free surface of water, Find
the position of centre of pressure also, FREE SURFACE
Solution. Given : Dia. of plate,d = 1.5 m e B it S Ea L)
n 2 2 o
. Areg, A= y (1.5 = 1.767 m
- 30m
h=30m h*
Total pressure is given by equation (3.1),
F = pgAh <
= 1000 x 9.81 x 1.767 x 3.0 N
= 52002.81 N. Ans.
Position of centre of pressure (4*) is given by cquation (3.5), | 15m
h* = —-l—("_- +h
Al
4 .54
where I, = % =u =(.2485 m*
o4 64
kY= N 4+ 3.0 = 0.0468 + 3.0
1.767 x 30
= 3.0468 m. Ans.
Problem A rectangular sluice gate is situated on the vertical wall of a lack. The vertical side
af the sfuice is *d" metres in lengih and depth af centroid of the area is ‘p' m below the water surface.
P FREE SURFACE
Frove that the depth of pressure (s equal 1o F+F :
P

Solutlon. Given : T_
Depth of vertical gate =dm 4 o _l_ I
Let the width of gate =hm }_ pe-
Area, A=bydm?
Depth of C.G. from free surface
h=pm.

Let i* is the depth of centre of pressure from free surface, which is given by equation

i

L. =
Bt = .-’:;T + h, where I; = —

1 FE a*
h*:[ﬁ{i /bxdxp]+p=a+p or p+E*P.Ans.
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