Mechanical Properties of Fluids

Mechanical Properties
of Fluids

DEFINITIONOFFLUID g

CONSEQUENCES OF PRESSURE"

The term fluid refers to a substance that can flow  (§)  Railway tracks are laid on large sized wooden or

and does not have a shape of its own. For example
liquid and gases.

Fluid includes property — (A) Density (B) Viscosity
(C) Bulk modulus of elasticity (D) pressure (E)
specific gravity

PRESSURE INAFLUID

The pressure p is defined as the magnitude of the
normal force acting on a unit surface area.

AF
p= =
AA

AF =normal force on a surface area AA.
A
F F

The pressure is a scalar quantity. This is because
hydrostatic pressure is transmitted equally in all
directions when force is applied, which shows that a
definite direction is not associated with pressure.

Thrust. The total force exerted by a liquid on any
surface in contact with it is called thrust of the liquid.

(i)

(i

iron sleepers. This is because the weight (force) of
the train is spread over a large area of the sleeper.
This reduces the pressure acting on the ground and
hence prevents the yielding of ground under the
weight of the train.

A sharp knife is more effective in cutting the objects
than a blunt knife.

The pressure exerted = Force/area. The sharp knife
transmits force over a small area as compared to
the blunt knife. Hence the pressure exerted in case
of sharp knife is more than in case of blunt knife.

A camel walks easily on sand but aman cannot inspite
of the fact that a camel is much heavier than man.

This is because the area of camel’s feet is large as
compared to man’s feet. So the pressure exerted by
camel on the sand is very small as compared to the
pressure exerted by man. Due to large pressure, sand
under the feet of man yields and hence he cannot
walk easily on sand.
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VARIATION OF PRESSUREWITH
HEIGHT

A
Assumptions : (i) unaccelerated liquid (ii) uniform

density of liquid (iii) uniform gravity
Weight of the small element dh is balanced by the

d
excess pressure. It means d—E =pg.

p h
[dp=pg [an
Pa 0

= P:Pa+ pgh

PASCAL’S LAW "

if the pressure in a liquid is changed at a particular,
point the change is transmitted to the entire liquid
without being diminished in magnitude. In the above
case if P, is increased by some amount than P must
increase to maintained the difference (P—P,) = hpg.
This is Pascal’s Law which states that Hydraulic lift
is common application of Pascal’s Law.

Hydraulic press.

f w w
= —=—orf=—xa
a A A

asA>>athenf<<W..

This can be used to lift a heavy load placed on the
platform of larger piston or to press the things placed
between the piston and the heavy platform. The
work done by applied force is equal to change in
potential energy of the weight in hydraulic press.
¢W
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Solved Examples

Ex.1. The area of cross-section of the two arms of a

Sol.

hydraulic press are 1 cm?and 10 cm? respectively
(figure). Aforce of 5N is applied on the water in the
thinner arm. What force should be applied on the
water in the thicker arms so that the water may remain
inequilibrium?

I Fl

- Inequilibrium, the pressures at the two surfaces
should be equal as they lie in the same horizontal
level. If the atmospheric pressure is P and a force F
is applied to maintain the equilibrium, the pressures
are

P 5N
+
0" 1cm?

This givens F=50 N.

andP +Lres ectivel
0" 10 cm? P Y-

Hydraulic Brake.

Hydraulic brake system is used in auto-mobiles to
retard the motion.

HYDROSTATIC PARADOX "

Pressure is directly proportional to depth and by
applying pascal’s law it can be seen that pressure is
independent of the size and shape of the containing
vessel. (In all the three cases the heights are same).

P,=P

A B C

ATMOSPHERIC PRESSURE "

Definition.

The atmospheric pressure at any pointis numerically
equal to the weight of a column of air of unit
cross-sectional area extending from that point to the

top of the atmosphere.
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At0°C, density of mercury = 13.595 gcm=3, and at
sea level, g =980.66 cm s2

Now P = hpg.

Atmospheric pressure =76 x 13.595 x 980.66 dyne
cm==1.013 x 10° N-m? (p,)

Height of Atmosphere

The standard atmospheric pressure is 1.013 x 10°
Pa (N m=). If the atmosphere of earth has a uniform
density p = 1.30 kg m=, then the height h of the air
column which exerts the standard atmospheric
pressure is given by

— hpg = 1.013 x 10°

1.013x10°  1.013x10°
= == = X 3 ~
h o0 11398 m=7.95x10®m
8 km.

In fact, density of air is not constant but decreases
with height. The density becomes half at about 6 km

high, %th atabout 12 km and so on. Therefore, we

can not draw a clear cut line above which there isno
atmosphere. Anyhow the atmosphere extends upto
1200 km. This limit is considered for all practical
purposes.

PRESSURE

MEASUREMENT OFATMOSPHERIC I'

1.

Mercury Barometer.

To measure the atmospheric pressure experimentally,
torricelli invented a mercury barometer in 1643.

Torricelli
T Vaccum

h
LI 7 o ereuy

p,=hpg
The pressure exerted by a mercury column of 1mm
highis called 1 Torr.

1 Torr=21 mm of mercury column

Open tube Manometer

Open-tube manometer is used to measure the
pressure gauge. When equilibrium is reached, the
pressure at the bottom of left limb is equal to the
pressure at the bottom of right limb.

Dl Pa
Y =YY,
p \2

p+y.pg | (¥

]
A

P.*Y:Pg
i.e.p+y, pd=p,+Y,pd

P—p,=rg (Y,—Y) = pQYy

P—p,=rg (Y,—Y) = pQYy

p = absolute pressure, p —p, = gauge pressure.

Thus, knowing y and p (density of liquid), we can
measure the gauge pressure.

Solved Examples

Ex.2. The manometer shown below is used to measure

the difference in water level between the two tanks.

Calculate this difference for the conditions indicated.
Liquid
(sp gravity = 0.9)

Sol. 1 p,+h, pg—40p,g+40pg =p, + h, pg

thg_hlpg:40pg_4oplg

as p, =0.9p

(hz - hl) pg = 40pg - 36pg
h,—h =4cm
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3.  Water Barometer.

Let us suppose water is used in the barometer instead
of mercury.

_ 1.013x10°
g

The height of the water column in the tube will be
10.3 m. Sucha long tube cannot be managed easily,
thus water barometer is not feasible.

hpg =1.013 x 10°0r h

Solved Examples

Ex. 3. Inagiven U-tube (open at one-end) find out relation
between p and p,. Givend, =2 x 13.6 gm/cm*®d,
=13.6 gm/cm?

y=25 ch

Sol. : Pressure in a liquid at same level is same i.e.
atA—A-,

P, +dyyg+xdig=p

InC.G.S.
p,+13.6x2x25xg+13.6x26xg=p
p,+13.6 xg[50+26]=p
2p,=p [p,=13.6 xgx76]

Ex. 4. Find out pressure at points Aand B. Also find
angle ‘o’

Sol.: Pressure atA— P,=P,.—p,glsine
Pressure at B Po=P,,*p,gho
ButP,isalsoequalto ~ P_=P,+p glsine
Hence - P.mtr,0h=P,+p.ql

sine
Pimt P, GN =P, —p,
glsine+p,glsine
p2h
(s —p2)l -
Ex. 5. Inthegiven figure, the container slides down with
acceleration “a’ onan incline of angle “0’. Liquid is
stationary with respect to container. Find out -

sine=

(1) Angle made by surface of liquid with horizontal plane.
() Angleifa=gsine.
Sol. : Consider a fluid particle on surface. The forces
acting on itare shown in figure.
ma sind
'
Normal to
7 liquid surface

AY
Yliquid surface
mg

. - Normal to
N A
N - liquid surface

ma cosb

A
liquid surface

(mg — ma sin 9)
Resultant force acting on liquid surface, will always
normal to it
macos 6 acoso
mg —masino =(g—a§nm
Thus angle of liquid surface with the horizontal is
acoso6
(g—asing)

tan o =

equalto o =tan™*

acoso
g-gsinZ0

@) Ifa=gsine,then a=tan™ (

gsin6cos6

- -1

=tan(taneo) a=0
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Ex. 6. Water and liquid is filled up behind a square wall

Sol. :

@)

(b)

of side ». Find out

square wall
side (=10 m

(a) Pressures atA,Band C

14
(b) Forces in part AB and BC _ | oghox+ 200 {ﬁ o X} ,
(c) Total force and point of application of force. - ! 2 ! h,
(neglect atmosphere pressure in every calculation) 22 i
=pghh, ¢+ 2pge | = —Mf+hi

As there is no liquid above ‘A, 250/
=pghh s+ P [2412-2h ]

So pressure atA, p, =0 2
Pressure at B, p,, = pgh, = pgh,h,¢ +pge (¢ =h,)?
Pressure at C, p,. = pgh, + 2pgh, = pgh,¢ [h, + h.] = pgh,/?
ForceatA=0 =1000%x 10 x5x10x10=5x%x10°N
Take a strip of width ‘dx’ata depth ‘x’inpart AB. (c) Total force =5x106+1.25x 10% =6.25x 10°N
Pressure is equal to pgx. Taking torque about A
Force on strip = pressure x area hy
dF = pgx ¢dx Total torque of force in AB= I dF-x = IPQdeX-X
0
hy
_1pgfx® [7 pgrh? 1000 x10x10 x125
I T R 3
_ 1.25x10’
T N-m

Total torque of force inBC = J-dF-x

Total force upto B
: h

hy , Onsolvingwe get = pgh,h,¢[h, + 72] + pgh, 2

F= J'pgxfdx _ pgxthf _ 1000x10x10x5x5 2h,

0 2 2 [h1 + T

=1000x 10 x5%x5x10[5+2.5] + 1000 x 10 x
25 x 10 [5 + %]

=1.25x10°N

In part BC for force take a elementary strip of width
dx in portion BC. Pressure is equal to

=pgh, +2pg(x—hy) 25X 75100+ 222 x10° = 2o
Force on elementary strip = pressure x area

x 108

11.875x10" N 1.25x10

dF = [pgh, +2pg(x —h,)] £ dx Total torque = . .
Total force on part BC _ 13.125x107
= ==

0
F= [ Tpghy +2pg(x—hy)]¢dx
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Total torque = total force x distance of point of

application of force fromtop=F. X,
7
6.25x 10°x = —122X10 y _g
p 3 P
Alternatively
We can solve this problem by pressure diagram also.

Force on “AB’ part is area of triangle ‘ABC’

— hy _ pgh%fz
FAB—pghlx?Xf —T

Torque of force of AB part about A -
A

mE3
2,
3
h,-¥--

7rB

pgh*(

h

e Y7
fral

Tag ~

_ pghi¢ _pg*
T3 24
Force on ‘BC’ part is area of trapezium -

h
F.c = pgh,h,¢ + 2pgh, x 72£ = pgh,h,¢ + pgh.?¢

Torque of force of ‘BC’ part about ‘A’ -

2h,

h
1 =pghhs (h + 72) +pgh,?e(h, + =

A A 310 0
=05 (3] e 2

4 3 4 48
h2/
Total force = &21( + pgh,h,¢ + pgh.?/
3 3 3 3
= _pgf + pg£_+ _pgﬂ {l+l+£} = 5pg’
8 4 4 2 8
Total torque = 19pg¢* | pgrt _ 21pgt*
que =g 24 48
21pgl*  5pgl® 21pg/?
But Fx = xp = =2
WWrEX=""2 =~"38 *P 48
_ 210 _ 21x10 7
X\ =3 ~ 3 /M

Thus total force is acting at 7m below A point.

ARCHIMEDES’ PRINCIPLE
According to this principle, when abody is immersed
wholly or partially ina fluid, it loses its weight which
is equal to the weight of the fluid displaced by the
body.
Up thrust = buoyancy = Vp,g
V =volume submerged  p,=density of liquid.
Relation between density of solid and liquid
weight of the floating solid = weight of the liquid
displaced

_ P1_Va
Vip9=V,p,0 = Py Vi
Density of solid

Density of liquid

or

_ Volume of the immeresed portion of the solid
- Total Volume of the solid

This relationship is valid in accelerating fluid also.
Thus, the force acting on the body are :

(i) itsweight Mg which acts downward and

(i) netupward thrust on the body or the buoyant force
(mg)
Hence the apparent weight of the body = Mg - mg
=weight of the body — weight of the displaced liquid.
Or Actual Weight of body — Apparent weight of
body = weight of the liquid displaced.
The point through which the upward thrust or the
buoyant force acts when the body is immersed in
the liquid is called its centre of buoyancy. This will
coincide with the centre of gravity if the solid body
is homogeneous. On the other hand if the body is
not homogeneous, then the centre of gravity may
not lie on the line of the upward thrust and hence
there may be a torque that causes rotation in the
body.
If the centre of gravity of the body and the centre of
buoyancy lie on the same straight line, the body is in
equilibrium.
If the centre of gravity of the body does not coincide
with the centre of buoyancy (i.e., the line of upthrust),
then torque acts on the body. This torque causes the
rotational motion of the body.
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Solved Examples

Ex. 7. Acopper piece of mass 10 g is suspended by a

Sol.

vertical spring. The spring elongates 1 cm over its

natural length to keep the piece in equilibrium. A

beaker containing water is now placed below the

piece so as to immerse the piece completely in water.

Find the elongation of the spring. Density of copper

=9000 kg/m3. Take g =10 m/s?.

: Let the spring constant be k. When the piece is

hanging in air, the equilibrium condition gives

k (1 cm)=(0.01kg) (10 m/s)

or k(1cm)=0.1N.

The volume of the copper piece
0.01kg 1

= 9000kg/m? — 9 X107

This is also the volume of water displaced when the

piece is immersed in water. The force of buoyancy

=weight of the liquid displaced

= é x 105 m? x (1000 Kg/m?) x (10 m/s?) = 0.011 N.

If the elongation of the spring is X when the piece is
immersed in water, the equilibrium condition of the
piece gives,

kx =0.1N-0.011 N=0.089 N. ............... (i)
By (i) and (ii),

_0.089

01 cm =0.89cm.

Ex. 8. Acubical block of wood of edge 3 cm floats in

water. The lower surface of the cube just touches
the free end of a vertical spring fixed at the bottom
of the pot. Find the maximum weight that can be put
on the block without wetting it. Density of wood
=800 kg/m? and spring constant of the spring =50
N/m. Take g = 10 m/s2.

Sol.

: The specific gravity of the block =0.8. Hence the
height inside water =3 cm % 0.8 = 2.4 cm. The
height outside ater =3 cm—2.4=0.6 cm. Suppose
the maximum weight that can be put without wetting
itisW. The block in this case is completely immersed
in the water. The volume of the displaced water

=volume of the block =27 x 108 m?3,

Hence, the force of buoyancy

= (27 x 1075 m?) x 1(1000 kg/m3) x (10 m/s?)
=0.27 N.

The spring is compressed by 0.6 cm and hence the

upward force exerted by the spring

=50 N/mx 0.6cm=0.3 N.

The force of buoyancy and the spring force taken

together balance the weight of the block plus the

weight W put on the block. The weight of the block is

W' = (27 x 10° m) x (800 kg/m?3) x (10 m/s?)
=0.22 N.

Thus, W=0.27N+0.3N-0.22N =0.35N.

Ex. 9. Awooden plank of length 1 m and uniform cross-

Sol. :

section is hinged at one end to the bottom of a tank
asshown infigure. The tank is filled with water up to
aheight of 0.5 m. The specific gravity of the plank is
0.5. Find the angle o that the plank makes with the
vertical inthe equilibrium position. (Exclude the case

6=0)
( /ﬁ
¢] A mg

0
The forces acting on the plank are shown in the
figure. The height of water level is
¢=0.5m. The length of the plank is 1.0 m = 2.
The weight of the plank acts through the centre B of
the plank. We have OB = ¢. The buoyant force F
acts through the point Awhich is the middle point of
the dipped part OC of the plank.

ocC !
Wehave OA= > = 2c0s0°

Let the mass per unit length of the plank be p.
Its weight mg = 2/pg.
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e

The mass of the part OC of the plank = (

: 1
The mass of water displaced = 05 cos6 P
_ 20
~ cos6”
. 2/pg
The buoyant force F is, therefore, F = 056"

Now, for equilibrium, the torque of mg about O
should balance the torque of F about O.

So mg (OB) sine =F(OA) sine
_ (2 l 1
or, (2¢p)t = (cos@] (20056] or, C0S%9 = >
1
or, Coso = 2 or, 0 =45°.

Ex. 10. Acylindrical block of wood of mass M is floating

Sol.

in water with its axis vertical. It is depressed a little
and then released. Show that the motion of the block
is simple harmonic and find its frequency:.

: Suppose a height h of the block is dipped in the
water in equilibrium position. If r be the radius of the
cylindrical block, the volume of the water diplaced
=nrZh. For floating in equilibrium,

nrrhpg=W
where p is the density of water and W the weight of
the block.

Now suppose during the vertical motion, the block
is further dipped through a distance x at some instant.
The volume of the displaced water is = r? (h + x).
The forces acting on the block are, the weight W
vertically downward and the buoyancy = r3(h + x)
pg vertically upward.

Net force on the block at displacement x from the
equilibrium position is

F=W-nar?(h+x)pg =W —nr? hpg — nr’pxg
Using (i) F = — nr? pgx =— kX,

where k = r?pg.

Thus, the block executes SHM with frequency.

nrng

Ex. 11. A cylindrical bucket with one end open is

Sol. :

observed to be floating on a water (p = 1000 kg/
m?) with open and down. It is of 10 N weight and is
supported by air that is trapped inside it as shown
below. The bucket floats with a height 10 cm above
the liquid surface. If the air trapped is assumed to
follow isothermal law, then determine the force F
necessary just to submerge the bucket. The internal
area of cross-section of bucket is 21 cm? The
thickness of the wall is assumed to negligible and the
atmospheric pressure must be neglected.
(g=10m/sec?)

1Ocm]r
L Air v
Weight of bucket 0.1]r
W=AXpg . (1) X’l Alr

pressure at liquid - air interface = pressure of air
=pg X,

w

From (1) p, = pg A—pg = A

pOX, =
v,=A[h+x]= A[ Apg}

Let force F is applied
downward force = F + W = Buoyant = AX, pg....(2)

2
plvl=p22
W W
= h+——
XA{ Apg} X, p gAX
ﬂ{h }f )
= X Apg Apg rom (2)
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h+ﬂ}

wW
FHW=A0 Y ang| " Apg

= F+W= JwApgh+w?

F= JwApgh+Ww? —w  substituting values -

W=10N, p=1000 kg/m*,A=2.1x10=°m?
F
= y10x2.1x1073 x1000 x10 x10~* +100 10
=11-10=1N
Ex. 12. Alarge block of ice cuboid of height ‘¢’ and
density p,,=0.9p,, has a large vertical hole along
its axis. This block is floating in a lake. Find out the

length of the rope required to raise a bucket of water
through the hole.

: Letarea of ice-cuboid excluding hole = A
weight of ice block = weight of liquid displaced

,Dt

Sol.

A, (9=Ap, (1-h)g

24 9/
E—f—h: h—f—m

- (55)

PRESSURE IN CASE OFACCELERATING
FLUID ‘
(i) Liquid Placedinelevator :

When elevator accelerates upward with acceleration
a, then pressure in the fluid, at depth *h” may be
given by,

p=hp[g+a

and force of buoyancy, B=m(g+a,)
3, B
| ‘

(i) Freesurface of liquid in horizontal acceleration:

2o
tane= —
g

p,—P,=fpa, wherep,and p, are pressures at

0
point1&2.Thenh, —h,=—=

Sol. :

Solved Examples

Ex. 13. Anopen rectangular tank 1.5 m wide 2m deep
and 2m long is half filled with water. It is accelerated
horizontally at 3.27 m/sec? in the direction of its
length. Determine the depth of water at each end of
tank. [g=9.81 m/sec?]

B -
B

A

Depth at corner *A’

=1-1.5tane

=05m Ans.
Depthatcorner‘B’=1+1.5tane=1.5m Ans.

(iii)

Free surface of liquid in case of rotating
cylinder.

: B
A r—f-—
Soo e Ih




Mechanical Properties of Fluids

STREAMLINE FLOW "

The path taken by a particle in flowing fluid is called
its line of flow. In the case of steady flow all the
particles passing through a given point follow the
same path and hence we have a unique line of flow
passing through a given point which is also called
streamline.

|
CHARACTERISTICS OF STREAMLINE‘

1.

Atangent at any point on the stream line gives the
direction of the velocity of the fluid particle at that
point.

Two steamlines never intersect each other.

Laminar flow : If the liquid flows over a horizontal
surface in the form of layers of different velocities,
then the flow of liquid is called Laminar flow. The
particle of one layer do not go to another layer. In
general, Laminar flow is a streamline flow.

Turbulent Flow : The flow of fluid in which velocity
of all particles crossing a given point is not same and
the motion of the fluid becomes disorderly or irregular
is called turbulent flow.

REYNOLD’S NUMBER"

0)

(i)

(i)

According to Reynold, the critical velocity (v,) of a
liquid flowing through a long narrow tube is

directly proportional to the coefficient of viscosity
(n) of the liquid.

inversely proportional to the density p of the liquid
and

inversely proportional to the diameter (D) of the tube.
R
Thatis v, « % or v.= p—g
_ VepPD
Or =757 (1)

where R is the Reynold number.

If R <2000, the flow of liquid is streamline or laminar.
If R>3000, the flow is turbulent. If R lies between
2000 and 3000, the flow is unstable and may change
from streamline flow to turbulent flow.

EQUATION OF CONTINUITY "

The equation of continuity expresses the law of
conservation of mass in fluid dynamics.

This is called equation of continuity and states that
as the area of cross section of the tube of flow
becomes larger, the liquid’s (fluid) speed becomes
smaller and vice-versa.

Ilustrations -

(i)

(i)

Velocity of liquid is greater in the narrow tube as
compared to the velocity of the liquid in a broader
tube.

Deep waters run slow can be explained from the
eguation of continuity i.e., av = constant. Where water
is deep the area of cross section increases hence
velocity decreases.

ENERGY OFALIQUID g™

(i)

(ii)

(iii)

A liquid can posses three types of energies :
Kinetic energy :

The energy possessed by a liquid due to its motion
is called kinetic energy. The kinetic energy of a liquid

. . .1
of mass m moving with speed v is > mv2,

: Zmy? 1
- K.E. per unit mass = -2 =V
m 2

Potential energy :
The potential energy of a liquid of mass m ata height
hismgh.

- P.E. per unit mass = ngh =gh

Pressure energy :

The energy possessed by a liquid by virtue of its
pressure is called pressure energy.

Consider a vessel fitted with piston at one side
(figure). Let this vessel is filled with aliquid. Let ‘A’
be the area of cross section of the piston and P be
the pressure experienced by the liquid.

The force acting on the piston = PA

If dx be the distance moved by the piston, then work
done by the force = PA dx = PdV

where dV = Adx, volume of the liquid swept.
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This work done is equal to the pressure energy of Applying Bernoulli’s equation between points
the liquid. (1) and (2) -
. Pressure energy of liquid in volume dV = PdV.
The mass of the liquid having volume dV = pdV,
p is the density of the liquid. ~ pgh, = % p(v,2-v?) = 2gh, =[v?-V/]
= [Wzroz _ WZI’Z]
r,=2x10?m = 2gh, =w?[r2-r’]

1 1
I:)atm-i- E lez—ng = I:)atm-l- E pVZZ_pg(H_hO)

2

_2 _
W= Joh = 27102 V10x0.1

=100 radian/ sec.

Ex. 15. Water flows in a horizontal tube as shown in

BERNOULLI’S THEOREM .' figure. The pressure of water changes by 600 N{m2
It states that the sum of pressure energy, kinetic between A and B where the areas of cross-section

) ) . .
energy and potential energy per unit mass or per are 30cm?and 15cm? respectively. Find the rate of

unit volume or per unit weight is always constant for flow of vXater through the tube.
an ideal (i.e. incompressible and non-viscous) fluid - B -

having stream-line flow. - — _

T
P .
ie. = +=v2+ gh = constant. Sol : Letthe velocityatA=v, and thatat B =v,.
p 2
By the equation of continuity, & = 2™ =
y the equation of continuity, VA = 1sem? S 2
By Bernoulli’s equation,
1 1
Pyt EpVAZZ Py + 2 PV’
Solved Examples 1 1 3
) ] . or,P,-Pg= 7 p(ZVA)2 Y pVA2 Y pVA2
Ex. 14. Acircular cylinder of height h, = 10 cm and 2 2 2
radius r,=2cm is opened at the top and filled with or. 600 ﬂz _3 (1000 k—%] v 2
liquid. Itis rotated about its vertical axis. Determine m 2 m A
the speed of rotation so that half the area of the or,V,=,0.4m?/s2 =0.63m/s.
bottom gets exposed. (g = 10 m/sec?). The rate of flow = (30 cm?) (0.63 m/s) = 1800 cm?s.
Sol. : Area of bottom = r
If ris radius of the exposed bottom, then APPLICATION OF BERNOULLI’S y
THEOREM ‘
(1) Bunsenburner
H (i) Liftofanairfoil.
() Spinning of a ball (Magnus effect)
(iv) The sprayer.
(v) Aping-pong ball inan air jet
nrl= = nur?

(vi) Torricelli’s theorem (speed of efflux)
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AtpointA,P, =P, v;=0andh;=h
Atpoint B, P,=P,v, =V (speed of efflux) and h=0

R —— N
_________ R

_________ \N

. . P 1 P
Using Bernoulli’stheorem —* +gh, + = v2 = =
p

2

h=Ly2 wehave — +gh+0=— +0+ -

+gh,= = —+gh+0=—+0+ =

gh,= 3 v3.wehave | +g o >
1

v2:2v2 gh or v=.2gh

Solved Examples

Ex. 16. Acylindrical container of cross-section area, A

@)
(b)

©

Sol.

is filled up with water upto height ‘h’. Water may
exit through a tap of cross section area ‘a’ in the

bottom of container. Find out
A
>

\elocity of water just after opening of tap.

The area of cross-section of water stream coming
out of tape at depth h, below tap interms of “a’ just
after opening of tap.

Time in which container becomes empty.

1/2
(Given: [%} =0.02,h=20cm, h,=20cm)

: Applying Bernoulli’s equation between (1) and (2) -

1
P, +pgh+—pV2_P +§pV2

()

©

Through continuity equation :

- _av,
Av,=av, Vv, = —

1 1
pgh + —pv,*= = pv)’
2gh

onsolving-v,=,/;_2&" (1)
A2

Applying Bernoulli’s equation between (2) and (3)

=2m/sec.

1 1
5PV, +pdhy = = pv?
Through continuity equation -

o _avy
av,=a’V, = V= 5

av [}
= 2 V2 +pgh, = 5 L_Zj @t |

2
1 1 (a
E><2><2+gh0:E (;j X2 %2

(a]z 9.8x.20 [a]z
] =1+ = | 5] =
a 2 a

a

=& Tlos
From (1) atany height *h’ of liquid level in container,
the velocity through tap,

2gh _

0.98 _ v2Oh
we know, volume of liquid coming out of tap
=decrease in volume of liquid in container.

For any small time interval ‘dt’ av,dt =—A - dx

t
a./20x dt=—-Adx dt = _
X = ! I,/zox

ldX

T
X
I_F*Vz
A o A
t= 720 2Vx]s = t= 270 2h

A h 2A  /0.20 2A
:—XZXJ— :_1}_ = —
a 20 a 20 a

1/2
. a A 1
Given (Aj =0.02 or 2 = 0.0004

Thust=2 x 2500 x 0.1 = 500 second.

=2500
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Ex. 17.
. B

container
of area A h,
[ [ R — _}‘_

hI hll_ A
h,
liquid p area of cross

(@)
(0)

x c section a
Inagiven arrangement

Find out velocity of water coming out of ‘C’
Find out pressure at A, B and C.

Sol. :

@)

(b)

Applying Bernoulli’s equation between liquid surface
and point ‘C’.

1 1
p,*+ 5pvi =p, - pgh, + Spv3

through continuity equation

Pressure at A just outside the tube , p, =p,. + pgh,
For pressure at B,

1
Pyt 0+0=py+pgh,+- pvy?

_ 1 2gh
PB_PA_pghz_Ep a?é
-5

A

Pressureat C, p.=p

atm

(V) Venturimeter.

Itisa gauge put on a flow pipe to measure the flow
of speed of a liquid (Fig). Let the liquid of density p
be flowing through a pipe of area of cross section
A, . LetA, be the area of cross section at the throat
and a manometer is attached as shown in the figure.
Letv, and P, be the velocity of the flow and pressure
at pointA, v, and P, be the corresponding quantities
at point B.

Using Bernoulli’s theorem :

1
> v

P P
Fl+gh1+ 2==2 1gh,+ = v2, we get

1 P, 1
" +gh+ Evf = +gh+ Evg
(Sinceh, =h,=h)

or (P,~P,)= % p(V2-v2)  ..(l)

According to continuity equation, A, v, = AV,

v, = A
or V2= 1|V,

Substituting the value of v, in equation (1) we have

BE

Since A, >A,, therefore, P, > P,

2(P,-P,)  2A3(P,-P,)

pl(AlJz _1} T p(AZ-A))
A2

or vi =
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where (P, —P,) =p_ghand h is the difference in
heights of the liquid levels in the two tubes.

The flow rate (R) i.e., the volume of the liquid flowing
per second isgivenbyR=v A .

(viii) During wind storm,

The velocity of air just above the roof is large so
according to Bernoulli’s theorem, the pressure just
above the roof is less than pressure below the roof.
Due to this pressure difference an upward force acts
on the roof which is blown of without damaging other
parts of the house.

(ix) When a fast moving train cross a person standing

near a railway track, the person has a tendency to
fall towards the train. This is because a fast moving
train produces large velocity in air between person
and the train and hence pressure decreases
according to Bernoulli’s theorem. Thus the excess
pressure on the other side pushes the person towards
the train.

VISCOSITY 4

When a solid body slides over another solid body;,
a frictional-force begins to act between them. This
force opposes the relative motion of the bodies.
Similarly, when alayer of a liquid slides over another
layer of the same liquid, a frictional-force acts
between them which opposes the relative motion
between the layers. This force is called ‘internal
frictional-force'.

Suppose a liquid is flowing in streamlined motion on
afixed horizontal surface AB (Fig.). The layer of the
liquid which is in contact with the surface is at rest,
while the velocity of other layers increases with
distance from the fixed surface. In the Fig., the lengths
of the arrows represent the increasing velocity of
the layers. Thus there is arelative motion between
adjacent layers of the liquid. Let us consider three
parallel layers a, b and c. Their velocities are in the
increasing order. The layer a tends to retard the layer

(i)

(i

)

b, while b tends to retard c. Thus each layer tends
to decrease the velocity of the layer above it.
Similarly, each layer tends to increase the velocity of
the layer below it. This means that in between any
two layers of the liquid, internal tangential forces act
which try to destroy the relative motion between the
layers. These forces are called 'viscous forces'.
Ifthe flow of the liquid is to be maintained, an external
force must be applied to overcome the dragging
viscous forces. In the absence of the external force,
the viscous forces would soon bring the liquid to
rest. The property of the liquid by virtue of which
it opposes the relative motion between its
adjacent layers is known as 'viscosity’.

The property of viscosity is seen in the following
examples:

Maximum Velocity

Horizontal
Plane

Zero
Velocity

A stirred liquid, when left, comes to rest on account
of viscosity. Thicker liquids like honey, coaltar,
glycerine, etc. have a larger viscosity than thinner
ones like water. If we pour coaltar and water on a
table, the coaltar will stop soon while the water will
flow upto quite a large distance.

If we pour water and honey in separate funnels, water
comes out readily from the hole in the funnel while
honey takes enough time to do so. This is because
honey is much more viscous than water. As honey
tends to flow down under gravity, the relative motion
between its layers is opposed strongly.

We can walk fast in air, but not in water. The reason
Is again viscosity which is very small for air but
comparatively much larger for water.

The cloud particles fall down very slowly because
of the viscosity of air and hence appear floating in
the sky.

Viscosity comes into play only when there is arelative
motion between the layers of the same material.
This is why it does not act in solids.
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FLOWOFLIQUIDINATUBE: I'

CRITICAL VELOCITY

When a liquid flows 'in a tube, the viscous forces
oppose the flow of the liquid, Hence a pressure
difference is applied between the ends of the tube
which maintains the flow of the liquid. If all particles
of the liquid passing through a particular point in the
tube move along the same path, the flow" of the liquid
is called 'stream-lined flow'. This occurs only when
the velocity of flow of the liquid is below a certain
limiting value called ‘critical velocity'. When the
velocity of flow exceeds the critical velocity, the flow
is no longer stream-lined but becomes turbulent.
In this type of flow, the motion of the liquid becomes
zig-zag and eddy-currents are developed in it.

Reynold proved that the critical velocity for a liquid
flowing inatube is v_=kn/pa. where p is density
and n is viscosity of the liquid, a is radius of the tube
and k is 'Reynold's number' (whose value for a
narrow tube and for water is about 1000). When
the velocity of flow of the liquid is less than the critical
velocity, then the flow of the liquid is controlled by
the viscosity, the density having no effect on it. But
when the velocity of flow is larger than the critical
velocity, then the flow is mainly governed by the
density, the effect of viscosity becoming less
important. It is because of this reason that when a
volcano erupts, then the lava coming out of it flows
speedly inspite of being very thick (of large viscosity).

COEFFICIENT OF VISCOSITY

VELOCITY GRADIENT AND I'

The property of a liquid by virtue of which an
opposing force (internal friction) comes into play
when ever there is a relative motion between the
different layers of the liquid is called viscosity.

SIMILARITIESAND DIFFERENCES
BETWEENVISCOSITYAND SOLID
FRICTION

Consider a flow of a liquid over the horizontal solid
surface as shown in fig. Let us consider two layers

AB and CD moving with velocities v and v +
dv atadistance x and (x + dx) respectively from
the fixed solid surface.

According to Newton, the viscous drag or back
ward force (F) between these layers depends.

(1) directly proportional to the area (A) of the layer
and (ii) directly proportional to the velocity gradient

dv
(&j between the layers.

. dv dv
|.e.FocA& or F:—nA& (1)

A
V+av
¢ > D
Fe— > dx

Q

n is called Coefficient of viscosity. Negative sign
shows that the direction of viscous drag (F) is just
opposite to the direction of the motion of the liquid.

y

Similarities

Viscosity and solid friction are similar as

Both oppose relative motion. Whereas viscosity
opposes the relative motion between two adjacent
liquid layers, solid friction opposes the relative motion
between two solid layers.

Both come into play, whenever there is relative
motion between layers of liquid or solid surfaces as
the case may be.

Both are due to molecular attractions.
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Differences between them —»

Viscosity

Solid Friction

Viscosity (or viscous drag) between layers

Friction between two solids is independent of

reaction between two layers of liquid.

() |of hqulq is directly proportional to the area of] (i) the area of solid surfaces i contact.
the liquid layers.

(i) Viscous drag is proportional to the relative (i) Friction is independent of the relative velocity
velocity between two layers of liquid. between two surfaces.

(i Viscous drag is independent of normal (i) Friction is directly proportional to the normal

reaction between two surfaces in contact.

SOMEAPPLICATIONSOFVISCOSITY gl Solved Examples

Knowledge of viscosity of various liquids and gases
have been put to use in daily life. Some applications
of its knowledge are discussed as under —

1. Asthe viscosity of liquids vary with temperature,
proper choice of lubricant is made depending upon
season.

2. Liquids of high viscosity are used in shock absorbers
and buffers at railway stations.

3. Thephenomenon of viscosity of air and liquid is used
to damp the motion of some instruments.

4. The knowledge of the coefficient of viscosity of
organic liquids is used in determining the molecular
weight and shape of the organic molecules.

5. Itfinds animportant use in the circulation of blood
through arteries and veins of human body.

UNITSOFCOEFFICIENTOFVISCOSITY‘V
From the above formula, we have
F
" A(Av, /42)
. dimensionsof n
MLT™?]  MLT?] e
ety pery e
Its unit is kg/(meter-second)*
In C.G.S. system, the unit of coefficient of viscosity
is dyne scm=and is called poise. In Sl the unit of
coefficient of viscosity is N sm= and is called
decapoise.
1 decapoise =1 N sm2 = (10° dyne) x s x (10?
cm)=2 =10 dyne s cm=2 =10 poise

n

Ex.

Sol.

Ex.

d i d
SoI.F:F':nA%:mgsme &

18. Aman is rowing a boat with a constant velocity
‘v,” in ariver the contact area of boat is ‘A’ and
coefficient of viscosity is n. The depth of river is
‘D’. Find the force required to row the boat.
F-F.=ma_

As boat moves with constant velocitya =0

fF o
D
!
F=F,
N v _ve-0 _ Vo
But FT—nAOIZ , but Z- b "D
_~ _ nAv
thenF=F = =%

19. Acubical block (of side 2m) of mass20 kg slides
on inclined plane lubricated with the oil of viscosity
n =107 poise with constant velocity of 10 m/sec.
(g=10m/sec?)

find out the thickness of layer of liquid.

30°

1
o<

dz

F
mgsin® (\
V ~

¥
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20 x 10 x 5in 30° = 1 X 4 X %
_ 40x1072 A i A >
h= o0 " [n =10 poise =102 N-sec-m=]

=4x10°*m=4mm
Ex. 20. As per the shown figure the central solid cylinder

starts with initial angular velocity o,. Find out the
time after which the angular velocity becomes half.

1 mass, m
‘ ’
liquid, n

dv 0)1—

Sol. eE:ﬁ

Solid cylinder
liquid, n
21 R, (R, 2R3 0/
F=n—(5 5  and =FR, =
T Ry-Ry ' 1 R, -R;
2nnR3 o/ MRZ [_ dwj 2nmR3 w/
Te="R,"R, > | dt R, -R;
m(fz __4AmR, jdt
or - " mR,- 1)
_m (R2 R;)¢n2
=>1= 4nnlR,

THEVISCOSITY

The viscosity of liquids decrease with increase in
temperature and increase with the decrease in

EFFECT OF TEMPERATURE ON |'

temperature. That is, n % . On the other hand,
T

the value of viscosity of gases increases with the
increase in temperature and vice-versa. Thatis, n

< JT .

STOKE’S LAW 1

Stokes proved that the viscous drag (F) on a
spherical body of radius r moving with velocity vin
afluid of viscosity nisgivenby F=6nnrv. Thisis
called Stokes’ law.

>
TERMINAL VELOCITY _gf

When a body is dropped in a viscous fluid, it s first
accelerated and then its acceleration becomes zero
and it attains a constant velocity called terminal
velocity.

Calculation of Terminal Velocity

Let us consider a small ball, whose radius is r and
density is p, falling freely in a liquid (or gas), whose
density is o and coefficient of viscosityn. When it
attains a terminal velocity v. It is subjected to two
forces:

(i) effective force acting downward
ennrv

v|
4/3nr’ (p—o) g
4
=V (p-0)g= 5 o’ (p-0)g,

(i) viscous force acting upward =6 n rv.

Since the ball is moving with a constant velocity v
I.e., there is no acceleration in it, the net force acting
on it must be zero. That is

6rnrv = % pri(p-o)g

2 r’(p-o)g

9 n

Thus, terminal velocity of the ball is directly
proportional to the square of its radius

Important point

Air bubble in water always goes up. It is because
density of air (p) is less than the density of water (o).
So the terminal velocity for air bubble is Negative,
which implies that the air bubble will go up. Positive
terminal velocity means the body will fall down.

or V=
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Solved Examples

Ex. 21. Aspherical ball is moving with terminal velocity
inside a liquid. Determine the relationship of rate of
heat loss with the radius of ball.

Sol. Rate of heat loss =power=Fxv =6anrvxv

2
—6nan2—6pnr{_9—r(o /)}

Rate of heat loss o r°

Ex. 22. Adrop of water of radius 0.0015 mm is falling
in air. If the coefficient of viscosity of air is
1.8 % 10°kg/(m-s), whatwill be the terminal velocity
of the drop? (density of water = 1.0 x 10° kg/m?
and g = 9.8 N/kg.) Density of air can be neglected.

Sol. By Stoke’s law , the terminal velocity of a water

drop of radius r is given by

_ 2 r’(p-o)g
9 n

where p is the density of water, o is the density of air
and n the coefficient of viscosity of air. Here ¢ is
negligible and r = 0.0015 mm = 1.5 x 10° mm
= 1.5 x 10°* m. Substituting the values :
2 (1.5x107°%)? x(1.0x10%)x 9.8
9 1.8x1075
=2.72x 10* m/s

Ex. 23. A metallic sphere of radius 1.0 x 10 m and
density 1.0 x 10* kg/m?®enters a tank of water, after
a free fall through a distance of h in the earth’s
gravitational field. I its velocity remains unchanged
after entering water, determine the value of h. Given:
coefficient of viscosity of water =1.0 x 10 N-s/
m?, g = 10 m/s? and density of water = 1.0 x 10°
kg/m?,

The velocity attained by the sphere in falling freely
fromaheighthis

v= ,/2gh ()
This is the terminal velocity of the sphere in water.
Hence by Stoke’s law, we have

v =

Sol.

_ 2 r’(p-0)g

9 n

where r is the radius of the sphere, p is the density of
the material of the sphere

o (= 1.0 x 10°kg/m3) is the density of water and n is
coefficient of viscosity of water.

_ 2x(1.0x107%)%(1.0x10* ~1.0x10%)x 10

Y

9x1.0x1073
=20m/s
o vZ  20x20
from equation (i), we have h= 29 2x10 =20m

Applications of Stokes' Formula

(i)

(ii)

(iii)

In determining the Electronic Charge by
Millikan's Experiment : Stokes' formula is used
in Millikan's method for determining the electronic
charge. In this method the formula is applied for
finding out the radii of small oil-drops by measuring
their terminal velocity in air.

Velocity of Rain Drops : Rain drops are formed
by the condensation of water vapour on dust
particles. When they fall under gravity, their motion
is opposed by the viscous drag in air. As the velocity
of their fall increases, the viscous drag also increases
and finally becomes equal to the effective force of
gravity. The drops then attain a (constant) terminal
velocity which is directly proportional to the square
of the radius of the drops. In the beginning the
raindrops are very small in size and so they fall with
such asmall velocity that they appear floating in the
sky as cloud. As they grow in size by further
condensation, then they reach the earth with
appreciable velocity,

Parachute : When a soldier with a parachute jumps
from a flying aeroplane, he descends very slowly in

ar. TERMINAL SPEED

o
w
]
o
T

— TIME

In the beginning the soldier falls with gravity
acceleration g, but soon the acceleration goes on
decreasing rapidly until in parachute is fully opened.
Therefore, in the beginning the speed of the falling
soldier increases somewhat rapidly but then very
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slowly. Due to the viscosity of air the acceleration of
the soldier becomes ultimately zero and the soldier
then falls with a constant terminal speed. In Fig graph
is shown between the speed of the falling soldier
andtime.

EXPLANATION OF SOME OBSERVED I'

PHENOMENA

Lead balls are spherical in shape.

Rain drops and a globule of mercury placed on glass
plate are spherical.

Hair of a shaving brush/painting brush, when dipped
in water spread out, but as soon as it is taken out.
Its hair stick together.

A greased needle placed gently on the free surface
of water in a beaker does not sink.

Similarly, insects can walk on the free surface of
water without drowning.

Bits of Camphor gum move irregularly when placed
on water surface.

SURFACE TENSION "

Surface Tension is a property of liquid at rest by
virtue of which a liquid surface gets contracted to a
minimum area and behaves like a stretched
membrane.

Surface Tension of a liquid is measured by force per
unit length on either side of any imaginary line drawn
tangentially over the liquid surface, force being
normal to the imaginary line as shown in the figure.

i.e. Surface tension

(T) = Total force on either of the imginary line (F)
Length of the line (¢)

Units of Surface Tension.

In C.G.S. system the unit of surface tension is dyne/

cm (dyne cm?) and Sl system its units is Nm™

Solved Examples

Ex. 24. Aring is cut form a platinum tube of 8.5 cm

Sol.

internal and 8.7 cm external diameter. It is supported
horizontally from a pan of a balance so that it comes
in contact with the water in a glass vessel. What is
the surface tension of water if an extra 3.97 g weight
is required to pull it away from water? (g =980 cm/
s?).

Cross
section

77T
7 7771IVWAN
/77 IV ANNND
PR NSNS
- 711y N\ ~

The ring is in contact with water along its inner and
outer circumference; so when pulled out the total
force on it due to surface tension will be

F=T@2nr +2xr,)

__m9 —
So, T = 2 +1,) [ F=mg]
. 3.97x 980
e, T= =72.13 dyne/cm

3.14x(8.5+8.7)

EXCESS PRESSURE INSIDE A LIQUID I

>

DROP AND A BUBBLE

1.

Inside a bubble : Consider asoap bubble of radiusr.

Let p be the pressure inside the bubble and p, outside.
The excess pressure = p —p.. Imagine the bubble
broken into two halves, and consider one half of it
as shown in Fig. Since there are two surfaces, inner
and outer, so the force due to surface tension is

F =surface tension x length = T x 2 (circumference
of the bubble) =T x2 (2 Txrr) ... (1)
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The excess pressure (p - p,) acts on a cross-sectional
area n r?, so the force due to excess pressure is

= F=(p-p,) nr
The surface tension force given by equation (1) must

balance the force due to excess pressure given by
equation (2) to maintain the equilibrium. i.e.(p—p,)
a?=Tx2(@2xr) or (p-p,)= g = Pycess
above expression can also be obtained by equation of
excess pressure of curve surface by puttingR =R,
Inside thedrop : Inadrop, there is only one surface
and hence excess pressure can be written as

2T

T - pexcess

(P-p,)=

Inside air bubble in aliquid : (p—p,) = ZTT

= pexcess

A charged bubble : If bubble is charged, it's radius
increases.

Bubble has pressure excess due to charge too.

AT
Initially pressure inside the bubble =p, + N

AT
For charge bubble, pressure inside = p, + T

2

c . -
24, where o surface is surface charge density.

Taking temperature remains constant, then from
Boyle's law

From above expression the radius of charged drop
may be calculated. It can conclude that radius of
charged bubble increases, i.e.r,>r,

Solved Examples

Ex. 25. Aminute spherical air bubble is rising slowly

Sol.

through a column of mercury contained in a deep
jar. If the radius of the bubble at a depth of 100 cm
is 0.1 mm, calculate its depth where its radius is
0.126 mm, given that the surface tension of mercury
is 567 dyne/cm. Assume that the atmospheric
pressure is 76 cm of mercury.

The total pressure inside the bubble at depth h_ is
(P isatmospheric pressure)

= (P+h,pg) + - =P,

and the total pressure inside the bubble at depth h,
is = (P+h, pg) + Zr—zT =p,

Now, according to Boyle’s Law

PV, =PV VE g ard,

where .

N

3

w|h

and V,=

nl,
2T | 4
Hence we get {(P+hlpg)+—r } —nr?
1| 371
2T | 4
=|(P+h +— = 3
|:( ng) I’2:| 3 nrz

2T 2T
or, {(P+hlpg)+—}r3: {(P+thg)+—}r3
n | r, |2

Giventhat:h =100cm,r, =0.1mm=0.01cm,r,
= 0.126 mm = 0.0126 cm, T = 567 dyne/cm,
P =76 cm of mercury. Substituting all the values,
weget  h,=9.48cm.

>
THE FORCE OF COHESION ‘

The force of attraction between the molecules of the
same substance is called cohesion.

In case of solids, the force of cohesion is very large
and due to this solids have definite shape and size.
On the other hand, the force of cohesion in case of
liquids is weaker than that of solids. Hence liquids
do not have definite shape but have definite volume.
The force of cohesion is negligible in case of gases.
Because of this fact, gases have neither fixed shape

nor volume.
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Examples.

0)

(i)

(i)

Two drops of a liquid coalesce into one when brought
in mutual contact because of the cohesive force.

It is difficult to separate two sticky plates of glass
wetted with water because a large force has to be
applied against the cohesive force between the
molecules of water.

Itis very difficult to break a drop of mercury into
small droplets because of large cohesive force
between mercury molecules.

FORCE OFADHESION _ gl

The force of attraction between molecules of different
substances is called adhesion.

Examples.

(1) Adhesive force enables us to write on the black
board with a chalk.

(i) Adhesive force helps us to write on the paper with
ink.

(i) Large force of adhesion between cement and bricks
helps us in construction work.

(iv) Due to force of adhesive, water wets the glass plate.

(v) Fevicol and gum are used in gluing two surfaces

together because of adhesive force.

ANGLE OFCONTACT g

The angle which the tangent to the liquid surface at
the point of contact makes with the solid surface
inside the liquid is called angle of contact. Those
liquids which wet the walls of the container (say in
case of water and glass) have meniscus concave
upwards and their value of angle of contact is less
than 90° (also called acute angle). However, those

liquids which don't wet the walls of the container
(say in case of mercury and glass) have meniscus
convex upwards and their value of angle of contact
is greater than 90° (also called obtuse angle).
The angle of contact of mercury with glass about
140°, whereas the angle of contact of water with
glass is about 8°. But, for pure water, the angle of
contact e with glass is taken as 0°.

Glass Glass

Point of
conact (¢]

Point of
conact

Mercury

(b)

SHAPE OF LIQUID MENISCUS "

0
(i)

(i

i)

)

When a capillary tube or atube is dipped ina liquid,
the liquid surface becomes curved near the point of
contact. This curved surface is due to the two forces
ie.

due to the force of cohesion and

due to the force of adhesion. The curved surface of
the liquid is called meniscus of the liquid. Various
forces acting on molecule Aare:

Force F, due to force of adhesion which acts
outwards at right angle to the wall of the tube. This
force is represented by AB.

Force F, due to force of cohesion which acts at an
angle of 45° to the vertical. This force is represented
by AD.

The weight of the molecule Awhich acts vertically
downward along the wall of the tube.

Since the weight of the molecule is negligible as
compared to F, and F, and hence can be
neglected. Thus, there are only two forces (F, and
F,) acting on the liquid molecules. These forces are
inclined at an angle of 135°.

F, ﬂA
o

N

Hgmi
[RENRRRENNRRN]
Hg™gmi
Trrrneeenned




Mechanical Properties of Fluids

0)

(i)

(i)

The resultant force represented by AC will depend
upon the values of F and F,. Let the resultant force
makes an angle o with F..

According to parallelogram law of vectors tan o

_ RIN2 R

F, sin135°
~ F, +F,cos135°

Special cases :

IfF,= V2 F, thentana=o . a= 90°

Then the resultant force will act vertically downward
and hence the meniscus will be plane or horizontal
shown infigure (a). Example; pure water contained
insilver capillary tube.

If F, <2 F,, thentan a is positive .. o is acute
angle

Thus, the resultant will be directed outside the liquid
and hence the meniscus will be concave upward
shown infigure (b). This is possible in case of liquids
which wet the walls of the capillary tube. Example ;
water in glass capillary tube.

If F,> /2 F,, thentan o is negative .. o is obtuse
angle.

Thus, the resultant will be directed inside the liquid
and hence the meniscus will be convex upward
shown in figure (c). Thisis possible in case of liquids
which do not wet the walls of the capillary tube.
Example ; mercury in glass capillary tube.

RELATION BETWEEN SURFACE TENSION, 4
RADII OF CURVATURE AND EXCESS
PRESSURE ONACURVED SURFACE.

Let us consider a small element ABCD (fig.) of a
curved liquid surface which is convex on the upper
side. R, and R, are the maximum and minimum radii
of curvature respectively, They are called the
‘principal radii of curvature' of the surface. Let p be
the excess pressure on the concave side.

1 1
thenp=T [R—l + R_zj . Ifinstead of a liquid surface,

we have a liquid film, the above expression will be

D

1 1
p=2T (R— + R—] , because a film has two surface.
1 2

| 4

ACURVED SURFACE

EXCESS OF PRESSURE INSIDE I

1.

Plane Surface : If the surface of the liquid is plane
[as shown in Fig.(a)], the molecule on the liquid
surface is attracted equally in all directions. The
resultant force due to surface tension is zero. The
pressure, therefore, on the liquid surface is normal.

Concave Surface : If the surface is concave
upwards [as shown in Fig.(b)], there will be upward
resultant force due to surface tension acting on the
molecule. Since the molecule on the surface is in
equilibrium, there must be an excess of pressure on
the concave side in the downward direction to
balance the resultant force of surface tension p, —
2T

Resultant

(c) Convex Surface
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Convex Surface : If the surface is convex [as shown
inFig.(c)], the resultant force due to surface tension
acts in the downward direction. Since the molecule
on the surface are in equilibrium, there must be an
excess of pressure on the concave side of the surface
acting in the upward direction to balance the
downward resultant force of surface tension, Hence
there is always an excess of pressure on concave
side of a curved surface over that on the convex
side.

_ 2T
pB_pA_ T

Solved Examples

Ex. 26. Abarometer contains two uniform capillaries of

Sol.

radii 1.44 x 10°*mand 7.2 x 10 m. If the height
of the liquid in the narrow tube is 0.2 m more than
that in the wide tube, calculate the true pressure
difference. Density of liquid = 10° kg/m?3, surface
tension=72 x 10°*N/m and g =9.8 m/s2.

Let the pressure in the wide and narrow capillaries
of radii r and r, respectively be P, and P,

Then pressure just below the mensiscus in the wide
and narrow tubes respectively are

2T 2T 2T
(Pl —r—] and (Pz —r—] [excess pressure= —1.
1 2 r
Difference in these pressures

2T 2T
5o

- True pressure difference =P, —P,

r

11
=hpg + 2T (r———]

1
=02x10°x9.8+2x72x10°

frrraarr=]
1.44%x107°% 7.2x107%
=1.86 x 10% = 1860 N/m?

CAPILLARITY "

A glass tube of very fine bore throughout the length
of the tube is called capillary tube. If the capillary
tube is dipped in water, the water wets the inner
side of the tube and rises in it [shown in figure (a)].
If the same capillary tube is dipped in the mercury,
then the mercury is depressed [shown in figure (b)].
The phenomenon of rise or fall of liquids in a capillary
tube is called capillarity.

PRACTICALAPPLICATIONS OF d

CAPILLARITY ‘

1. Theoilinalamp rises in the wick by capillary action.

2. Thetipof nib ofapenis split up, to make a narrow
capillary so that the ink rises upto the tin or nib
continuously.

3. Sap and water rise upto the top of the leaves of the
tree by capillary action.

4. If one end of the towel dips into a bucket of water
and the Other end hangs over the bucket the towel
soon becomes wet throughout due to capillary
action.

5. Inkisabsorbed by the blotter due to capillary action.

6. Sandy soil is more dry than clay. It is because the
capillaries between sand particles are not so fine as
to draw the water up by capillaries.

7. The moisture rises in the capillaries of soil to the
surface, where it evaporates. To preserve the
moisture m the soil, capillaries must be. broken up.
This is done by ploughing and leveling the fields

8. Bricksare porous and behave like capillaries.
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CAPILLARY RISE (HEIGHT OF

ALIQUID INACAPILLARY TUBE)
ASCENT FORMULA

()

Consider the liquid which wets the walls of the tube,
forms a concave meniscus shown in figure. Consider
acapillarytube of radius r dipped ina liquid of surface
tension T and density p. Let h be the height through
which the liquid rises in the tube. Let p be the pressure
on the concave side of the meniscus and p, be the
pressure on the convex side of the meniscus. The
eXCess pressure

2T

(p—p,)isgivenby (p-p,) = —

Where R is the radius of the meniscus. Due to this
excess pressure, the liquid will rise in the capillary
tube till it becomes equal to the hydrostatic pressure
hpg. Thusin equilibrium state.

. 2T
Excess pressure = Hydrostatic pressure or-= hpg

Let o be the angle of contact and r be the radius of
the capillary tube shown in the fig.

r

OA

From AOAC, =cos 06 orR =

cos6
_ 2TcosH

rpg
This expression is called Ascent formula.
Discussion.
For liquids which wet the glass tube or capillary tube,
angle of contact 6 <90°. Hence cos 6 = positive.
= h=positive. It means that these liquids rise in the
capillary tube.
Hence, the liquids which wet capillary tube rise
in the capillary tube. For example, water, milk,
kerosene oil, patrol etc.

V  Solved Examples

Ex. 27. Aliquid of specific gravity 1.5 is observed to

Sol.

rise 3.0 cmin a capillary tube of diameter 0.50 mm
and the liquid wets the surface of the tube. Calculate
the excess pressure inside a spherical bubble of 1.0
cm diameter blown from the same liquid. Angle of
contact = 0°.

The surface tension of the liquid is

_ rheg
=7
_ (0.025cm) (3.0cm) (1.5gm/cm®) (980cm/sec?)
2
=55 dyne/cm.

Hence excess pressure inside a spherical bubble

4T 4 x55dyne/cm

R = (05cm) - 440dyne/cm?.

(i)

For liquids which do not wet the glass tube or
capillary tube, angle of contact 6 > 90°.

Hence cos 6 =negative = h =negative. Hence, the
liquids which do not wet capillary tube are depressed
in the capillary tube. For example, mercury.

1
(iii) T, o, p and g are constant and hence h o .

Thus, the liquid rises more in a narrow tube and less
inawider tube. Thisis called Jurin's Law.

(iv) Iftwo parallel plates with the spacing 'd' are placed

in water reservoir, then height of rise
= 2T¢ =prhdg
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(v) Iftwo concentric tubes of radius 'r,"and 'r,’ (inner
oneissolid) are placed in water reservoir, then height
of rise
= T [2nr, +2ar] = [xr?, h—=r 2h] pg

2
h= (2 —r1)pg

r, I,

(vi) Ifweightofthe liquid in the meniscus is to be consider:
T c0s 6 X 2nr = [nr?h + % a2 xr] pg

TcosO Tcosb

Tsino

|:h + L:| =
3 reg

(vii) When capillarytube (radius, 'r') is in vertical position,
the upper meniscus is concave and pressure due to
surface tension is directed vertically upward and is
givenbyp, =2T/R where R, =radius of curvature
of upper meniscus.

(@) (b) (©)
The hydrostatic pressure p, =h pg is always directed
downwards.

If p, >p, i.e. resulting pressure is directed upward.
For equilibrium, the pressure due to lower meniscus
should be downward. This makes lower meniscus
concave downward (fig.a). The radius of lower

2T
meniscus R, can be given by R, = (P, =P,

If p, < p,, i.e. resulting pressure is directed
downward for equilibrium, the pressure due to lower
meniscus should be upward. This makes lower
meniscus convex upward (fig. b).

) ) . 2T
The radius of lower meniscus can be given by R,

= p2 - pl'
If p, =p,, thenis no resulting pressure. then, p, —p,

2T _ _
=R, —00nR, =i e lower surface will be

FLAT. (fig.c).

(viii) Liquid between two Plates - When a small drop
of water is placed between two glass plates put
face to face, it forms a thin film which is concave
outward along its boundary. Let 'R" and 'r' be the
radii of curvature of the enclosed film in two
perpendicular directions.

Hence the pressure inside the film is less than the
atmospheric pressure outside it by anamount p given

_ (Hlj T
by p=T T Rew and we have. p =T

If d be the distance between the two plates and 6
the angle of contact for water and glass, then, from

Ld
. 2 1 _ 2cos®
the figure, cos 6 = —2r or -=—g -

o 1. 2T
Substituting for . in,we get p= ~ ¢oso.

0 can be taken zero for water and glass, i.e. cos 6 =1.
Thus the upper plate is pressed downward by the

. 2T
atmospheric pressure minus i Hence the resultant

. . 2T
downward pressure acting on the upper plate is i

If A be the area of the plate wetted by the film, the
resultant force F pressing the upper plate downward

. 2TA
is given by F =resultant pressure x area = N

For very nearly plane surface, d will be very small
and hence the pressing force F very large. Therefore
it will be difficult to separate the two plates normally.
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Solved Examples

Ex. 28. A drop of water volume 0.05 cm? is pressed

Sol.

between two glass-plates, as a consequence of
which, it spreads and occupies an area of 40 cm?, If
the surface tension of water is 70 dyne/cm, find the
normal force required to seperate out the two glass
plates in newton.

Pressure inside the film is less than outside by an
amount, P = TE + %} ,Wherer, andr,are the radi
of curvature of the meniscus. Herer, =t/2andr,
= o, then the force required to separate the two
glass-plates, between which a liquid film is enclosed

figure) is, F=PxA= 2AT , Where tis the thickness
(fig "

of the film, A=area of film.

_ 2A%T  2APT _ 2x(40x107*)*x(70x107°)
oA v T 0.05x107°
=45N

F

Ex. 29. Aglass plate of length 10 cm, breadth 1.54 cm

Sol.

and thickness 0.20 cm weighs 8.2 gm in air. It is
held vertically with the long side horizontal and the
lower half under water. Find the apparent weight of
the plate. Surface tension of water = 73 dyne per
cm, g =980 cm/sec?.

\blume of the portion of the plate immersed inwater is

10 x %(1.54) x 0.2 = 1.54 cm?.

Therefore, if the density of water is taken as 1,
then upthrust

=wit. of the water displaced

=1.54 x 1 x 980 = 1509.2 dynes.

Now, the total length of the plate in contact with the
water surface is 2(10 + 0.2) =20.4 cm,

-. downward pull upon the plate due to surface
tension

=20.4 x 73 = 1489.2 dynes

. resultant upthrust =1509.2 - 1489.2

=20.0 dynes = 980

= =0.0204 gm-wt.

. apparent weight of the plate in water
=weight of the plate in air — resultant upthrust
=8.2-0.0204 =8.1796 gm Ans.

Ex. 30. Aglass tube of circular cross-section is closed

Sol.

0)

(i)

(i)

at one end. This end is weighted and the tube floats
vertically in water, heavy end down. How far below
the water surface is the end of the tube? Given :
Outer radius of the tube 0.14 cm, mass of weighted
tube 0.2 gm, surface tension of water 73 dyne/cm
and g =980cm/sec?.

Let ¢ be the length of the tube inside water.
The forces acting on the tube are :

Upthrust of water acting upward

=qarkrx1x980 =

=60.368 ¢ dyne.

Weight of the system acting downward
=mg=0.2 x 980 = 196 dyne.

Force of surface tension acting downward

% x (0.14)? ¢ x 980

=2aT  =2x 2—72 x 0.14 x 73 = 64.24 dyne.

Since the tube is in equilibrium, the upward force is
balanced by the downward forces. That s,

60.368 ¢ =196 + 64.24 = 260.24.
260.24
(= 60368 =4.31cm.

Ex. 31. Aglass U-tube is such that the diameter of one

limb is 3.0 mm and that of the other is 6.00 mm. The
tube is inverted vertically with the open ends below
the surface of water in a beaker. What is the difference
between the heights to which water rises in the two
limbs? Surface tension of water is 0.07 nm™. Assume
that the angle of contact between water and glass is
Q°.
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Sol. Suppose pressures at the points A, B, C and D be
P, P, P.and P respectively.
The pressure on the concave side of the liquid surface
is greater than that on the other side by 2T/R.
An angle of contact 6 is given to be 0°, hence
Rcos0°=rorR=r
~ P,=Pg+2T/r and P_=P_+ 2T/,
where r, and r, are the radii of the two limbs
But P, =P,

2P+ Lop 4 2L
B rl D rz

or P_—P_=2T (1—1]

fh n
where h is the difference in water levels in the two
limbs

2T (1 1
o 0= (23]
pg \rn n

Giventhat T =0.07 Nm=, p = 1000 kgm-3

3 3
= — = — = = X -3
r 2mm 20 cm 20><100m 1.5x10°m,
r2:3><10—3m
h= 2x0.07 1 1
T 1000x9.8\1.5x10° 3x107°

m=4.76x10°"m=4.76 mm

Ex. 32. Two narrow bores of diameters 3.0 mm and 6.0
mm are joined together to form a U-shaped tube
open at both ends. If the U-tube contains water,
what is the difference in its levels in the two limbs of
the tube? Surface tension of water at the temperature
of the experiment is 7.3 x 102 Nm, Take the angle
of contact to be zero, and density of water to be 1.0
x 10°kg m=3 (g =9.8 ms3).

Sol. Giventhatr, = 3—; =15mm=15x%x1023m,

,= 6—; =3.0mm=3.0x%1023m,
T=73x102Nm?,0=0°p=1.0x10%kg m,
g=9.8ms=

When angle of contact is zero degree, the radius of
the meniscus equals radius of bore.

r

_ _ 21T
Excess pressure in the first bore, P, = ra
2x7.3x107°
= —————5— =97.3 Pascal
1.5x10
: 2T
Excess pressure in the second bore, P, = ——
2
2x7.3x107
= ———5 — =48.7 Pascal
3x107°

Hence, pressure difference in the two limbs of the
tube

AP =P, —P,=hpg
P,-P,  97.3-487
Py 1.0x10°x9.8

or h= =5.0mm

INSUFFICIENT LENGTH

We know, the height through which a liquid rises in
the capillary tube of radius r is given by

CAPILLARY RISE INATUBE OF I'

s h=qo5 oOrhR= " = constant

When the capillary tube is cut and its length is less
then h (i.e. h"), then the liquid rises upto the top of
the tube and spreads in such a way that the radius
(R") of the liquid meniscus increases and it becomes
more flat so that hR = h'R' = Constant. Hence the
liquid does not overflow.

Ifh'<hthenR'>R or —. , '
coso coso

=C0S0'<COSO = 0'>0
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Solved Examples

Ex. 33. Ifa5cm long capillary tube with 0.1 mm internal

Sol.

0)

(i)

(i)

diameter open at both ends is slightly dipped in water
having surface tension 75 dyne cm, state whether
(i) water will rise half way in the capillary. (ii) Water
will rise up to the upper end of capillary (iii) Water
will overflow out of the upper end of capillary/
Explain your answer.

Given that surface tension of water, T =75 dyne/cm

Radiusr = 07'1 mm =0.05mm =0.005 cm,

density p =1 gm/cm?, angle of contact, 6 = 0°.
Let h be the height to which water rise in the capillary
tube. Then

h= 2T cos0 _ 2x75xcos0°
T rpg T 0.005x1x981

But length of capillary tube,h’ =5cm

cm =30.58 cm.

Because h > % therefore the first possibility does
not exist.

Because the tube is of insufficient length therefore
the water will rise upto the upper end of the tube.

The water will not overflow out of the upper end of
the capillary. It will rise only upto the upper end of
the capillary.

The liquid meniscus will adjust its radius of curvature
R’ in such a way that

hR = ﬂ = constant}
[o]¢]

R’h’=Rh {
where R is the radius of curvature that the liquid
meniscus would possess if the capillary tube were

of sufficient length

. R’:R—h:m  R= r __f =r
h' h' cosO cos0°
- 0.005 x30.58

=0.0306 cm

TENSION

APPLICATIONS OF SURFACE I'

0

(i)

(i

i)

)

EFFECT OF TEMPERATURE AND
IMPURITIES ON SURFACE
TENSION

The wetting property is made use of in detergents
and waterproofing. When the detergent materials are
added to liquids, the angle of contact decreases and
hence the wettability increases. On the other hand,
when water proofing material is added to a fabric, it
increases the angle of contact, making the fabric
water-repellant.

The antiseptics have very low value of surface tension.
The low value of surface tension prevents the
formation of drops that may otherwise block the
entrance to skin or a wound. Due to low surface
tension the antiseptics spreads properly over the
wound. The lubricating oils and paints also have low
surface tension. So they can spread properly.

Surface tension of all lubricating oils and paints is
kept low so that they spread over a large area.

Oil spreads over the surface of water because the
surface tension of oil is less than the surface tension
of cold water.

A rough sea can be calmed by pouring oil on its
surface.

y

The surface tension of a liquid decreases with the
rise in temperature and vice versa. According to
n
Ferguson, T =T, (1—£] where T is surface
tension at 0°C, 0 is absolute temperature of the liquid,
6, is the critical temperature and n is a constant varies
slightly from liquid and has mean value 1.21. This
formula shows that the surface tension becomes zero
at the critical temperature, where the interface
between the liquid and its vapour disappears. It is
for this reason that hot soup tastes better while

machinery parts get jammed in winter.
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RELATION BETWEEN SURFACE
TENSIONAND SURFACE ENERGY

The surface tension of a liquid changes appreciably
with addition of impurities. For example, surface
tension of water increases with addition of highly
soluble substances like NaCl, ZnSO, etc. On the
other hand surface tension of water gets reduced
with addition of sparingly soluble substances like
phenol, soap etc.

| 4
SURFACEENERGY g

We know that the molecules on the liquid surface
experience net downward force. So to bring a
molecule from the interior of the liquid to the free
surface, some work is required to be done against
the intermolecular force of attraction, which will be
stored as potential energy of the molecule on the
surface. The potential energy of surface molecules
per unit area of the surface is called surface energy.
Unit of surface energy is ergcm=2in C.G.S. system
and Jm2in Sl system. Dimensional formula of surface
energy is [ML°T-2] Surface energy depends on
number of surfaces e.g. a liquid drop is having one
liquid air surface while bubble is having two liquid
air surface.

4

A

Consider arectangular frame PQRS of wire, whose
arm RS can slide on the arms PR and QS. If this
frame is dipped in a soap solution, then a soap film
is produced in the frame PQRS in fig. Due to surface
tension (T), the film exerts a force on the frame
(towards the interior of the film). Let ¢ be the length
of the arm RS, then the force acting on the arm RS
towards the filmis. F =T x 2/ [Since soap film has
two surfaces, that is why the length is taken twice].

Let the arm RS be displaced to a new position R'S'
through a distance x

- work done, W = Fx = 2T/x
Increase in potential energy of the soap film.

= EA = 2E/x =work done in increasing the area
(AW) where E = surface energy of the soap film per
unit area.

]
P R R
T <«
> F=Tx2/
/ 2T¢ >
l
Q s S

According the law of conservation of energy, the
work done must be equal to the increase in the
potential energy

-~ 2Trx=2EmxorT=E= %

Thus, surface tension is numerically equal to surface
energy or work done per unit increase surface area.

Solved Examples

Ex. 34. Amercury drop of radius 1 cm is sprayed into

Sol.

106 droplets of equal size. Calculate the energy
expanded if surface tension of mercury is 35 x 103
N/m.

If drop of radius R is sprayed into n droplets of equal
radius r, then as a drop has only one surface, the
initial surface area will be 4zR? while final area is
n(4nr?). So the increase in area

AS = n(4nr?) — 4zR?

So energy expended in the process,

W =TAS =4xT [nr2—-R?] .. (D)

Now since the total volume of n droplets is the same
as that of initial drop, i.e.,

S ARI=n[@13) =] or r=RMS ..(2)

Putting the value of r from equation (2) in (1)
W = 4aR?T (n)*3-1].

Ex. 35. If anumber of little droplets of water, each of

radius r, coalesce to form a single drop of radius R,
show that the rise in temperature will be given be

3_T(1 B 1]

J\r R

where T is the surface tension of water and J is the
mechanical equivalent of heat.




Mechanical Properties of Fluids

Sol. Let nbe the number of little droplets.

Since volume will remain constant, hence volume of
n little droplets = volume of single drop

4 4
~NX —ar= 3 nR® or nr*=R3

3
Decrease in surface area = n x 4rr? — 4zR?

3
or AA = 4x [nr? — R?] = 4 {%—RZ} = 4n

R® _»|_ 11
{T‘R } Sl
Energyevolved W =T x decrease in surface
11
Heat produced, {; - E}
ButQ=msde

where m is the mass of big drop, s is the specific
heat of water and de is the rise in temperature.

11
area=T x 4zR?® {; _E}

W _ 4xTR®

Q=7 ="

4rTRS [1

1
3 ?_E} = volume of big drop x density

of water x sp. heat of water x de

47TRe(1 1
TR on

4 3
—nR® x1x1xdo=
o 3 J R

Ex. 36. Afilm of water is formed between two straight

Sol.

parallel wires each 10 cm long and at a separation
0.5 cm. Calculate the work required to increase 1
mm distance between them.

Surface tension of water = 72 x 103 N/m.

Here the increase in area is shown by shaded portion
inthe figure.

Since this isawater film, it has two surfaces, therefore
increase inarea, AS=2x10x0.1=2cm?
. Work required to be done,

10cm

I

0.5cm

W=ASXT =2x10"*x%x72x1073
=144 x 10~ joule =1.44 x 107 joule




