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Texthook Physics Grade 11

CHAFTER 1
MOTION IN A PLANE
In Grade 10, one dimensional motion such as linear motion and free fall motion was studied. It is the
simplest type of motion which can be encountered in many cases.
Learning Outcomes
It Is expected that students will
o examine two-dimensional motion: projectile and circular motion.
s examine angular speed and anguliar aceeletation.
s solve two-dimensional mation problems.
o understand the proper use of quantities, notntions and units for two-dimensional motion.

In this chapter we will consider motion in two dimensions (or) motion in @ plane. There are severnl
important cases in two-dimensional motion.

1.1 TWO-DIMENSIONAL MOTION

We consider some cases in which an object moves in a plane, The object may move in both the x and
v direction simultaneously. The motion of the object is said 10 be a two-dimensional motion.

In order to deseribe the motion of an object in two dimensions, vector concept must be used. The
object moves along o curved path between points P and Q as shown in Figure 1.1, The displacement
vector of the object from P o Q is AF, The perpendicular components of AF are A¥and Ay,

ol of wedion

F-NK1S,
X-Uxis
Figure |1 Motion of on object in two dimensions
In Figure 1.1 AF=AT+A7
The magnitude of AF, Ar = ..,lllé..t']" +(Av)
To find the direction of AP, tan # = E—l'
v
#=wn" L

Ax
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In previous level, the average velocity and the instantaneous veloeity are given as follows:

Average veloeity v =% (1.1)
.. AF dF
Instantuncous veloci = [IM—=— 1.2
nstan s 1y i (1.2)
Average neceleration and instantaneous acceleration are given by the following equations
_ . g
Average nceeleration d= % (1.3)
Av dv
Instantancous aceeleration a = Iiu}’ T (1.4)

An object moving with constant speed along a eurved path is accelerating as the direction of the
veloeity is changing. The direction of the veloeity of the object is tangentinl to its puth. Henee, the
object is aecelernted whenever the velocity changes in magnitude, direction, (or) both.

o

Example 1.1 A stone is thrown from the cliff of a mountain upward at an angle of 30 10 the
horizontal with an initial speed of 20 m s*', Caleulate the x md the » components of its initial velocity,
v, =20m 5!, @, =30 Jeaxis

Horlzontal components of initial velocity
v, =V, cos @, =20 cos 30
=20x0.866 =17.32 m s’
Vertical components of initial velocity
v, =V, sin 0, =20 xsin 30 = 20x 0.5 = 10 m s’

Example 1.2 A soccer ball is kicked aton angle with the ground. The ball traverse the horizontal
distunce of 10 m and the vertical distance of 3 min 3 5. Find the displacement and the average veloeity
of the ball in 3 s, ==

The horizontal distance Ax=10m F
The vertical distance Av=3m AJ
Magnitude of the displacement  Ar = J(Ac) +(Ay) AT
Ar =y (10) +(3)F =J’Iﬂ"}=lﬂ44m
Ar 1044
Magnitude of the average velocity of the ball Ay = E = T =148 m
The direction of the displacement is as below,
Ay 3
nf s—s=—=03
an A 10

f=1n"'03=167 .
The direction of the displacement and the average velocity are the sume which makes anangle 16,7 with
the ground,

L]
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Reviewied Exercise

«  Draw the dingram (o show the direction of velocity of an object which is moving along a
curved path and then draw the vector diagram 1o show the velocity components in v and p
directions ut a starting point P.

Key Words: curved path, displacement, tangential velogity, aceeleration
1.2 PROJECTILE MOTION
A projectile is any abjeet thrown into space upon which the only acting force is the gravity. The path

followed by a projectile is known as 4 trajectory.

The motion of an object moving in both horizomal ¥ direction and vertical v direction simultaneously
i called the projectile motion. Examples for the projectile motion are water fountain, the motion of
cannon ball, the motion of the football as shown in Figure 1.2,

Peaxlk
: ;l I - J - R
- -\ g2 y o
o0 ot e ey - /oA
il [t \ & :
lf . 'IEII
' ] . 0 - L
' A=ANIE

Figure 1.2 Nustrations for projectile motion

In the projectile motion, the path of motion is o curve. I air fesistanee is neglected, an objeet moves
along the horizontal x direction with o constant velocity and in the vertical y direction with constant
downward accelerution: In such case, only grmvitational force is acting on it, Therelore, the downward
acceleration is the accelerntion due to gravity g which is a constant over the range of motion. The
vertical motion of projectile is a free fall motion.

In Figure 1.3, the initinl velocity of projectile is v, If the initinl veloeity makes an angle #, with the
horizontal, the x and v components of the initinl velocity are v, = v cos @, and v, = v, sin @,

A=0Xis
&

| -

i A\

¥ .
- K‘“ & v-[IX]S
i

! V¥
II':I'

Figure 1.3 Velocities and their components of the projectile




Grade 11 Physics Textbook

In order to unalyze the projectile motion, the motion can be considered into two parts, horizontal
motion (x direction) and vertical motion (v direction),
In x direction, a, =0 and v, = v, = v, cos #, = constant,

The horizontal displacement of projectile can be written us o function ol time; x = v, 1= (v, cosf, ) .
In y direction, v, is the initial veloeity and & is — g. Sinee the acceleration along the vertical v direction
Is downward direction, g can be taken as negative sign. The velocity and the displacement of projectile
i the time ¢ are given by the following equations.

¥, =V, +it (1.5)
vi=yi +2ay (1.6)
- '-’u.f"'é"‘.f" (1.7

The magnitude of the velocity of the projectile ot dny instant of time 18, v= ,f-.-,‘ +1; and the direction
of the velocity of the projectile is an d = 'l

v,
The projectile reaches the highest point when its vertical component of velogity v is zero. 1 the time
taken to rench this highest point is ¢, and the maximum height is /f from the horizontl then we get

l--*r = '."“* 'I‘H'III'
Vo=, — gt

0 =y, sind), =g, (or) f,="h"‘i“q‘

The time of flight is twice the time to reach the maximum height. We note that the time of flight s 7.

r=2= 2v, sin #, (L&)
£
V=N
L
et gt
g WA

Figure 1.4 Maximum height and horizonal range of the projectile motion
Using the equation, y=v 4+ %af
y=1v, sin ﬂ.,}r—% ut’

H = (v, sin @)1 —-;I; gt

We get, o | .
'Hn'.hsln.f.l“{‘"m"ﬂ"]-—ng[mﬂn “]
8 2 8
L ﬂ i
H:% (1.9)

4
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The horizontal range R is the horizontal distance from the starting point to the point where the
projectile returns to the same height as shown in Figure 1.4.
. : y 2 d
The horizontal range is obtained as K =v, I'=v, cosfl, Lﬂ‘h
£
Since, 2siné, cosé), = sin 24,

v* sin 26,
R=" (1.10)
g

Another case of the projectile motion is an object thrown horizontally as shown in Figure | §
There is no vertical component to its initinl velocity; that is, v,, =0,y =v, x=1,

The velocity of the object in the time 1 is, v, =—gt. 5.‘(1 1
a ® + " " E L]
The vertical displacement in time 1 15,  y= - 8"

-

horizontal velocity , ¥

Y

L

Y,
Figure 1.5 Projectile motion of an object thrown horizontally

Example 1.3 An object is projected upward with a 30 launch angle and an initial speed of
40 ms''. How long will it tuke for the object to reach the top of its trajectory? Find the maximum height
of 1ts trajectory.
a=-g where g=98m s~

=40 ms', @ =30, v, =v,s5in30=40ix 0.5= 20 m s"'(upward direction),
Al the top of the trajectory v =0

Y, =W, Fal

lrL = lIr|.h _g"
0= 20-(9.8)¢
1=2.04s _vﬁatis

The time taken to reach the top of its trajectory 1s 2,04 s,

- . : : N
For maximum height of the ball #
v, = v, +2a,y H
vy =V, —28Y 4=30 > 0N IS

=20 -2(9.8) H
H=204!m

The maximum height of its trajectory 15 2041 m,

L
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Example 1.4 A bomb is dropped from an airplane moving horizontally with its speed of S0 ms™, If
the bomb will reach the ground in 5s, find the altitude of the plane., The air resistance is negligible.

i=avin

Vo =0y, =30ms!, 0 =-g IWhm g=98ms" I
'r=!r.{"lt-iglg Tl
p=0- % #(9.8) » 5 O

y==135m

Minus sign means that the direction of y component displacement is downwards.
The altitude of the plane = 1225 m

Example 1.5 A stone is thrown with a speed 20 m s”' and at an angle 30" above the horizontal. Find

(i) the hunznmnl rm'nhp (11) the maximum height reached (i) the time of flight of the stone.
W, =20ms', 8, =

(1) The horizontul range R

VSN2, 20sin 2x30)_youo o v
L 9.8
(i) The maximum height reached H b R
(vsind,)’  20°(sin30')’ A e
Baat Sl =5.10m H \
2g 2x9.8 6~ 30 . |
(iit) The time of Right of the stone T R =& L-UXIS
r= 2v,sinf, | 2 x20xsin 30 ~2.045
4 9.8

Revieweil Exercise
. Why is the horizontal motion of the projectile tnken as uniform motion?

2. Under what conditions can you have the two-dimensional motion with o one-dimensional
aceelerntion”

Key Wards: projectile, free fall motion, uniform mation

1.3 CIRCULAR MOTION

Cireular motion is a specifie type of o two-dimensional motion. 1tis a movement of an object along the
circumference of a circle (or) rotation along a cireular path, 17 s ball is tied to the end of a string and
whirl it nbove the head in o horizoninl eirele, the ball is undergoing the circulnr motion as shown in
Figure 1.6 (a),

We can experience a pulling force (known as the tension) exerted on the ball by the string. Other
examples of the cireulur motion are shown in Figure 1.6 (b),(c) and(d) ; a satellite orbiting the carth,
motion of a wheel, tumning of o car around curved path respectively. 11 an object (rigid body) rotates
aboul an ixis, each particle consisting of the object moves in i circular motion,

6
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-

()

(<)
Figure 1.6 Nlustrations of cireular motion
Although an object moves in o eirele ut o constant speed, its velocity is not constant,

Cirnde 11

vty

()

The direction

of the veloity is tangentinl to the path, Velocity is constantly changing because the direction of the
veloeity is changing continuously. The velocity in eireular motion s also called the tangentinl velocity.

Figure 1.7 shows an object moves along o eircular path. In fact, the object undergoes the circular
maotion about O, Since the object is on the reference line, its angular position is zero, After time ¢ hoas
elapsed, it has moved 1o o new position. In this time interval, it has rotated through an angle @ with
respect to the reference line and through a distance s mensured along the cireumierence ol the cirele,

called an are length, Change of the angular position is called the angular displacement
l'-il.‘(l!u
v
r ¥
[ > H= 0
0 T-iinis

Figure 1.7 The angular displacement of an objeet in cireulnr motion
The angular displacement is the ratio of the arc length to radius.
The magnitude of angular l.il‘u[:lluLl.‘l'l'Il:l'Il { @), mensured in radian (rad}, is given by
= -

"
where i) = angular displacement
& =arc length
r = radius of cirele
Angular displacement can also be expressed in degree and revolution (rev).

o,

(L1}

One radian is defined os the angle subtended ut the centre of o circle by an are whose length 15 equal

to the radius of the circle.
If x=r, 8 =1 mdinn

| rev = 31‘1‘-"! =2x rml
¥ =— rrm’
l.!ll 3

For example, 60 =

0 = z = 30 --f-rm.i
1 &0

(i
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Average Angular Velocity and Instantancous Angular Velocity

i~

?‘l_‘I{

L/

Figure 1.8 Change of angular displacement with time in cireular motion

Figure 1.8 shows angular displocement of an object; @ at time instant r, and €, at time instant ,.
Average angular velogity is the rutio of the change in ungulur displm:umunl to time taken.

= .'ﬂ__.ﬂ_ = E'.E (1.12)
,; - -'| N
where @ is average angular velocity and Ad is angular displocement in time imterval As
If the vime interval Ar approaches zero, the instantaneous angular velocity can be writien us

w= UM =a (1.13)

Instantancous angular velogity is defined as the time rate of chunge of angular displacement.

At constunt angular veloeity, @ =@, @ = 8
!

Where a 15 angular velocity, # is angular displacement and ¢ is time taken

Angulur velocity is measured in rdian per second (rad s '), revolution per second (rps) and revolution
per minute (rpm or rev min ')

Avernge Angular Accelerntion and Instantuneous Angular Acceleration

The average angulur acceleration is the rutio of change of angular veloeity o time taken,
The avernge angulur accelerntion is given by

g0 _Aw (1,14)
l'_l-_'h M

where @ = averoge angular scceleration
a, = angular velogity at time instant 1,
o, = angular velocity at time instant 1,

If the time interval Ar approaches zﬂm. the instantancous angular acceleration can be defined as
At dm

@= lm = a (1.15)

The mstantaneous angular acceleration is the value of the angular scceleration at a specific mstant of
vime, Instantaneous angular accelermtion is the time rate of change of angular velogity,
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When o body is moving with a constant angular seceleration @ = .

Eq.{i.li}cnnhcwﬂttcnmE=a=m;m"

where  er= angular necleration, = "inal angular velogity

al, = initinl angular velogity, 1 = time mken
Angular acceleration is measured in radion per second squared (rad 5°) and revolution per second

sunred ( rev s7),
Relution between Angular and Linear Quantities

The magnitude of the angular velogity (angular speed) is related 1o that of the tangential velogity
(tungentinl speed) as Tollows,

it it
Since ris constant, V= r%
[
S (1.16)

Figure 1.9 shows the direction of the linear velocity and the angular velocity.

V- axis
L3

i

<>

rarmiivmnl pais 4 L
(a) (b}
Figure 1.9 Relation between ungular speed and tangentinl speed {linear speed)

The relation between the angular nccelermtion @ and the ngential acceleration « is
s dv _d{re)

it dt
Sinee ris constant, a=r ‘:TT
= ra (1L17)

Angular velocity @ and angular nceeleration @ are vector quantities. In Eq.(1.17), the direction
of linear aceeleration a is tangentinl to the path. 1t is called the tangential acceleration. InEq.(1.16)
and Eq.(1.17), unit of @ is rad s and unit of e is rad 57,
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Example 1.6 Express the angulnr velocity of a 45 rpm (revolutions per minute) record wrntable in
units of radiuns per second. 2
| rev min"' = ;—“ rail &'

45 revmin™' = 45&% =|5nrmds"'

Example 1.7 The angular velocity of a rotating dise increases from 2 rad 57" 10 5 rad 57 in 10 5,
What is the average angular neceleration?

fhy=2mds', @ =Smds',1=10s

The average angular acceleration, @ = . el 8 % =0.3 rod 57
/

Example 1.8 A particle in dise rotating with o uniform angular speed of 2 rev 5 is 0.2 m from the axis
of rotation. What are (i) the tangentinl speed of the particle and (if) the angle through which it rottes
in 357

Since a particle rotates with o uniform angular speed, the motion of particle 18 uniform gireular motion,
@=2revs' (ms)=2xm=4dnrds'.r=02m

(1) The tangentinl speed,
‘1= r"m
=(02x4n=08nams'=08x3.142=2514ms"'

(i) The angle of rotution in r= 15,

R nllnmdn%nw-ﬁmv

Reviewed Exercise
o Caletilate the angular speed of the second hand and the minute hand ofa clock in terms of rad 5.

Key Wards: angular displacement, angular veloeity, angular aceeleration

; MAI
An phjeet moves in both x and v direction simultancously is said to be undergoing projectile motion,

Circulur motion is a movement of an object along the eircumference of a eircle or rotation along a
cireular path.

Instantaneous angular veloeity is defined os the tme rate of change of angular displocement.
Instantaneous angular acceleration is the tme rate of change of angular veloeity,

10
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"

A eannon ball is shot with initinl velocity 1414 m s with 45 angle of inelination, Find the position
and veloeity of the cannon ball at § 5.

2. Astone is thrown horizontally from a eliff 100 §t high. The initinl velogity is 20 it s, How far from
the base of the eliff does the stone strike the ground?
3. Aball is thrown horizontally with an initial speed of 10 m s from an 80 m clifl. How long does it
tike to reach the ground?
4, A footballer kicked o ball with an initial velocity of 20 m s at an angle of 60°,
(i) How long is the ball in the air? (it) What are the range and maximum height of the ball?
S, Acireulnr dise rotntes initially of rest experiences o uniform angular aceelertion of 0.25 rd &7,
What is the angular speed after rotating 1057
6. Adise rotating at angular speed of 10 rad 57" is slowed down by a uniform angular aceelertion to
o speed of 4 rad 57" in 3 5. What is the angular ncceleration”
7. The tips of the blades in o food blender are moving with a speed of 21 m s in a cirele that has a
radius of 0.053 m, How much time does take for the blades to mnke one revolution?
CONCEPT MAP
a
MOTION IN A PLANE
|
Two-Dunensional Motion
|
I
Prajectile Motion Cireular Motion
| I
Augular displacement
Horizontal ¥ direction Vertieal y direction with P
with constani velocity constout downward r
a, =0, v, =v,, =v,cos8, aceelerntion
X =y, = vyeonly il v, =¥, tal Angular velocity

(/]
‘l::'l,l!l,-lr Iﬂ‘rr‘r ﬂl=T.v=l’ﬂJ

|
J.'dvn’l-liﬂ’l'

Angular acceleration

w:m*ﬂ'= F o
!

I
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CHAFIER 2
HOTATIENAL DYNAMICY

The dyonssyies of truasbisopal it ipvolves describing the sccelerabion of an alyect is o of it
maans {inertia) and the forces Sl act on it By analiggy, the shynaniics of the rotstionil motkon invelves
deseribing e anguber acesiemation of an obeet i terme of it rotatiemal merta end the tomgoes thay
Wt il L

Learning Dutcomes
Bt is eapectd that atudents will |
- » isnnguish between the scalur product and the vector product ol twir vertoms.
exatning the turning effeet of a furce
exanmine the relatiomahip between torspee and the moment of ineTmm.
understuni the moment of inertis for objects of dilferent deape with differont rotational e,
explin the poncep of equtlhnum.
evannne angulas sionsentimn s the low of cotscryitlion of wagatlar murncnsim.
wolve prodvlems of dadly life evenis svsociatest with rotwtiomnd motson

I ths chupet; we will study the rotstionil mwstion aml vecrr forms of its plvsisal guantites
Thetcfore. the manmulation of vectors will be needeid i stidy.

Wectory con be muleplied miwo differest ways; the scaler produce snd the veetps prodct
Seabar Frodoct (Dl Product)
Im the sealar puidisct, o scalie cust be formid by multiplying two vectors. The sealar prodisct of vection
A und § i defined as By, (2.1}
.l-;_‘..r“'

i .

A= Abcos @t A F21)

whore @ in the angle between A and B, & nend i are the mugsitades of A and B respectvely. The
scalar product is also called the dot presbuct

For exmmple, work s the scalar product of lorce ond displacement. Although the firee and the
displacemenl are veutue, the Work s 2 salar '

The senlar produce has the comrmisiative property as deseribesd by P (230
A-F-K. 4 3]

I
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Vector Product (Cross Product)
The vector product of vectors Aand B i defined as

Axli=C 23
The magnitude of C is C=4 B xind and the direction of € is determined by using the vight-hand
rulie. The direction of € is perpendicular to the plane that contains A and & as shown in Figure 2.1,

5, |
‘

Fedw ol

Figgure 2.1 The dircetion of € is perpendicutar to both A and
The result of this product is a vector guantity. The veetor product between twi vectors ix denoted by o
cross (¥ ), hence this produet is called the cross product
The vector product does not obey the commutative property as Eq.(2.4)

A xBH==( xA (24)

The formulae for the torgue and the angular velocity are determined by using the vector product.
Faor exumple, the tangentiol velocity in b circalur motion is expressed in terms of the radius and the
angular velocity as ¥ = @wrF.

Right-hand rule: To use the right-hand rule, first you have to bold up your right hand so that mdex
finger and middle finger are perpendicular to thumb, Now rotate your hand such that your index finger
porints in the direction of A und your middle finger points in the direction of B. Your thumb will point

in the direction of the cross product 4 x B as shown in Figure 2.2

AxB

Figure 2.2 Right-hand rule

13
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Example 21 The magnitude of A and # are $ anit and 8 unit respectively. 1 the angle between
A and B is 60", caleulme (i) A-F (i) A x5

The nongnitude of A = 4 = § unit, The magnitode of & = # =K unit, @ = 60°

() A-H =AB cos = 3= Koos 60 =40 = (1.5 = 20 pnit
(il Letbe A x B=C 3/13

The magnitude of 4 x § =C =4 Bxin & =5« Bsin 607 = 30 = 0,866 = 314,64 tin
The direction of A4 x § is perpendiculur to both A and 8,

Reviewed Esvrvise
o Why s work o sealar qunnnty when both foree and the displocement are veetor quantities?

kv Warils: dot product. cross product

L2 TURNING EFFECT OF FORCE

When o force s applied to an object, it can turmn the object about o cenain point known as the plvol
(or) the Rulerum, Figure 2.3 shows the location of the pivol, the direction of the applied foree and the
wiening effect of the force produced.

There are many examples aronnd us where we use the turming effect of loroe, Kids playing seesaw,
lifkimg the load by using erowhar, opening a door of a room and tightening {or) loosening o nut by
turming a spanner ane fomalar bo us o dmly e In all these coses, the obgects expenencing the timing
¢llecis are pivoled either it the hinges {or) fulerums.

~—

-

Figure 2.3 Hustrations for wming effect of the force [CREDIT: Source af Intemet)

Moment of & Foree (ur) Targue

A foree wiich acts on o pivoted body ot o distance from the fulemm jemds to make that body rowie,
The tummg eifect of o force about o partoular fulerum s measured by the moment of that foree (or)
torgque.

14
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Torgue w a vector quantity and s vector form can be expressed as the Fq(2.5).
T=ixF (2.5)
The direction of torgue i perpendicular 10 both £ and F as shown in Figure 2.4, The distance from

the fulerum 1o the point of sction of the foree is ¢ and @ is the angle between vectors Fand F os shown
in Figure 2.4 and 2.5 {a).

- i
shink TEIF = ff=nim ¥
. fulermm o Nipiiz anl wcd fowi il
fow o L i Torge
A B ——
L) (h)

Figure 2.5 Apphied force netmg on ngid body and moment arm

The mugnitude of the moment of foree (or) torgue ¢ is defimed as the product of the force F and the
perpendicular distance d from the line of action of the force to the fulonm.

r=Fpsin @ = Fd 2.6)
where ¢« moment of foree (or) torgue
o = perpendicular distance from the line of action of the force to the Mlerim (moment arm)

The pempendiculr distunce from the line of nction of the foree 1o the fulerum (d = r sin @) ix dlso
called the moment nrm of a force.

The lisie of action of a force is & line along which a foree is considered W act.
I & force acting on the object is at an angle of 90°, r equals o as shown m Figure 2.5(b),

In S units, the momen| of force (o) torgue s measured monewton metre (N m, which is never wnitlen
s joule),

i$



Cirnide 11 Physics Texibook

Example 2.2 The length of n beam AB 15 2 m aod the foree £ acting st B 10N w given figure. Find
the moment arm of the force and the magnitude of torgue {the moment of force) about the point A

A
™
e
»

To find the moment arm of the foree . we must drow the given diagram as follows:

A
I ) F=10N,r=2m
= it Tl
o SR d = in e
/ .
X Rk =2 it 60" =2 % 0866 = |72 m
bl F
Ly r=Fd =10=L732=|7:32 Nm

Example L3 In o given figure o foree of 10 N s applicd (00 spanner to tghten o nit. The length
of the spanoer s 0.2 i, What s the moment ol o lorce exented when the foree sets ot (1) the end and
{1} the middle of spanner”?

For both ease (1) and (i), since angle between F oand 7 s 907,
(1) d=rsim® =0,2x5m%" =02m
Cm‘ The moment of force at the end of spanner,
' 3 t=Fd=1=02=2Nm
. | n: 1
Hl]nd='£nmﬂ ﬂ*-z" = min 90" = 1.1 m

The moment of foree at the muddle of spanner,
r=Fd=10%0]=]1Nm

KReviewell Esereive

o Which gquantity s o measire of the timing effect of o fonce?
ey Words: fulermm, prvot, torgue

23 RELATION BETWEEN TOROQUE AND MOMENT OF INERTIA
Muoment ul Inertia

Congider u particle of muss m ot o distance r from the
axis of rowmtion, being acted upon by o tngential foree
as shown i Figure 26,

Let its angulor velocity bie o and {is angular scoeleration L

ok |
be . s

Tangentin] aceeleration of that particle rotating about an

WX I d T Fdr

Fighite 2.6 Rotation of & particle aboul a fived
axis with the angulir velocity { o)

It
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According to Newton's second law, F=ma=mra

Torgue due o tangential foree; r=Fr=(mra)r

r=mra (2.7
In Eq.(2.7) the terms mr is the moment of inertin of that particle about the axis (/).

r=la

IT an object is composed of the particles of imasses m  m Mmoo, m and the distances of each

particle from the axis of motation are v, ry 1y, o . as shown in Figure 2.7,
The moment of inertin of that object is m et mriemris . rmprl
Thee moment of inertin | can be writien us
F=m el mpismpts..... +mpd
I=Y mr 1K)

N

Figure 2.7 A rigid object rotating about an fined axis with the angular velocity o

The moment of iertia of an object is defined as the sum of the products obtained by multiplying the
mass of each particle in a given object and the square of its distance from the axis, The moment of
inertia 15 o scalar and the ST o is kg m?

The moiment of inertia must be specified with respect to a chosen axin of rotabon,
Figure 2.8 shows the formulae of moment of inertia for stme homogeniois objects with respective

anis,
L hisegy hvap o
fond owlinadrieal shaill witly rutatlon axis
P s Hirmigh ¢'11-I et ™
=4

sl v lider living thin rod
iy udisk with rotation isds =
-y shrough center - T
1= Ml
sl sphene
b

Figure 2.8 Moment of inertia for some homogenous objects
I7
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Esample 2.4 Two balls are connected by o rigid rod of negligible muass. What is its moment of inertia
with respect 1o the anis as shown in lgure? The acis s perpendicalar (o the rod,

(==
|

=1 kg, =20 em o= 20 %107 m
=S kg, r,= Mem=30«lFm
The moment of inertin
! '=Elm1rf =m ri+ m:r§=1' (20=107F + S=(30= 10 7Y

=4 = |0 =049 kg m*

Example 2.5 Calculae the moment of mermia of the earth about its axis of rotation. Mass of the carth

5 590 = 107 kg and its mdios s 6,35 = 10Fm. The moment of inertin of solid sphere about its axis of
- -

rotation iy I='—;Hﬂ'.

The carth can be assumed as a solid sphere,

mass of the carth M = 59] = 10" ky . mdiis of the eanth B = 6.38 = [(Fm

=¥
! n%Hﬂ’ =§=53Iilﬂ"' «(6.38x10")

1=962%10" kgm'

Centre of Gravity
The centre of gravity of a partscular object is o point at which all its weight may be considered 1o act.

For un object of regular shape and uniform density, the centre of gravity s al lis geometrical center as
shown in Figure 2.9, For example, the weight of 8 metre stick of unifiorm density s considered 1o be
acting at the 50 cm mark (its mid-point ) as shown in Figure 2.10.

LG
ilem Sl em 114} e
Figure 2.9 The conter of gmvity (CG) Figure 2. 10 Halanced position of the metre rule

of o regulur shiped object

Heviewed Faercise

o IF the axis wmoved 1o oneend of the rod passing through the 5 kg mass mexample 2.4, what is the
moment of mertis of the system with respect o the axis?

ey Waords: torque, moment of ineria
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24 EQUILIBRIUM

When the system is in static equilibrium, there is no linear motion and no rotational motion. Under this
condition, the forces on it must be balunced and the moment of the forces on it must also be balanced.
The conditions of static equilibrium are (1) the resultant foree on the system is zero, ¥ F =), and
{2} the resultant torque on the system is zero, 27 =0,

The Principle of Moments

The condition necessary for a pivoted object to be in balance 15 given by the principle of moments.
This prineiple states that if an object such as a bar (or) a plank 15 to be in balance, the total clockwise
moment about the fulerum must equal the total anticlockwise moment.

The examples of the application of this principle are building site crane, beam balance ete. (Figure 2.11)

Figure 2.11 Application of principle of moment

Example 2.6 A uniform metre rule weighing 4 N, pivoted at the 20 em mark, is suppor

right-hand end at the 100 em mark, by a vertical thread. Find the tension in the thread, 8 / "| 3
First, draw a dingram showing all the forces acting on the metre rule.
f M ’
Iq— 11’1 '"_.‘I Al
1] 2 em 5l b
=L i o Ll ] 1 1 1 1 2100 em
v W

d=50-20=30em=03m,d,=100-20=80ecm=08m,w=4N
In balance, by the principle of moment, taking moments about the pivot,

Total clockwise moment = Total anticlockwise moment

wd, = Fd,
-:Ix[l_q = Fx(.8
F=15N

The tension in the thread s 1.5 N.
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Example 2.7 1 AB 15 a uniform metre rule which is balnneed as shown in the diagram, (1) what is the
weight of the metre nile™ (1) what is the reaction R

F=1N i

The perpendicular distance between the line of sction of F and the pivol =d = 30 -0 = 30 em = 0.3 m
The perpendicular distance between the line of action of w and the pivot = .= 30 - 30 = 20 em = 0.2 m

(1) By the principle of moment,
Total clodkwise moment = Totl anticlockwise moment
w, = Fd,
wa = |x0]
w = |.5N
The weight of the metre rule s 1.5 N,
(il Total upward force = Total downwond force
N=Frw
R=1+5=25N
The reaction R is 2.5 N,

Reviewed Ewercise
e State the conditions of static equilibnum when a body 15 acted by a number of parallel forces.
hoey Wards: static equilibrivm, torgue

25 ANGULAR MOMENTUM AND LAW OF CONSERVATION OF ANGULAR

Angular Momentom
In rotational motion, the angular momentun of an object is defined as the product of its moment of
inertia sl the ungular velocity. For linear motion, the momentum is equal to the product of the miss

anid the velocity.
The mioment of mertia is analogois (o mass and the angulor velocity s analogous o the linear velocity.,

L=1a (29)

where £ - angular momentium, = moment of inertia, @ = angulir veloeity,

In S1 units, since the wt of moment of inerti s kg m? and that of angular velocity somd s, the unin
of angular momentum s kg m' s,

Angular momentum s a veclor quantity, The direction of the angular momentum s shown in
Figure 2.12.

20
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Figure 2 12 The direetion of angular momentum L and angulir veloeity 6

Law of Conservation of Angular Momentum

The law of comservation of angular momentum is also one fundamental law of physies.

This law states that

I there 15 no net externdl worgue seting on an ielated system, thee ot sngular momentum of the
SYslem s constanl,

In syimbols, if £¢=0, then L, = constanl

An example of conservation of angular momentum s scen in o ice skater performing a spin as shown
in Figure 2,13 (o). Her angulor momentum s conserved becanse the net torgue on her s very small
{neghgible net trque), Her rate of spin (angular speed) increases greatly ax her moment of inertn
decrenses by pulling in ber arms mwards, 1 whe wants 1o slow down her rotation, she will streteh hee
armk outwards, When ber moment of mertia inecreases; the rolabond angular speed will decrease.

A springboard diver who is rotating when jumping off the board does not need 1o make uny physical
elfon to continue rotating [Figure 213 (bj).

Therefore, we can easily see that the application of conservation of angular momentum (o delerming
Wi angular velocity of a rouiting system in which the moment ol inertia is changing.

(y { wmall
ith lnrlﬁl i lnrge

¢ "

i b |
| 1 0
{u) (h)

Figure 213 Nustrations for the conservation of angulur momentum
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Example 2.8 A child of mass of 30 kg stands at the edge of small merry-go-round that is rotating
at a rate of 1 rad s'. The merry-go-round is a disc of radius of 2.5 m and mass of 100 kg. IT the
child walks in toward the center of the disc and stops 0.5 m from the center, what is the angular
velocity of merry-go-round? (The friction can be ignored.)

Moment of inertia of disc = 'Euﬂi

mass of child = m = 30 kg , mass of disc = M = 100 kg
rudivs of dise=R=25m
For child, initial distance from center of disc r = 2.5 m and

final distance from center of disc =r, = 0.5 m
Sinee frictional force can be ignored,

-

L =0, by conservation of angular momentum L, = constant

Initial total angular momentum = Final total angular momentum
[-"*,_},1,._ L l"-.}._gd.] - [L[].,h..- + {'J"I-"dulnl

I @+ ] m:,rhm'+f o

1T | clislid i chid 1

[a_llu!.f‘ﬁ" +mr J;q =[Tl;.'.fﬂ: +mr,’]rq,

[;',-xIﬂﬂx[1,51’+3l}t2,ﬂl’]Iz[%xlmxllsl’ +3m{u.5f]m,
@ = 1.56 rad s
Reviewed Exercise

=  What will happen to the angular velocity of an ice skater as she folds her arms and legs close
together ?

Key Words: angular velocity, angular momentum, linear momentum

‘SUMM&RY

Torque is a vector quantity and its vector form can be expressed as r=rx F.

The magnitude of the moment of force (or) torque is defined as the product of force and the
perpendicular distance from the line of action of the force to the fulerum.

The moment of inertin of an object is defined as the sum of the products obtained by multiplying the
mass of each particle in a given object and the square of its distance from the axis.

The angular momentum [, of an object is defined as the product of its moment of inertia / and angular
velocity @,

22
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EXERCISES
q
l.  Is there a net torque acting on o rotating object with a constant angular veloeity?
2. What is the physical meaning of the moment of inertia”
3. To get the larger turning effiect of foree, how should the applied force be acted?
4, A student pulls down with a force of 40 N on a rope that winds around a pulley of radius 0.2 m,

Find the torque acting on the pulley.

5. A simple pendulum with the bob of 0.5 kg and its length of 80 em is suspended from a nigid
clamp. Find the torque produced by the weight of bob about the point of suspension when the
pendulum is swung 20" from vertical line.

6. Astudent performs an experiment on turning effect of a force using a half metre rule of negligible
mass. (1) He holds the half~-metre rule at 40 em mark in a horizontal position and hangs at 5 N
weight at 15 cm mark, What is the moment of the weight about his hand? (i) He then moves the
weight to the 5 cm mark. He feels that ot 15 more dafficult to maintain the half~metre rule in the
horizontal position. Explain why.

7. A bridge over o stream is made from a uniform wooden beam which weighs 4500 N and is 16 m
long. lIts ends A and B are supported on boulders. If a man weighing 800 N is standing on the
bridge 4 m from A, what is the reaction at the boulder (i) under A (i1) under B?

8. Auniform beam of | m balances horizontally about a pivot at its midpoint when a weight of | N
is suspended from the 15 em mark and another weight w is suspended from the 90 em mark.
Caleulate the weight w. In your caleulation, why is the weight of beam not included?

9. A4S kg girl and a 65 kg boy are sitting on a see-saw in equilibrium. If the boy is sitting 0.7 m
from the fulerum, where 1s the girl sitting?”

10. A rod is rotated about a perpendiculor axis through ot its centre (or) through at one end.
(1) Which condition will give the greater moment of inertia? (11) How much greater wall it be?

1. An object spins with an angular speed ( @), If its moment of inertia increases by a factor of 2
without applying an external torque, what will be the its new angular speed?

23

12/13



Grade 11 Physics Textbook
CONCEPT MAP
T
ROTATIONAL DYNAMICS
Moment of Force Moment of Inertia Angular Momentum
r=Fd = : L=1la
I E'm_:;
Equilibrinm Conservation ol angular momentum
YF=0 Yr=0 If ¥7=0 then L= constan

« principle of moments

24




Textbook Physics Grade 11

CHAPTER 3

PRESSURE
Fluid can exert pressure by virtue of their weight. Fluid represents states of matter that take the shape
of their containers. Fluid is either liquid (or) gas.

P —————

/Learning Outcomes
It 1s expected that students will

* Investigate atmospheric pressure and the use of the barometer.
e investigate pressure in a liquid.

» apply and explain the use of manometers.

* understand buoyancy and verify Archimedes’ principle.
* explain and apply Pascal’s law,

* apply basic knowledge of pressure in fluid to daily-life phenomena.

The earth is surrounded by the atmosphere up to a height of several miles. The atmosphere which

consists largely of masses of gases has weight. Therefore, it is obvious that the atmosphere exerts
pressure.

3.1 ATMOSPHERIC PRESSURE

The pressure exerted on a body by the atmosphere, due to the weight of the atmosphere is called
atmospheric pressure. At the carth’s surface the magnitude of the atmospheric pressure is about

100 kN m™. Atmospheric pressure which acts on human beings and animals on the surface of the earth
15 actually very high.

We do not normally feel the large atmospheric pressure because our body is full of air, blood vessels
and body fluid, so the pressure inside our body is almost the same as the external pressure and so
balance it. This is the reason why we are able to withstand the atmospheric pressure,

Nose bleeding which sometimes oceurs at a place of low atmospheric pressure is due to the fact that
the blood pressure is higher than the atmospheric pressure,

The atmospheric pressure changes according to locality and time. The atmospheric pressure at the
plains is higher than that at the hilly regions.

————— S— o

Example 3.1 Find the force due to the atmosphere which is acting 3 m” area on the earth’s surface.
Atthe earth’s surface, the magnitude of the atmospheric pressure is about 100 kN m-2.

Area 4=3m’, p=100kNm"~
i
i A

The force acting due to the atmosphere, F=p A4 = 100 x 3 = 300 kN

25
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Reviewed Exercise

1.

3 On which factors does the atmospheric pressure depend?

Why ar ; i
Y are you able to withstand atmospheric pressurc?

3. Why does nose bleeding occur?

Key Words: pressure, atmospheric pressure

3.2 BAROMETER

The. ltalian scientist Evangelista Torricelli first noticed the variation of pressure due to height and time,
He invented and constructed a barometer in 1644

Barometer is a device for measuring atmospheric pressure. The simple mercury barometer is shown in
Figure 3.1. It consists of a glass tube about | metre long sealed at one end and filled with mercury. The
tube is then inverted and the open end is submerged in a reservoir of mercury: the mercury column is
held up by the pressure of the atmosphere acting on the surface of mercury in the reservoir.

4 Torricellian vacuum
| «———— height of mercury column

atmospheri
pressure

mercury

Figure 3.1 Simple mercury barometer

If the height of the mercury column is 4, the cross-sectional area of the tube is 4, then the volume of
the mercury in the column is 1 4.
Mass of mercury columnis 14 p. where p is the density of mercury.

Weight of mercury columnish A pg.

In barometer, the force exerted by the atmosphere is balanced by the weight of the mercury column.
" the force exerted by the atmosphere

the atmosphere =

Pressure exerted by cross-sectional areca of tube

weight of’ mercury column
P= A

Th tmospheﬁc pressure in terms of height of mercury (liquid) column in barometer is
ea

= 1/
p=pEN G.1)

26
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standard Atmospheric Pressure

“he normal ¢ : e .

I{h{: m:n 5 | iltz'smh‘]m'rr.; _prc.s.xurc at sea level is the standard atmospheric pressure. A pressure of
y g1 - nown as standard atmospheric pressure (or) 1 atmosphere (1 atm).

Ihe “"mf"p!“-""c pressure can be expressed in pascal as follows

Ty sy ~ G . £ . E ' : A -

I h:. fjm:l.['] of m(;lull') £ 15 13 590 kg m™, the acceleration due to gravity g is 9.8 m s 7, height of the

me l't?lll.')-LD umn /4 at :‘ilundm‘d atmospheric pressure is 760 mm (or) 0.760 m.

therelore. atmospheric pressure = p g = 13 590 x 9.8 0.760 = 1.013 x 10° Pa

The ”[‘1"d“r‘i“‘m"“»“'l“hﬂ'ic pressure is expressed in various units as shown below.
vam=1.013x10°Pa = 1013 hPa = 1.01 bar = 14.7 Ib in"* (psi) = 760 mm Hg = 760 torr

It must be !mtcm} that the vertical height of the mercury column depends only on the pressure outside the
tube as ShOWﬂ_m Figure 3.2 (a). It does not depend on the tilt of the column. Figure 3.2 (b) shows the
bummcter being tilted but the vertical height & of mercury column remains unaffected, and
independent of the diameter (width) of the tube as shown in Figure 3.2 (c).

The pressures arc the same at each of the points marked x in Figures because the pressure in a liquid
doesn’t depend on the container angle (or) width. Of course if the tube is lowered below 760 mm, the
mercury would completely fill the tube as shown in Figure 3.2 (d).

& Formieelhan vacuum M

————— e S — _____.ﬁ.hl-..____.—-—....—.__——————-—
760 mm ﬂ 760 mm-+|

! . ;

vl atmosphenie  atimosphen X atmosphene  atmosphenc
| pressure pressure \ pressure pressure
1 lT\\ l ( 11 1\\ l l \
— ¥

(a) (b) (c) (d)
Figure 3.2 The height of mercury column is independent of the tilt and the diameter of the tube

Some Applications of the Atmospheric Pressure in Daily Life

(1) Sucking liquid by a drinking straw
The action of sucking increases the volume of the lungs, thereby reducing the air pressure in the
lungs and the mouth. The atmospheric pressure acting on the surface of the liquid will then be
greater than the pressure in the mouth, thus forcing the liquid to rise up the straw into the mouth.

[t is illustrated in Figure 3.3 (a).

(2) Drawing a liquid into a syringe
When the piston is pulled up, the pressure inside the cylinder decreases. Atmospheric pressure acting
on the liquid drives the liquid into the cylinder through the nozzle as shown in Figure 3.3 (b).

(3) Pressing rubber sucker on a flat smooth surface
When pressing on a smooth surface, most of the air inside the rubber sucker is squeezed out and

the pressure is reduced. The sucker is held in position by the atmospheric pressure on its outside

surface as shown in Figure 3.3 (c).
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atmosphernc
pressure

1

h — piston
pImasIenG S ey oW prESSUre
iii_._ ty]lﬂd!l ik

— g
E‘J :-:—:—: vacuumed v:\lh‘nthhen:
—_— — _"" pressure
(2) (b) (c)
Figure 3.3 Some applications of the atmospheric pressure
Example 3.2 Express 2 atm pressure in mmHg and bars.
2 atm = 2 x 760 mm Hg
= 1520 mm Hg
2atm=2x1.01b
=2.02b

Example 3.3 Compare the atmospheric pressures and forces acting on a man and a child who are
standing side by side.

Let the force acting on the man be F,, the force acting on the child be F,, the body surface area of the
man be 4, and that of the child be 4,.
A,> A,

Since the man and the child are standing side by side at the same place, atmospheric pressures p are
the same.

Therefore, pA>pA,
Since F=pA, F,>F,
Therefore, the force acting on the man is greater than the force acting on the child.
Reviewed Exercise
1. Why is mercury used in a barometer rather than water although mercury is a hazardous substance?

2. Atsea level, the atmospheric.pressure is 76 cm Hg. Assuming that pressure falls by 10 mm Hg per
120 m ascent. What is the height of a mountain where the barometer reads 70.5 cm Hg?

Key Words: normal atmospheric pressure, standard atmospheric pressure

3.3 PRESSURE IN A LIQUID

PO f its weight as shown in Fj
A liquid exerts pressure because o 5 n in Figure 3.4, The on the
depfll'l under the surface of the liquid. pressure depends
Let us fill a cylindrical container ha\fing bottom surface area 4 with
a height h. Since the volume of liquid in container is V = 4 h, the
containerism =p V= pAh. o
Therefore, the weight of the liquid willbew =m g = p gAh

a liquid of density p up ¥
mass of liquid which fills the

28
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Force exerted by the liquid on the bottom of container is equal to weight of the liquid in the container.

Figure 3.4 Liquid in a cylindrical container
Thus, the pressure exerted by the liquid at the bottom surface is

_F _w_pgh4d
PEd~d 4
p=pgh (3.2)

(p= p;}:)'f-:\x';:t;l“b?t.he_liqui_d is directly proportional to the\
*i height (or) depth of the liquid / and the density p. Although the weight of the liquid depends
- onits base area, the pressure exerted by the liquid is independent of the base area (cross-sectional

} area) in Eq.(3.2). The above result is true not only for a point at the bottom of the container but
. also for any depth inside the liquid.
<

6 is seen therefore that the pressure

_ _J
quid pressure. Actually, there is atmospheric
Therefore, the true pressure at the depth / in the

The pressure p in the above discussion is only the li
pressure at the surface of the liquid in the container.
liquid will be,

P=Puntpgh

where p__ is the atmospheric pressure.

The deeper the point inside the liquid the greater is the
becomes greater as the depth increases, the pressure a

(3.3)

pressure at that point. Since the weight of liquid
Iso increases with depth as shown in Figure 3.5.

Figure 3.5 The pressure of liquid increases with depth of liquid

29
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The pressure in a liquid at a particular point acts equally in all direction in Figure 3.6 (i‘t).

Pressure at any point inside a liquid is the same in all directions. Let a body be totally immersed ip i
liquid which is in a container, There will be pressure not only at the top of the body but also upwarg
pressure at the bottom of the body and lateral pressures at the sides of the body in Figure 3.6 (b).
F:li“re 3.6 (c) shows that pressure will be exerted from every direction on the body of sphericy)
shape.

(c)

(a) (b)
Figure 3.6 Pressure at any point inside a liquid

Figure 3.7 shows liquids of the same density in containers all having the same height. The pressure
exerted on their bases would be the same even though their weights and shapes are different.

Figure 3.7 Pressure in different shape containers
Example 3.4 The total pressure at the bottom of a tank is 3 atm. To what height has the water been

filled in the tank?
The pressure at the water surface in the tank is p, = 1atm =1.01x10° Pa

The total pressure at the bottom of a tank is p = 3 atm = 3x1.01x10° Pa=3.03x10° Pa
Let height of water filled in the tank be h and density water is 1000 kg m?
The total pressure at the bottom of the tank is
P=Pumtpgh
pPgh =pP= Py,

1000 x9.8xh=(3-1)x1.01 x 105

h = ZXI.GIKIOS
10° 9.8
=20.61 m
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Example 3{;5 ;}I;he density of sea water is 1025 kg m™. How many times is the pressure at the depth
of 2 km under the sea surface greater than the atmospheric pressure?

Density of sea water p = 1025 kgm? , h=2km=2x10° m
Since, the total pressure in a liquid, p=p + pgh
arm

The total pressure at the depth of 2 km under the sea surface is
P=Pum+P8h
P = Pum +PEH
Puw _,,PEH
pll.l:l'l'l pnrm
1025x9.8x2x10°
1.01x10°

=1+

=199.9
Example 3.6 The pressure at the height of 1 m from the floor is the normal atmospheric pressure
1.01x10° Pa. If the temperature is 0 °C, what is the difference between the pressure on the floor and
pressure at 1 m height? (density of air = 1.29 kg m?)

h=1m,p _=p =1.01x10°Pa
The total pressure on the floor is Pooo =Pt Pic 8H
Ppoor = Pin™ PEH
Phoe = Pim = PER
Proor— Pim = 129 %9.8x 1
Ppoor — Py = 12.64 Pa

Reviewed Exercise
1. Why does the thickness of the dam increase downwards?

2. On which factors does the pressure in a liquid depend?

Key Words: liquid pressure, true pressure

3.4 MANOMETER
A glass tube open at both ends and bent into a U shape serves as a sensitive device for measuring
pressure when filled with coloured water or light oil. Such a device is called a manometer as shown in
Figure 3.8. Mercury can also be used as the filling liquid for a manometer.

When both sides of the U-tube are exposed to the atmosphere, the
respective pressures exerted on the liquid columns in both sides are
the same and the levels of the liquid in the two sides are the same in
Figure 3.8 (a). If, however, the pressures on the two liquid columns
are different, the levels will no longer be the same in Figure 3.8 (b).

from gas supply

gas pressurc

Figure 3.8 Manometer
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Working Principle of Manometer

In Figure 3.9 (a), _

the manometc(:) only the atmospheric pressure is exerted on the s

In Fi .

In F:gzrr: ;z (b). the gas pressure P, is lower than the atmospheric pre
2 (©). the gas pressure P, is higher than the atmospheric pre

urface of liquid in two columng o¢

ssurc p aim”
SSurc P.m-

LI p P
Gas A
i
(a) Pw ( Pl pgas >pan11
Pows = Pum —P &1 Pogs = Pamn + P8
(b) (c)

Figure 3.9 Pressure measured by the manometer
especially when the filling

Manometers are very sensitive for measuring the pressure differences,
liquid is water (or) light oil.
A manometer filled with mercury is not sensitive. A sphygmomanometer which is used to measure

blood pressure is a one kind of mercury-filled manometer.

Example 3.7 A mercury manometer connected to a gas supply is shown in figure. If the difference in

height of mercury column is 5 cm, calculate the gas pressure from the gas supply. Density of mercury

is 13.6 x 10" kgm™.

=13.6 x 10°kg m~ A
& Gas B l

h=5cm=5x% 102m, P
Pressure of gas produced by gas supply ji
P ous = Pm+ 2 gh _]__T__
pg“'—'l.()lxm’ +13.6x10°x9.8 x5 x 1072 A
=1.07 x 10° Pa @._.L_
Reviewed Exercise
«  Does the difference in height between two liquid levels in a manometer depend on the diameter

of tube?

Kev Words: manometer, pressure difference
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3.5 ARCHIMEDES® PRINCIPLE

When bodies are immersed in a liquid there is loss in weight,
called buoyancy. Since buoyant force is directed upward, it is
Let us consider a block which is totally immersed in
the top of block be at the depth of /i from the surface
top and bottom surface area be 4.

The volume of the block is ' =4 H. Sinc
block V' is equal to the volume of liquid

This is because of a property of liquids
called upward thrust.

a liquid of density o as shown in Figure 3.10. Let
of the liquid, the thickness of the block be /7, and

¢ the block is totally immersed in a liquid, the volume of the
displaced by the block.

The pressure on the top surface of the block P, =Pyt PEA
The pressure on the bottom surface of the block p, =p + pg(h+ H).

Therefore, the downward force which is acting on a block is FF,=Ap, and upward force is F, = A p..

-

Figure 3.10 Forces on the surfaces of the block

The forces acting on the sides of the block cancel out.

Then, the net force acting on the block in the
upward direction is

F=F,-F,
F=A(p,-p)=A(p, + PE(h+H)—(p, + pgh)
F=ApgH

This force is called the buoyant force (or) upward thrust.
Since the volume of the block is ¥ = A H, we have

F=Vpg (3.4)
Therefore, it is found that
upward thrust = weight of liquid displaced.
Archimedes’ principle states that the upward thrust acting on a body which is imme

rsed in a liquid is
“Qual to the weight of the liquid displaced by the body.
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Figure 3.11 Upward thrust is equal tv the weight of the liquid displaced

J

Archimedes’ principle is true not only for liquids but also for gases. The densities of various
substances can be obtained by using Archimedes’ principle.

 P—

Apparent Weight of a Body

The weight of a body when it is immersed in a liquid is called apparent weight. It is less than the actual
weight of the body because of upward thrust of the liquid acting on it.

-
wthphctd

(6 N) water displaced

Vv Ny

Figure 3.12 The weight of a body in a liquid

Let the volume of the body be ¥ and its density be p.
. —— d in a liquid is its actual weight
i { the body before it Is IMmErse '
Welght o wi = mg= pyg (3-5)

Upward thrust of the liquid = PoVg

P, is density of the liquid.
Weight of the body immersed in the liquid (apparent weight) w = w — upward thrust,

W= pVg— Pqu (3.6)
W _ (p-p)
Therefore, W, P (3.7
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Floating Body in a Liquid

If the weight of the body is greater than the upward thrust, the body will sink and if the weight Is
smaller than the upward thrust. the body will rise up to the surface. A body will float in a liquid (fluid)
if the upward thrust acting on it is equal io its weight.

If the volume of the immersed portion of the body is V., the upward
thrustis p ¥, g. where p, s the density of liquid.
The weight of the body is w = mg - pVe

where p1s density of the body. 1" is the volume of the body.

Figure 3.13 Balanced forces acting on the floating body

Since the body is in equilibrium, the net force acting on it is zero. The magnitude of upward thrust
acting on 1t is equal to its weight.
weight = upward thrust

pVg=pV z

p WV

—=— (3.8)
___Pn v

According to Eq.(3.8), the ratio of the densities is equal to the ratio of the immersed volume to thej
volume of the whole body.

.

Example 3.8 The weight of a body in air is 300 N and the weight is 200 N when it is immersed in
water. Find the density and the volume of the body.

Actual weight of a body in its normal condition  w, =300 N

Weight of the body in the liquid (apparent weight) w, = 200 N
density of water p, = 1000 kg m*
w = mg= plg
w= pVg—p,Vg

w _(p-n)

W P
200 (p-1000)
300 P

£ = 3000 kg m

Let the volume of the body be V.

w=plg
300 = 3000 < ¥ x10

V=001 m'
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Example 3.9 An iceberg is 4 large piece of freshwater ice, which has a density b
0°C. Ocean water has g density of about 1.025x10" kg m*. What fraction of an SRS
surface? |
Density ofice p = 0.92 x10° kgm
Density of ocean water P 1.025%10" kg m™*
Volume of iceberg = p
Immersed volume of iceberg =

5

1]

The fraction of iceberg which is immersed is b2
v o
3
Y 09230 0898
1.025x103

89.8% of the 1ceberg will lie below the surface.

En.imple 3.10 A helium balloon is designed to support a load of 1000 kg. If the balloon is filled with
helium. what should its volume be? The mass of helium is not included in the net load 1000 kg.

buovant force

(Density of air = 1.29 kg m . Density of helium = 0.18 kgm')

Density ofair p =~ =1.29kgm’
Density of helium p, = 0.18 kg m
mass of load = 1000 kg
Weight of load = m g
Weight of helium = p Vg

’
weight of helnan = weight of load

Buoyant force = p  Fg
Since balloon is in equilibrium while supporting the load, the net force acting on it is zero.

Weight of load + Weight of hehum = Buoyant force

I”J‘L' ! ,}Ih' l"ﬂ j)‘ll ’R
1000+ 018V = 129V
Vo= 9009 m'

Reviewed Exercise
L, A0 ocean-liner Was laaded. at lhc- port‘ of Yungnp, Would the ocean-liner sink deeper or not
" when it reached the ocean? (Density of seawater is greater than that of fﬂ:h‘hwmcr,}

ight of body lost when it is immersed in a liquid?

2. Whyis the we

3 Under what condition can a body float in a liquid?

4. A steel block floats in mercury but sinks in water. So how does stee) ship manage to float in
water?

Key Words: upward thrust. apparent weight, buoyancy
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3.6 PASCAL’S LAW

oncept was first recognized by French scient; : ,
when a fluid complet ely fills a vesse] Yy French scientist Balise Pascal in 1650.

. - and a pressure i li i the surface, that
pressure is transmitted equally through P 1s applied to it at any part of the s

out the whole of the enclosed fluid. This is known as Pascal’s
law.
The concept of Pascal’s law is ve : . ; g .
ry useful in pract th f lic brakes
i hydrwlic presses: practice in the working principle of the hydrau
Hydraulic Brakes

Hydraulic brakes are used in cars and other

vehicles. Figure 3.14 shows how the car
hydraulic disc brake system works.

master cylinder

brake pedal

brake cylinder

Figure 3.14 Hydraulic disc brake system
‘Hydraulic Press
A hydraulic press is a very useful machine. It is used for baling jute, hay, cotton and also for the
pressing of the automobile bodies and for shaping steel and metal sheets.

Figure 3.15 shows how a small effort applied on a hydraulic press is turned into a large force.
Therefore it is named force multiplier.

Figure 3.15 Schematic diagram of hydraulic press

: - F,
The pressure obtained by applying effort F, on area 4, of small piston is p, ==

in -
According to Pascal’s law, the pressure p, is equal to the pressure p_ exerted on area A of large piston.

pin =Poul (3‘9}
The upward force F, on area 4 is Foy = Py X Ay
F 10
F,, =—"X Aoua (3 )
oul Ah
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Assuming there is no friction in the hydraulic press system, the work done by effort equals the Work
done by the upward force.

mcl‘cﬁ}rc. F i = F_ » - (3.11)

Where ! = the distance travelled by small piston
= the distance travelled by large piston

(ﬂlﬂ

Hydraulic Lift

Anothe:: us‘eful machine based on Pascal’s law is a
hydraulic lift as shown in Figure 3.16.

By applying a smaj) force on the small piston

produces a large upward force on the large piston
which can lift a large load,

Figure 3.16 Hydraulic lift

Example 3.11 The small piston of a hydraulic lift has a cross-sectional area of 3x 10~ m? and its large
piston has a cross-sectional area of 2x10-2m?. What must the downward force be applied to a small
piston for the lift to raise a load whose weight is 15 kN?

A4,=3x10°m? 4 =2 x10?m?
Weight of load = upward thrust on the large piston
Therefore, Four=15kN =15 x10°N

According to Pascal’s law, p_=p_ .

Fo_Fu
l{itl AGUI
F 15x10°
F =—2yx4 = -4
T4, " 2x10”2><3x]0
Fin = 225N

Reviewed Exercise

»  Which machines are based on Pascal’s law in daily life?

Key Words: hydraulic brake, hydraulic press
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SUMMARY

The pressure exerted on a body by the atmosphere, due to the weight of the atmosp

here is called

atmospheric pressure.

When bodies are immersed in a liquid there is loss in weight. This is because of a property of li

quids

called buoyancy.

EXERCISES

&

10.

11.

12,

13,

What will be the effect, if any, on the mercury column if the glass tube used has (i) a smaller
internal diameter (ii) a slightly bigger internal diameter?

Calculate the height of a column of water which could be supported by the atmosphere at sea
level. (Density of water is 1000 kg m™)

What will be the new height of the column, if water is used instead of mercury? (mercury is 13.6
times heavier than water)

What is the height of a column of turpentine that would exert the same pressure as 5.0 cm of the
mercury? (Density of turpentine = 840 kg m~, Density of mercury = 13 600 kg m™)

Find the pressure on a diver who is at a depth of 5 m below surface of the water.

An object of density 2x10° kg m™ weighs 100 N less when it is weighed while completely
submerged in water than when it is weighed in air. What is the actual weight of this object?

The weighted rod floats with 6 cm of its length under water (Density 1000 kg m™). What length is
under the surface when the rod floats in brine? (Density of brine 1200 kg m™)

Why is it easier to float in the sea than in a swimming pool?

A fish rests on the bottom of a bucket of water while the bucket is being weighed on a scale. When
the fish begins to swim around, does the scale reading change? Explain.

A beaker containing water and placed on a pan is balanced by the weight which is in the other
pan of the balance. Explain what will happen if a man immerses his finger in the water without

touching the beaker.

The density of lead block is 11.5 g cm™ and it is floating in mercury of density 13.6 g cm™.
(i) What portion of the lead block is immersed in mercury? (ii) What force is needed to press the

block to immerse it totally if the mass of the lead block is 2 kg?

A plastic cube 30 cm on each side and with a mass of 20 kg floats in water. What fraction of the
volume of cube is above the surface of the water? (Density of water is 1000 kg m™)

A 30 kg balloon is filled with 100 m* hydrogen. What force is needed to hold the balloon to
prevent it from rising up? (Density of hydrogen is 0.09 kg m~)
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14. The areas of the pistong of a hydraulic press are 2 in* and 10 in2. How much effort should pe

15

16.

) iston?
applied on the small Piston to produce an upward force of 500 Ib on the large piston?

s hydn‘a_lulic (water Power) press consists of 1 cm and 5 cm diameter Pi_smns' 1) Wiat .f:orce Must
be.applled on the smal] piston so that the large piston will be able to raise 10 N load? (ii) To wha;
height would the loag be raised when the small piston has moved 0.1 m?

A 15 N force is exerted on one piston of a simple hydraulic press. Its area is 0.025 m? and.area
of another piston is .50 m?. Calculate (i) the pressure exerted on the qu"’iq by the. el p sion
(i1) pressure exerted on the Iarge piSlDI’I (lll) force exerted on the Iarge piStOl'I (IV) maximum We‘lght
of load that can be lifted, if weight of large piston is 50 N.

CONCEPT MAP
«
PRESSURE
Atmospheric Pressure and Gas Pressure Liquid Pressure
|
is measured by
! is given by
I
Mercury barometer Manometer P=pu.+pgh
T atm
Archimedes’ principle | ‘ Pascal’s law
! |
gives is applied in
—L |
* floating body * hydraulic brake
oVupwa;d ® hydraulic press
S = L h dm e Iz
v o Ydraulic lift
PV, g
-d_'_—_—__'_“—————..___J
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CHAPTER 4
POWER AND EFFICIENCY

In physics, work is done only when an object moves under the influence of a force. It is often useful
to consider the rate at which work is done.
Learning Outcomes

- It is expected that students will
¢ calculate power and properly use the correct units of measurement.

e Investigate efficiency.

e explain elastic potential energy and Hooke's law.

e apply basic knowledge of power and efficiency to daily life phenomena.
e know the sources of energy.

Whenever a force acting on an object produces movement, work is done by the force on the object and
produces change in energy. The importance of the concept of work has also been described.

The rate of work (or) the rate of energy change is also important in practice.

4.1 POWER AND ITS UNITS

Work may be defined as the scalar product of the force applied and the displacement.

(a) (b)
Figure 4.1 Illustration for work by a force

In Figure 4.1(a), if the force exerted by the man on roller is £, the distance moved along the horizontal
direction is s and the angle between F and § is &, the work by the forceis W = F.§ = Fs cosé.
In Figure 4.1(b), if a man lifts an object to a certain height, the potential energy of objgct will
change. The change in potential energy is equal to the work done on the object. In this case
W = APE = mgh — 0= mgh . We notice that work is equal to change in energy.

Power
There are many cases where it is necessary to know the magnitude of the work done, but for some

other cases it is more important to know the rate of doing work rather than the total amount of the
work done.
The rate of doing work is defined as power.

Let W be the work done in time period .
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Then the Pi
power P is
W (4.1)

. o1 in | second, the power g
The unit for power in SI units is tl{|e watt (W). If the work done is | joule 10 | sec p is

1 watt.

1 W = [ J s-l ’ w .
The units of power which are larger than watt are kilowatt (kW) and megawatl (M)
LkW =1000W = 10°W

IMW =1000000W = 10°W d er i
In the CGS system, the unit of power is erg s If the work done is 1 erg 1n | sccond the power is
1 erg s (erg s has no other name).

In the British system, the unit of power is foot-pound per second il
system, the unit of power is horse power (hp).

If the work done in 1 second is 550 ft-Ib, the power is 350 fi-Ib s (or) | horse powcr.
The relationships between different units of power are

1W =1Js" = 107ergs’
lhp =550 ft-lbs' = 746 W
1hp =746 x 107 erg s

If 5 is the displacement produced by a constant force F' acting for the time f. the work done is Fs.
Hence, the rate of doing work or power is

p==
{

) and in British engineering

L
P=F—=Fv
t
where v is average velocity. For uniform motion ¥ = v

P=Fv 42)

Hence, power is equal to the product of force and velocity. Although it is not a fundamental concept of
physics, it is very useful in practice.

e ————————— e e

T —————— T ———

e

-
|' . 1 S . .
. Powerisnota fundamental concept like energy but it is a very important concept for engineering

works. For example, car Icngmes, .waler pumps, rcfngcrators, air conditioner and electric bulbs,
L etc.. are specified according 1o their power consumption.

—————————— e

—i———

e = = T
. i
—— = e

Example 4.1 A 70kgman is running up the stairs 3 m high in 2 5.

7 (ii) What is the power exerted by the man ? (1) How much work is done by the
man/ (11

(i) Since the work done is the change in the potential energy of the fem
W =mgh

70 x9.8 %3

= 2058
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(ii)  The power exerted by the man is

p=Y _ 2053

;-5 =1029w

2
(The value of the power is very large. A man is able 1o Produce such a power only for a short duration.)

P Can raise 200 kg v t : : ; of the
water-pump. g Water to a height of 6 min 10 . Find the power

m=200kg, h=6m, = 10s

The work done by water PUmp in 10 s ig

=20
The power of the water pump is 0x98x6]
pu=X

¢
200x9.8x6
= 10

€ a 500 Ib piano with a velocity of 2 ft s!. Express the power of the

=1176 W

Example 4.3 A crane is liftin
crane in hp.
Weight of the piano = applied force F = 500 Ib,v=2fts!
Since the force and the velocity are in the same direction,
P= Fv =500x2=1000 ft-Ib s
Since I hp = 550 fi-1b s
1000
P= — =18h
550 £
Reviewed Exercise

I Two students climb up the stairs of a building and reach the top at the same time. Their weights
are different. Which student will expend more power?

2. Which is more advantageous: to pay wages according to the amount of work done (or) according
o power?

Key Words: power, work

42 EFFICIENCY

Efficiency is another technical term that is derived from everyday usage. In physics and' engineering
cfﬁCienc§ has a precise meaning. This term is used in association with machines and devices.
Simple Machi
achine _ . _
Simple machine is a mechanical device that amplifies the magnitude of a force and changes its
DOsition

Simple Machines are used to make work easier. Nowadays, machines are j ust combinations (or) more
Mplicateq forms of the six simple machines as shown in Figure 4.2 and Figure 4.3. ;
€ six Simple machines are lever, wheel and axle, pulley, inclined plane, screw and wedge.
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load (L)

foad (1)

Figure 4.2 (a) The lever (b) wheel and axle (¢) pulley [CREDIT: Source from the Intemer)

c(Iorl (E)

d (L)

UTTR N

effort (F5)

Yo

olfat (& )

(a) (b (c)
Figure 4.3 (a) Inclined plane (b) screw (¢) wedge [CREDIT: Source from the Internet]

Mechanical Advantage

The term mechanical advantage is used to describe how effectively a machine works. If a load L is
raised steadily by a machine when an effort E is applied. the mechanical advantage of the machine is
defined as the ratio of load to cffort.

. log
mechanical advantage l.‘ ‘u.l
ctfort
L
MA = — @)

Supposc an cffort £ of 25 N is applied at one end of a crowbar and just overcomes the resistance L of
100 N at the cover of a manhole. L 100

Then mechanical advantage, MA = i 4

In practice, not all of the effort is used up in lLifting the load. some of it is spent in overcoming
frictional forces present. It should, therefore, be remembered that the MA of a machine depends
on the friction present.

velocity Ratio

In lifting a large load with a machine. the small effort applied will have to move through 2 Jarg*
distance for the heavy load to move through a small distance in the same time interval

The ratio of the distance moved by the effort 1o that of the load in the same time is called the veloci'?'
ratio of the machine. :

distance moved by effort

di‘ilul]u&.‘ 1“0\’0(1 b\’ log i

E b 1d o .
b s n [hL sdame [”'ne
Ip‘re - wllfuirt

Stoud (4.4)
44
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where S, = distance moyeg by the effort

Sieas = distance moveg by the loag

2 pulley system, the effort moves through 250 ¢m while the load

me interval
For this case, velocity ratio yg = 250 _

50

In lifting a ‘Ioad with a Machine, work is done on the load; this work obtained 15 called the output work.
Also work is done by the effort during

¢ : the same time interval, this work supplied is called the input work.
The ratio of output work to nput work is defined as the efficiency of the machine. Efficiency

. is generally
expressed in the Percentage form. Thys
efficiency = M x 100%
input work
- W ut
efficiency = -H—j— x100% (4.5)

: output work
efficiency = ——‘B———_

x100%
input work

. - load x distance by load
efficiency = - X
effort x distance by effort

100%

efficiency = %‘i x 100 %

| l;is Ln;pbséibl.e, in pf&btibe, to build a perfect machine for which outp
work; input work always exceeds output work. Therefore, the effici
\_ always be less than 100 %.

S — -

ut work is equal to input
ency of a machine must

e e ———

E!amp]e 4.4 A machine with a velocity ratio of 8 requires 1000 J of work to raise a load qt‘ 500 N
Ough a vertical distance of 1 m. Find the efficiency and mechanical advantage of the machine,

¥e 10003, 2= 500 N, S =1m
Wom':LX.?W:SO-Ux 1 =500

45
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efficiency = 2% 100%

n

= —S-P—O-X 100% =50%
1000

Si efficiency = MA  100%
Ince, VR

50% = %’ixm%

MA= 4

Exa : : .
pow::psltf 4-15? dA crane lifts a 100 kg block of concrete through a vertical height of 16 min 20 s, If he
pplied to the motor driving the crane is 1 kW, what is the efficiency of the motor?

m=100kg, h=16m,r=20s, p,, =1 kW=10'W

The work done on the concrete = output work of motor, w _=mgh

out

=100 x 9.8 x 16
=15680 J
Output power of the motor, £, = Wow _ 15;)80 =784 W
{
: w
efficiency of the motor = ”;‘“‘ x100%
P
= f;: x100%
784

- T{)Tx 100% = 78.4%

Example 4.6 A box of mass 40 18 & pushed up an inclined plane of length 13.0 m and height 5.0m
above the ground level. If the applied force on the box is 200 N parallel to inclined plane, find (i) M4
(i1) VR (iii) output work and input work (iv) efficiency for this case.

=13 m,Ss,,,~>m™ effort = 200 N, m =40 kg

scﬂ'nn
Load = weight of box = mg =40 x 9.8=392 N
L 392 _
(1) MA=—-=E——FI.96 ;LQQ\“\
: o © 5m
Seffort__ 12 -26 SO )
el == 4
@ VRZ 5 3

40x9.8x5=1960 ]
=200 x 13=26001J

MA 0 :ﬂx100°/=75 0
(iv) efficiency = g’ x100% = 5¢ b= 1238%

(l“) er——mgk-':

L

Win= E b4 Stﬁﬂﬂ

46




Textbook Physics Grade 1)

Reviewed Exercise
« Isitpossible to build a machine having 100% efficiency? Explain.

Key Words: efficiency, mechanical advantage, velocity ratio

4.3 THE STRETCHING OF COILED SPRING

Consider a spring suspended as shown in Figure 4.4. If a small load is attached to the free end of this
spring. the spring will be stretched or elongated. When the load is taken off, the spring will return to
its original length and form.

If'a bigger load is hung at the free end. the spring will again be elongated, but this time elongation will
be larger. Thus, if we increase the load, the elongation will also be increased.

Also. whenever the load is removed the spring returns to its original length /, and form.

[ = length of unstretched spring
[

= length of stretched spring

(a) (b)

Figure 4.4 (a) Unstretched spring (b) Elongated stretched spring

Ability to retain the original form when the applied force is removed is called elasticity. Not only
springs but also other objects such as threads and rubber bands have elastic property.

Elastic Jimit is a limit, beyond which if an elastic object is stretched, it will not return to its original
form. It is different for different elastic bodies.

Hooke’s Law

Robert Hooke, the English scientist, noted that when an elastic body such as a spring is stretched by
4 weight (or) a force, the amount of elongation of the spring is proportional to the applied force that

Produces it so long as the elastic limit is not exceeded. The amount of elongation is also called
Exlension.

Hooke's Jaw is formally stated as follows.

As long as the elastic limit of a body is not exceeded, the strain produced is proportional to stress
Causing it

In Symbols F o x (or) F=kx (4.7)

Where £ jg the applied force (or) stress, x is the elongation (or) strain and £ is a constant.

For 4 Spring, & is also called spring constant. The unit of k is N m-".
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I a spring is ]
““ﬂ:p;'mg is compressed (or) stretched to an extension
done is stored as the potential energy of the spring.

CLii

f-xample
| oke's law. What is the spring constant? How much load will give it to extend 12 cm?

Example 4.
10

k

work needed 10 stretch the spring

Textbook

ade l 1 Physics
T 3 o— sortional ati .
; o'y law expresses the elastic behavior of malcrials. The directly pr‘ﬂil .:;L 4 ;c(‘d:mnsh‘l}
| J R, p " (8 kv -4 - = + -llo; Ay .
v een applied foree and elongation, is shown graph ically by 2 straight N HATE 2
longation (strain) dongation (strain)
M 1‘
x | —— ...-.—r—l'-"

spplied force (stress)

applied force (ﬂ‘;}
(a) (b) ‘
Figure 4.5 Relationship of the stress and the strain
:s done by the applied force. This

x, the work
The work done i8
2 the elastic potential energy stored by the

given by the area under the

ve as shown in Figure 4.5 (b). Since this area is %kx

stretched spring is also Lyt
2
W:APE=—;-='€ x’ (48

Figure 4.6 Elastic potential energy stored by a spring
4.7 A spring requires a load of 25 N to increase its length by 4 cm. The spring obeys

"ANLv=4 em = 4%107m
2em = 12x10°m

using Hooke's law, F=kx

The spring constant k= =6.25x10* Nm™

The load needed to extend 12 cm, F'=kx' =6.25x10°x12x102 =75 N

g If the force stretches a spring with spring constant 100 N m"', how much work is needed
, work is nee

stretch the spring 0.4 m from rest position?

= 100N m',x=04m
W =APE=_1£](I2 =0

W=—x100x(0.4)° =8 ]

1
2
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Reviewed Exercise
»  Are elastic limits of different elastic bodies different (or) same? Can the threads and rubber

bands have elasticity?

Key Words: strain, stress, elasticity, elastic limit

4.4 SOURCES OF ENERGY

Energy is the ability to do work or the total power derived from the natural resources we use for
transportation, domestic appliances and the manufacture of all kinds of products. The energy exists in
many forms and can be converted from one form to another. Energy sources can be classified as two
major sources: conventional sources and non-conventional sources as shown in Figure 4.7

Sources of Energy

. |

Conventional Sources | F Non-conventional Sources

e Coal e Solar energy

e Petroleum e Wind energy

e Electricity o Tidal energy

¢ Fire wood e Biomass energy

e Straw e [Energy from urban waste

e Dried dung ) i )

Figure 4.7 Conventional sources and non-conventional sources

Conventional energy sources are non-renewable and non-conventional energy sources are renewable

energy sources.

Renewable Energy Sources

Renewable energy sources are sustainable energy sources. A renewable energy source is generated
from unlimited natural sources (e.g. sun, wind, hydropower) and is always replenished and is safe to
the environment. The most popular renewable energy sources currently are solar energy, wind energy,
hydro energy, tidal energy, geothermal energy and biomass energy.

Solar Energy

Sun is the primary source of energy. Sunlight is a clean, renewable source of energy. It is a sustainable
fesource, meaning it does not run out because sun shines almost every day. With the help of photovoltaic
tﬂchnology, solar energy can be used to generate electricity. Through solar photovoltaic cells, solar
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Hydro Energy

The tides in the s'ca. the flowing water in rivers or from the dams are sources of hydro energy. Hydro
cnergy uses 1:_I°W1T18 water to power machinery and generate electricity as shown in Figure 4.10. For
example: grain grinding machinery on farms and hydroelectric energy plants to power cities.

; 1

hower transmission cables

- dam '}
transformer | sluice gates

power house = the bigger the height

y difference  between  the

upstream and downstream

genetator f water level, the ereater the
— J .,59" amount  of  electricity
D e _ f 4':& generated
! : T
~ dam v
oullelect= =g ) irbine SLOrage reservoir
—————— = : —

Figure 4.10 Hydroelectric power generation [CREDIT: Source from the Internet|
Tidal Energy

Tidal energy 1s another form of hydro energy that uses tidal currents twice-daily to drive turbine gen-
crator [Figure 4.11 (a) and (b)]. Although tidal flow unlike some other hydro energy sources 1s not
constant, 1t 1s highly predictable.

high tide

(a) (b)
Figure 4.11 Hydroelectric power generation (a) tides in the sea (b) tidal current
[CREDIT: Source from the Internet]
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Geothermal Energy

Geothermal literally means heat generated by earth. Geothermal energy is heat stored on the earth crust
and being used for electric generation (Figure 4.12) and also for direct heat application. Geotherma|
energy harnesses the earth’s underground hot water and steam for heat and electricity. Geotherma]
energy is more readily available in areas affected by volcanism.

ol

B

%
lurb{me generator §7
.

steam

| hotwaler
| (gl pressute)

' | -

Figure 4.12 Geothermal energy used for electric generation [CREDIT: Source from the Internet]

Biomass energy
Biomass is plant or animal material used as fuel to
The agricultural waste, wood, charco
converted into other forms 0

produce electricity or heat (Figure 4.13).
al or dried dung are used as biomass. Biomass can also be
f energy such as methane gas, ethanol and biodiesel.

(a) (b)
Figure 4.1 3 Production and usage of biomass energy [CREDIT: Source from the [nternet]

Roles of 2 Renewable Energy

The four major roles of a renewable energy are (i) electricity generation, (ii) air and water bt
(or) cooling, (i) fuel 7 transportation and (iv) rural energy services (off-grid). The benefits of usiné
renewable energy instead of fossil fuels are free source, sustainable and emit z . 1he ol ot
of greenhousc gases (GHG). ero or minimal amo
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Non-renewable energy sources

Non-renewable energy comes from sources that will run out or will not be replenished for thousands

or even millions of years. They are finite amount in existence. Four main types of non-rencwablc
Cnergy sources are oil, natural gas, coal and nuclear energy in Figure 4.14. Oil, natural gas and coal are
collectively called fossil fuels. Fossil fuels were formed within the earth from dead plants and anirmals

over millions of years, Non-renewable energy can be used for electricity, heating, manufacturing and
transportation.

Figure 4.14 Non-renewable energy sources [CREDIT: Source from the Internet |
Nuclear energy

Nuclear energy is produced by using elements like uranium and thorium, which cannot be replenishod,
Nuclear energy can be used to generate electricity by means of nuclear fission as shown in Figure4.15(a)
and (b). In a nuclear reactor, the nuclear fuel is used to carry out sustained fission
produce electricity at a controlled rate.

chain reaction to

incident newron
release of energy ’ \.

t‘m.mmh]i nucleus
r AI
incident

neutron
=]

%

spliting of nucleus  fission product

ol
3 - L "

y T >
I 2 gpd” =

“:-v-r!' ~¥.

SRR

) o R

(a) (b)
Figure 4.15 (a) Nuclear reactor (b) nuclear fission chain reaction [CREDIT: Source from the | nternet |
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. What are renewable and non-renewable energy”

2. Write down the names of the sources of renewable energy.
ey W erey Sources
Key Words: Sustainable energy, renewable energy sources, non-renewable cnerey

‘SUMMARY

The rate of doing work is defined as power. _

The ratio of load to effort is defined as the mechanical advantage of the machinc.

The ratio of output work to input work is defined as the efficiency of the maf..:hll'lff.

The ratio of the distance moved by the effort to that of the load in the same time is called the Velocity
ratio of the machine.

Ability to retain the original form when the applied force is removed is called elastiglt}-.
A renewable energy source is generated from unlimited natural sources (€.g. sun, wind, hydropower,

and is always replenished and are safe to the environment.

‘EXERCISES

1. A woman of 40 kg mass climbs up by pulling a rope 8 m long with a constant velocity for |5

Find the power output of the woman.

2. The power output of the motor of a crane is 2 kW. With what speed can the machines lifta 1000 kg

load?

3. A water pump is pumping up water from a well which is 200 m deep. (1) How much work must
be done by the pump to raise 1 kg of water? (ii) What is the power output of the pump if it pumps

up water at rate of 10 kg min™'?

A steam engine generating 5 hp is lifting a 2000 Ib load. How high will the load be raised in 10§?
5. Ifa car of mass 1200 kg is moving with a constant velocity 37.5 m s and experiences a resistive

force of 450 N, what is power of car engine?
6. An electric motor in a washing machine has a power output of 1 kW. Find the work done in

20 min.
7. Inatug-of-war A-team is leading B-team. The rope is moving towards A-team at a regular rate of

0.01 m s™. If the tension of the rope is 4000 N what is the power output of A-team?

8. The rate of doing work for the first worker is twice that of the second worker. But the working
hours per day of the second is two and a half times that of the first. Who is a better worker?

9. Asystem of levers with a velocity ratio of 25 Overcomes a resistance 0f 3300 N when an effort of
165 N is applied to it, calculate (i) the mechanical advantage of the system (ii) its efficiency.

10. By using a block-and-tackle a man can raise 3 load of 720 N b " 4 the
mechanical advantage of the method. Y an effort of 200 N. Fin

11. The length of an unstretched spring is 12.0 cm. What load i : -
18 S y {0
length of 15 cm? The spring constant is 100 N m', fieeded 1o stretch the spring
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CONCEPT MAP
<

POWER AND EFFICIENCY ‘

Power o Efficiency
W
P= "y cfficiency = l;%" % 100%

cffciency - % x 100%

B .

[ « mechanical advantage |
» velocity ratio '
=L
E |
VR = St |
Shﬂl |
Elasticity
Hooke’s law Work done by elastic force |
P =KX _— 1 - |
2
Sources of Energy j
Renewable energy sources Non- renewable energy sources li'
e solar e nuclear |
e wind e oil ]f
e hydro e natural |
o tidal e coal
e geothermal T———
e biomass e
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CHAPTER 5

HEAT AND THERMAL PHENOMENA

In this chapter, the relation between heat transfer and temperature change will be discussed. If hey
added to a substance, the state of that substance can also change.

Learning Outcomes : B

It is expected that students will |
 examine the relationship between heat and internal energy. .
explain the concepts of thermal capacity, specific heat capacity and the measurement of hea,
e state and explain the law of heat exchange. |
o identify the relationship between change of state and latent heat.
e cxamine the process of vaporization and its relationship to latent heat of vaporization.

e examine the relationship of fusion to latent heat of fusion.

e investigate and describe the dependence of melting point and boiling point on atmospheric |
pressure.

J
J

5.1 UNITS OF HEAT

Heat is the amount of energy transferred from one object to another because of a difference in
temperature.

As heat is a form of energy, heat can be measured in energy unit.
The unit of heat is joule (J) in SI unit. Other heat units are calorie (cal) in the CGS system and
kilocalorie (kcal) in the MKS system. The heat unit in British system is the British thermal unit (Btu).
Heat required to change the temperature of 1 kilogram mass of water by lkelvin is called 1 kilocalorie.
The German doctor, Robert Mayer, found first that the energy which represents 1 cal is 4.184 J. The
relations between heat units are

] kcal =4184 J = 10°cal

] Btu=1055)

1 ft-Ib=1.356J

Example 5.1 How many kilocalories are equal to 2 Btu?

1kcal =41841]
1 Btu= 10551

2 Btu=1055x2=2110J = 2110 _
+1a = 0504 keal

Reviewed Exercise
« Why can the energy unit be used as the heat unit?

- Words: heat, temperature

5.2 HEAT AND INTERNAL ENERGY

The internal energy of a body is the sum of the total kinetic ener : jecules

in the substance. gy and potential energy of the M0

The kinetic energy of molecules is energy due to their motions, The kineti is directly related ¢
> etic energy is dire
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temperature. The rise in temperature of substance is due to an increase in the average kinetic energy
of the molecules.

So, whenever there is a rise in temperature of a substance. there must be an inerease in the internal
energy of the substance shown in Figure 5.1,

The potential energy is energy duc 10 mter-molecular forces between the molecules. The magnitude of
potential energy stored depends on the distance between the molecules (or) the particles in that substance.

The internal energy of the substance is known as its thermal energy. The transfer of thermal energy
from one substance to another is referred (o as heat.

§ Wihent thee ibwrmiial evmengy ol @ !

VAT TG, \
ity partidos e e

Liquid =—— Cias

Figure 5.1 Relation between internal energy and temperature
Example 5.2 An egg contains 8§ x 10*cal of the average energy value of food. If that calorie s
the thermal unit used in the physical science. express the energy value of food of the egg in joules.
(lcal =4.184 1)
The average energy value of food of the cgg = 8 x 10 cal = 8 x 10%x 4,184 = 3.35x10°)

Reviewed Exercise
I. Why does the temperature of a substance increase”?
2. What happen to the internal energy of a gas when it is heated?

-

Key Words: internal energy. inter-molecular forces

5.3 THERMAL CAPACITY

When an object at a certain temperature is placed in contact with another object at a higher temperature.
the thermal energy (heat) is transferred from the object at a higher temperature to one at a lower
temperature. Since the object at the lower temperature receives additional heat energy. its temperature
Increases.

The amount of thermal energy required to change the temperature of an object by one degree is called

the thermal capacity (or) heat capacity of the object.
AQ

—

The thermal capacity of an object C = o) (5.1)

Where  AQ = the thermal energy required
AT = the temperature change (A7= T ~ T
C'= thermal capacity
In S unit, the unit of thermal capacity is joulc per kelvin (J K ).
The thermal capacity of an object depends on mass and a type of the material it is made of. The
therma] capacity is an important property of materials. An object having lower thermal capacity
can be heated up easily.
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Wat_cr has a relatively high thermal capacity. Because of high thermal capacity, water is used tg ¢

engines. In cold countries, water is used to store heat in solar heating system of the houses. Anml}:m
common application is the use of hot water bags to keep warm. This relies on the ability of hot wale’
to store a large amount of energy. The high thermal capacity of water also affects the weather, "

Suppose that the internal energy of n moles of a substance changes by AQ due to the temperatyy,
change AT. The thermal capacity for 1 mole is molar thermal capacity.

e 140 (5.2)
. n AT
S1 units of the molar thermal capacity is joule per mole per kelvin (J mol ' K™").
Examplf: 5.3 When a piece of iron is cooled from 70 °C to 40 °C, the thermal energy released is 70 |
What is its thermal capacity? |
T,=70°C,T,=40°C,AQ =7001

AT=T ~T,

AT =70 — 40 = 30 °C (or) 30 K,
The thermal capacity, C= a0 _ 19

AT 30

C=2333JK"

Reviewed Exercise
« How is thermal energy related to temperature change?

Key Words: thermal capacity, molar thermal capacity

5.4 SPECIFIC HEAT CAPACITY
As mention above, the thermal capacity is an important property of a substance. It depends on mass

and type of material.
The thermal capacity per unit mass of a substance is the specific heat capacity. Therefore, the specific
heat capacity of a substance 1S the heat needed to change the temperature of a unit mass of that

substance by one degree.

. c
The specific heat capacity g (5.3)
(or)
40
c=
mAT (5.4)

¢ = specific heat capacity, C = thermal capacity
m = mass of substance, AT = temperature change
If the mass of a substance is m and its specific heat capacity is ¢, the amount of heat required 1 raise

temperature AT ism ¢ AT.
By rewriting Eq. (5.4), the amount of heat is
AQ =mc AT (5.5)

AT is the temperature difference between the final and the initial temperature

where
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In the SI units, the unit of the specific heat capacity is joule per kilogram per kelvin (J kg 'K™).
The other units used for the specific heat capacity are kcal kg™' °C' and cal g ' °C .
The specific heat capacities of various substances are given in Table 5.1.

Table 5.1 Specific heat capacities of various substances

ecific heal capacity
Substance ] f&?,Kﬁc kcalpkg 1;(4
Aluminium 898 0.215
Glass 837 0.200
Diamond 518 0.124
Steel 447 0.107
Iron 443 0.105
Copper 385 0.092
Lead 130 0.031
Ice (-10 °C to 0 °C) 2089 0.500
Water 4184 1.000
Steam (100 °C to 200 °C) 1963 0.470
Hydrogen (gas) 14250 3410
Helium (gas) 5180 1.240
Nitrogen (gas) 1040 0.249
Oxygen (gas) 915 0.219

Example 5.4 How much heat does it take to raise the temperature of 220 g of water from 25 °C to
100 °C? Specific heat capacity of water is 4184 J kg 'K ™',
m=220g=220x10"kg=0.22kg,AT= T,~T,=(100-25)=75°C (or) 75 K,
c=4184 1 kg 'K '
The amount of heat AQ =m ¢ AT =0.22x4184 x 75= 69 036 J
Reviewed Exercise
* How does the specific heat capacity of water moderate the climate in a region near a large lake?
Key Words: specific heat capacity
5.5 LAW OF HEAT EXCHANGE

When heat is transferred from one object to another object the total heat lost by one object is equal to
the total heat gained by the other object.

T,
A T
AQ
B
A nt
m B

A
Figure 5.2 Heat transfer from object A to object B due to different temperature
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Suppose that heat is transferred from an object A at temperature 7, 10 another object B at temperature
Ty in Figure 5.2. In this case, the system consisting of two objects A and B must be regarded as ap
isolated system. When final temperature 7 of the objects are the same, nO heat is transferred.

Heat lost by object A, AQ,, =m, c\(T,~T)=m, ¢, (AT),
Heat gained by object B, AQ e = My e (T-T,) = m, ¢, (A,
According to the law of heat exchange;  AQ,, = AQ,, . (5.6)
(5.7)

My (AT), = my ¢ (AT,

Since heat is a form of energy, the law of heat exchange is on¢ particular statement of the law of
conservation of energy.

The specific heat capacity of a substance can be determine ¢ law of heat exchange. }

R

d using th

Calorimeter
thernomeler surrer

A calorimeter is a device used to measure the heat flow of a
chemical reaction or physical change. It mainly consists of a
metallic vessel made of copper (or) aluminium.

The metallic vessel with a stirrer for stirring the contents in the

vessel is kept in an insulating jacket to prevent heat lost to
the environment. There is a hole on the lid through which a

thermometer is inserted as shown in Figure 5.3.

ysulating hd

msuliting jacket calorimeter cup

Figure 5.3 Calorimeter

Determination of Specific Heat Capacity of a Sample
The sample whose specific heat capacity is to be determined is placed in a calorimeter. When heating

the calorimeter and the sample their temperature will change by AT.
Heat gained by the sample =m ¢ AT
where m = mass of the sample
¢ = specific heat capacity of the sample
Heat gained by the calorimeter = m c AT
where m_= mass of calorimeter
c, =the specific heat capacity of calorimeter

Total heat gained by the sample and calorimeter:
AQ s =M€ AT + m_c AT

Heat lost by the heat supply AQ,.,= AQ

By the law of heat exchange,
a'ngmd = Aansl
AQ = m ¢ AT + m, r_"ﬁT
_AQ-mccc AT

C="" AT (5.8)
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Example 5.5 The specific heat capacity of 0.4 kg mass of a calorimeter 1s 627.6 kg 'K . A0.55 kg_
substance is in that calorimeter. The temperature of the calorimeter increases by 4 K when 2450 1 of
energy is added to it. Find the specific heat capacity of the substance in the calorimeter
m.=04Kkg, c =627.6Ikg'K ' . m- .55 kg, AQ - 2450 )1, AT 4K
Af) —m, o, AT

mAT
2450 (04627 60-4)

(0.55«4)
Specific heat capacity of the substance 1s 657.2 1 kp 'K

By using Eq. (5.8), ¢=

657.2 Jkg 'K

¢

Reviewed Exercise
= Samples of copper and iron having cqual mass heated with the same amount of heat will achieve

different temperatures. Which sample will reach the higher temperature?
Key Words: heat gained, heat lost, calorimeter, specific heat capacity
5.6 CHANGE OF STATE AND LATENT HEAT

Most substances can exist in three states, i.c., solid,
liquid and gas. Water, for example, may exist in the

mc g gL eation |
form of ice, water and steam (Figure 5.4). - \
A transition from one of the three states (solid, \ .
liquid and gas) to another is called a phase change. p— |,
The change from one phase to another takes place e il e

very abruptly at a definite temperature. Figure 5.4 Change of states of water
The temperature at which a phase change occurs depends on pressure.

Latent Heat

The energy absorbed (or) liberated by a substance in a phase change is called the latent heat.

The energy absorbed (or) liberated by a unit mass of substance in a phase change is called the specific
latent heat.

If L is the specific latent heat of an object, the heat needed to change the phase of that object of
mass mis AQ =L m.

The SI unit of specific latent heat is joule per kilogram (J kg ').

temperature
A
100°C- D E/:
=
z
water and steam ‘::‘
5
Z
>
heat

Figure 5.5 Temperature-heat graph for phase changes of water
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Phase changes for water are illustrated by the temperature-heat graph in Figure 55 At point A, water
can exist only as ice. If the pressure is kept fixed throughout and heat is added to ice the temperature
rises until reaches to point B. As more heat is added the temperature does not rise, but the ice gradually
melts into water. The temperature remains constant until all the ice has melted at point C.

Then, as more heat is added, the temperature of water steadily increases until reaches to point D,
Again, the temperature remains constant until all the water has been changed into vapour (steam),

Then, additional heat will increase the temperature of the vapour.
It is found that the temperature does not change during phase change.

If the above procedure is repeated at a low enough pressure, ice changes directly into vapour (from
point A to point E) without passing through the liquid phase. Such direct change from the solid phase
to the gas phase is called sublimation.

Sublimation is used in the freeze-drying process which does not damage food and preserves its
quality and taste.

Reviewed Exercise
= (Can heat be extracted from water at 0 °C?

Key Words: solid, liquid, gas, latent heat, specific latent heat, sublimation

5.7 VAPORIZATION AND SPECIFIC LATENT HEAT OF VAPORIZATION

If water in a container is heated the temperature will increase until it reaches 100 °C. At this
temperature the water boils and begins to vaporize. If heat is added, the water keeps vaporizing. But

the temperature of the boiling water remains constant. If heat is continually added, all the water turns
completely into steam. After that if more heat is added, the temperature of steam will increase.

The process of changing liquid into vapour is called vaporization.
The temperature at which a liquid vapourizes under normal pressure is called its boiling point.

Specific Latent Heat of Vaporization
Heat that must be supplied to change 1 kg of liquid at its boiling point from liquid phase to vapour

phase is called the specific latent heat of vaporization L of the liquid.

Differentliquids have differentboiling points. The boiling pointofmercury is 357 °C and that of water
is 100 °C. The exact value of the specific latent heat of vaporization of water is 2 255 176 J kg™".

But 2.255x106 J kg™ will be assumed for simplicity in calculations.

If steam at 100 °C is cooled, it condenses back to water. In this process, although the steam is losing

heat, the temperature remains at 100 °C.
The change of vapour (or) gas phase into liquid phase is called condensation.

In condensation, the substance releases heat. In vaporization, the substance absorbs heﬁt.
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Example 5.6 How much heat is
(specific latent heat of vaporizati
m=5kg, L =2255x106)] kg™
The heat needed, AQ=m L,=5x2.255%106=1.13 x107 ]
Reviewed Exercise

=  Why is getting bunt by steam at 100
Key Words:

needed to change 5 kg of water at 100 °C to steam?
onL =2255x10°J kg™

°C worse than that by hot water of the same mass at 100 °C?
vaporization, condensation, boiling point, specific latent heat of vaporization

5.8 FUSION AND SPECIFIC LATENT HEAT OF FUSION

If pieces of ice in a tray are heated, the temperature will increase. After some time, it will be seen that
some pieces of ice change into water. The temperature of mixture of water and ice will found to be
0°C. The ice is melting continuously until all the ice turns to water without changing its temperature.
After all the ice has melted, the temperature of water will rise if more heat is added.

The temperature at which a solid melts under normal pressure is called the melting point.

The melting point for ice under normal pressure is 0 °C.

Specific Latent Heat of Fusion

Heat required to melt 1 kg of a solid at its melting point is called the specific latent heat of fusion L.

The exact value of the specific latent heat of fusion oficeis 333 464.8 Jkg'. But3.335x 10°J kg™
will be assumed for simplicity in calculations.

The specific latent heat of fusion, specific latent heat of vap

orization, melting point and boiling point for
various substances are given in Table 5.2.

Table 5.2 Specific latent heat of fusion and vaporization of various substances

Melting point | Specific latent heat Boiling point | Specific latent heat of
Substance (FE) of fusion (°O) vaporization
(kJ kg) (kJ kg")
Nitrogen -209.9 25.481 - 195.8 2.008 x 10?
Ethyl alcohol | -114 1.042 x 10?2 78 8.535 x 10?
Mercury -39 11.799 357 2.720 x 10?
Water 0 3.335x 10 100 2.255 x 10°
Silver 9260 88.282 2193 2.335 x 10°
Lead 327 24518 1750 8.70 x 102
| Gold 1063 64.434 2660 1.577 x 10°

Example 5.7 How much heat is required to melt 5 kg of ice at 0

ice L, =3.335x10°Jkg")

m=5kg, L, =3.335x10° J kg’
AQ =L m=3335x10°x5=1.67x 10°]
The heat required is 1.67 x 10° J.
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ed with 0.3 kg tea at 30 o

o wi £0.045 kg are mix 3
C with a total mass 0 g f tea is the same as that of

ific heat capacity ©

Example 5.8 Ice cubes at —10
-1 K1)

What is the final equilibrium temperature? (The spec
water, the specific heat capacity of ice ¢, = 2089 J kg

m_=0.045 kg, m_= 0.3 kg, ¢, = 2089 J kg K~
If all the ice melts, the final temperature must be high

Let the final temperature be 7.

The heat needed to bring the ice at — 10 °C to 0 °C is
AQ,= m_c AT

e Ice

= 0.045 x 2089 x {0—(—10)}
= 940.05J

er than 0 °C.

The heat needed to melt the ice is
AQ,= Lym,
= 3.335 x 10°x 0.045
= 15007.5]

The heat needed to warm the melted ice from 0 °Cto Tis

AQ,= m  cAT
= 0.045 x 4184 x (T- 0) = 188.28 T

The heat lost by the tea, originally at 30 °C,to T'is
AQ,= m ¢ AT

= 03x4184x(30-T)
(37 656 — 1255.2 T)

I

Since the heat lost must equal the heat gained,
AQ, =400, + AQ, +AQ,

37656-12552T= 940.05 + 15 007.5 + 188.28 T

1443.48 T = 21 708.45
T = 15.04°C

Reviewed Exercise
et at 327 °C melts after striking a steel plate. With what velocity does the bullet

=« A lead bull
strike the steel plate? ( Latent heat of fusion of lead = 24.52 x 10?J kg") (Hint: all of the

kinetic energy of the bullet changes into heat energy)

Key Words: melting point, specific latent heat of fusion
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59 DPEPENDENCE OF MELTING POINT AND BOILING POINT ON PRESSURE
prcs:sure (atm)

crnitical
point

ZIR T B -

.

£\ 100 374 temperature ( °C)

Figure 5.6 Pressure-temperature graph for phase change of water (The axes are not according to scale.)

The melting point and boiling point vary with pressure. Two significant points are the triple point and
the critical point as shown in Figure 5.6.

P i

At the triple point, liquid, solid and vapour phase may all exist together. At the critical point
both the liquid and gas phases of a substance have the same density, and are therefore

indistinguishable.

The melting point of ice varies with atmospheric pressure. The melting point of ice decreases as the

pressure Increases.

For an ice skater, the pressure of ice skates lower the melting point of ice and melts the ice under them.
Hence, the blades can cut across ice because of the very thin layer of water is formed on top of the ice.
However, the pressure exerts on the ice surface would return to normal after the blade passes. The thin
layer of water freezes again and the ice rink won't become a pool of water.

The boiling point of water also varies with the atmospheric pressure. An increase in external pressure
will raise the boiling point of water. This is used in pressure cookers. When a pressure cooker is in
operation, the pressure inside it is twice the normal atmospheric pressure. At this pressure, water boils
at a higher temperature of 120 °C and thus food can be cooked in a much shorter time.

Reviewed Exercise
* How does the melting point of ice and boiling point of water change with pressure?

Key Words: pressure, triple point, critical point

The amount of thermal energy required to change the temperature of an object by one degree is called
the thermal capacity (or) heat capacity of that object.
The specific heat capacity of a substance is the heat needed to change the temperature of a unit mass

of that substance by one degree.
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Heat t!ml must be supplied to change kg of liquid at its boiling point from liquid phase to vapour
phasc is called the specific latent heat of vaporization of that liquid.

Illcul required to melt 1kg of a solid at its melting point is called the specific Intent/Keatiof Tusion of
that solid.

.EXERCISES

I. The heat capacity of a piece of copper is 200 J °C -'. What is the amount of heat required to raise
its temperature from 25 °C to 80 °C?

ra

How much heat must be added to change the temperature of 0.15 kg helium from 30 °C to 80 °C
without changing the volume? (Specific heat capacity of helium is 5.18 x 10°T kg K™)

3. Acalorimeter at 10 °C contains 0.1 kg of carbon. The calorimeter is made of aluminium and has
mass 0.02kg. When 1000J of energy is added to calorimeter and carbon the temperature increases to
30 °C. Specific heat capacity of aluminium is 898 J kg™ K. Find the specific heat capacity of
carbon.

4. 1 litre of water at 100 °C is added 4 litre of water at 20 °C. What will be the final temperature of

water? (Specific heat capacity of water is 4184 J kg 'K™')

0.2 kg coffee at 80 °C is poured into 0.5 kg of glass at 20 °C. What is the final temperature of

coffee?
(Specific heat capacity of water = 4184 J kg 'K, Specific heat capacity of glass = 837 J kg"'K™")

L

6. 0.5 kg of water at 30 °C is placed in refrigerator which can remove heat at an average rate
25 ) s '. How long will it take to cool the water to 5 °C?
(Specific heat capacity of water = 4184 J kg'K™')

7. How much heat is needed to melt 10 kg of ice at —10 °C?
(Specific latent heat of fusion of ice = 3.335x10° J kg, Specific capacity of ice = 2089 J kg K™)

Does all the ice melt when 0.15 kg of ice at 0 °C is put into 0.25 kg of water at 20 °C? What is the

final temperature?

0.2 kg of water at 0 °C is poured into a container having liquid nitrogen at —196 °C by mistake.

How much nitrogen vaporizes? The boiling point of nitrogen is —196 °C and its latent heat of

vaporization is 200 800 J kg

10. A 10 kg mass of copper block is dropped from a height of 50 m. Assume all of the potential
energy change to heat, how much has the temperature increased when the copper block strikes the
ground? (Specific heat capacity of copper =385 T kg'K™') (g=9.8 m 5?)
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CONCEPT MAP
L |

HEAT AND THERMAL PHENOMENA ]

F(Jnit of Heat Heat and Internal Energy l Thermal Energy J

i_Law of heat exchange |

Thermal capacity and [ Phase change l|
specific heat capacity '
=22
AT Latent heat
o= AQ * latent heat of fusion
n AT ¢ latent heat of vaporization
AQ=mlL
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CHAPTER 6
VIBRATION OF STRINGS, RESONANCE AND
VIBRATION OF AIR COLUMNS

L i : i . 1hese vibrati
Most musical instruments produce sound due to vibration of the string and air column r-(l;h es ‘i"brat'o“s
give rise to waves known as stationary waves in the string (or) air column and cause progressive wayes
to spread out from musical instrument.

Learning Outcomes

It is expected that students will
* analyse the characteristics of stationary waves.
* investigate vibrating strings,

examine sound produced by resonance columns and organ pipes.
explain intensity of waves,

acquire basic knowledge of generation and propagation of waves.

e @ o

Waves are classified as progressive waves and stationary waves. Progressive waves spread out from
the region in which they are produced. Unlike progressive waves, stationary waves do not spread out
but remain in the region in which they are produced. So they are also called standing waves.

Sound waves which travel in air when Wwe speak and water waves which travel on the water surface

when a stone is dropped are progressive waves. Progressive waves carry energy through the medium.

The waves produced in hollow tubes such as flutes and in string instruments such as violins and
mandolins are stationary waves.

6.1 STATIONARY WAVES

A stationary wave is the resultant wave by the superposition of two waves of
equal amplitudes and velocities traveling in opposite directions,

The formation of a stationary wave can be demonstrated as follows. One eng
to the vibrating arm of an electric vibrator and the other end is held
vibrator is activated while the string is held tightly, the string vibrates
The incident wave travels from the vibrator to the
hand and the reflected wave travels from the hand
to the vibrator. The resultant wave obtained from
the superposition of the incident and the reflected
wave is a stationary wave as shown Figure 6.1.

the same type having

of a string is fastened
by the hand. When the electric
due to the electric vibrator,

electric vibrator

Figure 6.1 llustration : .
Principle of Superposition of Production of stationary wave

to be destructive interference. If the resultan

individya] waves, this is said
destructive interference in F igure 6.2.

t wave hag z :
ltude, it j5 gaid to be completely

€10 amp]
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Constructive Interferences
W
+

Destructive Interferences
AANS D
i _ 0
WAVAV

Figure 6.2 Superposition of two waves

Nodes and Antinodes )
One characteristic of every stationary wave pattern is that there are points along the medium, which

are called nodes and antinodes. The points marked N in Figure 6.3 are always stationary. They are

called nodes.
The points between nodes are vibrating with different amplitudes. The mid-points between successive
nodes have the largest amplitudes and are called antinodes which are marked A in Figure 6.3.

displacement ()
A A

AT r F s
] T)fF Vi Iy _» distance (x)

NN TDNEER [N

. A

Figure 6.3 Illustration of nodes and antinodes

ntinodes always alternate and are equally spaced. The distance between two successive

Nodes and a

nodes (or) antinodes is equal to A where 4 is the wavelength. The distance from a node to the

; 2

nearest antinodes is equal to 4, i
4 |

Exha_n'lfxl'e_gj If the distance between two consecutive nodes of a stationary wave in a stretched smng
is 0.5 m, (i) find the distance between two successive antinodes, (ii) find the distance between a node

and the nearest antinode. 2
distance between two consecutive nodes =Z =05m,A=1m
2
(i) distance between two successive antinodes =% =0.5m
(ii) distance between a node and the nearest antinode = i:l= 0.25m

Reviewed Exercise
1. Describe how stationary waves can be produced.
2. How are antinodes and nodes created in a stationary wave?
(Hints: Nodes/Antinodes are produced at the locations where destructive /constructive
interference occurs.)

Key Words: progressive wave, stationary wave, superposition, nodes, antinodes
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6.2 VIBRATING STRINGS

In most of the musical instruments (for example, violin, mandolin, etc.) the stretched strings act as a
source of sound. When the stretched strings are plucked, the stationary waves are produced. They have
certain specific frequencies. To understand why only certain frequencies can occur, consider a string
of length / rigidly fixed at both ends.

When the string is plucked the stationary waves with nodes at the fixed ends are formed. The waves

that are formed on the string are called harmonics. The first four harmonics of the vibrating string are
shown in Figure 6.4.

- — -__hh“““-n.._\ /i-l
! -.:f:-:-—._._.:.;.:_,,N ;=?, A =2/ First harmonic (fundamental)
4 N
,—-'_"'—-.‘_‘ /,,—'— —
N e } N = —22—. A =2?! Second harmonic (first overtone)
/ =3—, ,qg :E Third harmonic (second overtone)
2 3
i= ﬁ, . = = Fourth harmonic (third overtone)
2

Figure 6.4 Harmonics of vibrating string
The wavelength in Figure 6.4 can be labeled with a subscript n, where n is a positive integer and is
called harmonic number.
For the n harmonic 4, =— (n=1,2,3,..) (6.1)
n
The corresponding frequencies are calculated from v = f,4,, where v is the velocity of wave in a
string. The frequencies of vibrating string of length / are,

ny
== n=1,2,3,.. 6.2
e ( ) (6.2)

Vibration of a string in one single segment is called the fundamental (or) first harmonic.
A musical tone which is part of the harmonic series above a fundamental note is called an overtone.

The velocity of a wave in a vibrating string depends on the tension of the string and mass per unit
length of the string as follows.

T
v =‘[; (6.3)

where T = tension of the string
4 =mass per unit length of the string
The frequencies of the vibrating string can also be written in terms of T and L.
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We obtain f=— |— m=1,2.3,..) (6.4)
=l I\ u
. . ~ 1 [T
First harmonic, »n=1, fi=— . |—
' 21\ u
o . 2 IF
Second harmonic, n =2, f[,=—.|—=2/,
21N '
; ; 3 T :
Third harmonic, n =3, fi=— |—=3f,
. AN
Mass per unit length of the string is the ratio of mass to length of the string.
,U=-’!£, however, m=pV =p Al
Al
p=L—p4 (6.5)

!
where A = uniform cross-sectional area of the string
P = density of material of the string

V' = volume of the string
m = mass of the string

Example 6.2 Find the frequencies of the first three harmonics of the longest string in a grand piano.
The length of the string is 1.98 m and the velocity of the wave in the string is 130 m s™'.

The frequencies in a vibrating string,

nv
=— n=1,2,3,..
A oY ( )
For the first harmonic, 7 = 1
L . Y

h=% T 2x198
For the second harmonic, n = 2
f:,= % = 2}j= 2x32.8 =65.6 Hz

For the third harmonic, n =3

£=% =3f,=3%32.8=98.4 Hz

Example 6.3 The wave velocity in the highest frequency violin string is 435 m s and its length / is
0.33 m. If a violin player lightly touches the string at a point which is at a distance //3 from one end,
a node is formed at that point. What is the lowest frequency that can now be produced by the string?

v=435ms', [=033m

The frequencies in a vibrating string, N|/ﬁ\vi/—-\m 2 -
nv
= n=1,2,3,..) ;
Z 21
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Since the String is now vibrating with third harmonic » = 3,

P D

21 2x0.33

Example 6.4 The highest and lowest frequency strings of a piano are tuned to fundamengy) of
f= 41.‘:4(1 Hz and /| = 32.8 Hz. Their lengths are 0.051 m and 1.98 m respectively. If the tension i these
tWo strings is the same. compare the masses per unit length of the two strings.

The frequencies of a vibrating string,

.ﬂ'-ﬂ--z. (n=1,2,3.)
20\ u

For fundamental frequency, n=1, s = g4

" 2U\Nu

_Ir

_ 2if )

Thus the ratio of 1, for the low frequency string to g, for the high frequency string of piano is,
o T/QUA Uy fu)*
pipo o T/@gfa)? T AP

0.051x4186)%
B _ Y — 108

Hy (1.98x32.8)?

Reviewed Exercise
How does the velocity of a stationary wave formed in a string, with both ends firmly fixed,
depend on the tension and mass per unit length of the string?

Key Words: harmonic, tension, mass per unit length, overtone

6.3 RESONANCE COLUMN AND ORGAN PIPES

Resonance and Resonant Frequency
Several pendulums of different lengths are suspended from a flexible beam as shown in Figure 6.5.

If one of them such as A, is set up into oscillation, the others will begin
to oscillate because they are coupled by vibrations in flexible beam. Dn

Pendulum C, whose length is the same as that of A, will oscillate with
the greatest amplitude since its natural frequency matches that of A C
pendulum A which provides the driving force. : B[

Figure. 6.5 Example of resonance

The amplitude of the motion reaches a maximum when the ﬁ‘equency of drivine force equals the
natural frequency of the system J,. Under this condition, the system js said tgbe in resonance.
/. is called the resonant frequency of the system. 0
)

o |

Natural frequency is the frequency at which a system . P Py o SO,
. oscillate i nce of any
_ driving force. in the abse |

72 =




Grade 11 Physics Textbook

Resonance Column

If a vibrating tuning fork is placed over the open end of a glass tube partly filled with water as shown
in the Figure 6.6, the sound of the tuning fork can be greatly amplified under certain conditions. The
length of air column in the tube can be varied by raising (or) lowering the water level. At a certain
length of air column, the loud resonant sound will be heard from the tube.

The resonant sound will be heard at certain different length of air column. The wave is sent down
the air column in the tube and it is reflected upwards when it hits the water surface. Once again it 1s
reflected downwards when it reached the source. If the air column is just the proper length the reflected
wave will be reinforced by the vibrating source as it travels down the tube a second time.

In this way the wave is reinforced for a number of times and resonance is obtained from these
multiple reinforcements.

tuning fork tuning fork
-—r -

Figure 6.6 Adjustable resonance tube

The tube shown in Figure 6.7 will have an antinode near the open end and a node at the water surface.
The water at that end will not allow the air molecules to move downward. So they cannot move at the
closed end and a node will be formed. At the open end the air molecules can move out freely and an

antinode will be formed at the open end.

' Resonance can only be produced under the situation where a node is formed at water surface
(closed end) and an antinode is formed at the open end.

I —e——— —— —_—

E
|-

s

The velocity of sound can be found using resonance phenomena.
=" - =g
Figure 6.7 shows the resonance phenomena at the length of air A -

column /, and /,. Since the antinodes lic just beyond the end of
tube, correction ¢ is added to the length of the air column. 4

l,+¢c=— and {,+c'=£.
- 4

B

Therefore,
Figure 6.7 First and second resonance

Using these equations, the wavelength of vibrating air column is A4 =2(/, —/,). At resonance, the
frequency f of the tuning fork is equal to the frequency of vibrating air column. Thus, the velocity of

sound is v = f 1.
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Organ Pipe

:"i!;)e resonance phenomenon also occurs in an organ pipe. The organ pipes produce sound frey, th
rations of air column in a pipe. Organ pipes are two types, closed organ pipe and open orgap nip;

In - . M

: clolsed lorgan pipe, one end is opened and another end is closed. For example whistleis a closeq organ

;’t}:;’ "lc osed organ pipes, an antinode exists near the open end (blowing end) while a node js formeg
e closed end. The resonant frequencies for a closed organ pipe arc as shown in Figure 6.8,

A _:"_::—H f'=j"4—. A =4l  First Harmonic (fundamental)
3
MBN | = T’L‘ A :4?"I Third Harmonic (first overtone)

- _SA , 4 :
XA—\,&\ A>H "-‘—4—‘ A= ¥ Fifth Harmonic (second overtone)
7 4/
mﬂ I= Ti'-lr = = Seventh Harmonic (third overtone)

Figure 6.8 Resonance phenomena in closed organ pipe

The wavelength of the n" harmonic for vibrating air column in closed organ pipe is
4/
4{ = — (ﬂ= 1,3,5...) (66}

" n
We can now easily find the corresponding resonant frequency.

Frequency of closed organ pipe is

ny

heg ~ =Lisy 6.7)
where v = velocity of sound
For the first harmonic, n = |
_ v
Ay
For the third harmonic, n = 3
|-
A=Y
For the fifth harmonic, n =5
—
| “ 4/ __5-"' !
Closed organ pipe produces only odd harmonics. - _
are called first overtone and second overtone respccgigiiﬁre. third harmonpje and fifth harmonic
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The resonance phenomena in open organ pipe are shown in Figure 6.9. The stationary wave with a
single node in the open organ pipe corresponds to fundamental frequency (first harmonic). Thus, the
stationary wave with two nodes is second harmonic (or) first overtone. A flute is an open organ pipe.

+ / =

- b@ ,!:.’;_L. 4 =2 First harmonic (fundamental)
E>N<A M /= 24, 5 A, =E Second harmonic (first overtone)
T2

2
M"X‘X—A = % A =§ Third harmonic (second overtone)
*“;\""('b\f(#m = 4, , A, =% Fourth harmonic (third overtone)

Figure 6.9 Resonance phenomena in open organ pipe

The wavelength for the n™ harmonic 4, = = n=1,2,3..) (6.8)
- . . " -
The frequencies of vibrating air column in open organ pipe are,

£ =’—;f3 (n=1,2,3..) (6.9)

Aflute can be modeled as a pipe opens at both ends, while clarinet can be modeled as a pipe closed
at one end.

Beats
Beats are the periodic ductuation heard in the intensity of sound when two sound waves of slightly
different frequencies interfere with one another as shown in Figure 6.10.

The number of beats per second (or) beat frequency is the difference in frequency between the two
sources.

h=h~1 where /, = beat ffeqUEHCY- J\» /;= frequencies of the two sources
speaker | hlgh ity s
Q sound wave 1
ADNANA ! l
QU&\JUK.}’ UU S“:QUB
sound wave 2
speaker 2 low intensity sound

Figure 6.10 Beat frequency
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Example 6.5 If two tuning forks with frequencies of 512 Hzand 5 16 Hz vibrate simultancously, fn4
the beat frequency.

Si=/f-f,=516-512=4Hz
That is there would be four pulsating sounds will be heard.

Example 6.6 Find the harmonics which will be formed in a closed organ pipe of length 0.4

Velocity of sound in air is 340 m s
I=04m, v=340ms"'
The harmonics formed in a closed organ pipe,
nv
e = 13,8 00)
Iy 4] (
For the first harmonic, n = 1

=L = 340 _5125Hz
N4 4x04

For the third harmonic, n = 3

For the fifth harmonic. n =5
fi=2=5f=5x%x2125=1062.5 Hz

Example 6.7 A tuning fork is struck and placed over the open end of a resonance tube with
adjustable air column. If resonances occur when the air column is 17.9 cm and 56.7 cm long, find the
velocity of sound from these values. Frequency of tuning fork is 440 Hz.

[, =179cm, [, =56.7cm, [ =440 Hz

For first resonance,
: =Cc—— /_1: ———

—=] +C

For second resonance,
;’i = f_, +C
4

Therefore 4A=2(l,-1,)
=2(56.7-17.9)
=77.6 cm

v=fA=440x77.6
=34 144 cm s™
=341.44 ms"

Reviewed Exercise
» A closed organ pipe has a fundamental frequency of L . pipe’
(Velocity of sound =340 m s™') y of 256 Hz. What is the length of the P

Key Words: resonance, resonant frequency, natural freqy ency. beat
* d
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6.4 INTENSITY OF WAVES
The intensity of a wave is the power (or) energy per unit time transported per unit cross-sectional area.
(6.10)
A

where / = intensity of a wave
P = power
A = cross-sectional area
In SI units, the unit of intensity of a wave is watt per metre squared (W m?).
If the air around the source is perfectly uniform, the sound power propagated in all directions is the
same. In this situation, the propagated sound wave is represented by a spherical wave as shown in

Figure 6.11.

imaginary sphere area
A=4 gp

source power Z4

Figure 6.11 Variation of wave intensity with distance from the source

By considering source of sound as a point source, sound wave can be distributed uniformly over
spherical wave front of area 47 2. Hence, the wave intensity at the distance » from the source is

P P
T=2
A 4z r?
For a particular source, intensity varies inversely with the square of the distance from the source as
follow, I %2_

Intensity of 5 wave obeys inverse square law.

square of the amplitude of the wave.

The intensity of a wave is directly proportional to the
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Noise Exposure Limit

Noise is a sound especially that is loud (or) unpleasan
Loudness of sound can be measured by decibel mete
(dB).

iSoun-d with very high intensities can be
is painfully loud to ear. Brief exposure to
permanent hearing loss.

Longer exposure to lower sound (noise) levels can also damage hearing. F ¥ example there may be o
hearing _loss for a certain frequency range. Table 6.1 is expressed the Peﬂmsmble noise exposure limits
for maximum duration per day.

ce in hearing. \

t that causes disturban
(sound level) is decibej

r. The unit of loudness

threshold of pain (120 dB), soyp q

dangerous. Above the
B can rupturé eardrums and cayge

levels of 140 to 150 d

Table 6.1 Permissible Noise Exposure Limits

Maximum duration per day
(hours) _____(__,__.—-

100
102
105
110

| —
l

115

Example 6.8 Find the sound intensity for a person sitting 2 metre from the 25 watt sound box.

p=25W, r=2m
Intensity of a sound wave,

P _ 25
4rr*  4x3.142x(2)

T 0.50 Wm'—'l

=

lI=

Reviewed E xercise
. Ifthedistance froma point source of sound is increased by three times, by what fa

intensity decrease?

ctordoes souﬂd

Key Words: intensity, amplitude, power, noise
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SUMMARY
«
station i
A ey alry wave is the resultant wave by the superposition of two waves of the same type having
equ plitudes and velocities traveling in opposite directions.

Progressive waves spread out from the region i i
P gion in which they are produced. They carry energy through

The intensity of a wave is the power (or) energy per unit time transported per unit cross-sectional area.

EXERCISES
w

1. 'Il'?lcre arc_ always points that do not move in stationary waves. (i) What are those points called?
(ii) How is the distance between two such successive points related to the wavelength?

2. The distfmce between two successive nodes of stationary waves produced in a stretched string is
0.4 m. Find the wavelength of that stationary wave. If the frequency is 105 Hz, what is the velocity

of the wave in the string?
Draw a graph which correctly describes the relation f-+T for the stretched string ( f= frequency

3.
of the string, T = tension in the string).

4. If the mass of a string of 1 m length is 0.3 g and its tension is 48 N, find the velocity of wave and
find the fundamental (the lowest) frequency of the string.

5. What is the tension required for a violin string to vibrate at fundamental frequency of 440 Hz? The
length of the violin string is 0.33 m, its diameter is 0.05 cm and the density of the material of which
the string is made is 3.5 x 10° kg m™.

6. Find the fundamental frequency of an open tube of length 4.5 m and diameter 2.5 cm.

(velocity of sound = 340 m s™)

7. What is the beat frequency of two tones with the frequencies 256 Hz and 260 Hz?

8. A violinist with a perfectly tuned a string ( f= 440 Hz) plays an A note with another violinist, and
a beat frequency of 2 Hz is heard. What is the frequency of the tone from the other violin? Is there
only one possibility?

9. How is fundamental frequency of vibration of an organ pipe altered as the velocity of sound
increases?

10. A student is enjoying a picnic across the valley from a cliff. She is listening her radio and

notice a faint echo from the cliff. She claps her hands and the echo takes 1.5 s to return. (i) Given
that the speed of sound in air is 343 m s on that day, how far away is the cliff? (ii) If the intensity
of the music 1.0 m from the radio is 1.0 x 10° W m?, what is the intensity of the radio music

arriving the cliff?
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Two Types of Wave J
Progressive Wave | Stationary Wave
| e.g-sound wave ¢.g- wave in hollow tube
| - water wave - wave in string musical instrument
f;;m;sity ] Beat Noi [ 1
| o oise Wave formed Wave produced i
of wavi l =i —F A O : n
g e | h=fi-f: cﬁp:::m in vibrating vibrating air column
[ =— | 1 " 2] L
4| 120 dB R * °l°se‘i!°fgan pipe
[ | | v ’j“n=';
;l B : L - -2_].
S - nv
j-l',l = -
"= 1‘2‘314o... 41
n=13.8....
v= T * open organ pipe
"' A=a il
i n 2]
n=1.23.....
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CHAPTER 7
REFRACTION OF LIGHT

timulateg our s
s from sun.

Light is a form of energy which g

. ense of vision. It is essential for life on earth. Almost
all of the natural light comes tg y

Lgamlﬁg Outcomes

It is expected that students will
* summarize the nature of light,

investigate the velocity of light,

examine and explain the refraction of light, refractive index and the laws of refraction.
examine total interna] reflection.

In this chapter we will study the nature of light
?,l 'I‘HE_. NATURE OF LIGHT

By the middle of the seventeenth century, two theories about the nature of light were introduced. They
are corpuscular theory and wave theory of light.

Newton suggested that light was made u
corpuscles are given off (or) emitted by I
travel outward from light sources in straj
bounced back (or) reflected from surfac
they enter the eye, the sense of sight
explain the phenomena of reflection

» the speed of light and refraction of light.

ght lines. They cari pass through transparent materials and are
es of opaque materials through which they cannot pass. When

is stimulated. By using this corpuscular theory, Newton could
and refraction of light.

observed.

The phenomena of interference, diffraction and polarization could be well explained only if light was
considered as a wave motion. In addition, it was discovered by the end of the nineteenth century that
light consists of electromagnetic waves. However, it could not be said that Newton’s corpuscular
theory of light was completely wrong, because it was found at the beginning of the twentieth century
that in addition to the wave nature, light has corpuscular or particle nature as well.

Light behaves like particles in some phenomena and acts as w

aves in others. Hence, light can exhibit
th wave and particle characters. Today,

it is generally accepted that light has wave-particle duality.

P ——— E—

Therefore, the corpusculaf ﬁhedi’y and wave 'theory of light are not coﬁtraéi‘i-ét‘c;i'} but are
_‘Omplemen to each other.

e —————————
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Example 7.1 Write down the names of the two theories concerning t_h; ;‘:}t:;ebgmi: th:;ewt:e
introduced by the middle of seventeenth century. What is the main diffe o

theories?
Newton’s corpuscular theory and Huygens’ wave theory. les. H
Newton suggested that light was made up of a stream of tiny particles known as corpuscles. Huygeng

suggested that light has wave nature.

Reviewed Exercise
. What are the optical phenomena that cannot be explained by Newton's cotpnuilsr Wieoyy

2. Why can the bending of light not be seen although the bending of water waves can be seen?
Key Words: corpuscles, wave-particle duality, bending of light

7.2 VELOCITY OF LIGHT
The velocity of light is usually denoted by the symbol ¢ and it appears in many fundamental formulae

in advanced physics.

For example, Einstein has shown that the energy E released from an atom is given by E =m c?. Here
m is mass. Thus, ¢ is an important physical constant. The velocity of light in free space c is one of the

fundamental constants of nature. The value of this constant is taken as 3 x 10°*m s™.

Some methods of measuring the velocity of light are described below.

Galileo's method of measuring the velocity of light was entirely correct in principle. His experiment
failed since the method of measuring the extremely short time interval was not accurate enough.

Roemer’s method was the first to successfully measure the velocity of light. According to the method,

¢ =130 000 miles per second (or) 2.1x10*m s"'.

Fizeau’s method was the first to successfully determine the velocity of light from purely terrestrial
measurement. The velocity of light was found 3.1 x10®*m s in this method.

The best value of velocity of light is 2.99793 x 10*m s™.The most precise measurement of light was
made by Michelson. The value of the velocity of light obtained by him is ¢ =186 000 mi s =3 x 10* ms™,
The velocity of light can be measured with the use of electronic devices in the laboratory.

Example 7.2 How long does the light take to reach the earth from the sun if the distance between the

sun and the earth is 1.5 x10"' m?
velocity of light ¢ = 3x10®* m s, s=1.5 x10" m

A

v=—
{
11
t=£=l'5—x193—-=5005=8min205
v 3xI10

Reviewed Exercise
1. Can an object move with a velocity greater than the velocity of light?

2. Choose the correct answer from the following.

[f ¢, is the velocity of light coming from the sun and c_ is : 5
then A, ¢> c, B. ¢<c, c L l’:lha't coming from the candle flame,
3. Why did Galileo not succeed in measuring the velocitly of fight‘>

Key Words: velocity of light



r’

Grade 11 Physics Textbook

7.3 REFRACTION OF LIGHT

we shall study how light passes through transparent materials or transparent media. Transparent media
such as air, water, oil and glass have different optical densities.

when light passes through two media of different optical densities, the direction of Ii_,\_:,hl changes in
passing from the first to the second medium. This phenomenon is called refraction of light.

e ———
I ———— e

y
When ligh't passes from one medium to another, the velocity of light changes in both Srggpidc
and direction. That is why the refraction of light takes place.

- The velocity of light in a medium depends upon the optical density of the medium it passes
. through. The more optically dense a medium is, the smaller is the velocity of light in that medium.
| SR T ——

Examples for refraction of light are: the part of a stick under the water appears to be bent. a 5_“’"”"“.'“3
ol looks less deep than it really is. This is due to the refraction of light coming from the immersed
part of the stick as shown in Figure 7.1.

Figure 7.1 Illustration for refraction of light [CREDIT: Source from the Internet]

Example 7.3 Can refraction and reflection of light occur together? If so, illustrate with a diagram.
Yes. Refraction and reflection can occur together.

A Cc
incident my reflected ray
: medium X
I' medium y
l fracted ray
B

Reviewed Exercise
l.  Draw a ray diagram to show why a stick bends when part of it is under water.
2. Can refraction of light take place in a single medium? Explain.

Key Words: refraction, optical densities
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7.4 LAWS OF REFRACTION - s
0 me

In studying refraction through media, we shall assume that the bO_u_ﬂdal'degt(‘)"’?:"the bound:::yli a plane

surface. In Figure.7.2, x and y are media of different optical densities an etween

them.

A N
P d medium x Q
0 medium y
N B

Figure 7.2 Refraction of light at a plane surface

Suppose that light travels from a less dense medium x to a more dense medium y.

The direction of incident ray AO changes when it passes from x to y. Th.is phenomenon is called
refraction in medium y. It travels along a new direction OB in medium y. OB is called the refracted ray.

Since y is optically more dense medium, OB bends towards the normal.
The angle between ﬁi'e'inciden_t‘fay AO and the normal NON is called the angle of incidence and
is represented by /. The angle between the refracted ray OB and the normal NON' is called the
angle of refraction and is represented by r. In this case 7 is smaller than .

When the medium y is optically less dense medium, refracted ray OB bends away from the normal.
In this case r is greater than i. :

The laws governing the refraction of light which are obtained from experiments are stated below.

Laws of Refraction
(1) The incident ray, the refracted ray and the normal all lie in the same plane.
(2) Fora particular wavelength of light and for a given pair of media, the ratio of the sine of the angle
of incidence to the sine of the angle of refraction is a constant.
(The second law is called Snell’s law since it was so named in honour of its discoverer - Dutch
Scientist Willebrord Snell in 1621.)
sin
In 1 —= t
symbols Snr constan (7.1)

where = angle of incidence
r = angle of refraction

I S o e e,
—

In refraction of light, the light rays also obey the pl‘inciplé 0;‘ r;re

N ——— —_—

rsibility of light, |

s,

B pr—

e —
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yes. The ray will refract towa N o ol
smaller is the speed of light. td the normal because the more opitically dense a medium is, 1'i2

N
medium |
mediom 2 1
r

N*

Reviewed Exercise

. Do the light rays in refraction of light obey the principle of reversibility of light? Explain it
with suitable ray diagram,

2. When the light ray passes fro
refracted ray bend away fro

Key Words: optically more dense
angle of refraction

7.5 REFRACTIVE INDEX

The ratio of the velocity of light in air ¢ to the velocity of light in a particular medium v is called (e
refractive index n, of t _

hat medium. The refractive index is given by

st (7.2)
) v
The refractive index of a medium can also be defined by using Snell’s law as follows:
The ratio of the sine of the angle of incidence to the sine of the angle of refraction is always constant

That constant is the refractive index of the medium through which the refracted ray passes.
In Figure 7.2, the refractive index can be expressed as

m optically more dense medium to less dense medium, does thcl
m the normal?

medium, optically less dense medium, refraction, angle of incidence,

ny = sint (7.3)

sin r

Wy is called the refractive index of medium y with respect to medium x (or) refractive index for the
refraction of light from medium x to medium y.

According to the principle of reversibility of light, if BO is an in
refracted away from the normal along OA in medium x. In this cas
angle of refraction and the refractive index is

cident ray in medium y, it will I+
e, ris the angle of incidence. i i+ (1,

(e lw

sin r

= St (7.4)
Multiplying equation (7.3) and (7.4), we obtain
sin i sin r
iy X ylly S ==X — =
. ’ sinr sin t
1
gy = — (7.5}
M

—— = e . e

Therefore, the refractive index of the medium y with respect to x is equal to the reciprocal of the |
refractive index of medium x with respect to y. |

____ -

. s . S - "'J
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Absolute Refractive Index . th '
The above stated media x and y may be any two media. Speciﬁca]ly. if x is a Vﬂ;':,“m ¢ "efTi}th:
index is denoted by v1,. The refractive index of the medium y for light travelling from vacuum into y

is called the absolute refractive index of medium y.

Refractive Index of a Medium -

The refractive index of a medium with respect to air is easier to determir?e than the reffa(_:uve index
of the medium with respect to vacuum. This refractive index of a medium with respect to air is normally
used to compare the refractive indices of different media. For example, the refractive index of water
with respect to air is written as n_ and the refractive index of glass with respect to air is written as n
Refractive indices of some media are given in Table 7.1.

Table 7.1 Refractive indices of some media

Substance Refractive Index
Ice 1.31
Water 1.33
Ethyl Alcohol 1.36
Oleic Acid 1.46
Glycerine 1.47
Quartz 1.54
Glass 14-19
Diamond 2.42

Relation between Refractive Index of Media and Wavelength

Since light has wave nature, the wavelength of light wave also changes when light passes from one
medium to another as shown in Figure 7.3. v_and v, are the velocities of light in media x and y
respectively. n_and n_are the refractive indices of media x and y respectively.

medium x  n,

Therefore, nVvy =NV, (1.6)

The velocity of light v, the frequency of light fand the wavelen :
When light passes from medium x to medium y, the l"rﬂlcluencgttl-'lef;;:;ﬁ:lt tiem relat;:d ;lsdv; {r J; o
wavelengths of light in medium x and y respectively, we . NG y

Y, get Vl -—f.lx and vy =f2y'
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n:uf-‘lx =ﬂyfj.y

Therelore, oM A =n A (7.7)

Eﬂmp]e'ls The wavelength of a ray of light in air is 5 x 107 m. With what velocity will that ray pass
through diamond whose refractive index is 2.429 F ind the wavelength of that ray in diamond.

wavelengthinair 4 =5x10" m
refractive index of air 7, = 1 refractive index of diamond nq = 2.42

Let velocity of light in diamon'd be vy
c=3x10*mgs™'

C
nd = —
Yy
TR L0 SR TR
a7 T
n, A, =ny A

Ix5x107 =2.42 4,
A4 =2.07x10"m

Wavelength in diamond is 2.07 x 107 m.

Example 7.6 The angle of incidence of a ray of light passing from air to a transparent medium x is
30° and the angle of refraction is 19° 28’. If another ray is incident at 35° on that medium find the angle
of refraction.

i=30° r=19° 28

By Snell’s law,
- = sin i

* " sinr
_ ‘sm 30 -15
sin 19°28'

For another ray, i, = 35°, angle of refraction is Py
sin i,
sin 7,
sin 35°

1.5

Therefore, r=22°29
The angle of refraction is 22° 29’ for the angle of incidence 35°.

X

sin r =

Reviewed Exercise
I. Explain the statement: “The refractive index of glass is 1.5”.
2. Which quantity can be determined by using Snell’s law?
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Relation between Angle of Incidence and Angle of Emergence for a Ray passing through 3 Glayg
Slab with Parallel Sides

-

Figure 7.4 Refraction through a glass slab

In Figure7.4, an incident ray AO in air is refracted along OP in the glass slab and it emerges along PQ
into the air, i is the angle of incidence and i'is the angle of emergence.

Since glass is a more optically dense medium, the refracted ray OP is bent towards the normal in the
glass. Again, OP is refracted along PQ away from the normal into the air.

. . . sin i
For the first refraction, light passes from air to glass g = =
sinr
_sinr-
For the second refraction, light emerges to air from glass ga = G
Since atg X gha = 1
sin i sinr 1
sinr sin i’
sini = sini’

p=7

Therefore, the angle of incidence ! is equal to the angle of emergence i’ for a ray passing through
a glass slab with parallel sides. This holds true not only for glass and air but also for any two
media having parallel boundary surfaces between them. In other words, the incident ray and the
emergent ray are parallel for such a pair of media.

Lateral Displacement of a Ray passing through a Glass Slab with Parallel Sides
In Figure 7.4, the perpendicular distance PR between AO produced beyond O and the emergent 13y
PQ is a lateral displacement of AO, denoted by d. The thickness of the glass slab, that is, the distance
between its parallel sides is denoted by . We can easily derive lateral displacement d.

The lateral displacement d= tsin(i-r) (18)
Ccosr
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Refraction through three Parallel Media

medium x

‘medium y ]

Py

medium z

medium x

Figure 7.5 Refraction through three parallel media

In Figure 7.5 media x, y and z have different refractive indices. A ray in medium x is refractet_i ﬂ'_lfﬂ'ugh
media y and z and emerges into medium x. The refraction occurs three times and the angle of incidence

i is equal to the angle of emergence i’ .

: ) sin
For the refraction from medium x to y, My = ——
1
. . sin ry
For the refraction from medium y to z, iy = —
2
i . sin 2
For the refraction from medium = to x. Ay = Sin i’
sin sin ry sin r3
xny xynzx 1?!;: N b4 - > ™ -p=
sin ry sin ry sin i
1
v B
x n_v x znx
1 N,
Since My =—, n, =
znx ,_ny
If medi is ai h ny _
medium x is air, we have n, = - (7.9)
y

—

| Therefore, the refractive index of medium z with respect to medium y is the ratio of the refractive
mmedmm z with respect to air to the refractive index of medium y with respect to air.

| Rlefﬂttive Index Related to Real and Apparent Depths
Figures 7.6 an

g d 7.7 show the positions of objects in one medium and their respective images when
ewed from t

he neighbouring medium. Medium y has greater refractive index than medium x.
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k 0
R A ¥ N“'.
r J L O
\L
P__mediumx 3 "
d i nediumx
medium ¥ (denscr medium) . . _\_Q__ ___me S {denser medium)
1 8
-'ﬁxR
v
. % : depth when viewed
Figure 7.6 Apparent depth when viewed Figure 7.7 Apparent dep }
from a less dense medium from a denser medium
in medium x, looks at it directly from above.

0. Therefore, the observer in

edium y and the observer
her words, the object appears

is the position of the image ©
sees it in the position I. In ot

In Figure 7.6 an object O is inm
Due to the refraction of light the point |
medium x, viewing O directly from above,
nearer to the observer.

In Figure 7.7 an object O is in medium X
Therefore, the observer in the medium Y,
appears farther away from the observer.

Since the refracted ray QR enters the observer’s
lar distance from the object O to th

nt [ is the image of O.

in medium y. The poi
her words, the object

and the observer
sition I. In ot

viewing O, sees it in the po

close to P in practice.
e is called the real depth and
y boundary surface is called

eyes, Q is actually very
e x-y boundary surfac

The perpendicu
is represented by u. The perpendicular distance from the image I to the x-
the apparent depth and is represented by V.
In Figure7.6 and 7.7 PO=u, PI=v and wehave
sini=£Q—, sinr=£—2
00 ol
_sini _ PQIQO _ ol
s n=oo T poiol - Q0
Since P is very close to Q, QI=PI and Q0= PO.
sini PI v
=a— = e = 10

Tl " sinr PO u (7.10)
By the Snell’s law
For refraction in Figure 7.6, when viewed from less dense medium,

= sini _ v _ apparent depth

Y'X U sinr u real depth

oL = b 0 = real depth

However, * ¥ n, Therefore, "y ~ apparent depth
For refraction in Figure 7.7, when viewed from denser medium,

. Sni_v_epperent depth

Y sinr wu  realdepth
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Ex-ample :’E}l The TCﬁ'ﬂCt]'-Vc .iTldCX of a ]lq'l.lld is 1.32 and that of glaﬁﬁ s 1.5. If a ray of anglt_‘ of
incidence 30 enters from liquid (o glass find the angle of refraction.
n=132,n=15
A =3
Refractive index of glass with respect to liquid

L 1.5
h, =— =——=1.136
s ny 1.32

i=30° angle of refraction in glass is r.
By the Snell’s law,

sin |

i
|

sin r
__sint sin 30 ¢
(1, 1.136

That is r=26%6

Example 7.8 When a drop of ink at the bottom of a glass slab 6 cm thick is viewed from above, it is
seen at a spot 2 em above the bottom. Find the refractive index of glass.
real depth = 6 cm,
Since the drop of ink is at the bottom of the glass slab,
apparent depth =6 - 2 = 4 ¢m
The refractive index of glass n = - Jesldepth - 2=
apparent depth 4

>
L

Reviewed Exercise
= The object O is in medium v and the observer is in air. Show that = real depth / apparent depth.

Key Words: refractive index. real depth. apparent depth

7.6 CRITICAL ANGLE AND TOTAL INTERNAL REFLECTION

When light passes from a medium to a more optically dense medium both reflection and refraction
will occur for all angles of incidence. But when light passes from a medium to a less optically dense
medium refraction will occur only for some angles of incidence. However, reflection will occur for all
angles of incidence.

F Y
P ( /
%
; ;

R I_\*}ll S | medium x
. i muedimy (opucally more dense medium)

Vv

O
Figure 7.8 Illustration of total internal reflection

In Figure 7.8, an object O is in medium y which has greater refractive index than medium x. The angle
of refraction 7 is ereater than the angle of incidence i. As the angle of incidence increases, the angle
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of refraction also increases. At a certain angle of incidence, the angle of refraction becomes 90°, Thig
means that the refracted ray lies in the boundary plane between the two media. The angle of incidence
corresponding to the angle of refraction 90° is called the critical angle and is denoted by i

In Figure 7.8, the incident ray OR from O is refracted along the x-y boundary and the angle of
incic?cnce i, 1s the critical angle. When the angle of incidence is greater than i, light does not enter
medium x at all, but is reflected back into medium v.

The light in one medium does not enter the optically less dense medium and is reflected back into the

first medium for all angles of incidence greater than the critical angle. This phenomenon is called tota)
internal reflection.

Relation between Critical Angle and Refractive Index
In the case of refraction in Figure 7.8,

By using Snell’s law
sin {
n =
e sin r
When i =i, r=90°
Therefore yix = S.'m — - = sini,
’ sin 90°
: 1
Since Ny =—
vy
|
My — = .
’ sin i
. - 1 (? mn
If medium x is air, n, =— i
o sin i,

The refractive index of the medium in which the object is situated is equal to the reciprocal of
the sine of the critical angle.

Example 7.9 (i) Find the critical angle of a liquid of refractive index 1.32. (ii) Find the refractive
index of diamond of critical angle 24° 2.

(i) refractive index of liquid, 7= li32 1

——
—

Sile =g T 132

Therefore the critical angle of a liquid is i = 49° 1§’

(i) i, = 24°27' . 1

M= Gni.  sin 2427

= 242

The refractive index of diamond is 2.42

Reviewed Exercise |
1. Adiver shines a flash light upward from beneath the water at a 42.5° angle to the ve tical. Will
' . - :
the light leave the water? (refractive index of water = 3)

2. Under what conditions can the total internal reflection occur?
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Refraction through a Prism

A !Jl'f5m Is a transparent object usually made of glass. It has two plane surt
(Figure 7.9).

aces. inclined to cach other

normal

Figure 7.9 Refraction by a prism
Figure 7.9 shows refraction by a prism. The angle A is known as the angle of prism and BC is its base.
An incident ray OP is refracted along PQ in the prism and emerges from the surface AC into the air
along QR.
AB is called the incident surface and AC the emergent surface. The emergent ray QR is directed
towards the base and OPQR is the path of light travelling through the prism. If a ray is incident at the
surface AC along RQ it will travel along RQPO.

The incident ray OP after refraction through the prism emerges along QR and the direction of OP is
changed or deviated by it. This is called the deviation of light by the prism. The angle D. between the
direction of incident ray OP and that of emergent ray QR is known as the angle of deviation.

When the angle of incidence i is varied the angle of deviation D also varies. When i is increased
gradually, D decreases gradually to a minimum value and then increases with the further increase of 1.
If the experimental values of 7 are plotted against those of D the appearance of an i-D graph obtained
is shown in Figure 7.10.

angle of deviation

BE==nrr==p Tminimum deviation
1

£ angle ol incidence

o

Figure 7.10 Relation between angle of incidence and angle of deviation (-2 graph)

[ ———s S S E =

€ angle of minimum deviation is denoted by D . It is found that the angle of incidence is equal
_ 0 the angle of emergence when the angle of deviation is minimum. '

.

T P — -
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In the minimum deviati
eviation cas - i f o ;
pertamaly ¢ the formula for the refractive index of a prism can be obtained as

Figure 7. 11 Deviation by a prism

Ip:mm fieure 7.1, A+ £ PSQ=180° (4= £ BAC)
rom the triangle PQS, r +r,+ £PSQ=180°
;o A=r +r
Angle of deviation D= (i, —r) + (i,~r,) e
Wh = o oz <
en D=D_, i=i,, r,=r,, A=2r,
D_=2i,-A and i _(4+D,)
2
By Snell’s law the refractive index of the prism material is 7 = s
Substituting the values of 7, and »,, we get sin 7
. (A¥
sin (A Da)
n= .
A (7.12)
sin —
2

index of the prism material can be calculated from this formula if the angle of b

The refractive 1
ation D _ are provided.

prism A and angle of minimum devi

rnal Reflection

.5, the critical angle of glass will be 42°. Thus, the total internal
f angles 90°- 45° - 45°. A prism having such angles can be used

Some Applications of Total Inte

If the refractive index of glass is 1
reflection can occur in a glass prism 0
as a total reflecting prism.

In a total reflecting prism 100 percent of the light is reflected while other reflecting surfaces reflect ]

only some of the light incident on them.

94




’ k
Grade 11 Physics Al

45 y

Y

(a) (b) ‘ .
Figure7.12 Reflection at hypotenuse surface and side surfaces of total reflecting prism

A ray in the air is incident normally on a side surface of the pt:isrn as shown in FEEU‘:_T-ﬁnLi{;
In this case the deviation is 90°. In Figure7.12 (b), a ray is incident normally on the hypo :
surface. The deviation in this case is 180°.

The images seen in the 90°- 45°- 45° prisms are shown in Figure 7.13.

[e--n1
|
.
|
|
]
]

3

45

TN <

A A
1
!
1

4-

Y

457

(a) (b)

Figure 7.13 Formation of image by a total reflecting prism
Total reflecting prisms are used in periscopes and binoculars.

" The concept of total internal reflection is also used in cutting the faces of diamond for its brightness.
If the rays entering the diamond are totally reflected from its base and emerge from the surfaces,
the diamond becomes brighter. In order to enhance the brilliance, the facets of diamond must be cut

. Systematically.

Suppose that a ray enters one end of a glass rod or a transparent plastic rod. If the successive total
Internal reflections occur in the rod the ray will emerge from the other end (Figure7.14). Such a
ransparent rod is called a light pipe.

Fig. 7.14 Total internal reflection in a light pipe

05
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Dispersion and Formation of Spectrum by a Prism
When a narrow Pencil of white light passes through a prism, it is split into bands of different colqyq,
Such a band of different colours is called a spectrum. Splitting of white light into different colour—banag
is called dispersion of light.

—Yiolel

(a) (b)
Figure 7.15 (a) Dispersion by a prism (b) formation of spectrum [CREDIT: Source from the Internet)

The violet colour is deviated the most from the original path of white light. The red colour is deviated
the least .

The refractive index of the prism material for violet colour has the largest value. The refractive index
of the prism material for red colour has the smallest value.

Example 7.10 A ray of light in air enters a prism (having an angle 60°) from one surface and emerges
into the air from the other surface. If the emergent ray lies in the surface of the prism, find the angle of

incidence. The refractive index of glass is 1.5.

A = 60°, refractive index of glass, o =15

If the emergent ray lies in the surface of the prism, iL,=90°, r,=1i

At surface AC 1 1
sin ic = E = 1is =0.667
i = 41°48'
o ry = 41°48'
Since, A =r+n,n=60"-41°48 =18°| 2
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At surface AB

By Snell’s law, —— sin 4,
sin r,
sin i,
sin 18°12’
sin i, =1.5x%0.3123
=0.4685

III S 27"56'

1.5=

The angle of incidence is 27°56'
Reviewed Exercise

« Draw a ray diagram showing (i) 90° deviation case and (ii) 180°
reflecting prism. How much is the percent of reflection by total reflecting prism
examples of their usages.

Key Words: critical angle, total internal reflection, light pipe, dispersion of light, light spectrum

deviation case by a total
? Give some

The ratio of the velocity of light in air ¢ to the velocity of light in a particular medium v is called the

refractive index »n, of that medium.
The angle of incidence corresponding to the angle of refraction 90° is called the critical angle.

When a narrow pencil of white light passes through a prism, it is split into bands of different colours.
Such a band of different colours is called a spectrum. Splitting of white light into different colour-bands

is called dispersion of light.

P

I. Choose the correct answer from the following.
A. Light has only particle nature.

B. Light has only wave nature.
C. Light has both particle and wave nature.

2. Choose the correct answer from the following.
A. All optical phenomena can be explained by Huygens’ wave theory.
B. All optical phenomena can be explained by Newton’s corpuscular theory.

C. The statement gives in A. and B. are both wrong.
3. Ifthe velocity of light in a medium is 2.3 x 10* m s, find the refractive index of the medium.

. A ray of light in water has a wavelength of 4.42 x 107 m. What is the wavelength of that ray
while passing through ice? (n, = 1.33, n, = 1.31)
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th reflection and refraction of light

When a ray of light is incident on the surface of a glass slab, bo
fractive index of glass is 1.5, find

take place. If the angle of incidence of the ray is 30° and the re
the angle between the reflected ray and the refracted ray.

The path of a ray of light through one corner of a block of ice is shown below.

20° B

136°

ice air

the angle of refraction at this face, (iii) the

Find (i) the angle of incidence on the face AB, (i1) ;
d (v) determine whether the ray will emerge

refractive index of ice. (iv) the critical angle for ice an
from the block of ice.

Arav of light in air is incident on the surface of a glass slab4 cm thick at an angle of 60°. It' emerges
from the slab and travels into the air from the other side of the glass slab. If the refractive index
_find the lateral displacement between the incident ray and the emergent ray.

A cube of ice of refractive index 1.31 is placed on a glass slab of refractive index 1.6. If a ray of

light passing from the glass slab to the ice has an angle of incidence of 35°, will the ray enter the

ice?

of glass is 1.5

m is 60° and the angle of minimum deviation is 39°. Find the refractive

(i) The angle of a glass pris
fractive index of glass is 1.66 and the angle of prism is 60° find the

index of glass. (i) If the re
angle of minimum deviation.

What is the critical angle at Lucite-glass interface? The refractive index of Lucite is 1.49 and that
of glass is 1.66. To be totally reflected, which medium the light must start from?
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Nature of Light [
and Velocity of Light

chractmn of Light

Rays pass through two different media “

Laws of refraction

Refractive index

Critical angle and total interal reflection
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CHAPTER 8
LENSES
Lenses produce images similar to images formed by curved mirrors, but they do so by refracting ligh
rather than reflecting it.

( I;::lrnlng Outcomes i
Cltis expected that students will
i e describe the refraction of light at a curved surface.
-  examine the refraction of light through lenses and apply the lens equation.
g examine the power and the magnification of lenses. =,

As a preliminary study for refraction through lenses, we first look at refraction at a single spherical
surface.

8.1 REFRACTION AT A CURVED SURFACE

Figure 8.1 Refraction at a spherical surface

Consider a spherical surface of radius R separating the two media | and 2 as shown in Figure (8.1).
The two rays from point object O are incident on the curved surface. The ray incident at A will be

refracted at the surface and meet the ray propagating along the axis at point . The light ray along the
axis is incident on the surface normally and hence is not bent. The point object O thus has its image

at 1. If the rays are paraxial, then the angles @, f, 3, 6, and @, are very small.
From Snell’s law,

sinf, _n,
sind,

n, siné, = n, sinf,

If an angle is small and expressed in radian,
sin @ = @, and sin ,-91= 6,
n@,=n,0,

In triangle OAC, & = @ + fand in triangle IAC, f= 6, + y.
But f#=h/R, @=h/u and y = h/v.Thus,

ﬂ.p ."!_:= e L

u v R

(8.1)
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N v R

If the first medium is air, n =1, n,=n 1 n n -1 (8.2)

sign Convention for Radius of Curvature of a Spherical Surface ,
For refraction at spherical surface, the radius R is positive if the surface is convex toward the object,
whereas R is negative if the surface is concave toward the object.

Example 8.1 An air bubble is at the centre of a glass sphere of radius 6 cm and refractive index 1.5.
Find the distance of the image when viewed from outside.

J,1,[=1,5, n=1, R=—6cm, u=6cm

The distance of virtual image is 6 cm.

Reviewed Exercise

« State the sign convention for radius of curvature for a refraction of light at spherical surface.
Illustrate your answer with a diagram.

Key Words: spherical surface, convex, concave

8.2 THE LENS EQUATION

1
1
e Ve —

Figure 8.2 Path of light rays from a point object at O through a lens to the image at I
(1)

: n n, n,—n
For the first refraction at surface S, L2222 1
7 R,

) n, n, n,—n 2
For the second refraction at surface S.. 24t % (ii)

; ) u, v, B

The mage I formed at the first surface acts as the object for the second surface of the lens. Hence,
i v, + t, where ¢ is the thickness of the lens. Negative sign is inserted because I, is the virtual
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image for surface S, and real object for surface S, .
Sm_ce the thlckne§s of the lens ¢ is small compared to object and image distances, u,= — v, .
Using u,= - v in Eq (ii) and with Eq (i), we obtain
noon 1 |
L+ =(n, - ——) (iii)
u v, R R
Considering the lens as a single entity, the object distance for the lens is # =, and the image distance

Isyv= 'l,':' lmedjum lis air. nl =] and ”2 =n, Eq (lii) becomes

l+l—(n—l)(i— I )
u v R, R,
We dcﬁng focal Icngth,_ fof a lens as the image when the object is at infinity. Hence, subsisting u =
and v = f'in Eq. (8.3) gives the following lens-makers’ equation.

(8.3)

1 1 1
—= (=D~ 4
N 7 ROR
Combining Eq. (8.3) and Eq. (8.4), we obtain the lens equation.

u v f
This is general formula for the thin lens. The object distance u and the image distance v are measured
from the centre of the lens P. The position and nature of image formed by the lens can be calculated
by using lens formula.

The Sign Convention for the Lens
The images formed by the lenses may either be real (or) virtual, and erect (or) inverted. Hence the following

sign conventions are required in applying lens formulae to solve the problems.
(i) Distances of real object, real image and real focus are positive. Distances of virtual object, virtual

image and virtual focus are negative.
(ii) The perpendicular distance measured above the principal axis is positive and that below the

SE (8.5)

principal axis is negative.

Example 8.2 Theradii of curvature of two curve surfaces are 20 cm and 10 cm, in given figure. Find the

focal length of a lens whose refractive index is 1.5.

n=1.5,R|=200m,R2=—10c:m )
; 1 1 1 . s
By using lens-makers’ equation, —4=(n—1)!:———:| ol
Y 7R R
1 l 1 R:= locm R|= 20(:111
—=(l.5-—1)|:——— -
f 20 -10
f=1333cm
- \\
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Reviewed Exercise

« Wnte the lens-makers’ equation for a lens which is immersed in water.
Key Words: radius of curvature, focal length, lens-makers® equation

8.3 REFRACTION THROUGH LENSES

A transparent material which can diverge or converge rays of light is called a lens. A lens has at least
one curved surface. Generally, lenscs are made up of glass with two spherical surfaces.

There are two main types of lenses, known as convex (or) converging lens and concave (or) diverging
lens.

Lenses have different shapes and are very useful objects. They are used in spectacles, cameras,
projectors, telescopes and microscopes. The convex lens (or) converging lens is used as a magnifying
glass. The lenses in spectacles used by a short-sighted person are concave lenses. The lenses in
spectacles used by a long-sighted person are convex lenses.

Convex Lens
A lens which can converge the parallel

rays is called a convex lens. It is thicker in
the middle than at the edges.

Three types of convex lens are bi-convex,
plano-convex and converging meniscus

(Figure 8.3).

bi-convex plano-convex converging meniscus

Figure 8.3 Convex (converging) lenses
Concave Lenses

A lens which can diverge the parallel rays

is called concave lens. It is thinner in the

middle than at the edges.

Three types of concave lens are bi-concave

lens, plano-concave lens and diverging

meniscus (Figure 8.4). bi-concave plano-concave diverging meniscus

Figure 8.4 Concave (diverging) lenses

Bi-convex and bi-concave lens are widely used. For simplicity, a bi-convex lens will be called a
convex lens and a bi-concave will be a concave lens.

103




Textbook Physics Grade 11

centreof  Optical '"—'7' 'xd%

curvature  centre of |

o

centre of aptical
curvamge  centre of
lens

LI

Flgure 8.5 Tcrms in connection with lenses

Each qurfacc 01" a Iens has a centre of curvature. Smcc a lens has two surfaces it has two centres
of curvature.

e ——— —— e — ——————

-~

e - L S

Prmc:pa! A'm ul a 1 ens
The line joining the centres of curvature of two surfaces is the principal axis of a lens. It passes through
the middle of the lens.

Symmetric Lens

If the radii of curvature of the two surlaces of a lens are equal, the lens is said to be symmetric.
(i.e. R =R.)

Optical Centre of a Lens
A point in the middle of'a symmetric lens on the principle axis is the centre of a lens (or) the optical

centre of a lens.

Principal Focus and Focal Length

The rays parallel to the prm-. ipal axis converge at a point on the principal axis after refraction through
a convex lens. This point is called the principal focus of the convex lens and is denoted by F. Since

these rays actually pass through the focus, the focus of the convex lens is real (Figure 8.6).
The distance between centre of a convex lens and its focus is called focal length fof the convex

lens.
e tocal length |
Figure 8.6 Principal focus and focal length of a convex lens
The ravs parallel to the principal axis are divergent after refraction through a concave lens. Those
divergent rays appess (0 come from s point on the principal axis. This point is called the principal focus

of the concave lens. Since the divergent rays do not actually pass through that point, the focus of the
concave lens is virtual as shown in Figure 8.7.

The distance hetween centre of o cancave lens and its focus is called the focal length of the concave
lens.
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igure 8.7 Principal focus and focal length of a concave lens

E;eé;ﬁ’ F;:;lg ;‘:’SH;C)PHII;C;paI axis enter the convex lens from the left and pass through the focus on
hev will -8 (a)]. If the rays parallel to the principal axis enter the convex lens from the right,
they pass through the focus on the left [Figure 8.8 (b)]. Thus, a lens has two foci.

Like a convex lens, a concave lens has two focal points (foci). The rays parallel to the principal axis
enter t_he concave lens from the left, the focus is also on the left [Figure 8.8(c)]. If the rays parallel to
the pnqupal axis enter the concave lens from the right, the focus is on the right [Figure 8.8(d)].

The points at a distance of twice the focal length from the centre of lens are represented by 2F. These

points are very important for the lens.

-—

PP
; .
(i1) (c)

- P_.__.--:::'P
(b) (d)

Figure 8.8 Two focal points of lenses
Principal Rays for Lenses

Tl‘!e images formed by lenses can be studied by means of ray diagram which can be drawn using the
Principal rays stated below.
(i) A ray parallel to the principal axis passes through the focus after refraction through a convex
lens. A ray parallel to the principal axis is refracted through a concave lens and the refracted ray
produced backward passes through the focus F [Figure 8.9 (a)].

(i) A ray passing through the focus of a convex lens emerges parallel to the principal axis after
refraction by the lens. A ray on one side of a concave lens directed towards the focus on the other
side, emerges parallel to the principal axis after refraction through the leqs [Figure 8.9 (b)].

(iii) A ray passing through the centre of lens emerges in the same direction [Figure 8.9 (c)].
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Only two of the above ravs are sufficient to locate the image of an object in various positions,

(a)

(b)

(c)
Figure 8.9 Principal rays

Formation of Images by Lenses

The formations of images in a convex lens by drawing ray diagrams are shown below. In these
diagrams we will assume that an object 00" is placed upright on the principal axis.

In Figure 8.10 (a) the object is at infinity and its image is

1. atF,

2. real,

3. inverted. and 1) 1
4. smaller than the object. r\ P

| ~ Figure 8.10 (a) The object is at infinity
Due to this property, convex lens can be used as object lens of a telescope.
In Figure 8.10( b) the object is beyond 2F and its image is

1. between F and 2F, o
2. real,

3. inverted, and \ I
4. smaller than the object, O2F 3 .

Figure 8.10 (1) The
a camera,

‘ _ object is beyond 2F
Due to this property, convex lens can be used in )

106



Grade 11 Physics Textbook

In Figure 8.10 (c) the object is at 2F and its image is

|. at 2F,
2. real, 0’
3. inverted, and ~—
4. of the same size as the object, o \_ G 1
oF f'\ P [-—kx.,__ 2F
I

Figure 8.10 (c) The object is at 2F

Due to this property, convex lens can be used in a photocopier making equal-sized copy.

In Figure 8.10 (d) the object is between F and 2F and its image is

|. beyond 2F, .

2. real, v -

3. inverted, and \\ \
4. larger than the object. 2FO F ;

Figure 8.10 (d) The object is between F and 2F
Due to this property, convex lens can be used in a projector . .

In Figure 8.10 (¢) the object is at F and its image is at infinity. ™~

Figure 8.10 (e) The object is at F
Due to this property, convex lens can be used as in a spotlight to produce parallel beam.

In Figure 8.10(f) the object is between F and P and its image is

I behind the object, +

2. virtual, ; .."‘~‘.---

3. erect (upright), and 5

4. larger than the object.

Due 1o this property @ convex lens can be

used as magnifying glass. f 2F F O 1-\ F\ 2F

Figure 8.10 (f) The object is between F and P
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al. erect (upright) and smaller than the object. It is
' 311 shows the image formed

s always virtu n
bject. Figure

The image formed by a concave lens i
ide of the lens as the 0

formed between P and F on the same 51

by the concave lens. /

2F

)
A ]
ot

Figure 8.11 Image formed by a concave lens
real and virtual images depending on the position of the object.
image. The virtual image formed by the convex (or)

Convex lens can produce both
is in contact with the lens.

However, a concave lens can produce only virtual

concave lens is the same size as the object only when the object

ght of the object. Itis usually denoted

Magnification
The magnification is the ratio of the height of the image to the hei
by m. ) .
If 00" is the height or the size of the object and T is the height or the size of the image, then
i
m=—-:
00’
The magnification can be expressed as,
. (. (8.6)
00 u

v = image distance
u = object distance
cm from a convex lens of focal length 10 cm. Find the

Example 8.3 (i) An object is placed 30
ii) An object is placed 30 cm from a concave lens of focal

age and the magnification. (

position of its im
length 10 cm. Find the position of its image and the magnification.
() f=+10cm, u=+30cm .
ing lens formula ——=—
Using lens formu T f

10 30
v=15cm
Hence, the image is real and 15 cm from the lens.
v 15
m=—-—==——=-05
u 30

Since m has minus sign, the image is inverted.
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(i) f=- 10 em ¥=+30cm
Using lens formula 1,1 1
u Vv f
LN .
+30 v -10
1.1 1
v 10 30
v=-75cm
The image, therefore, is virtual and 7.5 cm from the lens.
me==2a 19 o 025
u 30

since m has a plus sign, the image is erect.
Reviewed Exercise
1. Whatare the differences between real and virtual images formed by a convex lens’

2. Draw any two ray diagrams to show how real and virtual images can be formed by 1 « onvex
lens.

Key Words: convex lens, concave lens, magnification, erect image, inverted image

84 POWER OF A LENS

The power of a lens is inversely proportional to the focal length of the lens. It is denoted by the I-iter P.
The lens having greater power can make the rays parallel to the principal axis more converycnt (or)
divergent.

The shorter the focal length the greater is the power of the lens (Figure 8.12).

£
Since the focal length of a convex lens is positive in sign it has a positive power. The focal |
length of a concave lens is negative so that it has a negative power. The sign of the powers of
the lenses used here are the same as those used by the lens makers.

- e ——————————————— — — —— ——— . — - - — NEEEERN

Figure 8.12 Power of a lens
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Unit of Power of a Lens (dioptre)
If a lens has a focal length of 1 metre, it has one unit power (or) one dioptre. It is denoted by D.

If the focal length fis measured in metre, I
(8.7)

P=——-o

m
If the focal length f'is measured in centimetre, i
100

P=
’ f(cm) ,
For example, if the power of a lens is + 2 D, it is a convex lens and its focal length is 0.5 m (or) 50 cm.
If the power of a lens is — 4 D, it is a concave lens and its focal length is 0.25 m (or) 25 cm.

Example 8.4 An object is 30 cm from a lens and its image is formed 10 cm on the same side as the
object from the lens. (i) Find the type of the lens and its focal length. (ii) Find the power of the lens.

(i) Since the image is formed on the same side as the object, it is a virtual image.
In addition, =30 cm and v= 10 cm so that the image is between the object and the lens. Thus
the lens is a concave lens.
u=+30cm,v= - 10 cm (virtual image)

Using lens formula 1,11
u v f
e e |
+30 -10 f
1 1 1
— e — e —
f 10 30
f=-15cm
The focal length of the concave lens is 15 cm.
100
ii) The power of lens P=
(ii) The p 7 (om)

P=£.-9—=—6.67 D

Example 8.5 An image, which is five times the size of an object, is to be produced by a convex lens
of power + 2D on the same side as the object. How far should the object be placed from the lens?

P=+2D,II'=+5x 00" (or) -b%=+5 (or) m=+5

Th falens L
e power of a lens, =
P f(em)
+2= L
Therefore, f= 50cm
The magnification m=-"
u
+5=-2
u
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Therefore,

v 5 u
Using lens formula I ; ] I
u v f
1,1 _1
w ~S5u 50

u 40 cm

The object is placed 40 ¢m from the lens.

Example 8.6 An image which is ten times the size of an object is formed on the wall by a convex lens
of focal length 10 cm. (i) How far is the object from the lens? (i) How far is the wall from the lens?

f=+10cm
Since the image is real and inverted /I = — 10 x QO (or) = -10 (or) m= —10
(i) The magnification s
u
A =
u
v= 10u
Using lens formula 1 + 1_ 1
u v f

+ —
u 10u +10
u =11 cm
The object is placed 11 cm from the convex lens.

(i)v=10u=10x11=110cm
The wall is 110 cm from the convex lens.

Reviewed Exercise
1. The human eye has a lens of focal length + 5 cm. Find the power of the eye.

2. Animage is formed by a convex lens on a screen which is 60 cm from the lens. If the height
of image is one-fourth the height of the object, what is the power of the lens?

Key Words: power of a lens, dioptre

‘SUMMARY

A transparent material which can converge (or) diverge rays of light is calld a lens. A lens has at least

one curved surface. _ '
The distance between centre of a convex lens and its focus is called the focal length of the convex lens.

The distance between centre of a concave lens and its focus is called the focal length of the concave
lens,
The power of lens is inversely proportional to the focal length of the lens .

111



.

12.

Grade ||

Textbook Physics

EXERCISES

(a) What 1s a lens? State some of its usces.
¥ - . y . » -"
(b) What do you understand by focus of a convex lens and focus of a concave lens?

(hoose the correct answer from the following.
When a pencil 10 em long is placed vertically 100 em from a lens of focal length + 50 ¢m, the

IMAge 18
A. crectand 5 em tall, B. inverted and 5 c¢m tall.
C. crect and 10 cm tall. D. inverted and 10 cm tall.

Choose the correct answer from the following.
An object is 10 em from a lens. The image of the object is formed on the same side as the object.
It the image is 10 cm from the object. the focal length of the lens is
A. +6.7cm. B. - 6.7cm.
.+ 20 cem. D. - 20¢m.
Staie the sign convention for lenses,
(a) State the properties of an image formed by a concave lens.
(b) How far must the object be placed from a concave lens of focal length 10 cm to obtain
an image 4 cm from the lens? Draw a ray diagram to show formation of the image.
An object 3 cm tall is 30 cm from a convex lens of focal length 20 cm. (i) Find the size of the
image and the image distance. (ii) If the object is moved 5 cm closer to the lens how far does the
image move?
The virtual image of an object is formed 24 cm from a lens of focal length 8 cm. (i) Find the
distance between the object and the lens. (ii) How far must the object be placed from the lens to
obtain a real image of the same size as the virtual image obtained previously?
A magnifying glass of focal length 9 cm is used to produce an image which is three times the size
of an object. How far must the magnifying glass be placed from the object?
When an object is placed 12 cm from a convex lens a real image formed is three times the size of
the object. If a real image which is four times the size of the object is required, how far must the

object be moved?
An object is placed 18 cm from a screen. Where must a lens of focal length 4 cm be placed

between the screen and the object to produce an image on the screen?

An object is placed 60 cm in front of a screen. [s it possible to obtain a sharp image larger than the
size of an object on the screén by placing a convex lens of focal length 15 cm somewhere between
the screen and the object? Answer this by doing the necessary calculations. What changes can
occur when the object and the screen are interchanged?

An object 1.05 cm tall is 80 cm away from the screen and the size of its image on the screen is
0.35 cm. Find the position and focal length of the lens.

Determine the nature of the images formed by the lenses for the magnifications given below:

(i) magnification is between —1 and 0, r

(ii) magnification is between 0 and +1 and

(111) magnification is greater than + 1.
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CHAPTER 9
ELECTRIC FIELD

Iwo electric charges, which are not in contact, exert electrical forces on each other. The concept of

clectrie licld s used 1o explaimn this phenomenon.

Learning OQutcomes

[t is expected that students will
o dentify and apply Coulomb's law.
e investivate clectric fields, electric field intensity, electric lines of force, electric potential and
potential difference.

e cxamine clectric potential of the earth, the potential between two parallel charged plates,
cleciric charge distribution and equipotential surfaces.

Justas there is a gravitational force between two masses, there is an electric force between two charges.
Electrical forces bind electrons and nuclei to form atoms. In addition, these forces hold atoms to form

molecules. liquids and solids.
The gravitational forces are appreciable only when the masses of the bodies are very large. However,
the clectrical forces are so much greater in magnitude than gravitational forces.

9.1 COULOMB’S LAW
The French scientist Charles-Augustin de Coulomb, studied systematically the attractive and repulsive

forces acting between pairs of charges and discovered a law, known as Coulomb’s law.

Coulomb’s law states that:
The clectric force between two charges is directly proportional to the product of the charges and

inversely proportional to the square of the distance between them.

Figure 9.1 Two charges separated by a distance (|F;| = | i:';

)

In Figure 9.1, Q, and Q, are electric charges and » is the distance between them. If F is the electric
force between Q, and 0O, Coulomb’s law can be expressed as
F o Ql-'Qz
P
K QIQ!

¥

ln cguation F=

(8.1)
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X is a constant. The value of K depends upon the units of F, Q,. Q, and r and upon the medium in
which the charges Q and Q,are located. 1

In the SI system, charge Q is measured in coulomb, the distance » in metre and the force Fonnewton
then
K=_1_
4re

¢ 1s a constant called the permittivity of the medium in which the charges arc located

When charges are located in vacuum. X = oy
mﬂ-

€, is the permittivity of vacuum, £,= 8.85 x 10"2C? N'' m*

The value of X in vacuum is,

K= ] - 1 ~=8.987 42x10" Nm’ C-
4ne, 4rx8.85x107"

=0 »% |0°N m* (

For convenience in calculation, the value of K in vacuum wﬂl be taken as K
The value of X in air is approximately equal to that of K in vacuum.

S —

.

= ——n e —

Electric force is, of course, a vector quantity. The direction of electric force |
joining the two charges.
If the charges are like charges, the force between them is repulsive and is dirccice

!|\.'.-|' : I LiIne

vulwards. If

the charges are unlike charges, the electric force between them is attractive and di-ccied mwards
(Figure 9.2).
o r 0,
‘_@Tf ------------ @?
o, r 0,
F E
- LI o
Figure 9.2 Direction of force between two charges
Coulomb’s Jaw equation in vector form is,
1 90, . (9.2)

F= O, ;
4?:80 r

F s the unit vector, its direction is always along the line joining between the two charges and outwards.
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Since the electric force is inversely proportional to the square of the distance between the two charges

U " A :
F x — . Coulomb’s law is also called an inverse squarc law.
p

A point charge is a charge without dimension (or) with dimension so much smaller than other

dimensions appearing in the problem.

Example 9.1 Find the electric force between two charges of 1 C each that are | m apart.

Q|EIC- Q2=1C.,r='lm

By Coulomb’s law, '3 =—I——Q',QI
4re, r’
Ix1
F=9x10° =9 x10°N

The charge 1 coulomb is too large in magnitude so microcoulomb is introduced in static electricity.

Example 9.2 (i) Calculate the values of two equal charges if they repel one another witrl a force of
0.1 N when situated 50 cm apart in vacuum. (ii) Calculate the values of two equal charges if they I:CPCI
one another with a force of 0.1 N when situated 50 cm apart in a liquid whose permittivity 1S 10 times

that of vacuum.

(i) r=50cm=0.5m, F=01N

1 1 00
By Coulomb’s law, = zﬁ?u-#—
Since they are equal charges, O, =0,= ()
2
0.1=9x10' 2
Therefore, (0.5)°

0 =167 x 10°C=1.67 pC

(ii) The permittivity of the liquid medium & = 10 &,
oo | 00
4ne 1’
1 2
F=———— =
4x(10g,) r’
9 2
0.1= 9%10 _QT
10 (0.5)

0 =527%x10°C = 527 pC
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), =+50x10" -
¢ 107 C, =0, r==6cm = 006m, F=024N

By Coulomb’s law, F = ,..I 90,
dre, r?
0.24 =9x10" M
(0.06)’°
0. 06)°
Q__ 24x[006) =I.92x'0.7(-

- 9% 10" x50x10"

Example 9.4 A test charge of — 5 »10°C is placed between two other charges so that it is 3 ¢

acharge of =3 x10*C and 10 cm from a charge of — 6 » 10~ C. If the three charges lie on a straiz}
find the magnitude and, the direction of the electric force on the test charge.

5 CT7) =t s | () C T et
0=-5x10°C, Q,=-3 x10°C, 0=-6 x10°C, r,=0.05m,r,=0.1 m

By Coulomb'’s law,
The magnitude of force on Q exerted by O,
1 90

' 4me, 1

10 )sxt0)
o - SWoN
F. is directed towards Q..

The magnitude of force on O exerted by O,,

F, =9x10°

1 0.0
2_4155‘0 r:z
-5 -5
F, =9x10° (6!10(0)5’:(10 ).—, 2700 N

F, is directed towards Q,.

The resultant electric force actingon Qis, F = F o+ F,

Since F, and F, arein opposite direction, the magnitude of F is
I

F=F, - F .= 5400 - 2700 = 2700 N

F is directed towards Q, .
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vidd Exercise

= If distance between two charges is doubled, how much does the electric force change?

hey Words: clectric charge, electric force, repulsive force, attractive force, permittivity

9.2 ELECTRIC FIELD AND ELECTRIC FIELD INTENSITY

The concept of electric field can explain by the electric forces acting between charges.

An clectric field can be defined as a region where electrical forces act. Any electric charge gives nise
to an clectric field in its vicinity.

When a small charge g is brought near to a charge Q. it is found that there is an electric force acting
upon it. Hence, the electric force on g 1s due to the electric field of Q.
Itis nollccd that g al-m producc-s an clectric field amund in its wcmltY

In order to test whether an electric field exists at a certain point, a test charge must be placed 5‘\]
that point. If an electric force is exerted on the test charge, then we can say that an electric field

exists at that point. |
- - a— - - _J

The Electric Field Intensity

When an electric charge is placed in an electric field, an electric force is exerted on it. It 1s necessary
to know the electric field intensity in order to specify an electric field. The electric field intensity is
defined as follows.

The electric field intensity at a point in an electric field is the electric force acting upon a unit posiave
charge placed at that point.

The electric field intensity is a vector quantity. B

If the electric force on g is F , the force exerted on a unit positive charge is £ The electric field
intensity can be expressed as, q

E= (9.3)

< |

In the SI system, the unit of electric field intensity is newton per coulomb (N CY

g~

The direction of F is the same as that of F acting upon the positive charge but is opposite
to that of F acting upon the negative charge.

Calculation of the Electric Field Intensity from Coulomb’s Law

The electric field intensity at a point, a certain distance from the charge, can be calculated by using
Coulomb’s law.
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e i
o A

Figure 9.3 Force on a charge in an electric field
suppose that a small positive charge g is placed at point A in the electric field surrounding the charge
( as shown in Figure 9.3.

By Coulomb’s law the electric force F on g due to Q is, F = t *Q—E

dne, r’

The force on a unit positive charge due to Q is the electric field intensity; E = L
q

Therefore, E= ! 22 (9.4)
4ne, r

Equation (9.4) gives the magnitude of the electric field intensity at point A.
;.
TE, ¥

The direction of the electric field intensity at the point A is along the line joining ¢ and Q and away
from Q.
If a negative charge Q is put in place of the positive charge Q, the magnitude of the electric field
intensity at the point A will not change. But its direction will be along the line joining g and Q and
towards Q.
If the electric field intensities at a point due to the charges 0, 0,, O,, ... are E‘, , E_‘z , E, ,.. respectively
then the resultant electric field intensity £ at that point is

E<=E +E,+E, +.... (9.5)

The vector form of the electric field intensity is written as E =

Example 9.5 The magnitude of electric field intensity at a point in an electric field is 2x10°N C ™" .
If a charge of magnitude 5x107°C is placed at that point, find the magnitude of the electric force on

that charge.
E=2x10°NC ™", g = 5x%10°C
The magnitude of the electric force , F=gE
F= 5x10° x 2x10°=1N
Example 9.6 If the magnitude of the electric field intensity at a point 9 m from a charge + QO is

2"_ 10* N C (i) find the magnitude of + Q (ii) find the magnitude of the electric field intensity at a
Point 18 m from + Q.

(i) E =2 x 1°NC,r,=9m
The electric field intensity at a point due to Q,
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2x10" =9x10° Q2
9_2

) Q=18x 10¢C=18 uC
i) TlLe magnitude of the electric field intensity at a point 18 m from + Qis £, 7, = 18 m

1 ©
Bl N
P odme, i}
o 3
=9x10° 15219
(18)
= S00NC"

Ex_amr- '« 9.7 Two charges of +2 uC and -5 uC are 6 m apart. Find the electric field intensity at the
ot dway between them.

D =-uC=2x10%C, Q,=-5 uC=5x10%C, rl=rz=% =3m

-3¢ magnitude of the electric field intensity at P due to O,
19
dne, 1’

-5
—9x10° 2"3'20

=2 x 10 NC

‘he direction of E, is towards Q,.
“lic magnitude of the electric field intensity of P due to O,

1 &
dne, 1’
5x107°
32
=5x 10°NC
I'he direction of E‘z is towards Q,.
ke resultant electric field intensity at P,
i and E, are in the same direction.
E=E+E=2x10°+5 x 10°
E=7x 10°NC
' he direction of E is towards 0,

E,=

=9x10°

E=E, +E,

“herefore,
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Example 9.8 A charge + 1.5 x

. : : 10 C is
the electric field in their vicinity equal to':eo-im away from another charge + 6 x 10° C. Where is
ro’

Q.e‘—‘—P;—F:——uzm »
C o e z
noP s L+

=¥1.3 % 10°
Ql 10 C, Qz=+6xlﬁ-éc_ r=02m
Assume P is the point where electric field intensity is zero.

Let the distance of point P be x m from Q
g

Distance of point P from Q,r,=xm
Distance of point P from Q,, r, = (0.2 - x) m

The electric field intensity at P due to Q,is E = L5

dme, 1]
The electric field intensity at Pdue to Q,1s E, = l Q'i-
_ 4me, T
Since the electric field intensity at P is zero, e
E = E
1 Q. 12
ame, r}  Ame, n'
1.5x10° 6x10
x (0.2- x)’
1 4
¢ (02-x)
0.2-x) = 4%
02-x =2x
r = 0.067m

Reviewed Exercise

. Why is the clectric field intensity @ vector?

> The electric field intensity at2cm from a ce
the value of the electric field intensity at 1 cm from the charge?

rtain charge has a magnitude of 1 0’ N C'.What is

Key Words: electric force, electric field, electric field intensity
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9.3 ELECTRIC LINES OF FORCE

The concept of lines of force was introduced by Michacel Faraday as an aid in visualizing an electric
field Electric ficld can be represented by clectric lines of force.

Electric lines of force do not really exist. They are only imaginary lines.
An electric line of force is a path along which a small positive charge will move in an electric field.

The electric lines of force in an electrostatic field are continuous lines which start from a positive
charge and end on a negative charge.

In Figure 9.4 (a) the electric lines of force around a single positive charge are dirccted radially outward.
They will terminate on negative charges situated at infinity.

]‘ +Q %‘ ; é
(a) (b) (c

)

Figure 9.4 Electric lines of force around (a) a single positive charge
(b) two equal unlike charges (c) two equal positive charges

The electric lines of force around two equal charges, one positive and one negative, are shown in
Figure 9.4(b). Figure 9.4(c) shows the electric lines of force around two equal positive charges.

The electric lines of force are close together when the electric field intensity is large and far
apart when the electric field intensity is small.

In addition, the electric lines of force never intersect. Because the electric field intensity at any
point can have only one direction, only one electric line of force can pass through that point.

Example 9.9 A body whose mass is 10 kg carries a charge +10° C. If the body is suspended in
equilibrium at a point above the ground by an electric field, find the magnitude of the electric field. If
the magnitude of electric field is doubled, what is the direction of motion of the body? (g = 9.8 m s~)

The gravitational force on the body w = mg
If the magnitude of the electric field is £, the electric force acting on the body is F' = gE.

Since the body 1s in equilibrium
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mg = gE
P="8 . F
g E 1 ’
E= 10°x9.8 v
107
E=98NC ground

If the magnimdf: of electric field is doubled, the electric force is doubled. Since the electric force is
greater than weight of the body, the direction of motion of the body is upward.

Reviewed Exercise

. Why don’t the electric lines of force intersect one another?
2. Draw the electric lines of force around a single negative charge.

Key Words: electric lines of force, electric field, electric force

9.4 ELECTRIC CHARGE DISTRIBUTION

When a charge is given to a conducting object of any shape, the charge is found to be spread out over
the outer surface of the object. But the charge is not uniformly distributed. The more highly curved parts
of the objects have greater concentration of charge than the less curved parts [Figure 9.5 (a),(b),(c)].
Therefore, we can say that charges are highly concentrated at the pointed portion of the object. For a
charged pointed rod shown in Figure 9.5 (d) the charge concentration at the pointed end is so large that
some of the charges leak off into the air. This makes a pointed rod very useful as a lightning conductor.
T - + gt
+
+ +

++ ++

(a)

P
(b) )
Figure 9.5 Charge distribution on a conductor

The Electric Field inside a Charged Conducting Object

It has been stated that there is an electric field
the electric fields due to the individual charg
cancel out inside the object. Therefore, the
object of any shape.

— ' ——

surrounding a charged conducting object. However,
es on the surface of the charged conducting object all
electric field is zero everywhere inside a charged conducting

e P —— ——

 The motion of charges or the current is not observed in a charged conducting object, because there
18 10 electric field inside it.

——

—re e
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Non-Uniform Electric Field and Uniform Electric Field
If the electric field intensity varies from point to point in an electric field. such an electric field s called

a non-umform clectne field.
For example, the clectnc field around a point charge 1s a non-uniform electric field The electric hines

of force which represent a non-uniform clectric ficld are not parallel but are continuous curves

If the clectne field intensity at every point 1s the same in magnitude and direction, such an electric
field 1s called a umform electnic field For example, the electric field between two oppositely charged

parallel plates i1s a umiform clectric ficld

As shown in Figure 9.6 a umiform clectric field is represented by electric lines of force which are
umtormly spaced parallel lines of the same length. The arrows indicate the direction of the electnic

field.

-+£)

Figure 9.6 Uniform electric field between two parallel charged plates

Example 9.10 An electron of charge 1.6 x 10" C is situated in a uniform electric field of intensity

1.2 x 10° N C"". (i) Find the force on the electron. (ii) Find the acceleration of the electron. (iii) How

e

long does the electron take to travel a distance 20 mm from rest? (Mass of electron = 9.1 x 10 kg)

g=16 x 10"C, E=12 x 10°NC"

(1) The electric force on the electron F = gE
F=16x10" x1.2x 10°=192x 10N

The direction of electric force on the electron is opposite to that of electric field.

(11) If a 1s the acceleration of the electron, F = ma

F
u=—
m
1.92x10 " 5 13
= — = ) % o il
9 1x10 " 10" ms

The direction of acceleration of the electron is same as that of electrie foree

(i) s =20mm = 0.02 m
Since the electron stants from rest, v - ().
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Therefore,

|
S=vl+ :Nr

-

.
—rl
-

-

1]

25

f=, |—

a

[2x%0.02 .
i = - - 1.37 < 10" s
2.01=10"

1. When one million electrons are placed on a solid copper sphere, how arc the clectrons
distributed ?
2. What is the difference between the clectric lines of force which represent a non-uniform
electric field and those which represent a uniform electric field?
3. Explain why the electric field intensity is zero everywhere inside a charged conductor.
Key Words: uniform electric field. non-uniform electric field, electric lines of force

Reviewed Exercise

9.5 ELECTRIC POTENTIAL AND POTENTIAL DIFFERENCE
Electric Potential Energy and Electric Potential

Work must be done to separate two bodies having opposite charges since they attract cach other.
Likewise, work must be done to bring closer two bodies having the same kind of charge since they repel
each other. In both cases the work done is stored up in the charged objects as electric potential energy.
Suppose that a charge g is initially at infinity. The work done in bringing the charge ¢ against the electric
force from infinity to a point in an electric ficld is the electric potential energy of charge ¢ at that
point.
The electric potential at a point in an electric field is the work done in bringing a unit positive charge
against the electric force from infinity to that point.
Let W be the work done in bringing the small positive charge ¢ from infinity
field. Then the electric potential at that point can be expressed as,
W

¢

1o a point in the electric

V (9.6)

Since the electric potential is actually the amount of work done, it is
Potential is the electric potential energy per unit positive charge.,

The electric potential at infinity is taken as zero by convention. The
electric field is expressed relative to the electric potential at infinity,

a scalar quantity. The electric
electric potential at a point in the

The Unit of Electric Potential

'_l'he Practical unit of electric potential is the volt (V). If the work done in bringing +1 coulomb from
Infinity to a point in an electric field is 1 Joule, the electric potential at that point is | joule per coulomb
1ICYor1v.

-
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The Electric Potential Difference

The electric potential difference between two points in an electric field is the work done in bringing a
unit positive charge from one point to another against eleetric force Let 1y be the electric potential at
Aand Iy be the electric potential at B

V, ¥, it (9.7)

The SI umt of electric potential difference 1s volt. The practical unit of electne potential difference 1s
also volt.

A posi_li\'c charge will move from a point of higher electric potential to a point of lower electric 1
potential. A negative charge will move from a point of lower electric potential to a point of
higher electric potential.

The Electric Potential due to a Point Charge

Figure 9.7 Electric potential due to a point charge

The electric potential at a distance r from a point charge + Q can be expressed as

1 Q (9.8)

p=—-=

B dne, r
Therefore. the electric potential ¥ at a point is directly proportional to the charge Q and inversely

proportional to the distance » from the charge.

potential at a point due to several point charges is to be determined.
int due to the individual charges must be calculated. In doing so
st be taken into account, That is to say the individual electric

Suppose that the total electric
First, the electric potentials at that po

the signs of the individual charges mu
potentials must be added algebraically. If the electric potentials due to the charges Q. Q,. Q. oo

are V', V. Voo s respectively, the total electric potential V' is
= 2
Vi= V¥ VbW oo (9.9)

Example 9.11 (i) Find the electric potential at a point 3 m from a point charge of + 6.0 x 167C.
(ii) Find the electric potential at a point 6 m from a point charge - 3.0 x 10 4
(i) 0= +60x10°C, r =3m

The electric potential due to O
A0
dre, r

(+6.0x107)

9 x 10° i = +|8V
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(i) O=-30x ]()‘*C‘ F=6m
The electric potential due to Q
y=_1 @
Are, r
a
=0 x 10" [__EO"'IU Vo 45V

Example 9.12 Two
electric potential at
charge + 3.0 x 10-°C from

inl’ll Charges of +
P midway bet

infinity to P.

r P r
1 2
) =+40x10C, g =-30x10%C, r =r S =0sm
The electric potential at P due to 0,
et 2
dreg -
= 9 x 100 (+40x10"
0.5
=+720V
The electric potential at P due to 0,,
)
) =
4re, r,

(ii)

_g x 1g° (=30 x 10%)
0.5

=—-540V
Total electric potential at P,
V= V+V,=T720+(-540)= 180 V
g=+3.0x107°C
If W is the work done in bringing the charge ¢ from infinity to P
W= Vg
= 180 x 3.0 x 10
0.54 x 10 )

127
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The Path of the Charge and the Work Done

In Figure 9.8 the points A and B are situated in an electric field due to the charge +Q. A and B are at
distances of 7, and r, from + Q respectively. A unit positive charge may be taken from A to B along the
path 1 (or) 2 (or) any other path.

.
-
.
.

Figure 9.8 Work done is independent of the path taken

Electric potential at A, V, = ! Q
dreg

. : 1 Q
Electric potential at B, V, = =
4re 1

The work done is independent of the path taken by the charge, it only depends on the electric potential

. . 1 1
difference between two points [4:r : rg_m g] . In other words, the same amount of work
0 b 0 fa

must be done whenever the unit positive charge is taken along any path from A to B.

Example 9.13 If the points A and B are at distances of 0.5 m and 1 m respectively from the charge
5.0 x 10-°C. (i) find the electric potential difference between them (ii) how much work is done when

the charge + 2.0 x 10°C is brought from B to A.

(i) 0=+5.0x107C, rﬂ=0.5 m, r,=1m

voe—l £_ox0’ bk g
- : : = —=0x == "
The electric potential at A, "a =4 & I 0.5
+5.0x107°
The electric potential at B, V, = l Q2 =9x10° i__) =+45V
dre N 1

The electric potential difference between A and B,
Vap = Va—Vg =90-45=45V

(iil) ¢ = +2.0x 10°C
If W is the work done in bringing the charge ¢ from B to A,
Wowa = (Va-V)g

= 45 x20x10°=90 x 10*J
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Reviewed Exercise

How f’nes the electric potential relate to the clectric potential energy?

Why is electric potential a scalar quantity? !

Can electrons by themselves move from a point of lower electric potential to a point "

higher electric potentia]” Why?

4. If a small positive charge moves from a point of higher electric potential to a point of lower
electric potential, does it gain (or) lose electric potential energy? Why?

tad B =

Key Words: clectric potential energy, electric potential, electric potential difference

9.6 EQUIPOTENTIAL SURFACES

A surface drawn through the points at the same potential is called an equipotential surfac':z.

The equipotential surfaces around a charge Q are shown in Figure 9.9. They are the sphenpal surfaces
centred about the charge Q. The electric lines of force are radially outward and perpendicular to the
equipotential surfaces.

1]
r
}equipmential

3 surfaces

Figure 9.9 Electric lines of force are perpendicular to equipotential surfaces

The surface of a charged conducting sphere is an equipotential surface. This is because the charges,
distributed uniformly on its surface, are stationary. If the surface is not an equipotential surface, there
will be the potential difference and the charges would move from point to point.

The charged conductors may have any shape but their surfaces are all equipotential surfaces

as shown in Figure 9.10. In addition, the electric lines of force are perpendicular to the surface of the
charged conductor.

electric lines of force

equipotential surfaces

Figure 9.10 Equipotential surfaces
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Example 9.14 What is the radius of an equipotential surface of 30 V surrounding a point charge of
+1.5 x 107°°C?
y=30V,0=+15 % 10°C

The electric potential of a equipotential surface is, V =

Q

4ne, r

6
s sy (HLSXI0)
A r =450 m
The radius of an equipotential surface is 450 m
Reviewed Exercise
1. How much work is done in moving a charge of + 1.6 x 10™'? C from one point to another on
an equipotential surface of 200 V?
2. Explain why the electric lines of force are perpendicular to equipotential surfaces for a point
charge.

Key Words: equipotential surface, electric line of force

The work done is zero in bringing a charge from one point to ancther point on the equipotentiaj
surface.

9.7 ELECTRIC POTENTIAL OF THE EARTH

The electric potentials of charged conductors are expressed relative to the electric potential of the
surface of the earth. That is the electric potential of the earth is taken as zero.

The earth is a conductor. Moreover, since it is very large compared to other conductors it can receive
as well as give out quite a number of electrons. When compared to the size of the earth the number
of electrons gained or lost by it is very small so that the net charge of the earth does not change. The
electric potential of a conductor becomes zero when it is connected to the earth.

ed body is connected to the earth as shown in Figure 9.11 (a), electrons flow
higher potential. When a negatively charged body is connected to the
electrons flow from the sphere at the lower potential to the earth.

Suppose a positively charg
from the earth to the sphere at
earth as shown in Figure 9.11 (b),
In both cases. the electron flow takes place until the sphere has no net charge.

. electrons flow
from the earth

o'm (®)

(a) (zero electric potential)

Figure 9.11 The electric potential of the earth
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Reviewed Fyercise
1. Why
. W’h)lcm'.lllihc carth be regarded as a body having zero electric potential”
£ at will happen to electric potential of a charged conductor if it 1s connected 10 the earth”

‘ev Words: I ' ,
Key Words: clectric potential of the earth. conductor, electron

9.8 POTENTIAL DIFFERENCE BETWEEN TWO PARALLEL CHARGED PLATES

Figure 9.12, A and B are two parallel charged plates. The distance between A and B 1s d. The charge

on A is +Q and that on B is — (). The ¢lectric field between the plates is uniform

' '
;-——J—r
- ]
’—l——h
i

Figure 9.12 The electric potential difference between two parallel charged plates

Suppose that the electric field intensity between the parallel plates is E. Consider a unit positive charge
between the two plates. Therefore, the force acting upon a unit positive charge is E. The work done in
bringing the charge from B to A against that force is W = Ed.

Since this work done is the electric potential difference V between the two plates, V' = W

Therefore, the relation between potential difference and the electric field intensity between two plates

is,
(9.10)

V=Ed
The unit of electric field intensity is also expressed in volt per metre (V m™") according to Eq (9.10).

[Parallcl charged plates are two parallel metal plates of same size and same material, carry'mﬂ

charges of equal magnitude and opposite signs separated by a distance.

Example 9.15 A 6 V battery is connected to two parallel metal plates. (i) If the distance between the
two plates is 5 cm, find the electric field intensity between them. (ii) The plate with lower elecmce
potential is taken to be zero volt. What is the electric potential at mid point between the two plates?

(i) ¥=6V, d=5cm= 0.05m

V=Ed
E:K :-ﬁ—:IBUN{"Iur}\"m'
d 0.05

(ii) Since the electric field between the plates is unilorm , £~ constant.

d=25cm=0025m
V=Ed=120x0025=3V

131




Textbook Physics Grade 11

Example 9.16 A 6 V battery is connected to two parallel metal plates. The electric field intensity
between the plates is 300 V. m™'. If an electron is placed on the negatively charged plate what is the
velocity of the electron when it strikes the positively charged plate?

Suppose that v is the velocity of electron when it strikes the plate.
Kinetic energy of the electron when it strikes the positively charged plate,

KE =~ my’
2
The work done in carrying an electron from one plate to another

W=Vqg =6x1.6x10""=96x10"]

KE of the electron = the work done in carrying an electron from one plate to another

Therefore, %mv? =W

% x (9.1 x 103)?=9.6 x 10"
e 2 x 96 x 10"

9.1 x 10
v=145 x 10°ms!

Reviewed Exercise
1. Draw the equipotential surfaces between two parallel plates having charges of equal magni-

tude and opposite sign.
2. [If an electron is placed between two parallel metal plates having charges of equal magnitude
and opposite signs, find the direction of motion of the electron? Can the work be done on the

electron by the electric force in this case?
3. Show that the units V m™ and N C' for the electric field intensity are indeed equivalent.

Key Words: parallel plates, work, electric field

EEE
An electric field can be defined as a region where electrical forces act.

The electric field intensity at a point in an electric field is the electric force acting upon a unit positive
charge placed at that point.

The work done in bringing the charge ¢ against the electric force from infinity to a point in an electric
field is the electric potential energy of charge g at that point.

The electric potential at a point in an electric field is the work done in bringing a unit positive charge
against the electric force from infinity to that point.

The electric potential difference between two points in an electric field is the work done in bringing
a unit positive charge from one point to another against electric force.
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physical quantities of clectric field

Physical quantity Fororila P —— e
B . ]
Electnie force F=K & Q newton (N)
== N S ——
. R E=1 |
Electric field intensity 9 | newton per coulomb (N (')
—— |
4re, r
Electric potential y=_1 0 volt (V)
e, r
| Flectric potential energy W=1rg joule ()
| =
EXERCISES
€
1. A positive charge of 4.0 x 10 C exerts a force of repulsion of 7.2 N on a second charge 0.25 m

(]

Lad

away. What is the sign and magnitude of the second charge?

Two charges of unknown magnitude and sign are observed to repel one another with a force of
0.1 N when they are 5 cm apart. Find the repulsive force between them when they are (1) 10 cm
apart (i1) 50 cm apart (ii1) 1 cm apart.

How far apart are two electrons if the force each exerts on the other is equal 1o the weight of an
electron? (g =10 m s7)

Two charges, +1 x 10*C and —1 x 10*C, are 40 cm apart. A particle carrying a charge of = 6 « 10 C
is located halfway between them. If all charges lie on the same straight line, find the force acting
on the charge located halfway between them.

Two metal spheres of the same size, one with a charge of + 2 x 10 C and the other with a charge
of =1 x 10*C are 10 cm apart. (i) What is the force between them? (ii) The two spheres are brought
into contact, and then separated again to 10 cm. What is the force between them now”

Two charges of + 4 x 10° C and +8 x 10°C are 2 m apart. What is the electric field intensio
midway between them?

An electron is accelerated to 10" m s by an electric field. What is the direction and magnitude o!
the field?

Two charges, ~20x 10" C and + 5% 10° C, are 2 m apart. Where s the electnic field intensity i
their vicinity equal to zero?
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10.

13

14.

15.

-

Explzin how work is done in carrying 2 unit positive charge from a point of higher electric
potential to z point of lower electric potential and how work is done in carTying a unit positive
charge from a point of lower electric potential to a point of higher electric potential.

If the electric field intensity at a point in an electric field is zero, is the electric potential at thay
point necessarily zero?

A uranium nucleus has a charge of 92e. (i) Find the direction and the magnitude of the electric
field intensity due to the nucleus at a point 10~ m from the nucleus. (ii) Find the direction and
magnitude of the force on an electron placed at that point. (ii1) Find the electric potential at that
point due to the nucleus.

- The electric potential and the magnitude of the electric field intensity at a point at some distance

from a point charge are 300 V and 100 N C ' respectively. (i) How far is the point from the charge?
(11) What is the magnitude of the charge”

Find the total electric potential at the point P in the diagram given below. The value of Q is
+50 % 10° C.

Qo—10cm P
10 em
{.’ & O{,

The electric potential difference between two parallel metal plates which are 0.5 cm apart is
0.5 » 10° V. Find the force on an electron located between the plates.

An electron is accelerated by a uniform clectne field from rest to a velocity of 10°m s ', If the
accelerating region 1s 0.2 m long, find the magnitude of the electnc field.
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CHAPTER 10
ELECTRIC CURRENT AND MAGNETIC EFFECT

OF ELECTRIC CURRENT

Most applications of electricity and magnetism involve moving charges (or) electric currents in
conductors. The stationary electric charge and the magnetic field do not affect each other. However,
a moving electric charge (or) an electric current and the magnetic field have mutual effects between
them. This means that the electric and magnetic phenomena are related. When an electric current flows
through substances. it can produce three main effects, We shall discuss magnetic effect of electric
current in this chapter.

Learning Outcomes
It is expected that students will g
+ examine current and the effects of current.
e cxamine clectrical resistance. resistors in series and in parallel, and the application of

Ohm's law.
e examine the magnetic field produced as a result of an electric current.
e examine the creation of clectromagnets and identify some of the uses of electromagnets and

permanent magnets.
e demonstrate the function and use of an ammeter and a voltmeter.

10.1 CURRENT AND EFFECTS OF CURRENT

The flow of electrons from a place of lower potential to a place of higher potential is called an electric
current. In eeneral. an electric current is a flow of electric charge from one place to another.

cm}d-u ctor
- -

3 —
f h-. i 1-.
Ll ' @ = electron
L1 3 =
I = cpment )
A B

Figure 10.] Moving charges constitute the electric current

Conductors contain a large number of free electrons. If the potential difference is established between
the two ends of a conductor. electrons will flow from the end of lower potential to that of higher
potential. In Figure 10.1 the potential of the end A is assumed to be higher than that of the end B.
Thus the electrons will flow from B to A because the electric field in the conductor exerts a force
(F = gF) upon them. This means that an electric current flows through that conductor. An electric current

flowing through a conductor is defined as follows.
The amount of charge passing through a cross-sectional area of a conductor in one second is called an

clectric current. (or)
The rate of flow of electric charge through a cross-sectional area of a conductor is called an electric

current.
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of charge Q passes

Current is a scalar ity
quantity by the above definition. Suppose that the amount
gh the conductor 15

through a cross-secti . ;
& ctional arca of a conductor in time 1, the current / flowing throu

_9 (10.1)
If the number of R t
: electrons passing through a cross-sectional area of a conductor is n, the amount of
charge Q 1s,
Q=ne
Therefore. ;e (10.2)

)

Unit of Current

In the SI system. the unit of electric current is ampere (A) in honour of the Fre

Ampere. The unit ampere is defined as follows.

If the amount of charge 1 coulomb passes through a cross-

current is 1 ampere. Therefore, 1 Ais equivalentto 1 Cs™.

In measuring the very small current the following sub-multiple units are a
1 milliampere (mA) = 10° A
1 microampere (pA) = 10°A

s conventionally defined as the
he direction 0

nch physicist, Andre

sectional area of a conductorin | sesond, the

Iso used.

The direction of current i direction of the flow of positive charge from
f current is opposite to that of the flow

a higher potential to a Jower potential. Hence, t

of electrons.

Effects of Electric Current
through substances, it can produce three main effects. They are

When an electric current is passed
(1) heating effect (2) chemical effect and (3) magnetic effect.

(1) Heating Effect
A small bulb glows when a batte
current flows through, the tungste

produces heat energy when a curren
current is utilized in electrical appliances such as electric stove,

nected to it as shown in Figure 10.2 (a) and (b). As an electric

n wire in the bulb becomes hot and emits light. Thus a metal conductor
t passes through it. Practical application of the heating effect of
electric iron and immersion heater.

ry is con

bulb
S

\'/
~ ~

(b)
from the Internet]

ing eflect of current [CREDIT: Source

Figure 10.2 Heal
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(2) Chemical Effect

When. a current is passed through copper sulphate solution with copper plates A (anode) ang
g_ (cathode) dipping into it, some copper is deposited on the plate C after sometime as shown in
rigure '_0-3 (a) and (b). Thus, electric current produces chemical effect. The chemical effect of current
's used in charging batteries, purifying metals and electro-plating.

* i
)

b —

o=

(b)

Figure 10.3 Chemical effect of current
(3) Magnetic Effect
When a current flows through a coil of insulated wire which is wound round a bar of soft iron, the
bar becomes a magnet and attracts steel pins as shown in Figure 10.4 (a) and (b). Thus, electric

current produces magnet?c effect. The magnetic effect of current is used in making electromagnets.
Electromagnets are used in electrical devices such as electric bell, magnetic relay and electric motor.

Iron cor

(a) (b)
Figure 10.4 Magnetic effect of current

Example 10.1 A charge of 6 C passes through a cross-sectional area of a conductor in 2 s. (i) Find
the current flowing through the conductor. (ii) How many electrons pass through that area in 1 s?
(i) 9=6C, t=2s

The current flowing through the conductor,

T 9 =g =3A
!
(ii) The magnitude of the charge of an electron, e = 1.6 x 10"* C. If n is the number of electrons

passing through the cross-sectional areain 1 s,

1==2
1
3= nx1.6x107"

1
n=1.88 x 10" electrons
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Reviewed Exercise
1.
2

Name some electri ;
€Ctrical appliances which apply heating effect of current.

Key Words: electric .
Current, electric charge, electron, cffect of current, electromagnet

10.2 OHM

:\Sigint;l];e:}eels a Potenli:.il-diﬁ‘erence between the two ends of a conductor, a current flows through it. In
rman physicist George Simon Ohm carried out experiments how the current through the

Fondli\ctor dep’ended on the potential difference applied across its ends. He discovered a law. That law
is called Ohm’s law anq states as follows.

Ifa conduclqr 1S !cepl at a constant lemperature, the current flowing through it is directly proportional
to the potential difference between its ends

Am—— v — B

\\

I

Vi
K 4

Figure 10.5 Electric current passing through a conductor

In Figurel0.5 since the potential at A is assumed to be higher than the potential at B, a current will

flow from A to B. If the potential difference between A and B is ¥ and the current flowing through the
conductor is 7, by Ohm’s law,

IToclV
!le
R
V = IR (10.3)

Here R is a constant which is called the resistance of the conductor. The SI unit of the resistance R is

ohm (Q).
battery rheosmt*
+] =
" L

¥ voltmeter

ammeter
+

resistor

Figure 10.6 Electric circuit for measurement of current and potential difference
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Figure 10 6 shows the electne circuit for the measurement of current and potential difference across
a resistor. Ammeter is a device_to measure the current flowing through resistor and voltmeter 15 a
device to measure the potential difference across a resistor. The potential difference across the resistor s
vaned by using rheostat (variable resistor). Figure 10 7 shows that the current 15 directly proportional
to the potential difference (p.d) by using the data of 1deahize experiment

vurrent (A)
'
pd (V)| Current (A) I ”
o | 0.0
_ 0% g
1 02
= SN 0 ol
2 04
3 06 e g
4 ) Dl; | 02 -
85 | o
[T P - . 00 | 2 } 3

r £Ipnll.'ﬂm:.l difference (V)
Figure 10.7 Relation between the potential difference and the current

Resistance of a Conductor

At a given temperature, the resistance of a conductor is the ratio of the potential difference between
two ends of a conductor to the current flowing through it.

R=£ (10.4)

1
where R is the resistance of a conductor, V is the potential difference and / is the current.
At a given temperature,the resistance of a conductor does not depend on the potential difference
between its ends and the current flowing through it.

Resistivity of a Conductor

At a given temperature the resistance of a conductor is directly proportional to its length and inversely
proportional to its cross-sectional area, where the constant of proportionality is known as resistivity.

In Figure 10.8 the conductor shown has a cross-sectional area of A and length of /. If its resistance 1s

R, then /
R o —
A
pl
R=— (10.5)
A

where p is a constant called the resistivity of the conductor.

— .

e

+ A
[

-

)

L
Figure 10,8 Dependence of resistance on length and cross-sectional area
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Resistivity of conductor .
d one unit length, Th ° d.eﬁned as the resistance of a conductor having one unit cross-sectional area
an - I'he unit of resistivity is ohm metre (Qm)
'/;;the length or th L —— ' e e
: Or e cr - : ——— o o - B -
' But its resistivity remc:is Sectional area of a substance changes, its resistance will also change.
ns the same. This means that a particular substance has only a single |

value of resistivity, A] s o
. constant. - Although the resistivity varies slightly with temperature it can be taken as a

"“"-—-—_—.‘—.. e — ’

Temperature Coefficient of Resistance

The resistance of a ¢ : s :
onductor increases with increasing temperature. However, the resistances of

Suppose that R is the res;
: i sistance of a conduct ? et !
t °C. R is related to R, as follows: e e orD e B e

R=R (1+ai) (10.6)

where a 1s a constant called the temperature coefficient of resistance.

The unit of @ is per °C (°C™). The resistiviti i
: . stivities and the values of the tem
substances are given in Table 10.1. e el

Table 10.1 Resistivities and the temperature coefficients of some substances

Substance Resistivity 2 at 20 °C Temperature coefficient of resistance a
(22 m) (°c™)
Aluminum 2.82 x 10* 3.9 x 102
Copper 1.72 x 10* 4.3 x 102
Iron 9.80 < 10* 5.6 x 10?
| Silver 1.62 x 10" 39x 107
| Tungsten 5.50 x 10* 5.8 x 107
__Efl_ercury 95.77 x 10* 0.9 x 107

__é;:?& 3 x 10% to 60 x 10° (-0.6to—0.1) x 10°

Example 10.2 A current of 2 A flows .through a conductor when the potential difference between it
ends is 12 V. If the potential difference is reduced to 3 V how much does the value of current change:

V=12v. r=2A

By Ohm’s Jaw V=1IR
L1 e
T 2
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Assuming the resistance of the conductor R remains constant,

V=3V,R=6Q
rR=4
I|
g
Il
I,=05A

The current change / - [,=2-05=15A
The current decreases by 1.5 A.

Example 10.3 A rectangular silver slab has dimensions 1 cm x 1 cm x 100 cm. What is the resistance
between its two square surfaces? The resistivity of silver is 1.62 x 10* Q m.

R —
'_______'l cm——— 1 cm

Cross-sectional area of the slab, A=1cm x lem=102m x 102 m = 10* m?
Length of the slab, [=100cm=1m

P=162x10% Qm
The resistance between two square surfaces of the slab,

RoPl_ 1.62x107" x1

. = =1.62x107" Q

Example 10.4 A tungsten wire has a length of 100 m, a diameter of 2 mm and a resistivity of
4.8 x 10®® Q m. Find its resistance.

2mm () ¥

— -

 100m
I 100 m, diameter of the wired=2mm=2x 10°m, 2= 48x10*Qm
R=P [ _ pl _ 4pl
T A d* nd’
”—
4
_ 4x4.8x107 x100
3.142x(2x107Y

The resistance of a tungsten wire is 1.53 Q.

=153 Q

Example 10.5 When a platinum resistance thermometer is placed in a mixture of ice and waterat 0 °C
its resistance is 10 Q. When it is placed in a furnace of unknown temperature its resistance is 100 €.
If the temperature coefficient of platinum is 0.0036 °C-'| find the temperature of the furnace.
Resistance of platinum at 0 °C, R, = 10Q
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Resistance of platinum att°c, g — 100 Q

@ =0.0036 °C"!
Temperature of the fumace,  ; = &
Rr = RIJ (I +a f]
100 = 10 (1 +0.0036 1)
t = 2500 °C

Temperature of furnace is 2500 °C.
Reviewed Exercise

1. How can the electric current be kept flowing inside a conductor?

2. Twowires ofequal lengths, one of copperand the other of manganin (alloy of copper, manganese,
andnickel) have the same resistance, Which wire will be thicker? (Hint: the resistivity of manganin
is greater than that of copper).

3. Ifa wire is stretched to double its original length, how will the resistivity and resistance of
the wire be affected?

Key Words: potential difference, current, resistance. temperature, resistivity

10.3 RESISTORS

A resistor is an electrical device which is used to control the electric current flowing in a circuit. It is
made of a substance having resistance.
Radio and television receivers contain a large number of resistors. Resistors have resistances
from a few ohms to millions of ohms.

— — B

There are two types of resistors: fixed resistors and variable resistors. Figure 10.9 (a) shows a fixed
resistor and its circuit symbol in Figure 10.9 (b). A rheostat (variable resistor) and its symbol are

shown in Figure 10.10 (a) and (b) respectively.

Figure 10.9 (a) A fixed resistor (b) Circuit symbol for a fixed resistor

ol

(a) ‘ (b)
Figure 10.10 (a) Rheostat and potentiometer (b) Circuit symbol for a variable resistor

Example 10.6 When the resistance value of a variable_ resistor is increased from 100 Q to 1000 O
What will happen to the electric current passing through it? The potential difference across the variable

resistor is kept constant.

: 4
By Ohm’s law, dat b
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Sincee V' ois constant, I o l

.Whl.‘n resistance value (R) is increased from 100 Q to 1000 £, the electric current (/) passing through
it will decrease by a factor of one-tenth.

Reviewed Exercise
L. Why are the resistors used in an electric circuit?
2. Name two types of resistor.

Key Words: resistor, fixed resistor, variable resistor, resistance

10.4 RESISTORS IN SERIES AND RESISTORS IN PARALLEL

Resistors in Series

1 A R, R R, B
> | | e — 7
: -] - .
P 4 T V, : V,——-d:
. v —
: R i
i Jf

Figure 10.11 Resistors in series

The resistors are said to be connected in series if they are connected in such a way that the same cur-
rent flows through each resistor as shown in Figure 10.11. The resistors R,, R, and R, are connected

in series. The point A is assumed to have a higher potential than the point B. Then a current will flow
from A to B through the resistors.
I the individual potential differences across the resistors are V), V, and V,respectively, and the total
potential difference across the combination is ¥, then

=V+V+h
3y Ohm’s law, Vi=IR,, V= IR,, V,= IR,

When the above equations are substituted, ¥ =1 (R +R,*R,)
If the equivalent resistance of the combination of the resistors is R the potential difference across the

combination is V= IR.
From the above equations,

R=R,+R,+R, (10.7)
I n resistors of resistances R,, R, R, ........, R, are connected in series and the equivalent resistance
is R, then

RoRARAFRA e +R (10.8)

e —

— R — e e

" The equivalent resistance of the resistors in series is equal to the sum of the resistances of the
individual resistors. )

—— | B et e
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Resistors in Paralle]

1)
1
1
]
Ll
]
i
4
i
i
L]

—— V

R

¢

Figure 10.12 Resistors in parallel

Resistors are said to be connected in parallel if they are connected in such a way that the same
potential appears across each and every resistor as shown in Figure 10.12. The resistors R , R, and R, are
F:o'nnected In ]Jafrallel. One end of each resistor is joined at the point A and the remaining ends are
joined at the point B.

The point A is assumed to have a higher potential than the point B. The current / divides into three
components of current at the point A and flow through the resistors. These three currents recombine
at the point B. The current leaving the point B is also /.

Let /|, 1, and /, are currents flowing through the resistors R, R,and R, respectively.
=1+ +1
The potential difference across each resistor is the potential difference ¥ between A and B.

By Ohm’s law, potential difference across the resistor R, V=IR
potential difference across the resistor R, V=1 R,
potential difference across the resistor R,, V= LR,

Substituting the above equations,

Vv v v
l=—+—+—
R, R, R,

If the equivalent resistance of the combination of the resistors is R and the potential difference between
point A and B is ¥ = IR.

1=X
R
From the above equations I
1 1 1
R RTRTR (10.9)
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If n resistors of resistances R, R,, R,, .........R, are connected in parallel and the equivalent resistance
is R. then

UL UP BPI P S (10.10)

R R R, R, R,

{'— The reciprocal of the equivalent resistance of resistors connected in parallel is equal to the sum
L of the reciprocal of the individual resistances.

Example 10.7 Find the equivalent resistance when three 6 resistors are connected (i) in series and

(i1) in parallel. (iii) Find the equivalent resistance when two resistors in parallel are connected to the
remaining resistor in series.

(i) If the equivalent resistance of three 6 Q resistors connected in series is R then
R=R+R +R,

B B o R
=@to+G=18 Q g » o

(ii) If the equivalent resistance of three 6 Q resistors connected in parallel is R, then
K,

1 1 1 1
—=—t—t+— :
R R R, R, f 50 \q
R R
1 1. 1 1§ —i— w —Im—
—_———a—t—
R 6 6 6 6 20
33
R=2Q
[T
(iii) If the equivalent resistance of two 6 Q resistors connected in parallel is R , then
1 1 1
—_—
R, R, R,
p 1 .1 2
— —e— = -
R, 6. 6 6
R=3Q
P
If the equivalent resistance of R and the 6 Q resistor connected in series is R, then
R=R +6
R=3+6=9Q

Reviewed Exercise
1. When the parallel combination of two resistors having different resistances is connected to a
battery, which resistor will draw a greater current?
2. Draw diagrams to show that resistances of 20 Q and 12.5 Q can be obtained by using one 10 Q
resistor and two 5 Q resistors.

Key Wordn: resistors, current, potential difference
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The magnetic effect of an Flectric current will be studied now. That effect was discovered by Oersted
in 1820. Compass needle is shown in Figure 10.13 (a). When a straight wire carrying a current was
ptacﬁd above a compass needle as shown in Figure 10,13 (b), the needle was deflected. When the wire

was placed below the needle as shown in Figure 10.13 (c), it was deflected in the opposite direction.
This experiment was first done by Oersted.

(a) ®) (c)
Figure 10.13 Magnetic field due to a current carrying wire

The deflection of the needle is due to a magnetic force acting on it. In other words, there is magnetic
field in the neighbourhood of the wire. This magnetic field is produced by the current flowing in the
wire.

The direction of the magnetic field due to the current flowing through the wire can be found by
using the right-hand rule in Figure 10.14 (a). Imagine the wire to be grasped in the right hand with the
thumb pointing along the wire in the direction of the current. The direction of the fingers will give the
direction of the magnetic field. The north pole of a compass needle indicates the direction of the
magnetic field in Figure 10.14 (c).

magnetic lines of force

direction of current is perpendicular
to the page and autwards

(@) (b) ©
Figure 10.14 Application of the right-hand rule

As ap electric field is represented by electric lines of force a magnetic field can also be represented by
Magnetic lines of force. The magnetic lines of force around the wire carrying a current / arc shown in
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Figure 10.14 (b). Figure 10.14 (c) shows the cross section of the wire as scen from the top. The dot in
the cross section indicates that the current is flowing out of the page. The magnetic lines of force are
closed circular loops around the wire and they are in the plane perpendicular to the wire. The orientation
of the north pole of a compass needle along the magnetic line of force is shown in Figure 10.14 (c).
If the current flowing through the wire is reversed, the direction of the magnetic field will also be
reversed. However, the magnetic lines of force will still be closed circular loops.

Magnetic Field of a Solenoid

Asolenoidisa f::ylind:ica! coil of wire, which has a magnetic field inside and in its vicinity when a current
flows through it. The magnetic field of a solenoid is identical with that of a bar magnet. Thus a solenoid
can be considered as a bar magnet. One end of a solenoid acts like a north pole and the other like a
south pole. It can be used in a electrical device such as electric bell, electric motor and magnetic relay

that converts electrical energy into mechanical energy.

Figure 10.15 Magnetic field of a solenoid

s of a solenoid carrying a current can be found as follows. When viewing one end
owing in a clockwise direction and

a north pole if the current is seen flowing in an anticlockwise direction. The right end of the solenoid
shown in Figure10.15 is the south pole and the left end is the north pole.

The magnetic pole
of the solenoid, that end will be a south pole if the current is seen f

Fleming’s Left-hand Rule
When a current-carrying conductor is placed in a magnetic field, the conductor experiences a force as

shown in Figure 10.16 (a). The direction of a force on a current-carrying conductor in magnetic field
can be found by the use of Fleming’s left-hand rule. Place the fore finger, the second finger and the
thumb of the left hand mutually at right angles to one another. If the fore finger points in the direction
of the magnetic field and the second finger in the direction of the electric current, then the thumb will
direction of the motion along which the force acts [Fig 10.16 (b)].

point in the
£ = moaguetic field B
B 1 = commend t i
F = fawce Vf
> -3

.P"
Lt bamd

(a) (b)
Figurel0.16 Fleming’s left-hand rule
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Force on a Charged Particle
when a charged particle mgqy
charged particle +g jg Moving
of the force F acting op that p
found by applying Flemings |
v in this case.

Moving in a Magnetic Field )

€S across a magnetic field, it experiences a force. In Figure IPU.I /. a
Perpendicular to the magnetic field B with a velocity v. The d!“’““”"
article is perpendicular to those of B and v. The direction of ! can 'hL‘
eft-hand rule. The second finger must point in the dircction of velocity

Figure 10.17 Force on a moving charge

?flhe particif: in Figure 10.17 isa negatively charged one, the force acting on that particle will be ]
in the opposite direction. _J

e ettt

I U ——

Reviewed Exercise

I. In which type of devices use solenoid?

2. Why can a current carrying solenoid be considered as a bar magnet?
Key Words: solenoid, magnetic force, magnetic field

10.6 ELECTROMAGNETS

The best method of making a magnet is to use the magnetic effect of an electric current. In Fi gure 10.18,
a steel bar is placed inside a solenoid of insulated wire. When a large current flows through the solenoid
the steel bar becomes magnetized permanently. Such a maghet is called a permanent magnet.

If the solenoid consists of many turns and a very large current flows through it a powerful magnetic

field is obtained. insulated copper wire

soft iron core

a’atTatlataTaTaTalaValalala

SRARERAARAALS

Figure 10.18 Magnetization by electric current

If a soft iron bar is placed inside the solenoid of insulated wire and a current flows through it, the bar
ecomes magnetized. It is demagnetized when the current stops. A soft iron core surrounded by a coil
of wire whi?l: acts as a magnet when a current flows through the coil is called a temporary magnet

(or) an electromagnet.
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““Tncreasing the current will create a stronger magnetic field strength. Reversing the direction of
. current will resverse the direction of magnetic field.

S S .

A

Some Applications of Electromagnets
1. Electric Bell

An clectric bell is an example of the use of the magnetic effect of current. The construction of an
electric bell is shown in Figure 10.19.

r Wil
swilch X
‘ hattery

electromagnets .o

Figure 10.19 Electric bell

The soft iron armature (a piece of soft iron) T is mounted on a spring S. A small metal plate which is
attached to the armature acts as a contact. When the switch is pressed the current flows through the
circuit and the soft iron bars become magnetized. As they attract the armature T, the hammer A
attached to it strikes the gong G. At that moment the metal plate and the end of the screw are separated
so that the current stops. When this happens, the magnetism in the bars disappear and the armature is
returned by the spring to its original position. Contact is now remade and the action is repeated. The
armature vibrates and the hammer attached to it strikes the gong G repeatedly.

2. Circuit Breaker
A circuit breaker is also another example of the use of the magnetic effect of current. Figure 10.20
shows a circuit breaker designed to switch off the current ina circuit. When an excessive current flows

through circuit breaker, it comes over rating.

spring iron armature

l--..

contacts

Figure 10.20 Circuit breaker
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The ct';”;':t t}?::; along the Copper strip, through the iron armature and solenoid. The electromagnet
will @ N armature if the current js large, thus breaking the circuit.

Rc\'ic“'t'd Exercise
1. Eame thld.ﬂe devices which use the electromagnet.
2. Draw a diagram for a device consisting of an electromagnet.

Key Words: electromagnet, temporary magnet, soft iron core

10.7 AMMETER AND VOLTMETER

Ammelfer and voltmeter are devices for measuring current and potential difference (voltage),
respectively. They are constructed based on the principle of a moving coil galvanometer.

Moving Coil Galvanometer
A moving coil galvanometer is an instrument which is used to measure electric currents. It
is a sensitive electromagnetic device which can measure low currents even of the order of a few
microamperes. The construction and principle of function of moving coil galvanometer are expressed
as follows.
The moving coil galvanometer is made up of a rectangular coil that has many turns of fine copper
wire wounded on a frame. The coil is suspended in a uniform radial magnetic field and is free to rotate
about a fixed axis. A cylindrical soft iron core is symmetrically positioned inside the coil to improve
the strength of the magnetic field and to make the field radial. The coil is attached to a spring as shown
in Figure 10.21. The spring is used to produce a counter torque which balances the magnetic torque
producing a steady angular deflection.
The principle of function of a moving coil galvanometer is that the current-carrying coil when placed
in an external magnetic field experiences magnetic torque. The angle through which the coil is
deflected due to the effect of the magnetic torque is proportional to the magnitude of current in the coil.
scale

permanant magnet

soft iron core

radial magnetic field
Figure 10.21 Moving coil galvanometer

Modification of Galvanometer to Ammeter
A galvanometer is converted into an ammeter by connecting it in parallel with a wire of low resistance

called shunt resistance. Suitable shunt resistance is chosen depending on the range of the ammeter.
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In the given circuit as shown Figure 10.22,
I

maximum current which can be measured by the ammeter

i = current which gives full-scale deflection of the galvanometer
I =i = current passing through the shunt

R_ = resistance of the galvanometer

r = resistance of the shunt

The voltages across the galvanometer and shunt resistance are equal due to the parallel nature of their
connection.

Therefore, iR=(I-i)r
r=——R, (10.11)

pr— ~
R
I i A I
&
[ T-i L
\ s J
(b)

Figure 10.22 Ammeter

Modification of Galvanometer to Voltmeter
A galvanometer is converted into a voltmeter by connecting it in series with high resistance resistor
(multiplier resistor). A suitable high resistance is chosen depending on the range of the voltmeter.

In the given circuit as shown Figure 10.23,

¥ = maximum voltage which can be measured by the voltmeter

i = current which gives full-scale defiection of the galvanometer

R, = resistance of the galvanometer

R = value of maximum resistance

When current i passes through the series combination of the galvanometer and high resistance R, the
total voltage drop across the voltmeter is given by
V=iR+iR
V=i(R;+R)
vV

R=—-R, (10.12)
I

The value of R can be obtained using the above equation.
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volis

(a) o (b)
Figure 10.23 Voltmeter
Differences between an Ammeter and a Voltmeter

Ammeter Voltmeter
(1)  Ammeteris a device for measuring current. | (i) Voltmeter is a device for measuring
potential difference (voltage).
(i) _Ammeler is a low resistance device. (ii) Voltmeter is a high resistance device.
(i1) Ammeter is connected in series with circuit (ii1) Voltmeter is connected in parallel with

component. circuit component.

(iv) A galvanometer is converted into an (iv) A galvanometer is converted into a
ammeter by connecting it in parallel with a voltmeter by connecting it in series
wire of low resistance called shunt resistance. with high resistance resistor. |

Example 10.8 A galvanometer has a resistance of 2 Q and gives a full scale deflection when a
current of 1 mA flows through it. How can it be converted for use as (i) an ammeter reading up to
10 A, and (ii) a voltmeter reading up to 50 V?

() R,=2Q,i=1mA=10x107A, /= 10A
Let r be the resistance of the shunt,
I

r=——2=R.
1-i°
-3
retO0” s a0
10-1.0x10"
The shunt of resistance (» = 2.0x107€Q) is 10 be connected in parallel with coil of galvanometer of
resistance R, .
) V=50V
Let R be the resistance of the high resistance resistor.
v
R= = R{;
i
g o
1x10

The high resistance resistor (R = 50 k€2 ) is to be conne

cted in series with coil of galvanometer of
resistance R...
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Reviewed | yercvise
»  Why st necessary for the shunt of an ammeter to have a very low resistance”

Rey Words: moving coil galvanometer, ammeter, voltmeter, lorque, resistance

I'he amount of charge passing through a cross-sectional area of a conductor in one second 1s called an
electric current

At a given temperature, the resistance of a conductor is the ratio of the potential difference between
two ends of a conductor 1o the current flowing through it

Resistivity of conductor i< defined as the resistance of a conductor having one unit cross-sectional
arca and onc unit length.

A solenoid is a cvlindrical coil of wire, which has a magnetic field inside and in its vicinity when a
current flows through 1t

A steel bar is placed inside the solenoid of insulated wire. W