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UNIT 1

UNITS AND DIMENSIONS

Physics explains the law of nature in a special way. This explanation includes
a (guantitative description, comparison, and measurement of certain physical
guantities. To measure or compare a physical quantity we need to fix some standard
unit and dimension of the quantity. In this chapter we will discuss the basic concept of
Units and Dimensions and its application to various physical problems.
1.1 Physical quantities -
Law of physics can be expressed through certain measurable quantities which are called as
Physical quantities.

Physical quantities are divided into two categories.
(1) Fundamental Quantities
(2) Derived Quantities
1.1.1 Fundamental Quantities

Fundamental quantities are those that do not depend on any other physical
guantities for their measurements.

There are different systems of units which will be discussed in the coming sections.
In each system of units, there are a set of defined fundamental quantities and fundamental
units.

Mass (M), length (L) and time(T) are some of the examples of fundamental

guantities.
1.1.2 Derived Quantities

The physical quantities which are expressed in terms of other physical quantities are
called as Derived Quantities.

Example- Velocity=Length/Time
AcceIerationzVeIocity/TimezLength/(Time)2

Force = Mass X Acceleration = Mass X Length/(Time)2
1.2 Unit
Unit is a standard which is used to measure a physical quantity.
1.2.1 Fundamental Units
Fundamental units are those units which are independent and not related to each
other. The units of fundamental quantities are called as Fundamental Units.
Example T The unit of length is meter. So, meter is an example of fundamental unit.
Similarly, second is the fundamental unit of time and kg is the fundamental unit of mass.
1.2.2 Derived Units
The units of the physical quantities which can be expressed in terms of fundamental
units are called as Derived Units.
Example- Area = length X breadth = metre X metre = (metre)2
Velocity = displacement/time=metre/second
1.2.3 Systems of Unit
A complete set of units, both fundamental and derived for all physical quantities is
called a system of units. The following systems of units are commonly in use.
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1.2.3(A) C. G. S. System
This system is based on Centimetre, Gram, Second as the fundamental units
of length, mass and time respectively. This system is also known as French system.
In this system, unit of force is taken as dyne, unit of energy as erg, unit of power as
erg/sec and unit of heat energy as calorie.

1.2.3(B) F. P. S. System
This system is based on Foot, Pound, Second as the fundamental units of
length, mass and time respectively. This system is also known as British system. In
this system unit pofunfdal de usitalbédneamaer@y a
power as O6foot poundal/secd and wunit of he
1.2.3(C) M. K. S. System
This system is based on Metre, Kilogram, Second as the fundamental units of
length, mass and time respectively. This system is also known as Metric system. In
this system unit of force is taken as Newton, unit of energy as Joule, unit of power as
Joule/sec and unit of heat energy as Joule.
1.2.3(D) S | Units (Systeme Isotimarmatona Systam of dnitdyni t e
In C.G.S and M.K.S. system, there are three fundamental quantities e.g. mass,
length, and time and accordingly three fundamental units., which are insufficient to measure
some physical quantities. Therefore in 1971, the International Bureau of Weights and
Measures decided a system of units which is known as International System of Units and
abbreviated as S| System. It is based on the seven fundamental units and two
supplementary units.
1.2.3(D)(i) Fundamental Units
The fundamental units used to measure in SI System,are given in the
following table.

Fundamental Physical Quantity Name of the Unit Symbol of the Unit
(1) Mass Kilogram Kg

(2) Length Metre m

(3) Time Second S
(4)Thermodynamic Temperature  Kelvin K

(5) Electric Current Ampere A

(6) Luminosity Candela cd

(7) Amount of substance Mole mol

1.2.3(D)(ii) Supplementary units
The supplementary units of SI System, are given in the following table.

SupplementaryPhysical Quantity = Name of the Unit Symbol of the Unit
(1) Angle Radian Rad
(2) Solid angle Steradian Sr

1.3.1 DIMENSIONS
Dimensions are the power to which the fundamental units/ quantities be raised in
order to represent a physical quantity.
Example:- (1) Area = length X breadth=L X L = [L2] = [MOLZTO]
Here 0, 2, and 0 are the dimensions of Area with respect to mass, length and
time.
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6 Al T AESLU— — 07Y 0 0"Y
Here 0, 1, and -1 are the dimensions of velocity with respect to mass, length
and time.

1.3.2 DIMENSIONAL FORMULA

Dimensional formula is a formula which tells us, how and which fundamental units
must be used to express a physical quantity.

Dimensional formula of a derived physical quantityisthe fAexpressi on slho

powers to which different fundament al uni ts arne
Example:- (1) Volume(V) = length X breadth X height = L X L X L = [L%] = [M°L3T)
w 007

This is the dimensional formula of volume.
And 0, 3, and 0 are the dimensions of volume with respect to mass, length and time.
2! AAAT ABAGEIH —— 07Y 0 0"y
®w 0 0"Y
This is the dimensional formula of acceleration.Here 0, 1, and -2 are the dimensions of
acceleration with respect to mass, length and time.

(3) Momentum = mass X velocity=0 0 "Y 0 07Y
(4) Force = mass X acceleration= 0 0 "Y 0 0"Y
(5) Moment of a force = force X distance= 0 0°Y 0 0 0"Y

(6) Work = force X distance= 0 0"Y 0 0 07Y
(7) Kinetic Energy (Ek) = -0 U

0 0"Y [-has beenignored because

0 07Y it is dimensionless]
0 07Y
(8) Potential Energy (Ep) = mgh
0 0"Y 0
0 07Y
(9) Specific heat capacity (S)
O & i Bwhere Q= heat energy, m = mass, s = specific
heat capacity, — = thermodynamic temperature.
, 0 POy S
[ S — 0 "OSY SO P
Here 0, 2, -2 and -1 are the dimensions of specific heat capacity with respect
to mass, length, time, and temperature.
(10) Specific Latent Heat(0)
0 aa
0 PHSY ¢
& — ——  HTOYS
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Here, 0,2, -2 are the dimensions of specific latent heat with respect to mass, length,
and time.

(11) charge (q)
‘0 -

B Q0 0 Y 0"Y
Here 1 and 1 are the dimensions of charge with respect to current and time.

(12) Thermal Conductivity (K) [Where O= heat energy

1 +— I=length of the rod
A=cross sectional area
v (g1-gz)=temperature difference
144 4 14 L
I L] 1

Here, 1,1,-3,-1 are the dimensions of thermal conductivity with respect to mass,
length, time and temperature.

Sl. Physical Quantity Formula Dimensiona | S.I Unit

No | Formula

1 Area (A) Length x Breadth [MOL2TO) m?

2 Volume (V) Length x Breadth x Height [MOL3TO) m3

3 Density (d) Mass / Volume [MIL3TO] kgm-3

4 Speed (s) Distance / Time [MOLIT-] ms-!

5 Velocity (v) Displacement / Time [MOLIT-] ms-!

6 Acceleration (a) Change in velocity / Time [MOL1T-?) ms2

7 Acceleration due to | Change in velocity / Time [MOLIT-9] ms-2
gravity (9)

8 Linear momentum (p) Mass x Velocity [MILIT) kgms*

9 Force (F) Mass x Acceleration [MILIT- N (Newton)

(kgms2)
10 Work (W) Force. Displacement [MIL2T-] J  (Joule)
(kgm?s3)

11 Energy (E) Work [MIL2T-?] J

12 Impulse (1) Force x Time [MILIT] Ns

13 Pressure (P) Force / Area [MIL1T-2) Nm-

14 Power (P) Work / Time [MIL2T-9] W (Watt)

15 Universal constant of | Force x (Distance)? [M-1L3T-] Nm?2kg-2
gravitation (G) (Mass)?

16 Thrust (F) Force [MILIT-9] N

17 Tension (T) Force [MILIT-2] N

18 Stress Force / Area [ML1T2] Nm-2

19 Strain Change in dimension / Original dimension | No dimensions | No unit

[MOLOT-0]

20 Angl e Andjylar | Arc length / Radius No dimensions | Rad
displacement [MOLOT-9]

21 Angular velocity(¥) Angle / Time [MOLOT-1] rad s?

22 Angular acceleration(U) | Angular velocity / Time [MOLOT-?] rad s2

23 Wavelength( ) Length of a wavelet [MOLITO) M

24 Frequency(f) gl:rrircl)téer of vibrations/second or 1/time | [MOLOT] Hz or st

25 Angular momentum (J) Moment of inertia X Angular velocity [MIL2T kgm?st
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26 Temperature Temperature [MOLOTOK?] K
27 Heat (Q) Energy [MIL2T-?] J
28 Latent heat (L) Heat / Mass [MOL2T-?] Jkg?
29 Specific heat (S) ( AAO [MOL2T-2K1] Jkg 1K1
i AO@AI DAOAOOOA
30 Thermal expansion ?5 : [MOLOTOK] K1
coefficient or thermal o
expansivity
31 Thermal conductivity [MILIT-83K ] Wm-1K-1
e e — >=|= <0 »
32 Charge (q) Current x time [MOLOTIAT] C
(Coulomb)
33 Electric potential (V), | Work / Charge [MIL2TV3A1] V (Volt)
voltage, electromotive
force
34 Resistance (R) Potential difference / Current [MIL2TV3A2] g ohm
35 Capacitance Charge / potential difference [MIILT2T4A2) F (Farad)
36 Electrical resistivity or n [MIL3T-3A2] gm
(electrical conductivity)1 1m Mkt |
ng- | <]
37 Electric field (E) Force / Charge [MILIT-3AT NC?
38 Electric flux Electric field X area [MIL3T'3AY] Nm?3C-!
39 Electric field strength or | Potential difference / distance [MILIT-3AT Volt/meter
electric intensity or NC*
40 Magnetic  field  (B), n [MILOT-2A] T (Tesla)
magnetic flux density, __i° *rm
magnetic induction Lo prpupe | <|
41 Magnet i c f | u Magnetic field X area [MIL2T2AT] Wb
(Weber)
42 Kinetic energy % X Mass x (Velocity)? [MIL2T-9] J
43 Potential energy Mass X acceleration due to gravity X | [M1L2T-2] J
height
44 | Efficiency /| OOBOQ@EAT AOCU | Nodimensions | No unit
) T BAOER] Aocu | ML
45 Permittivity of free space ‘Al HI0OWAH'H"l 'H'H [M-1L-3T4A2] Fml
6 5 o — Al HHHCLISHH "1 " BN TH HOH ST A
ermeability o ree LT AT e e T e <A -
space €1 |fHN'H I I~H|~I~—|H
“HTL T SHHTTTT TSR CHLE THT
47 Refractive index A1 HHHE HITIH T T [\I{/(I)O Solg)(]ansmns No unit
A HIHHT THITTHHE T

1.4.1 Dimensional Equation
When the dimensional formula of a physical quantity is expressed in the
form of an equation by writing the physical quantity on the left hand side and
the dimensional formula on the right hand side, then the resultant equation is
called Dimensional equation.
Example:- Work(W) = Force X displacement

=0 0Y O
=0 0"y
G b0y

This equation is known as dimensional equation.
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1.4.2 Use of dimensional analysis
Dimensional analysis has following three uses.
0] To convert the value of a physical quantity from one system to another.
(i) To derive a relation between various physical quantities.
(iii) To check the correctness of a given relation.
1.4.3 Principle of Homogeneity
It states that the dimensional formula of every term on both sides of a correct
relation must be same.
OR,
The dimensions of each of the terms of a dimensional equation on both sides
should be the same.

1.4.4 To convert the value of a physical quantity from one system to another
Using dimensional analysis, we can find the numerical value of a physical
guantity in any system if the numerical value is known in another system.
Example:- convert a work of 5 Joule in to erg.

Solution:-
(MK.S) (WORK (C.GS))
Systeml [M1L2T?] System?2
(Value knowr) a=1 (Value unknown)
M1=1 kg b:2 Mo=1 g
Li=1m =
1 c=2 =1 cm
Ti=1s To=1s
ni=5 n="2
Physical quantity as represented in system1=¢ 0 0"Y
Physical quantity as represented in system2=¢ 0 0 "Y
Since the quantity are same in both the system, then
T EYERHS EHER™M
e Hxe Has H
5 5 E E
T = = &
E E n
Substituting the value as given in the problem we get,
~ TH A H HEOOT -
| e o o N T 5x 10’erg

\ 1 Joule =107 erg
1.45 To derive a relation between various physical quantities by the method of
dimensional analysis:

Relation of one physical quantity with others can be derived when the factors on
which this quantity depends are known to us.

Example:- Obtain an expression for centripetal force required to move a body of
massd , 06 withvwbvelhoai tty rm@.l e of radi us 6
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Solution:- Let the centripetal force depend upon m, v, r as follows:
&% 1 ,&9 0,&°% O
Here a, b, c are dimensionless constants.
&8 i 60
& Ei OO0 oo ()
Here k is a dimensionless constant.
Writing the dimensional formulae of physical quantities in above equation, we get

0 0"Y 0 0Y 0
0 07Y 00 Y
Now comparing the dimensions on both sides, we get
a=1 - (i)
b+c=1 --- (i)
b=-2 (iv)

From equation (iv), b=2,
Now substituting the value of b in equation (iii), we get c=-1.
Putting the values of a=1, b=2, c=-1 in equation (i), we get
s o 07
€ | —
This is the required expression.

1.5 Checking the dimensional correctness of Physical relations.

To check the correctness of a relation, we find the dimensional formula of
every term on both sides of the relation. If the dimensions are same then the relation is said
to be dimensionally correct.

Example(1):- To check the correctness of given relation.
O 00-40

Solution:- Given relationis O 0 0 -A0

Dimensional formula of s = Displacement= 0 =0 0"Y  -------m-m--- (i)
Dimensional formulaofut= 0 0°Y Y 0 07Y (ii)
Dimensional formulaof —HI 0 ™0PYS ¥ 0 TPV —memmeeeeeeee- (iii)

From the above equations we get dimensional formula of every term are same.
Therefore, according to Principle of Homogeneity the given relation is dimensionally correct.

Example(2):- To check the correctness of given relation.

0 0 o
Solution:- Given relationis0 6 @O
Dimensional formula of v = final velocity = 0 0 Y ()
Dimensional formula of u = initial velocity 0 0 "Y (ii)
Dimensional formulaof AO O 0°Y Y 1 A —— (iii)

From the above equations we get dimensional formula of every term are same.
Therefore, according to Principle of Homogeneity the given relation is dimensionally correct.
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Example(3):- To check the correctness of given relation.
0 6 T
Solution:- Given relationisb 0  T®I

Dimensional formula of0 0 0"Y O A (i)
Dimensional formula of6 0 07Y 0 07Y (i)
Dimensional formulaof2zas 0 0°Y 0 0 07Y e (iii)

From the above equations we get dimensional formula of every term are same.
Therefore, according to Principle of Homogeneity the given relation is dimensionally correct.

Question:- To check the correctness of following relation.

(1) o) C N - where g=acceleration due to gravity and I=length of thread, t = time
period.

(2) F= —— wherev = velocity, r = radius, m = Mass

Solution:-

(1)Givenrelationis O ¢ A -

Dimensional formulaof ,§ &8 0 0 ™0™Y  rmmemmemmee e (i)
Dimensional formulaofg= 0 0"Y ---mmmmmmmmmmmmmeeeee (i)
C 0 TPy ¢ R—
imensional formulaof 28 8 ( /\T(; —5 0 "O™Y*©
0
O 0y 7
0 TO™YP - (ii)

From the above equatlons we get that the dlmenS|onaI formula of the terms on both the

sides are not same. Therefore according to Principle of Homogeneity the given relation is
dimensionally incorrect.

(2) Given relationis F = ——

Dimensional formulaof F= 0 0"Y  ---mmemmmmmmmmmrm oo ()
Dimensional formula of 0 0 "OP'YP  ceemmmm e (ii)
Dimensional formulaof LH.S=F= 0 0"Y
0 TPy P
Dimensional formula of R.H.S = =
=0 0Y e (iii)

Here, Dimensional formula of L.H.S = Dimensional formula of R.H.S

From the above equations we get that the dimensional formula of the terms on both
the sides are same. Therefore according to Principle of Homogeneity the given
relation is dimensionally correct.
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EXERCISE

VERY SHORT ANSWER QUESTIONS(2 Marks each)

1. Name two quantities which are dimensionless in nature.
[Ans. Angle and strain]
2. Name two quantities which have dimensional formula [ ML1T2]
[Ans. Pressure and Stress
3. Obtain the dimension of (i) pressure (ii) Kinetic Energy
[Ans.(i) [ MILT2] and (i) [ M*L2T 2]
4. What is meant by a unit?
[Ans. Unit is a standard which is used to measure a physical quantity.
5. How are Megameter and nanometer related with each other?
[ Ans. 1 Megameter = 10'° nanometer
6. Write the dimensional formula of force and work.
[Ans. Force = [ ML'T] and Work = [ M!L?T?]
7. Write the Sl unit and dimensional formula of electric Potential.
[Ans. Volt and [ M1L2T3AY]
8. Write down the dimensional formula for Gravitational constant.
[Ans. [ M1L3T3

SHORT ANSWER QUESTIONS (5 Marks each)

Write the fundamental units in S.I. system.
Prove that the dimensions of kinetic energy and potential energy are same.

Check the correctness of the following (i) v2-u?=2as, (i)O 0 0 -AD

Obtain the dimensional formula of Thermal Conductivity.
Obtain the dimensional formula of Specific heat capacity.

ok w NP

LONG ANSWER QUESTIONS (10 Marks each)

1.States the principle of Homogeneity and check the correctness of following relation. (i)

O ¢a- and(i) © - ,where symbols have their usual meanings

2.Prove that (i) 1 Newton = 10° dyne and (ii) 1Joule = 107 erg by the method of dimensional
analysis.

3. Time period of a simple pendulum (T) depends upon length of the pendulum and
acceleration due to gravity; find the expression for time period by the method of dimensional
analysis.
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UNIT 2
SCALARS AND VECT ORS

We have come across with different types of physical quantities, in one dimensional
motion, only two directions are possible. So directional aspect of the quantities like position,
displacement, velocity and acceleration can be taken care by using positive and negative
signs. But in the case of motion in two dimensions (plane) or three dimensions (space), an
object can have large number of directions. In order to deal with such situation effectively,
we need to introduce the concept of scalar and vector quantities.

In this chapter we shall discuss the definition of scalar and vector quantities, its
applications to solve different physical problems and how they can be multiplied.

2.1 Scalar Quantities and Vector Quantities
The physical quantities are classified into two categories
(i) Scalar Quantities and (ii) Vector quantities.
2.1.1 Scalar quantities
Scalar quantities are those quantities which require only the magnitude for
their complete specification.
Example:- mass, length, volume, time, distance, speed, density, energy,
temperature, electric charge, electric potential etc.
2.1.2 Vector quantities
Vector quantities are those quantities which require magnitude as well as
direction for their complete specification and satisfies the law of vector addition.
Example:- Displacement, velocity, acceleration, force, momentum, electric field,
magnetic field, magnetic moment etc.
2.1.3 Vector
A directed line segment is called as vector. When it is written over the head of
a physical quantity, then it represents a vector quantity.

2.1.4 Representation of a vector

A veddof(Fibg. 2.1) can be @
60P6 of finite Il ength direct ¢ )
point P. The length of arrow represents the magnitude of | O P
vector and the arrow head denotes the direction of the vector. | (Origin) Head
A vector is written with amM®parrow head over i

The magnitude of given vector is represented by modulus of
vector(®) or simply O0AOQ.

2.1.4 Types of vector
There are different types of vectors.

() Null vector:-It is a vector having zero magnitude and an arbitrary direction. It is
represented by a point or dot (A). When
a given vector, the resultant vector is same as the given vector. Dot product of a
null vector with any other vector is always zero. Cross product of a null vector
with any other vector is also a null vector.
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(i) Unit vector :- Any vector whose magnitude is one unit is called as a unit vector. A
unit vector only specifies the direction of given vector. A unit vector in the

directionof vector® i s wiAMahdensasead as OA capo.
R AA or A A

In three dimensional coordinate system, unit vectors
along positive X, Y and Z-axes are usually represented by

FlLHa- g respectively. These unit vectors are mutually

perpendicular to each other (Fig.2.2)

Collinear vectors

(iii)

Z Fig. 2.2 coordinate system

Vector having a common line of action are called as collinear vectors. There

are of two types of collinear vectors.

(a) Parallel vectors (g=0°:-Two vectors acting along &P
same direction irrespective of their magnitude are — - —>
called as parallel vectors. Vectors 8 adfd s h &

in fig. 2.3 are parallel vectors. Angle between them
IS zero.

(b) Anti-parallel vectors (g=180°):-Two vectors acting

along opposite direction irrespective of their a2 :
magnitude are called as anti-parallel vectors. <
Vectors 686 adéBRd shown in fig. 2.4 g@re ant|j

parallel vectors. Angle between them is 180°.

(iv) Perpendicular vectors (q=90°
.
Two vectors are said to be perpendicular when A
they are normal to each other (irrespective of their g0°

magnitude). Vectors 68 add s hown i n
perpendicular vectors. Angle between them is 90°.

(v) Equal vectors

Two vectors are said to be equal if they possess ® >
same magnitude and direction. Vectors 686  adRd . —>
shown in fig. 2.6 are equal vectors. All equal vectors are @

parallel vectors.

(vi)

Negative vector

A vector is said to be negative vector of another @ >
one if they possess same magnitude and opposite <€
direction. Vectors 3 ad®d s hown in fig. |2.7 ar e

negative vector to each other. All negative vectors are
anti-parallel vectors.

Fig. 2.3 Parallel vectors

Fig. 2.4 AntParallel vectors

B

Fig. 2.5 Perpendicularvectars

Fig. 2.6 Equal vectors

Fig. 2.7 Negative vectors
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(vii) Co-initial vectors

A number of vectors are said to be co-initial when
they have common initial point. Vectors 685 6B GPOGRH

and 3 shown in f-imitigl . vecta@rs, 8tartadr
from a common point P.

viii) Co-planar vectors
(vill) Co-p v ¢
i/ N
. D
A number of vectors are said to be co-planar when /—--T—---g..
they are lying in the same plane. Vectors 68 GRS GPOGRD E\ 7
andd shown i n -langrvectrs, present ire x}
the same plane. Fig. 2.9 Co-planar vectors
(ix) Position Vector Yf‘
Vectors that indicate the position of a point in a
coordinate system is called as position vector. Let point _ Px,y,2)
. . LI A . R
P(x,y,z) present in three coordinate system thenaP6é i s /
position vector of point P from the origin O(0,0,0) as shown in >
. O(0,0,0) X
the fig 2.10.
Position vector can be written as

, Fig. 2.10 Position Vector
P eH«H

2.2 Addition of vectors

Vectors cannot be added according to the simple algebra, because vectors
have magnitude along with direction. So vector can be added as follows.

2.2.1 Triangle law of vector addition

It is a law for the addition of two vectors. It can be stated as follows:

fif two vectors acting simultaneously on a body are represented in magnitude
and direction by two adjacent sides of a triangle taken in same order, then the resultant
vector is represented in magnitude and direction by third side of that triangle taken in
opposite ordera
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Let two vectors ‘R and 'R acting at a point be

represented by two sides "EEEand "EEEof triangle OPQ,
taken in same order (Fig. 2.11). According to triangle law of

vector addition, the third side "E®¥Erepresents the resultant
vector I'P, taken in opposite order.

Q
R
It can be mathematically proved that: R
n = | = {Hi PI B
o 0
ot A oLB
And g TTHU - [+ 4 P T
Fig. 2.11 Vector addition by Triangle law
2.2.2 Parallelogramés | aw of vector addition

Two vectors can also be added by wusing pa
can be stated as follows:

fif two vectors acting simultaneously on a body are represented in magnitude
and direction by two adjacent sides of a parallelogram drawn from a point, then the
resultant vector is represented in magnitude and direction by the diagonal of the

parallelogrampassing t hr ough. t hat pointo

Q T

Let two vectors R and 'R acting at a point, be

represented by two adjacent sides "EEE and "ETE of
Parallelogram OPTQ, drawn from a point (Fig. 2.12). According

to parallelogram law of vector addition, the diagonal "ER of
parallelogram represent the resultant vector I'P, passing through

that point. 0 i P s
L |P Fig. 2.12 Parallelogram law
It can be mathematically proved that:
n = | = {Hi PI
| rid

And o THU =,
2.3 Resolution of Vectors in a plane-

The process of splitting a vector into various parts or components is called
"RESOLUTION OF VECTOR"
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Resolution of a vector is the process of obtaining the component vectors which
when combined according to the law of vector addition, produce the given vector.

Y I ")

=l

; N

> =
) R Q X
Fig. 2.13 Rectangular component of a vector

2.4 Vector multiplication
There are two ways in which two vectors can be multiplied together.

(1) Scalar Product or Dot product
(ii) Vector Product or Cross product

2.4.1 Scalar product or Dot product
Dot product between two vectors is defined as the product

of their magnitude and the cosine of the smaller angle between

them.
—_
It is written by putting a dot (A between two vectors. The B
result of this product does not possess any direction. Hence it is
also called as Scalar product. —
6 A

Consider two vectors APand "R drawn from a point and  Fig 2.14 dot produt between two vectors
inclined to each other at angle g as shown in the Fig.2.14.

Dot product of ‘R and "Ris given by

RO = || "Hi I
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For , g=90°

ROR  AAHL "I AAHL A [(5 EWTT TT
Thus the dot product of two non-zero vectors, which are perpendicular to
each other is always zero.

Since RU$ = ®are mutually perpendicular to each other (Fig.2.2).
KD H

For , g=0°
BROR AAHL T AAHL T AT AA [éETE  p

RH BH

() Dot product in terms of rectangular component

LetAy, Ay, Apand Ay, Ay, Asare the rectangular components of two vectors
‘Band "Rrespectively.
Then® Ay HU'A, HU'AS
And R Ay HUA, HUA
BRIR A HU'A, HU'AsT DAy HU'A, HU Al

] B =], R =

Since, HI FDHY

RR =l =l =l
Therefore dot product of two vectors is defined as the sum of the product of their
rectangular components along the three coordinate axes.
Problem(1):- Find the dot product between ‘R H H TandR H H 1
Solution:- Here given A=3, Ay=2, A,=5 and Bx=4, By=3, B,=7
We know that ROR =,[, =|. =.|.

=3X4+2X3+5X7
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= 12+6+35=53
Problem(2):- Find the dot product between 'R HI H TandR H Hl
Solution:- Here given A,=2, Ay=5, A,=6 and Bx=3, By=-6, B,=1
We know that ROR =, || « = || « = || ,
=2X3+5X(-6)+6X1
= 6-30+6=-18
Problem(3):- Find the dot product between 'R H H T and’R H H
Solution:- Here given A,=5, Ay=2, A,=3 and B,=2, By=-3, B,=0
We know that ROR  =,|, =. =],
=5X2+2X(-3)+3X0
= 10-6+0=4
Problem(4):- Find the dot product between 'R H TandR H R T
Solution:- Here given A,=6, Ay=0, A,=2 and Bx=3, By=4, B,=6
We know that ROR =,[, =|. =.|.
=6X3+0X4+2X6
= 18+0+12=30
Problem(5):- Find the dot product between 'R H  Bbd'AR H H
Solution:- Here given A;=3, Ay=2, A,=0 and Byx=4, B,=3, B,=0
We know that ROR  =,|, =, =],
=3X4+2X3+0XO0

=12+6+0=18

2.4.2 Cross product or Vector product

Cross product of two vectors ‘Rand "Rdefined as a single vector Pwhose magnitude
is equal to the product of their individual magnitude and sine of the smaller angle between

them and is directed along the normal to the plane containing Band’®
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It is written by putting a cross ( ) between two
vectors. The resultant of this product possesses a
direction. Hence it is also called as vector product.

ML

Consider two vectors ‘Rand Rdrawn from a point
and inclined to each other at angle q as shown in the
Fig.2.15.

W}

Cross product of Band As given by

=

—

R P p =|[nid: 0 A

Where = is the unit vector of P directed Fig. 2.15 Cross produt between two vectors
perpendicular to the plane containing Aand 'R

Right hand thumb rule:

Imagine the normal to the plane

(PQRS) containing Aand Ao be held by your
right hand with the thumb erect. If the fingers

curl directed from Ao Rhen the direction of
the thumb gives the direction of ®  |P, P

1&:':3" BxA
Fig. 2.16 Right hand thumb rule
for cross product

For two perpendicular vectors and 'R the angle between them g=90°
R R AN T ARG T . AA = AA i @@T p
R R AA

Thus, the magnitude of the cross productof two perpendicular vectors is equal
to the product of their individual magnitude.

Since FlU+J . @are unit vectors mutually perpendicular to each other
(Fig.2.2).

(=)

Fig. 2.17 Cyclic Rule
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For two parallel vectors ‘Band 'R the angle between them g=0°
R R CAAIL T2 ARl (s AA . = = 0 D‘{'f<n >
[[ @

Cross product of two equal vectors is always a null vector.
\SHU BU sHU BU

Cross product in terms of rectangular component
LetAy, Ay, Apand Ay, Ay, Apare the rectangular components of two vectors

‘Band Aespectively.
Then® Ay HU'A, HU'AS
And R Ay HUAy HUA

Cop B niHIHL HIA Ho Hus HU

R R =] = w=l. =]l =]

The cross product in terms of rectangular component of two can also be written in the form
of determinant, as follows

H H 1
R R A = =

Problem(1):- Find the Cross product between 'R H H T and'R H H 1

Solution:- Here given A;=3, Ay=2, A,=5 and Bx=4, By=3, B,=7
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We know that’ ® "R =, ||. =.||. HU =.||. =.||. H =.||.
¢ X VoHUV 1T 0 X HHo 0 ¢ 17Q
PT puHI M ¢pH 0w YQ
H HQ
Problem(2):- Find the cross product between 'R H H T and'R H  HT
Solution:- Here given A,=2, Ay=5, A,=6 and Bx=3, By=-6, B,=1
T
We knowthat’ ® B A, = =, = H HU

= p ¢ ¢ H p ¢ o 0O ¢ v o

=W 09 H pY Q pgopu
=Hp Hpo Q ¢Xx

=T pHUp @HUG XQ
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EXERCISE
VERY SHORT ANSWER QUESTIONS(2 Marks each)

Define Scalar and Vector Quantity? Give one example of each of them.
State the characteristics of null vector.
State the triangle law of vector addition.
Define coplanar vector.
Find the dot product between ‘R HI H TandR H H
[Ans.Here given Ax=3, Ay=2, A,=3 and Bx=5, By=-3, B,=0
We know that ROR =,[, =|. =.|.
=3X5+2X(-3) +3X0=15-6+0=9

o rwbdpE

6. Find the dot product between 'R H HTand'R H H

[Ans.Here given Ax=5, Ay=6, A,=1 and Bx=2, By=3, B,=0
We know that ROR =, || o« = || « = || )
=5X2+6X3+1X0
=10+18+0=28

SHORT ANSWER OUESTIONS (5 Marks each)
1. State and explain triangle law of vector addition.
2. State and explain Parallelogram law of vector addition.
3. Find the Cross product between R H H TandR H H 1
[AnsHere given Ax=2, Ay=4, A,=3 and B,=4, B,=6, B,=7

A
We knowthat’ ® B As = =, = H HU

=l x 0 ¢ H x o1 Q¢ @ T T
Y py |'~DT PG Qpg Po
=t H Q1 =pmHHICHTQ
4. Drive the resolution of a vector on horizontal and vertical components.

5. Find the Cross product between ‘R H  Bud'AR H H

[AnsHere given Ax=3, Ay=2, A,=0 and Bx=4, B,=7, B,=0
N
We knowthat’ ® B A, = =, = H HU
=g m m x H m 1t Qo x ¢ 1
=ttt m HE M QcpyYy=HT HI Qpo=p &

LONG ANSWER OQUESTIONS (10 Marks each)

1. Explain different types of vectors with diagram..
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UNIT 3
KINEMATICS

Motion is common to everything in the universe. We walk, run, and ride a bicycle.
Even when we are sleeping, air moves into and out of our lungs and blood flows in arteries
and veins. We see leaves falling from trees and water flowing down a dam. Automobiles and
planes carry people from one place to the other. Motion is change in position of an object
with time. In this chapter we are going to discuss basic concept of kinematics (i.e., study of
motion of bodies without the consideration of the force involved).
3.1.1 Rest

A body is said to be at rest when it does not change its position with respect to the
surrounding or a specified reference frame.

The position of a body can be specified by its projections on the three axes of a
rectangular co-ordinate system having its origin O at a fixed point. Distances of these
projections from O are called as Position co-ordinates. If the co-ordinates do not change with
time, the body is said to be at rest.

3.1.2 Motion

A body is said to be in motion if it changes its position with respect to the
surroundings or a specified reference frame.

As the body moves along any path in space, its projections move in straight line
along the three axes. The actual motion can be reconstructed from the motion of these three
projections.

3.2.1 Displacement

Displacement is a vector connecting between the initial and final position of the body
and directed away from the initial position towards the final position.

The shortest distance between initial and final position of the body is called as
displacement.

Displacement can be representedasis © and di mensii olnalYy ahdor mu |
its Sl unit is Metre (m).

3.2.2 Speed

Speed of a body is defined as the distance travelled by the body in unit time.
SPAAA— -
Dimensional formula of speedis 0 0 "Y and Sl unit is Metre/ Second (m/s).

3.2.3 Velocity @

Velocity of a body is defined as the rate of change of displacement of the body.
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.A'rl "H ."Iv_’l -]:. I.:Ivl ’i’ ."Fui-l 7|,.| é] |

A1 CIHIT H Vi

The velocity at a particular instant of time is called as instantaneous velocity.

~
©

T WIHHD 0 "|;'§?,I

Dimensional formula of velocity is 0 0 "Y and

3.2.4 Acceleration ()

Sl unit is Metre/ Second (m/s).

Acceleration is defined as the rate of change of velocity of a body.

oA Sy ey g ATTHECHIHHD T HE T o
AHHHL "HTEH "I A TR
x Hy
g B e
"H,,I [ ] <
. H%
B —

Dimensional formula of accelerationis 0 0 "Y

3.2.5 Force (P

and Sl unit is m/s? or ms™

Force is an external agent capable of changing the state of rest or motion of a body.

ET IT"BH T HII'HHHHL "HT'H i 1

® [ H

b

@ | _HI
Dimensional formula of Force,¢ 1 H E E

And Sl unit is kg m/s? or Newton

~
0

fl E EN

3.3.1 Equations of Motion under Gravity (downward motion) ~ ®UQ
Consider a body falling freely f r om a poi v
initial velocity u = 0. 't reaches asecpndandt h a=g
acquires a velocity o6v6é due
the graheneg &Y® i s cal ljustdefoees
hitting the ground. It c oV e r Bowrdle nbvirg framn ~ @®.P
606 t o O6PO. Fig. 3.1 Body fall

from a height
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Therefore, the equations of motion under gravity in downward motion can be written as
follows:

For downward motion under gravity, = |

1. Velocity time relation o 0 F+40 | «

2. Displacement time relation | 0 « < ¢ <« -] «

3. Velocity displacement relation o 0 +]0 11

4. Di splacement in OWgh®d =—|=se-cond<> L.

For a freely falling body, ¢ =0
Hence, | -] «

This is the time of descent. It can be seen that this does not depend on the mass of
falling object provided air resistance is neglected.

3.3.2 Equations of Motion under Gravity (upward):

. . ~ @®v P
Consider a body thrown upwardf r om a poi
intialvel ocity o6ud a2 . timertabdh
after 6td second and acquire t
acceleration dueHdroe tdhwed girsav h a=-g
velocity after travelling a height h. A
L @u O

Fig. 3.2 abody is
thrown in to a height

The equations of motion under gravity in upward motion can be written as follows:

For upward motion under gravity, 3= |

1. Velocity time relation o 0 F+40 | «

2. Displacement time relation | 0 « < ¢ <« -] «

3. Velocity displacement relation o 0 + o 11

4. Di splacement i n owmgph®d =—|=se-cond<> L.

At maximum height, v = 0, so, t = —. This is the time of ascent.

SCTE & VT LEARNING MATERIALS ENGINEERING PHYSICS Page23




LA A
1 1 1

This is the maximum height reached by the object when thrown with an initial velocity of u.

Hence, | ¢ <« -] <

3.4 Circular motion

A body is said to move in circular motion, if it moves in such
a way that its distance from a fixed point always remains constant. ya

3.4.1 Angular Displacement (Yq) Fig. 3.3 Circular motion

Angular Displacement of a body undergoing circular motion is defined as the angle
turned by its radius vector.

It is a vector quantity. It acts along the axis of rotation as per the right hand thumb
rule.

v

P

<
v

Here angular displacement is dimensionless quantity 0 0 Y and its Sl unit is radian (rad).

3.4.2Angular Velocity (w)
Angular velocity of a body undergoing circular motion is defined as the rate of change
of angular displacement with time.
It is a vector quantity and act along the axis of rotation i.e. along the same direction
as displacement vector.
Hp
()] '.—4

Here dimensional formula of angular velocityis 0 0 "Y and its Sl unit is radian per
second (rad/s).

3.4.3Angular acceleration (a)
Angular acceleration of a body undergoing circular motion is defined as the rate of
change of angular velocity with time.
It is a vector quantity and acts along the axis of rotation.
(0]

.

Here dimensional formula of angular accelerationis 0 0 “Y and its Sl unit is radian per
second ? (rad/s?).

3.5.1 Relation between Linear displacement(Ds) and Angular Displacement
(Da):-

Vv
>

We know thatYP
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Yv »YP, this is the scalar form.

In vector form, Linear Displacement = Qi Q—i

3.5.2 Relation between Linear velocity (v) and Angular velocity (w):-

We know that the angular velocity,

mp
] W
m
0] ?4 ;i: ;dg=ds/r
oy
(D ; O ’O i<

<2

| "I | thisis linear speed (scalar form).

In vector form,® P [ 2

3.5.3 Relation between Linear acceleration (a) and Angular acceleration (a):-

We know that the angular acceleration,

g o
N 4
5 m, IS /
- —= “W=v/r
B »B
u,
6 _ . .
“F + wy

=|= »0 | This is linear acceleration or tangential acceleration.

In vector form =b b p

Example (1):- A car goes round a curve path, of radius 8 m, with a velocity 54 km ht.
What is its angular velocity?

Answer:- Given velocity, O v TE [ E vt —1 O pd O

and r=8m

We know that, 0 O

pu Y
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Example (2):- A particle moving in a circle of radius 10 m has its angular velocity

increased, in one minute, by 90 rad min'L. Calculate
(i) Angular acceleration
(i) Tangential or linear acceleration.

Answer:- Here given
At HTUITHAH "HTW HOT Hi MISHIH T — THH 8 T H'H
and time = 60 s, radius r =10 m
Al CHTIUHBH "HL T HOLT "Hi 8 o.

(i) Angular acceleration,® T — 1 'H'H — I 'H'H

(ii) Linearacceleration,=|= "1 ® — 1 7l 8 1 7l

3.6 Projectile motion

Projectile is a body thrown with an initial velocity in the vertical plane and then it
moves in two dimensions under the action of gravity alone without being propelled by any
engine or fuel.

The path of projectile is called its trajectory.
Example:-

0] A cricket ball thrown into the space.
(ii) A fruit falling from a tree.

(iii) A bullet fired from a rifle.

(iv) A bag dropping from an aeroplane.
(V) A football kicked into the space.

3.7 Projectile fired at an angle q with the horizontal.

Consider a projectile fired fromwit point O
horizontal. The projectile rises to the maxi mu
on the same level of projection (Fig. 3.4).

Since the projectile movesin X-Ypl ane, so velocity 6ué can
components as follows.

() u cosqg along horizontal direction. This component is uniform since it does not
depend upon acceleration due to gravity
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(i) u sing along vertical direction. This component is non-uniform since the
acceleration due to gravity (g) acts exactly opposite to it. It is zero at the
maximum height.

The above mentioned two components are independent to each other, since they are
mutually perpendicular.

Fig. 3.4 Projectile fired at an angle 6 with horizontal

The following important results can be derived in this case.
3.7.1 Equation of trajectory

It is an equation which connects between horizontal displacement and vertical
displacement of the projectile motion.

Applying equation of motion, I “I "I -"HI
along horizontal direction we get,
o IH T o- "l
Here, horizontal direction, s = horizontal displacement = x,

u = horizontal displacement=0Af O
a= horizontal acceleration=g =0

Hence, & "1 "HI "l
O "Hi Al 2)
Applying equation of motion,”l " "l -HI -------mseeeemo- (3)

along the vertical direction, we get

s = vertical displacement =y
u = Initial vertical velocity = u sing
a = acceleration due to gravity = -g
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Therefore, from the above equation (3), we can write

« O7iH « —|< ----- 4)

Now putting the value of equation (2) in equation (4), we get

v vy o© € 5 b e 6
(0] I I [ I .HT " - H.I .HT "
€ LR T4 [ 7 I .
O Ol Hi S P (5)

This equation is known as equation of trajectory. Since equation (5) satisfies the
equation of parabola, so the path of the projectile is parabolic.

3.7.2 Maximum height (H)

It is the maximum distance travelled by the projectile in vertical direction. It is
travelled due to vertical component of velocity.

Applying equation of motion,

~
3

| "H (6)
Here we have considered the motion of projectile in the vertical direction, so we can write:

s = maximum height = H
u = Initial vertical velocity = u sinq
v = final vertical velocity at the highest point= 0
a = acceleration due to gravity = -g
Therefore, from the above equation (6), we get:

o vie o HE

0 — ~(7)

3.7.3 Time of ascent (t)

It is time taken by the projectile to reach the maximum height from the point of
projection.

Applying equation of motion,

T HA- (8)
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Here we have considered the motionofpr oj ect il e form 606 to 6PO
SO we can write:

u = Initial vertical velocity = u sinq
v = final vertical velocityat the highest point = 0
a = acceleration due to gravity = -g
t = time of ascent
Therefore, from the above equation (8), we get:

~ ~
UI I‘I i i !I I"I

T — ©)

The above equation represents the time of ascent of the projectile.
3.7.4 Time of descent (t)

It is time taken by the projectile to reach the level of projection from the maximum
height.

3.7.5 Total time of flight (T)

It is total time taken by the projectile to come back to the ground from which it was
projected.

If the air resistance is neglected, then time of descent is equal to the time of ascent =t.
Therefore,
AT "IHIT AT © THE 1o TT7FHY CHETD T T RMOHT CHTHT

TUET TN
H "H

“y

w T
e (10)

3.7.6 Horizontal range (R)

It is the distance travelled by the projectile in the horizontal direction during its time
of flight. The horizontal range is travelled due to the horizontal component of velocity which
is uniform.

R T i o TITHL BHHR T oW T CAmE | THE )
. T
N IH P

"1 i TTHL PI
d H
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3.7.7 Condition for maximum Horizontal range (Rmax)

We know that the horizontal range of projectile motion is

ltiscl ear that horizont al range depends upon
and angle oP.pFojec¢ti xed &alue of O6ubd, horizont
proj et i ddord zont al rangeqdwiilsl nmbaex,i mauxri.mum i f 0O
Ti TP
i QP i d
¢P

This is the condition for maximum horizontal range. Maximum horizontal range can
be written as

Yoo e (12)

This is the maximum horizontal range travelled by the projectile fired at an angle # =45°.
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EXERCISE

VERY SHORT ANSWER QUESTIONS(2 Marks each)

Define rest and motion.
Distinguish between distance awdlisplacement.
How do you define acceleration? State the unit in which it is measured.
What do you mean by horizontal range? Under what condition it is maximum?
A body starts from rest and covers a distance by acquiring a velocity of 20m/s in 5
sec. Find th acceleration. [Ans. 4m/3
A body covers a distanceof 50m along a straight line in 5 sec. Calculate the speed at
the end of 5 sec? [Ans. 10m/s
Explain the circumstances in which a body has zero average velocity.

[ Answer

Average velocity = Net displacement/time taken

Suppose a car covers a distance of 50 m in 5 seconds and comes back to initial
position in 5 seconds. The average speed of car is 10 m/s, but average velocity is zero
because displacement is zero.

A body is moving in a circular path and complete one rotation. So, the total
displacement is zero. Therefore, average velocity is zero.

SHORT ANSWER QUESTIONS (5 Marks each)

Find the relationship between liner velocity and angular velocity.

Write short notes on (i) Velocity, (ii) Acceleration, (iii) Displacement

Find the relation between linear acceleration and angular acceleration.

A body starting from rest moves with an acceleration of 5 m/s2. Calculate its velocity

when it covered a distance of 20m. [ Ans. 14.14m/s
A body possessing an initial velocity of 10m/s moves an acceleration2m/s?. Calculate
its velocity at the end of 4 sec. [Ans. 18m/s

Show that the path of a projectilef i r ed atgbamwi amglherd zont al i
nature.

LONG ANSWER QUESTIONS (10 Marks each)
A projectile i s fwithmekihgawa o ¢ gba wd & Iho dirotl thezdbwnd a
following expressions
(i) Equation of trajectory
(i) Maximum height attained
(iii) Time of ascent
(iv) Total time of flight
(v) Horizontal range
(vi) Condition for maximum horizontal range.
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2. A body travels along a circular path of radius 10m. It completes half of circumference
in three sec. Calculate itds ,(ispeedandit) anc e
velocity.

[Ans. ()31.4m, (ii)20m (iii)10.466m/s, and (iv)6.666m/s

UNIT 4

WORK AND FRICTION

4.1 WORK:

Work is said to be done if the force applied on a body displaces the body and the force has a
component along the direction of displacement. Work is a scalar quantity and is the doit
product of two vectors Force and Displacement.

W="0b="0i ¢¢é i — F

Where, W = work done

F = magnitude of the force )9 X

s = maghnitude of the displacement 3 .
) d = angle between the forcFigure‘L1

A If,d = 0AwWs"Ot GréJh "OB
Here, Force and Displacement are in the same direction and work done is positive,
which means work is said to be done upon the body.

Example: An object falling freely under the action of gravity, Kicking a football,
A car moving forward etc

A lfid = thénAW="OiATud T
Here, Force and Displacement are perpendicular to each other and no work is done.
Example: A person carrying a box over his head and walking in the horizontal
direction. In this case, work done by the force of gravity is zero.
9 Ifd = 180Wz='OtodwAt 'Oi
Here, Force and Displacement are in the opposite direction and Negative work is
done means work is done by the body.

Example: Work done by the force of friction is negative. Pushing a car up a
hill, when it is sliding down, Brakes applied to a moving car, Object pulled over a
rough horizontal surface etc.

A When the force is applied without any displacement, then also work done is zero.
W=Fx 0=0
Example: A person sitting on a chair and studying a book, Pushing a wall etc

Unit:
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The Sl unit of work is Joule (J) and the CGS unit is Erg.

The Sl unit and dimensions of work and energy are same.

Dimension:

_ m J J
T 7 vaee vRUS 4 dd

W= Fdcos @

(@)
(b) ©
Electric
generator
F
d
(d) ' ‘ ©)

. Examples of work. (a) Positive work-The work done by the force F on this lawn
mower is Fd cos d. Here F cos d jthe component of the force is in the direction of
motion. (b)Zero work- A person holding a briefcase does no work on it, because
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there is no motion. (c) Zero work- The person moving the briefcase horizontally at a
constant speed does no work on it, as Force and Displacement act Perpendicular to
each other.(d) Positive work- Work is done on the briefcase by carrying it up stairs at
constant speed, because there is a component of force F in the direction of the
motion. (e) Negative Work- Here the work done on the briefcase by the generator is
negative, because F and d are in opposite directions.

4.2 FRICTION

Let us say there is an almirah placed on the floor. One person tries to push it. He exerts
force, the almirah does not move in the beginning. Then, the person increases force little by
little and at one point the almirah starts to move.

Let us analyse this situation. When the person is applying force, the force must have some
effect (the force must create acceleration). But apparently there is no effect. Why is it
happening? It is because when the person is applying force, the floor is exerting an equal
amount of force on the almirah. Hence, the effect of force is getting cancelled. When the
person is increasing the force, the force on the almirah by the floor is increasing too.
However, there is a limit to the force by the floor. Once, it is reached, the almirah starts to
move. However, when the almirah is moving, the floor is still applying force on the almirah.
The force tries to oppose the motion of the almirah. In this example, the force on the almirah
by the floor arising because of the contact between them is frictional force.

In this chapter, we will formally discuss the concept of friction, the types of friction and the
laws regarding friction.

Definition:

The force which opposes or tend to oppose the relative motion between two surfaces
in contact is called as force of friction.

pr——) - Applied Force

f - Frictional Force
A——

S S

Figure 4.2

Force of friction is created because of the inter-locking of two surfaces in contact.
4.2 TYPES OF FRICTION:
Friction can be classified into four types.

1. Static Friction- Static Friction is the opposing force exists between a surface and
object at rest. Example- A book on a table.
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2. Kinetic (dynamic) friction-Dynamic Friction is the opposing force created when two
solid surfaces slide/ move over one another. Example- writing on paper or pushing
a chair across the floor. Walking on the road.

3. Roalling friction - Rolling friction is the opposing force created between moving
surfaces when one rollsover another. Example- Car moving on road, Rolling a ball
down the lane

4. Fluid friction (viscosity)- Fluid friction is the opposing force created when something
tries to move on or through the gas or liquid. Example- Pushing up water backward

while Swimming.

In this chapter we will focus on static and dynamic friction and the laws regarding them.

1. Static Friction:

U The force of friction which comes into play when there is no relative motion between two
surfaces in contact is called as force of static friction. Force of static friction is equal and
opposite to the applied force till the body is at rest.

U For example, a person or a group of persons are trying to push a heavy object. Initially,
a small force is applied, and the magnitude of force is increased gradually. The
magnitude of static friction increases gradually too. As long as the object is in static
condition, the floor exerts an equal and opposite force on the object. As in the below
figure, the applied force is towards the right, hence the frictional force is towards the left.

F — applied force (O

g |

fs— force of static,

| |
friction /S S/

Figure 4.3

U Static friction is a self-adjusting force.
U The maximum value of static friction is called the limiting friction.

oY (1)

Where, "Q force of limiting friction
‘ coefficient of static friction
'Y Normal reaction

Once the limiting friction is reached, the body starts to move, and kinetic friction comes to
picture.
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f, — force of limiting friction
f, — force of kinetic friction

Force of friction

L J

Applied force

Figure 4.4

2. Kinetic (dynamic) Friction:

The force of friction, which comes into play when there is relative motion between two
surfaces in contact is called as force of kinetic friction or dynamic friction or sliding frcition.
The direction of the frictional force is always opposite to the direction of motion, for which
the relative slipping is opposed by the friction.

Hence, Q  * 'Y mmmmmmmmmem e @)

Where, "Q force of kinetic friction
‘ coefficient of kinetic friction
'Y Normal reaction

4.4, LAWS OF LIMITING FRICTION:
Statements about factors upon which the force of limiting friction between two surfaces
depends, are termed as laws of limiting friction. They are stated as below.
i. The direction of force of friction is always opposite to the direction of motion.
ii. The force of limiting friction depends on the nature and state of polish of the
surfaces in contact and act tangentially to the interface between the two
surfaces.

iii. The magnitude of limiting friction "Qis directly proportional to the magnitude of
the normal reaction R between the two surfaces in contact.
Qe 2
iv. The magnitude of the limiting friction between two surfaces is independent of
the area and shape of the surfaces in contact as long as the normal reaction
remains same.

4.5. COEFFICIENT OF FRICTION
U The frictional force ("Q is directly proportional to the normal reaction force (R) and the
proportionality constant W is called the coefficient of friction.
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U Hence, the coefficient of friction is defined as the ratio of the friction force to the normal
force.

U The coefficient of friction is determined experimentally.

U As the unit and dimension of frictional force and normal force are same,* is unit and
dimensionless.

U The coefficient of friction depends on the nature of the bodies in contact, their material

and the surface roughness.

Example 1:

A box of mass 30 kg is pulled on a horizontal surface by applying a horizontal force.
If the coefficient of dynamic friction between the box and the horizontal surface is 0.25, find
the force of friction exerted by the horizontal surface on the box.
Answer:

Mass m = 30 kg, * T UL

Normal Reaction R = mg

M Yt O "afQ mguv omm o X@®@0QLOE E

Example 2:

A body of mass 10 kg is placed on a rough horizontal surface at rest. The coefficient
of friction between the body and the surface is‘ = 0.1. Find the force of friction acting on
the body.

Answer:

Since, the body is at rest, the force of static friction will come into play which is equal
to applied force.

Since, applied force is zero, the force of static friction is zero.

Example 3:

Find the force of friction in situation as shown in the below figure. Take g = 10 m/s?

F=2N
m=>5kg
S S S S S S =0

Answer:
The magnitude of limiting friction Q [ Y=T®® U C v .

We see, the applied force is smaller than the force of limiting friction i.e., "O Q
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So, the force of static friction = magnitude of applied force = 2 N.

4.6 METHODS TO REDUCE FRICTION:
The following methods can be used to reduce friction when friction creates hurdle in the
performance of machines or for similar necessary reasons

By polishing or rubbing:
The roughness of a surface can be reduced by rubbing or polishing it. The
polishing makes a surface smooth and reduces friction.

Lubrication or use of talcum powder:

Friction can be reduced by using lubricants like oil and grease or talcum powder
as they form a thin film between different parts of a machine. This film covers up
the pores & the lumps present on the surfaces of different parts, and hence
improves the smoothness.

"

By converting sliding friction to rolling friction:
Rolling friction is lesser than sliding friction. Hence, ball bearings can be placed
between the moving parts of a machine to avoid direct contact between them.

This reduces friction.
Ball Bearings in a Wheel

Tuming
cylinders

Streamlining:

The objects that move in fluid, for example, bullet train, ship, boat or aeroplane,
the shape of the body can be streamlined to reduce the friction between the body
and the fluid.
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EXERCISE

Very short type questions (2 marks each)
1. Define work. Write its formula and unit.
2. Define friction.
3. Define limiting friction. Write its formula.
4. Define coefficient of friction. State its unit and dimension
Il. Short type questions (5 marks each)
1. Define limiting friction. State the laws of limiting friction.
2. Write five methods to reduce friction
Il Long type questions (10 marks each)
1. Compare static and kinetic friction. State the laws of limiting friction.
2. Define friction and coefficient of friction. What are the methods to

reduce friction?
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UNIT 5

GRAVITATION

We throw a ball upward, it goes to a certain height, then it comes back towards the
earth. The ripened fruit of a tree comes down in a straight line. The fruit does not go
side wise or diagonally. So, the question is what makes these objects fall. Is there
something which is pulling the fruit? Is it earth that is pulling? Now, again the
guestion is if earth can pull a fruit, can it pull the moon too? So, in a sentence, is the
nature of force acting between the earth and moon and that between earth and fruit
same? Thinkers, philosophers, scientists have pondered over these questions deeply
and have gifted us with simplified ideas about the laws of nature. In this chapter we
will discuss the basic and fundamental classical laws in the field of gravitation.

5 1. Newt onds Laws of gravitation:

Each body in the universe attracts every other body with a force which is directly
proportional to the product of their masses and inversely proportional to the square of the
distance between them.

Let m1 and m2 be the masses of two point-objects and the distance between them ber.

Then,&° 1i‘ﬂ2

& vlole (1)

Where, G = universal gravitational constant=6.67 p 1 0 Q0 0& Q
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Hence, with the increase in mass of one or both the objects, the force of attraction increases
and with increasing distance between them, the force of attraction decreases.

5.2. Universal gravitational constant (G)

The universal gravitational constant can be understood and defined from the
mathematical expression of gravitational force (equation 1).

If mi= m= 1 unitand r =1 unit, then ® O

(1 unit mass = 1 kilogram or 1 gram or 1 pound; 1 unit distance = 1 meter or 1 centimetre or
1 feet depending on the system of unit)

Definition:

The universal gravitational constant can be defined as the Gravitational force
of attraction between two unit masses placed unit distance apart in the
universe.

Unit:

From equation 1,

| Qo
o

Hence, unit of G is = Nm?2kg2

Now, Newton = Kgm s
So, unitof G in Slunitisi EC O

Dimension:

5.3. Acceleration due to gravity (g):

5.3.1: Gravitational force of earth

The Earth by virtue of its mass, attracts each body towards its centre. This is the reason an
object thrown upward falls back in a straight line and a projectile projected with certain initial
velocity also falls back to earth after traversing a curved path.
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Galileo Galilei after performing a series of experiment showed that all object falls with a
constant acceleration if left to fall freely. The numerical value of g is approximately 9.8 m/s?
in SI, 980 cm/s? in C.G.S or 32 ft/s?in FP.Ssystemnear the Earthos
changes with altitude and depth from the surface of earth.

5.3.2. Unit and dimension:

The unit of g is m/s%in Sl unit and the dimension is same as that of acceleration i.e. [M°L1T2].

5.4. Mass and weight:
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Mass

Mass of any object is the amount of matter that an object possesses.
Mass is constant irrespective of place and time.

Mass can never be zero

The unit of mass is g, kg etc.

Mass is a scalar quantity.

Dy >

Weight (W)

A Weight of an object is the measurement of the gravitational force acting on the object;
W =mg.

The value of weight depends onthe valueof6accel erati on due
and is not constant.

Weight can be zero where acceleration due to gravity becomes zero.

The unit of weight is Newton and Dyne .

Weight is a vector quantity. It is directed towards the centre of earth.

>

> v >

5.5 Relation between g and G:
Suppose the mass of the Earth = M, Mass of the object on the surface of the earth = m,

Radius of earth= R.

Figure 5.2

Then, the magnitude of the gravitational force acting on the mass m by Earth is

& ' (2)
I f the acceleration of the obflwt is g,
F=mg-—- 3)
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By comparing equation 2 and 3,

C — @

Equation 4 describes the relationship between acceleration due to gravity (g) and
universal gravitational constant (G).

Example 1

A mass of 2 kg experiences a weight of
planet?

Answer:
Weight=mg=18N,g=—=— 9ms?
Example 2

Find the force of gravitational attraction between two neutrons whose centres are p T m
apart. Given G =6.67 pm 0d& QQ,massofneutron=167 p1m QQ

Answer:
Here, mi=m,=1.67 pmnm QB pm mG=667 pmn 0a QQ

C

8 =18 pm 0

So,"0 "O%8E< 667 pm
l p Tt

qT

Example 3

Two bodies of masses 2 kg (body A) and 5 kg (body B) are placed separated by a
distance of 0.4 m. Assuming the only forces acting between them are due to gravitational
interaction, find their initial accelerations.

Answer:

The two bodies will experience gravitational force F which are equal in magnitude and
opposite in direction

O O——+t 0 ¢HX pnpp;e:’:m.? pmt N

If a;and a are the initial accelerations of body A and B respectively,

p T
a=— 2P ¢®u p P m/s?

1 nP T
gpz=— B PT w Tt p m° /s?
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Example 4:

A body weighs 90 kg wt on the surface of the earth. How much will it weigh on the surface
of the mars if its radius is ¥2 and mass 1/9 of the earth.

Answer:
Given, Mass of Mars = M, =1/9 Mass of Earth = 1/9 M.

Radius of Mars = Rm= % Radius of Earth =12 R
Weight of body on the earth= We = Mge = m — = 90 kg wt

Weight on mars, Wn = mgm = ?

Where ge and gm are acceleration due to gravity on earth and mars, respectively.

Q9 —=__=_ ___-_0

where M. and Mpare the masses of earth and mars, respectively and R and Rpyare the
respective radii.

S, =a"Q=-4a"Q - T 17108

5.6 Variation of g with altitude and depth
a: Variation with altitude

Let us represent earth as shown in the below figure.

Figure 5.3
An object of mass m is placed at P at a

Let us denote g = acceleration due to gr
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So,C —

where, M = mass of earth

R = Radius of earth

No w, the value of acceleration due to gravit
So, C = = =Qp -
If h<<R, then, only the first two terms of the binomial expansion of p - are

considered and higher powers of h can be neglected.

So,Ce Qp — ----(5)

From equation 5, it is clear that the acceleration due to gravity decreases with
increasing height.

b: Variation with depth:

Let us represent earth as follows. Let the surface of earth (the sphere) be called S.

Figure 5.4

Let g = acceleration due to gravity on the surface of the earth

and C acceleration due to gravity at depth d below the surface of earth
Now, Q —
Here, M=-""Y ",

where,” mass density of earth,

SCTE & VT LEARNING MATERIALS ENGINEERING PHYSICS Page46




R = radius of earth
S0,"Q — =Y ==Y O(6)

Similarly, Q@ -* 'Y Q" "G----mmemee- 7)

Dividing equation 7 by 6,

¢ C .
P2
Hence, the value of acceleration due gravity decreases with increasing depth.

So, the value of acceleration due to gravity is maximum at the surface of the earth.

At the centre of the earth, where d= R, C%ecomes zero. So, the weight of the body
(mgbé) becomes zero at the centre of the eart

Example 5:

A body has a weight 81N on the surface of the earth. How much will it weigh when taken
to height equal to half of the radius of earth?

Answer:

Let F1 be the weight (gravitational attraction on the body due to earth) of body on the earth
surface.

Fi=— -(8)

Here, M= mass of earth, m = mass of the body and R= radius of the earth

When, taken to a height R/ 2 from the surfac

ofearthisx=Y —=—

Weight F at this place is 'O = =- (9)

Dividing equation 9 by 8,

olo

T
w

AsFi=8IN.Fo=- Y @=36N
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Example 6:

A mass of 5 kg is weighed on a balance at the top of a tower 20 m high. The mass is then
suspended from the pan of the balance by a fine wire 20 m long and is reweighed. Find
the change in the weight in milligram. (Given radius of earth = 6330 km).

Answer:

m =5kg, h=20 m=0.02 km

R = 6330 km
Now,—=1 — QN Q — QN Q —
So, change in weight =mgzi C® = & -300 pm N

5.7 Keplerodos Law aof Planetary Moti on

Keplerdés | aws of phe Ewsedéseribityg they mationooh plasets e
around the sun.

15t law (Law of Elliptical orbit):

All the planets revolve in elliptical orbits with the Sun situated at one of its foci.The
point at which the planet is close to the sun is known as perihelion and the point at which
the planet is farther from the sun is known as aphelion.

B Planet

A}

Figure 5.5.

I n the figure, AAG6 is the major axis of
minor axis with length 2b.

Since the focus of an ellipse is not equidistant from the point of orbit, the distance
of planet varies from certain minimum to maximum value. Here, the rotation is the reason
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of season change from summer (nearer the sun) to winter (farther from the sun) and
repetition of same year after year.

The first law explains the change of season.
2"aw (Law of areal velocity)

The areal velocity of the planet is constant. That means, the line joining the sun to
the planet sweeps equal area in equal interval of time.

Planet®-.. N

§ Orbital Path i

Figure 5.6
According to the law :

If the planet moves from X to Y in time t and from A to B in the same time interval t later,
then the area OAB = area OXY.

=> AB x OA = XY x OX
From the figure it is clear that : OA < OX
Therefore ; AB > XY

Since the areal velocity is constant, the time taken by planet to move from Ato B = the
time taken by planet to move from Xto Y.

Since AB > XY , the planet moves faster when travels from A to B and moves slower
when travels from X to Y. Thus the orbital velocity of planet is not uniform. It is maximum
when the planet is nearest to sun ( summer season ) and minimum when the planet is
away from the sun at a maximum distance ( winter season ).

3 law (Law of time period)

The square of the time period of a planet is proportional to the cube of the semi major axis
of the ellipse.

Y Y

Where T = time period of the orbiting planet and R = semi-major axis of the elliptic orbital
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Figure 5.7

If two planets revolve around sun in two separate orbits with respective semi major axes
as R; and Ry, then the time period of the planets are related to R; and R; as
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EXERCISE

VERY SHORT ANSWER QUESTIONS (2 marks)

1. State the unit of g and calculate its dimension.
2. How does g vary with altitude and depth?

3. State the unit of G and calculate its dimension.

SHORT ANSWER QUESTIONS (5 marks)

1. State and explain Newtondés | aws of gravi

2. Differentiate between mass and weight.
3. State and explain the three laws of planetary motion.

4. Derive the relation between g and G.
LONG ANSWER QUESTIONS (10 marks)

1.i. State and explain Newtonbs | aws of
ii. Two particles of masses 1 kg and 2 kg are placed at a distance of 25 cm.
Assuming that the only forces acting on the particles are their mutual gravitational,

find the initial acceleration of the two particles. Given G = 6.674

pT & QQi

SCTE & VT LEARNING MATERIALS ENGINEERING PHYSICS Page51

gr

at




UNIT 6

OSCILLATIONS AND WAVES

6.1 SIMPLE HARMONIC MOTION (SHM)

Let us understand oscillation and simple harmonic motion by taking real-life examples.
In Raja festival, we swing. We sit comfortably at rest, then go up in one direction to an
extreme point and then in the opposite direction to another extreme point. You might also
have seen simple pendulum especially in old types of wall clock (see below figure) which
moves to and fro about the centre. The swing and the pendulum are said to execute
oscillation.

C (Extreme position) < > B (Extreme position)

BN . o
e - /

&

A (centre/meanor

equilibrium position)
Figure 6.2 Figure 6.b

Definition:-

Simple Harmonic Motion (SHM) is defined as the type of periodic motion in which the
restoring force is proportional to the displacement from its mean position of rest and
always directed towards the mean position.

Let : a particle is displaced by a distapnc:¢
restoring force tends to bring the body to its mean position due to elasticity.

For a small displacement, the force is proportional to the displacement and opposes
the increase of displacement.

Hence, F® (-)y,

Restoring force F = mass x acceleration

=>ma=-Ky,

K = Proportionality constant called force constant

=>a=-(Kmy=>a® -y,

The negative sign shows that acceleration is always directed towards the mean
position as it opposes the increase in displacement.

Thus in Simple Harmonic Motion acceleration (@) is directly proportional to the
displacement ( y) and is always directed towards the mean position
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Example:
I. Motion of simple pendulum
ii. Motion of a spring-block system
iii. Vibration of stretched string

iv. Bungee-jumping
V. Swing
Vi. Cradle etc.

6.2 EXPRESSION FOR DISPLACEMENT, VELOCITY, ACCELERATION OF A
PARTICLE EXECUTING SHM

Let us consider a particle moving in a uniform circular motion with a constant angular
velocity|

Yy

A

The projection of the motion of particle makes a simple harmonic motion along the
diameter of the circle of reference. Figure 62

The projection of the particle at timet=0is O.

At an instant of time t, the projection of the particle at P is A.

Then, OA =y = displacement of the particle at time t

OP' = radius of the reference circle =r

Then, d = angul @& QbiaQk al0e wetn t— § 0
a. Equation of Displacement:

In the right angled triangle OPP',S | n €— =
b 11 Qt +OEFTo
Where, r = amplitude of SHM
y = displacement of particle from the mean position at an instant of time t.
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b. Equation of Velocity:

) 29 L iogle 1L 0ETe i1 AllG
U —_. — | 0] | — (0] |
Qo Qo Qo
o 1] AINNQGxEip 19071 T o
So, at mean position,y =0, So,0 1 Wi m =1] which is maximum.
At extreme positions,y= 1,So,0 1 Wi i =0 which is minimum.

Hence, a particle executing SHM has zero velocity at the extreme positions and maximum
velocity at the mean position.

c. Equation of Acceleration:

-~

» — —11AT®™=i1—AT® i1 OETo
) 1 1i Qg1 01 W
Hence, M © ) (proved)

Now, I8 ]

At the mean position, y T, 0 TG minimum
At extreme positions, y i,<s 1 Si;maximum

Hence, a particle executing SHM has zero acceleration at the mean position and
maximum acceleration at the extreme positions.

Example 1:
If a particle executes simple harmonic motion of period 8 s and amplitude 0.40 m, find the
maximum velocity and acceleration.

Answer:
Here, T = 8 s.
S,d — — -0AQ&
r=0.40m
Maxi mum velocity mprnd = 0. 40
Maximum acceleration=3 O - 1@ 1T T& T Q0

6.3WAVE MOTION

In the previous subsection we studied about the oscillation of single particle. Now
let us study a situation where there is a collection of particles and the motion of one
particle affects other. The simplest and relatable example is when we throw a stone into a
pond which creates a disturbance in the still water. What we see is the disturbance is
propagating outward in circles as shown in the below figure.
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Figure 63

Now, the question is what is propagating? Is it the water particles which are
moving themselves? This can be tested by putting a small paper on the water. We can
see that the paper wild]l execute an O6up and
water particles are moving up and down where the disturbance is propagated outwards.

When there is a disturbance in a medium, due to elasticity of the particle of the
medium, the particles execute to and fro motion about their mean position, as a result the
energy as well as momentum transfer from one particle to another and so on. In this way
wave is produced.

When the wave propagates, the particles of the medium are not moving along with
the wave, but they are vibrating about the mean position.

6.4 TRANSVERSE AND LONGITUDINAL WAVE MOTION
Transverse wave:
U The type of wave in which the particle of the medium vibrate perpendicular to the
direction of propagation is called transverse wave.
U It results in the formation of crest and trough

Crest Direction of energy propagation

L

Amplitude{

Trough

Vibration of
particle/field

Figure &4

U The distance between two consecutive crests or troughs is called as wavelength
(o).

U Density of medium does not vary.

U Electromagnetic wave is a kind of transverse wave for which medium may or may
not be required.

U Example, all electromagnetic waves (light wave, radio wave, microwave etc.),
wave in a string
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Longitudinal wave:

U The type of wave in which the particles of the medium vibrate parallel to the
direction of propagation is called longitudinal wave.

U It results in the formation of compression and rarefaction (figure 6.5).

U The distance between two consecutive centres of compressions or rarefactions is
called wavelength (8&).

U Density of medium is higher at compression and lowest at rarefaction.

U Longitudinal wave needs medium for its propagation.

Ui Example, Sound wave

Compression Compression
B A Rarefaction Rarefaction

N Ear
) wavelength ;
Figure 65

Transverse Wave Longitudinal Wave
1 In a transverse wave motion, the 1 In a longitudinal wave motion, the
particles particles of the medium vibrate in a
of the medium/field vibrate in a direction parallel to the direction of
direction perpendicular to the propagation of the wave. For example,

direction of propagation of the wave. sound wave.

For example, electromagnetic wave.
2 The region of maximum upward 2 Longitudinal wave is propagated via
displacement is called the crest and the compression and rarefaction.
maximum downward displacement is
called trough.
3 Electromagnetic wave is a kind of 3 Longitudinal wave needs a medium for

transverse wave which may travel its propagation.
without a material medium.
4 Density of the medium does not vary 4 Density of the medium is higher at

compression and lower at rarefaction.
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6.5 DEFINITION OF DIFFERENT WAVE PARAMETERS

wavelength

7

amplitude

JAWAWA
\/ \/ \/ distance

Figure 66

Amplitude:
The amplitude of a wave is a measure of the maximum displacement of the wave from its
equilibrium position in either side. (Figure 6.6).

The amplitude is a measure of the intensity of the wave. To be particular ,intensity is the
square of amplitude.

S| Unit------ Metre

Dimension---- (L)

Wavel ength (@&):

It is the linear distance covered during one full wave or one full cycle.
S| Unit---- Metre

Dimension ----- (L)

The distance over which the shape of a wave repeats is called its wavelength. It is the
distance between successive points of the same phase on the wave, such as two
adjacent crests, troughs, or zero crossings (figure 6.6).

Time Period (T):
Time taken by a particle of the medium to describe or complete one full wave is called

Time- period.
S| Unit------- Second
Dimension ----- (M

Frequency (f):
It is the number of complete waves/full cycles described by the particle in 1 second.

Frequency = —— -

S| Unit------- Cycles/Second = sec! = HERTZ (Hz)
Dimension ----- (T1)
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Wave Velocity (v):

The linear distance covered or travelled by a wave per unit time (in 1 sec)
S| Unit------- Metre /second

Dimension ----- (L/T) or (LT 1)

6.6 RELATION BETWEEN VELOCITY, FREQUENCY AND WAVELENGTH

The wave velocity ((") is defined as the distance covered by a wave per unit time.

We know, the distance covered in a time per.i

So, the distance covered in unit time is —
That means O=—

But, f=—
O (6)

Equation 6 depicts the relationship between velocity, frequency and wavelength.

Example 2:
A broadcasting station radiates at a frequency 710 kHz. What is the wavelength in meter?
Given the wave velocity of waves = o p ma 7i

Answer:

f=710kHz=710 p i

v=0 pTmari

O o ptt .
7E xprmpfi T caa

6.7 ULTRASONICS

The branch of Physics which deals with study of ultrasonic waves is called
Ultrasonic.

The sound wave having frequency above 20 kHz or 20,000 Hz are known
as Ultrasonic waves.

The sound audible to human ear lies in the frequency range of 20 Hz to 20 kHz.
The sound wave with higher frequency i.e., in the range of 20 kHz to several GHz is called
ultrasonic waves.

Properties:
A Ultrasonic waves possess high frequency and hence high energy.

A Accordingly, the wavelength of ultrasonic waves is small.
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As ultrasonic waves are sound waves, they require material medium for their
propagation.

A With high energy, ultrasonic waves produce heating effect in the medium through
which they pass.
A Ultrasonic wave can accelerate chemical reactions and hence can facilitate
material synthesis.
Applications:
A In sonar system, ultrasonic waves are used to estimate the depth of ocean.
A Ultrasonic is used to locate divers, fish and to detect sunk ships and other under

> >

>\

water bodies. This is done by sending high intense ultrasonic pulses and by
detecting the reflected wave.

Ultrasonic is used in scanning to detect any anomaly in the internal organs.
Ultrasonic waves can be used for localized destruction of unwanted body cells or
bacteria.

Ultrasonic drills are used for shaping, cutting and machining of materials.
Ultrasonic baths are heavily used in industries and laboratories for cleaning
remote parts of machineries.

Fine particles of dust, smoke and ash coagulate when they are subjected to
ultrasonic

waves. This method is employed by industries to remove smoke from

industrial stack, acid fumes etc.
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EXERCISE

Very short type questions (2 marks each)

Define simple harmonic motion

Define wave motion.

Define amplitude and wavelength of a wave.

Define frequency and time period of a wave. State the relationship between them.
Derive the relationship between velocity, frequency and wavelength of a wave.
Define ultrasonics.

o gk wh R

Short type questions (5 marks each)

1. Compare transverse and longitudinal wave.
2. Write the properties of ultrasonic wave.

3. Write five applications of ultrasonic wave.

Long type questions (10 marks each)

1. Define simple harmonic motion (SHM). Derive the expressions for displacement,
velocity and acceleration of a body executing SHM.

2. Define ultrasonic. State the properties and applications of ultrasonic waves.

- g -




UNIT -7

HEAT AND THERMODYNAMICS

7.1 Heat and Temperature:

Out of different sensations of human beings, one is called sensation of
warmth. If we stand in the sun or near a fire, we feel hot. It means something

from sun or fire enters our body and excites the sensation of warmth.

A glass of ice -cold water left on a table on a hot summer day eventually
warms up whereas a cup of hot tea on the same table cools down. It means

that when the temperature of body and its surrounding medium are different,

heat transfer takes place between the system and the surrounding until the
body and surrounding medium attains the same temperature. We also know
that in the case of glass tumbler of ice -cold water, heat flows form
environment to the glass tumbler, whereas in case of h ot tea, it flows from

the cup of hot tea to the environment.

In this chapter we will discuss some parameters involving heat phenomena :
change of state , process es where heat is converted into work and effect of

heat on the expansion of substance.
Heat

Heat is defined as the form of energy transferred between two (or more)
systems or between a system and its surroundings by virtue of temperature

difference. Heat is the agent that produces the sensation of warmth.

Temperature

Temperature is defined as the deg ree of hotnes s or coldness of a body.
Temperature is a relative measur e or indication of hotness or coldness of a

body. A hot utensil is said to have a high temperature and ice cube is said to
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have a low temperature. An object that has a high temperature

as compared

to another object is said to be hotter. We can perceive temperature by touch.

Temperature is also defined as th

determines the direction of heat flow when

Difference between Heat and Temperature

Heat

Heat is the energy in transit which
transfers from one body to other
because of temperature difference

between them.

Heat is the total energy of the

constituent molecules of an object.

Heat flows from hot body to cold

body.

Its unit is Joule in S.|,Calorie in
C.G.S. and British Thermal Unit
(B.T.U.) inF.P.S.

It is a derived physical quantity .

Heat is exchangeable , it flows form

one body to another.

Heat transfer is a reason behind

temperature change.

The dimensional formula of Heat is
[M1L2T2].

e thermal state or condition of a body which

bodies are placed in contact.

Temperature

Temperature is the degree of

hotness or coolness of a body.

Temperature is the  measure of
average Kkinetic energy of the

molecules in a substance.

Temperature rises when an object is
heated and falls when it is cooled

down.

Its unit is Kelvin in S.I, degree
Celsius in C.G.S. and degree

Fahrenheit in F.P.S.
It is a fundamental physical quantity .

Temperature is not exchangeable.

Temperature variation is the result of

gain or loss of heat.

The dimensional formula of

temperature is [MCLOTKY].
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7.2 Units of heat

Heat is measured in following units:
System of Units

F.P.S

CG.S

M.K. S

7.3 Specific Heat

feYE _, " " ’

it undergoes a

temperature change

Unit of heat

British Thermal Unit (B.T. U)

Calorie(Cal.)

Joule(J)

Joule(J)

w7 ) y y 0w TREENN ~ i A

L J ¢ J - < +

eYfje, then

Y1 © m (the greater the mass, greater the amount of heat required)

Y1 © Y4( more the amount of heat absorbed, higher the rise in temperatu re)

Combining the two factors together,

Or

If m = 1 unit,

} cC= VY1

Y4 =1 unit,

Y18 my4
Y1 CmY4
_ ‘substance © and it'is'given by’

y

C= —
Yy

Specific heat is defined as the amount of heat required to raise the

temperature of a unit mass of

substance through unit degree .
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Units of specific heat:
C.G.S Cal.g *°c*

S. 1 Jkg tK?!

1Cal.g *°C'=4200Jkg *K*

Dimensions of specific heat:

y
We know , specific heat C = 5

b Cle———— = -, 4+

This is the dimensional formula of specific heat and the dimensions are 0, 2, -

2 and -1 w.r.t mass, length, time and temperature respectively.

Specific heat of ice = 0.5 Cal. g'°ct=2100Jkg *K*

Specific heat of water = 1 Cal. g toct=4200Jkg K

Specific heat of steam = 0.46 Cal. g toct=1932Jkg *tK*

Example 1

If the specific heat of gold is 129 Jkg * K*, Then what quantity of heat energy
is required to raise the temperature of 100 g m of gold by 50.0 K?

Solution:

It is given that,

Mass of the gold = m= 100g = 0.100 kg.
Specificheat= C= 129 Jkg 'K™
Temperature = ¥T =50.0 K

Hence the amount of heat required
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Q= mCYT
Q=(0.100kg) . (129 Jkg *K™). (50.0K) =645J
So, the heat energy required to raise the temperature of 100 g gold is 645 J.

Example 2
A pot is heated by transferring 1676 KJ of heat energy to the water. If there is
5.00 kg of water in the pot and the temperature is raised by 80.0 K , then find

the specific heat of water ~ ?

Solution:

It is given that,

Mass (m) = 5.00kg
Temperature ( 3T)=80 .0K
Heat supplied (Q) = 1676 KJ= 16,76,000 J

Specificheat, C= ——

Now putting values in the above formula, we get,
C= =4190 Jkg ‘K™

8 8 g
Hence , the specific heat of water is 4190 Jkg T K™

7.4 Change of state

We know that ice (solid) gets converted to water(liquid) while water gets
converted into  steam(gas) on heating. This is, in general, true for all materials.
Different names assigned to various processes of conversion of matter from

one state to other is sh owninFig7. 1.
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onergy increagy - nergy Ncreage s

SOLID «——> LIQUID +— GAS

N st oy st

ILDIFIES CONDENSES

Fig. 7.1

On absorbing heat, molecules of matter become more energetic and start
vibrating more vigorously. When their energy increases to such an extent that

they become capable of leaving their mean positions, solid is converted into
liquid. On further heating, mo lecules undergo translatory motion more
vigorously , but they cannot leave the boundary of liquid. When their energy

becomes high enough to cross the barrier of the surface of liqu~ *' ** ~0 in

space and become almost free. The substance is said to be conv erted into a
gas.
On deriving heat from matter, molecules lose energy gradually, and the matter

follows a reversed path, going from gas to liquid and then to solid.

The transition from solid to liqud _ , ", ° . _ Méltingm """ "L, 0
from liquid, . _ . "~ _, " FreezingMm *~ " ‘" L

The transition from  liqguid to gaseous _ , " , ° . _ Vapobrizaton™M L’ °
transition from  liquid |, ~  _, " €dndensation M ‘" L

v ‘ ~ [ ) ’ ) = ~ t "d_thé

Definition of latent heat: -

During a phase transition, the supplied heat is solely used to change the state

and do not raise the temperature of the material.

The amount of heat  required to change the state of unit mass of substance at

constant temperature.

SCTE & VT LEARNING MATERIALS ENGINEERING PHYSICS Page66




Latent heat (L) is given by ,

Where, Q is the amount of heat supplied and m is the mass of the

substance.

Latent heat of fusion(L ) of a substance is defined as the amount of heat
required to convert a unit mass of substance from solid to liquid state at the

melting point without any change in temperature. ( L; ofice=80cal.gm ™).

Latent heat of  vaporization (L,) a substance is defined as the amount of heat
required to convert a unit mass of liquid into its vapours at its boiling point

without any change in temperature. (L . of water=540 cal. gm ™).

Phase Change Diagram

Vaporization

M;t'l‘n Liguid

Freezing
-

Temperature

Solid

Heat Energy
Fig. 7.2

Units and Dimension of Latent Heat:
We know
L= —

In C.G.S, the unit of heat(Q) is calorie and the unit of mass(m) is gram.Hence

the unit of latent heat in C.G.Sis Calg ™
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In S.1 the unit of heat(Q) is Joule and the unit of mass(m) is kilogram.Hence

the unit of latent heat in S.l is Jkg *.

The dimensional formula of latent heat,
== — M7

So, the dimensions of latent heat are 0,2, -2 with w.r.t mass, length and time

respectively.

Principle of Calorimetry:

When two or more substances at different temperature are mixed with each
other they exchange heat with each other till the mixture attains a con stant
temperature. The process is governed by principle of calorimetry which can be
stated as follows. The principle forms the bases of experimental determination

of specific heat capacity or specific latent heat.

Whenever two or more substances, at diffe rent temperature are mixed with
each other, the net amount of heat lost by some substances is equal to that

gained by the others provided no heat is lost to the surroundings.

Example 1: Determine the latent heat of a 10kg substance if the amount of

heat required for a phase change is 200kcal.

Solution:

Given that Mass (M) = 10 kg, Amount of heat (Q) = 200k.cal.

By using the formula,

Latent heat = Q/M = 200/10 = 20kcal kg *

Example 2
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Calculate the heat required to convert 3 kg of ice at J12°C to steam at

100 °C at atmospheric pressure. Given specific heat capacity of
ice=2100 Jkg K™, specific heat capacity of water = 4186 Jkg J1K latent
heat of fusion of ice = 3.35 x 10 > Jkg™ and latent heat of steam =

2.256 x 10 ° Jkg’*
Answer
We have,
Mass of the ice, m = 3 kg

JJ.KJ].

Specific heat capacity of ice, Cice =2100 J kg
Specific heat capacity of water, Cuater =4186Jkg ™ KT
Latent he at of fusion ofice, L e =3.35x10 ° Jkg 1

latent heat of steam, L geam=2.256 x 10 ° Jkg "1

Now, Q = heat required to convert 3 kg of ice at J12 °C to steam at
100 °C,
Q1 = heat required to convert ice at J12 °Ctoice atO °C.

=m Cie 3T=(3 kg)(2100Jkg ™. K™)[0J (d2)]°C = 75600 J
Q2 = heat required to melt ice at 0 °C to water at 0 °C

=mL fie=(3kg) (3.35x10 °Jkg™) =1005000J

Q3 = heat required to convert water at 0 °C to water at 100 °C.

=m Cuaer 3T = (3kg) (4186J kg ™ K™) (100 °C) = 1255800 J

Q4 = heat required to convert water at 100 °C to steam at 100 °C.
=ML geam = (3Kg) (2.256 x 10 ° Jkg J1) = 6768000 J

So, thet otal amount of heat required is,

Q=Q1+Q2+Q3+Q4
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= 75600J + 1005000 J + 1255800 J + 6768000 J

=9.1x10 ¢ J

7.5 Thermal expansion:

It is our common experience that most substances expand on heating and
contract on cooling. A change in the temperature of a body causes change in

its dimensions.

The increase in the dimensions of a body due to the increase in its

temperature is called th  ermal expansion.

7.6 Thermal Expansion  of Solids. -

Thermal expansion is very evidentin  solids as atoms are densely

packed. The three types of thermal expansions in solid s are Linear expansion,
Superficial expansion and Cubical expansion.

7.7 Coefficient of Linear Expansion () -

The expansion in one dimension or increase in length, breadth or height is

called as linear expansion.

Consider a rod of certain material hav ing length L o at 0°C. Let the length

become L 4, at t°C.

Linear
Expansion
At0°C T N )
At t°C @ 4
< >
L
Fig. 7.3
Then, linear expansion = L t - Lo
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This linear expansion depends upon the following factors:
(1) Original length (L ), and varies directly with it,
i.e, (Li- Lo @ Lo.
(i) Rise in temperature (t), and varies directly with it,

i.e., (Li- Lo)b t.
Combining above two relations,we get
(Le- Lo 8 Lot
Or (Le- Lo =] Lot

t L= Lo H Lt = Lo X+, ( TLT LT LLL LT LT L1111

where @& eeis the constant of proportionality whose value depends upon the
material of the rod. It is called coefficient of linear expansion of the material

of the rod.

Definition: Coefficient of linear expansion( b)) of the material is defined as the

increase in length per unit original length per unit degree rise in temperature.

ltsunitinS.lisk tandincces °c 7t

Coefficient of Superficial expansion ( a -

The expansion in two dimensions or increase in area of a body

i.e increase in length and breadth due to heating is called as areal or

superficial expansion.

Consider a sheet of certain material with area A, at 0°C.

Let the area become A ; at t°C.

Then the superficial expansion (A Ao) depends upon original area (A
and change in temperature (t).

ie.(Ar Ao) © Ao

® ¢

0)
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_v» Arat t°C

A,

atonc “"‘"‘-.AA
I
Fig. 7.4
Combining above two relations, we get

(Ar Ao) 8 At

Or (At' Ao)z T Apt

or Ai=Ag+T Agt=A 1+ 1L 1T 1T - " 2¢
I —lrrrrrrrrrerrrrr- 3¢

where | is constant of proportionality whose value depends upon the
material of the sheet. It is called coefficient of superficial expansion of

the material of the sheet.

Definition: Coefficient of superficial expansion ( ) ofthe material is defined
as the increase in area per unit original area per unit degree rise in

temperature.

ltsunitinS.lisKk ‘andinc.cs °c L.

Coefficient  of cubical expansion ( 5

The expansion in three dimensions i.e in volume is called as volume
expansion or cubical expansion.
Consider a body of certain material hav ing volumeV , at 0°C. Let the

volume become 'V ; att°C.

SCTE & VT LEARNING MATERIALS ENGINEERING PHYSICS Page72




Fig. 7.5

Then, the cubical expansion (V  J V,) depends upon original volume (V 0)
and change in temperature (t).

Vi-Vo 8 Vo

0t

Combining above two relations, we get

ViVo @ Vi t
or VeVo = Vo't
or Vi=Vo+[ Vot=V @+ 7 1 1T T T " 4
or r ——388888888888888 ¢

where r is the constant of proportionality whose value depends upon
the material of the body. It is called coefficient of cubical expansion of

the material of the body.

Definition: Coefficient of cubical expansion (r) of the material is defined as the
increase in volume  of the cube per unit original volume per unit degree rise in

temperature.

ItsunitinS.lisk tandinC.G.S °c?

7.8 Relation between b, n and

Take a cube of with length of its sides as Lo at 0°C,
then the area of one of its faces A 0at0°C =L
Areaatt°’CisA ,=L {2

We know that length at t°C is L (=Lo+ | 1)
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By using this we get,
A,=[Lo I+ | D)]?
tAc=LP@+2 | t+ | 2t ?
As thevalueof | is very small, | ?term can be neglected.
ThenA =Lo2 (1+2 | t)
Hence A=A, (1+2 | t(asL >=Ao( I 11111 -- "0¢(

Since we know A =A1+ T (rrrrrrrrnrt1g(

From (1) and (2) above, we get
F=2 -t 24
Thus, the coefficient of superficial expansion is twice the coefficient of
linear expansion.

Similarly,

Volume at 0°C  is V, =L °

Volume att°Cis V=L

We know that length at t°Celsius is L (=Lo@@+ | 1)

By using this we get,

Vello (14 | 91

b Vel @+3 | t+3 | 22+ %

3

As | is small the higher orders of | e, 2 and | can be
neglected.

ThenV =L, 1+3 | 1

HenceV =Vo(1+3 | t)(@slk o>=Vo( I I I 1 - - - ' 3

Sincewe knowV (=V(l+ 1, (L1 1T 111" 4¢(

On comparing ( 4) and ( 5) above, we get
r =3 11 ¢)
Thus, the coefficient of cubical expansion is thrice of coefficient of

linear expansion.

From (3) and (6) we get

f=2 + | =1 . 110001100111 -"6(
=3 + | =r . 201000007
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