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KINEMATICS 
 

MOTION IN A STRAIGHT LINE 
 

IMPORTANT POINTS  
Study of motion of objects along a straight line is known as rectilinear motion.  
 
If a body does not change its position with time it is said to be at rest. If it changes its position with time it is 

said to be in motion. The position of the object can be specified with reference to a conveniently chosen origin. For 

motion in a straight line, position to the right of the origin is taken as positive and to the left as negative.  

 
Distance is defined as the total length of the path traversed by an object.  

 

Displacement is the change in position : Δx=x2-x1, Path length is greater than or equal to the magnitude of the 

displacement between the two positions  
 
An object is said to be in uniform motion in a straight line if its displacement is equal in equal intervals of time. 

Otherwise the motion is said to be non-uniform.  

 
Average velocity is the ratio of the displacement and time interval in which the displacement occurs.  

V=Δx/Δt  
On an x-t graph, the average velocity over a time interval is the slope of the line connecting the initial and final 

positions corresponding to that interval.  

Average Speed is ratio of the total path length traversed and the corresponding time interval. The average speed 

of an object is greater than or equal to the magnitude of the average velocity over a given interval of time.  

Instantaneous velocity or simply velocity is defined as the limit of the average velocity as the time interval Δt 

becomes infinitesimally small.  

 

𝑣𝑖 = lim
∆𝑡→0

∆𝑥

∆𝑡
=

𝑑𝑥

𝑑𝑡
 

The velocity at a particular instant is equal to the slope of the tangent drawn on position –time graph at that 
instant.  
Average acceleration is the change velocity divided by the time interval during which he change occurs.  

a = Δv/Δt 

 Similarly Instantaneous acceleration is defined as the limit of the average acceleration as the time interval Δt 

goes to zero.  
   

𝑎𝑖 = lim
∆𝑡→0

∆𝑣

∆𝑡
=

𝑑𝑣

𝑑𝑡
 

 



 On a displacement-time 

graph… 

  

 Positive slope implies 

motion in the positive 

direction. 

 Negative slope implies 

motion in the negative 

direction. 

 Zero slope implies a state of 

rest. 

 Straight lines imply 

constant velocity. 

 Curved lines imply 

acceleration. 

 An object undergoing 

uniform acceleration traces a 

portion of a parabola. 

 

Velocity time graph 

 
 

 EQUATIONS OF MOTION 

 The area under the velocity- time curve between times t1 and t2 is equal to the displacement of the 

object during that interval of time.  



 For objects in uniformly accelerated rectilinear motion, the five quantities, displacement x, time taken t, 

initial velocity u, final velocity v and acceleration are related by a setoff simple equations called 

kinematic equations of motion.  

 

For uniformly accelerated motion, the 

acceleration a is a constant. The acceleration a, initial 

velocity u, final velocity v, and the travelling time t are 

related by  

𝑎 =
𝑣 − 𝑢

𝑡
 

 

Or ........(1) 

The velocity-time graph is shown in fig. As mentioned 

before, the area under the graph represents the displacement s of the object: 

𝑠 =
1

2
(𝑢 + 𝑣)𝑡........(*) 

The equation shows that the displacement is equal to the average velocity multiplied by the time t. 

Substituting v of (1) into (*) gives 

 

𝑠 = 𝑢𝑡 +
1

2
𝑎𝑡2........(2) 

Putting 𝑡 =
𝑣−𝑢 

𝑎
in (*), we have 

 

 

 

........(3) 

 RELATIVE VELOCITY 

 
The velocity of one body relative to another is called its relative velocity  

 
 



Solve the following. Each question carries 1 mark.  

1. Distinguish between scalar and vector quantities.  Give an example in support of each.  

2. Define speed. How is it different from velocity?  

3. Define uniform velocity and variable velocity? 

4. Plot the velocity- time graph for a uniform motion. What does the area under the graphs indicate?  

5. Write any two equations of motion of a body moving with uniform acceleration.  

6. Plot a velocity- time graph for a body moving with uniform acceleration.  

7. Plot position – time graph for a body having uniformly retarded motion  

8. What does the speedometer of car indicate?  

9. Two cars are running at velocities of 60 km /hr and 45 km/hr respectively. Calculate the relative velocity of 

car A, if (i) they are both travelling eastwards; and (ii) car A is travelling eastwards and car B is travelling 

westwards.  

10. A body goes from A to B with a velocity of 40 m/sec, and comes back from B to A with a velocity of 60 

m/sec. What is the average velocity of the body during the whole journey?  

Answer-1marks 

4. 

  
Area under the graph is equal to displacement 

5. (i) V= u+ at  

(ii) X=ut + ½ a t2  

(iii) v2- u2 = 2 a x  

6. 

 
7. 

 
8. Instantaneous speed 
9. (i)VAB=15Km/h eastwards(ii)VAB=105 eastwards 

10. Zero 

 

Answer the following questions each question carries 2 marks  

11. A player throws a ball upwards with an initial speed of 39.2 m/sec.  

(a) What is the direction of acceleration during the upward motion?  

(b) Find the velocity and acceleration of the ball at the highest point.  

(c) Find the height through which the ball rises, and the time after which it returns to the player’s hands.  



12. From the top of a tower 100m height, balls is dropped, and at the same time another ball is projected 

vertically upwards from the ground with a velocity of 25 m/sec. find when and where the two balls meet. Take g 

= 9.8 m/sec2  

13. The distance travelled by a body is found to be directly proportional to the square of time. Is the body 

moving with uniform velocity or with uniform acceleration?  

14.The displacement (x) of a particle moving in one dimension, under the action of a constant force related to 

time t by the relation t =√x +3 where x is in meters, and t is in seconds. Find the displacement of the particle 

when its velocity is zero.  

15. Can a body have zero velocity, and finite acceleration?  

16. Can a body have constant speed, but a varying velocity?  

17. Can a body have constant velocity, but a varying speed?  

18. Why is I that a parachute descends slowly whereas a stone dropped from the same height falls rapidly?  

19. Look at the graphs (a) to (d) in fig carefully and state with reasons which of these cannot possibly represent 

one dimensional motion of a particle. 

  
 20. Fig gives the x-t plot of a particle in one dimensional motion. Three different equal intervals of time are 

shown. In which interval is the average speed greatest, and in which is it the least? Give the sign of average 

velocity for each interval  

 
 
 
 
21. Suggest a suitable physical situation for each of the following graphs  

 



  
 22. Give the equations of motion of a body falling under gravity. Also give the graphs showing the variation of 

(i) acceleration of a body with time  

(ii) Velocity of a body with time  

(iii) Distance with time in case of a freely falling body.  

23. Discuss the motion of an object under free-fall.  

24. Derive a relation between the position and time for a particle moving with uniform acceleration.  

25. Derive a relation for the distance covered in the nth second by a uniformly accelerated body.  

26. Show that when a body has uniformly accelerated motion, the distance covered it in a certain interval is 

equal to the area under the velocity-time graph for that time interval.  

27. A body is moving with uniform acceleration its velocity after 5 seconds is 25 m/sec and after 8 seconds is 

34 m/sec. Calculate the distance it will cover in the 10th second.  

28. The speed of a train increases at a constant rate α from zero, to v, and then remains constant for an interval, 

and finally decreases to zero at a constant rate β. If t is the total time elapsed, then calculate the maximum 

velocity attained by the car. 

29. A body moving with a uniform acceleration describes 12 m in the 2nd second of its motion and 20m in the 

4th second. How much distance will it covering 4second after 5th second? 

 

Answer 

11. (a)Downward(b)velocity=0, acceleration =9.8msec-2 (c)height=78.4  time=8sec 

12 time=4sec height 21.6m from the ground. 

13. Uniform acceleration 

14. Displacement is zero 

15. Yes when an object is thrown vertically upward at the highest point  

16. Yes in case of uniform circular motion 

17. No 

18. Due to air resistance 

19. All the four graphs are impossible 

20. Greatest in 3.least in 2: v>0 in 1 and 2 v<0 in 3 

21. (a) A ball is at rest on a smooth floor is kicked, it rebounds from a wall with reduced speed and moves to the 

opposite wall which stops it (b) A ball thrown with some initial velocity rebound from the floor with reduced 

speed after each hit (c) A uniformly moving cricket ball returned back by hitting with a bat for a very short 

interval of time. 

 22. 

  

 



 

 
27. 38.5 

28. v = (αβ)t/(α+β) 

29. 136m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MOTION IN TWO AND THREE DIMENSIONS 
 

Main Points:  
 

1. Scalar quantities with magnitudes only. Examples are distance, speed mass and temperature.  

2. Vector quantities with magnitude and direction both. Examples are displacement, velocity and acceleration. 

They obey special rules of vector algebra.  

Vector Properties 

 

Two vectors a and b are equal if they have the same direction and the same magnitude (or length). We could 

then write 

a = b 

 

A vector a may be multiplied by a scalar s (remember, a scalar is an ordinary number). We could write this new 

vector as 

c = s a 

This new vector c has the same direction as vector a and its magnitude is s times the magnitude of a. 

Consider two vectors A and B which we want to add. They might be displacement vectors or 

velocity vectors or electric field vectors -- or any vectors at all. We can add them 

graphically by drawing vector A and then, at the tip of vector A, drawing vector B 

as shown below. The sum of vectors is called the resultant. The resultant vector R, is the vector that 

we can draw from the beginning of A to the end of B. We can write this as 

R = A + B 

Vector addition is commutative.  

A + B = B + A 

 

 

 

 

 



It also obeys the associative law:  

 
(A + B) + C = A + (B +C) 

 

 

A null or zero vector is a vector with zero magnitude. Since the magnitude is zero, we don’t have to 

specify its direction. It has the properties:  

A + 0 =A  

λ0 =0  

0 .A=0  

Subtracting Vectors 
The operation of vector subtraction makes use of the definition of the negative of a vector. We define the 
operation A - B as vector -B added to vector A:  
A - B = A + (-B) 
 

The subtraction of vector B from 

A is defined as the sum of A and 

–B:  

A – B = A + (-B)  
A vector A can be resolved into 

components along two given 

vectors a and b lying in the same 

plane:  

A= λ a + μb where λ and μ are 

real numbers.  

 

 Projectile Motion 

 

Projectile motion is motion under the influence of gravity.  

The vertical motion with constant acceleration. 

The horizontal motion with constant velocity. 



 

To find out how far it goes, we must first find out how long it is in the air. One way is to look at how long it 

takes to get to the top. At the top, the vertical component, the y-component, of the velocity is zero. It will 

require twice this time to come up and back down to the ground. 

TIME OF FLIGHT 

The time required to get back to the ground, to get back to y = 0. We know the vertical motion is explained by 

 𝑣 = 𝑢𝑣 + 𝑎𝑡 ……………(1) 

Where the acceleration is  𝑎 = −𝑔, 𝑣 = 0 𝑎𝑛𝑑 𝑢𝑣 = 𝑢𝑠𝑖𝑛𝜃 

Therefore    𝑡 =
𝑢𝑠𝑖𝑛𝜃

𝑔
 

𝑇 = 2𝑡 =
2𝑢𝑠𝑖𝑛𝜃

𝑔
 

MAXIMUM HEIGHT 

From third equation of motion 𝑣2 = 𝑢𝑣
2 + 2𝑎𝑆 

Where 𝑢𝑣 = 𝑢𝑠𝑖𝑛𝜃, 𝑎 = −𝑔, 𝑆 = ℎ 

Therefore ℎ =
𝑢2𝑠𝑖𝑛2𝜃

2𝑔
 

HORIZONTAL RANGE 

How far, horizontally, has the projectile moved in this time? 

Range = R=𝑢ℎ𝑇 = 𝑢𝑐𝑜𝑠𝜃
2𝑢𝑠𝑖𝑛𝜃

𝑔
=

𝑢22𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

𝑔
=

𝑢2𝑠𝑖𝑛2𝜃

𝑔
 

R = 
𝒖𝟐𝒔𝒊𝒏𝟐𝜽

𝒈
 



the maximum value of the range occurs for 

ϴ= 45o 

Since the maximum value of sin 2ϴ is 1.0 when 2ϴ is 90o, or ϴ= 45o. 

Uniform Circular Motion 

• Consider an object moving along a circular path with constant or uniform speed. Example: a child on a 

merry-go-round at a playground, a car with a lost driver navigating a round-about or "rotary", a yo-yo on 

the end of a string, a satellite in a circular orbit around Earth, or Earth in a (nearly) circular orbit around 

our Sun. 

Angular velocity is defined as angular displacement per unit time 

 

While we can measure the angle ϴ in degrees using a protractor, there is another way to measure or define this 

angle ϴ. This angle can be defined as the ratio of the arc length s to the radius r; that is, 

 

Consider a complete circle. We would describe a complete circle as having an angle of 360o. In terms of 

radians, a complete circle has an arc length equal to its circumference, s = C = 2 r. 

 

𝜃 =
2𝜋𝑟

𝑟
= 2𝜋 

2𝜋𝑟𝑎𝑑𝑖𝑎𝑛𝑠 = 3600 

What does all this have to do with uniform circular motion? The arc length traveled by a point on a rotating 

object is equal to the radius of that point multiplied by the angle through which it has rotated, 

s = r ϴ 

When ϴ is measured in radians 

Relation between linear and angular velocity       v = r  

 
 

 

 

 

 

 

 

 



Centripetal acceleration 

 

As an object travels in a circle, the direction of its velocity changes. Even though the speed remains uniform, 

the velocity changes because its direction changes. 

v = v2 - v1 

This is not zero, even though 

| v2 | = v2 = | v1 | = v1 = v 

v is the speed, which remains constant. You can see v from the following diagram: 

 

Notice the two similar triangles in the position vectors and the velocity vectors, 

Or 

Since these are similar triangles, we know that 

v / v = r / r 

For small changes in time or for small angles ϴ, the distance 

r is very nearly given by 

r = v t 

This means 

v / v = r / r  

                                v / v = v t / r 

                                v = v2 t / r 

                                v / t = v2 / r 

v / t is the acceleration an object has because it moves in a circle; this is called the centripetal acceleration 

ac and is directed toward the center of the circle. That is, 

 

 

ac = v2 / r 



 

 

Answer the following  

1. When are two vectors equal?  

2. What are co-initial and collinear vectors?  

3. When are two vectors equal?  

4. State the triangle law of vector addition  

5. State the parallelogram law of vector addition.  

6. Using the parallelogram law of vectors, find the magnitude and direction of the resultant. Find the magnitude 

and direction of the resultant for (i) Ѳ= 0˚ (ii) Ѳ= 90˚ (iii) Ѳ = 180˚  

7. State three important properties of vector addition.  

8. What do you mean by the null vector or zero vector?  

9. Write properties of zero vector.  

10. Define scalar product of two vectors. Give one example.  

11. Define vector product of two vectors? Give one example.  

12. Express the area of a parallelogram in terms of cross product of two vectors.  

13. Define the following terms associated with projectile motion.  

(i) Projectile (ii) trajectory (iii) time of flight (IV) maximum height (v) Horizontal Range  

14. Give two examples of projectile motion.  

15. Write two applications of projectile motion  

16. At what angle with the vertical should a projectile be fired so that its range is maximum?  

17. A projectile is fired with ‘u’ at an angle of projection Ѳ. Derive  

(i) The equation of trajectory  

(ii) Expression for the maximum height reached  

(iii) Expression for the time of flight  

(iv) Expression for the time taken to reach the maximum height.  

(v) Expression for the horizontal range.  

(vi) The other angle of projection for the same horizontal range.  

18. Define average angular velocity. Write its units and dimensions.  

19. Write the relation between angular velocity (ω), time period (T) and frequency (ν).  

20. Write relation between angular acceleration and linear acceleration.  

21. Find the min velocity for which the horizontal range is 39.2m  

22. Prove that the Max horizontal range is 4 times the max height attained by a projectile.  

23. Calculate the magnitude of the vector r = (3i + 4 j + 7 k)  

24. Prove that the vectors (i + 2j+ 3 k) and (2i – j) are perpendicular to each other.  



25. A string can withstand a tension of 25 N. What is the greatest speed at which a body of mass 1 kg can be 

whirled in a horizontal circle using a 1m length of the string?  

26. A bullet is fired at an angle of 30˚ with the horizontal hits the ground 3 km away. By adjusting its angle of 

projection, can one hope to hit a target 5 km away? Assume the muzzle speed to be fixed, and neglect air 

resistance. Take g = 10 msec-2  

27. Show that the trajectory of a projectile is a parabola.  

28. From the top of a building 19.6 m high, a ball is projected horizontally, after how long does it strikes the 

ground? If the line joining the point of projection to the point, where it hits the ground makes an angle of 45˚ 

with the horizontal, what is the initial velocity of the ball?  

29. A projectile is fired at an angle Ѳ with the horizontal. Obtain the expressions for (i) the maximum height 

attained (ii) the time of flight (iii) the horizontal range.  

30. What do you mean by centripetal force? Derive an expression for the centripetal force.  

31. An insect trapped in a circular groove of radius 12 cm moves along the groove steadily and completes 7 

revolutions in 100 seconds. (a) What is the angular speed, and the linear speed of the motion? (b) Is the 

acceleration vector a constant vector? What is its magnitude?  

32. A cricket ball is thrown at a speed of 28 m/sec in a direction 30˚ above the horizontal. Calculate (a) the 

maximum height, (b) the time taken by the ball to return to the same level and (c) the distance from the thrower 

to the point where the ball returns to the same level.  

33 A particle starts from the origin at t = 0 s with a velocity of 10.0 j  

the x-y plane with a c i j -2. (a) At what time is 

the x- coordinate of the particle 16 m? What is the y-coordinate of the particle at 

that time? (b) What is the speed of the particle at the time?  

 

Answer  

21. 19.6 ms-1 

23.√74 

25. 5 ms-1 

26. N0 

28 time=2s, initial velocity=9.8ms-1 

31. (a) ω=0.44rad/s  v=5.3cms-1 (b)acceleration is not constant vector however it magnitude is constant 

a=2.3cms-2 

32. Height=10m, total time=2.85s, distance=40√3m 

33. (a) 2 s, 24 m, 21.26 m s–1 



LAWS OF MOTION 
 

FORCE: It is an external agency which can change the state of body. 

A force is a push or pull upon an object resulting from the object's interaction with another object. 

Whenever there is an interaction between two objects, there is a force upon each of the objects.  

INERTIA: It is the inability of a body to change its state of rest or of uniform motion in a straight line. 

  Inertia is of 3 types:- 

1. Inertia of rest. 

2. Inertia of motion. 

3. Inertia of direction. 

NEWTON'S FIRST LAW OF MOTION or LAW OF INERTIA: 

Every body continues to be in its state of rest or of uniform motion in a straight line unless acted upon an 

external force to change the state. 

 

MOMENTUM: It is defined as amount of motion present in the body and is given by product of mass and 

velocity. 

Momentum = mass • velocity 

�⃗� = 𝑚�⃗� 

p is a vector quantity 

Unit = 𝑘𝑔𝑚 𝑠⁄  

where m is the mass and v is the velocity. 

NEWTON'S SECOND LAW OF MOTION: 

 

The rate of change of momentum of a body is directly proportional to the applied force and takes place in the 

direction in which the force acts. 

𝑑𝑝

𝑑𝑡

⃗⃗ ⃗⃗ ⃗
∝  �⃗� 

𝐹 ⃗⃗⃗⃗ ∝  
𝑑𝑝⃗⃗ ⃗⃗ ⃗

𝑑𝑡
 

                  F=k
𝑑𝑝⃗⃗⃗⃗⃗⃗

𝑑𝑡
  (k=1) 

𝐹 ⃗⃗⃗⃗ =  
𝑑𝑝⃗⃗ ⃗⃗ ⃗

𝑑𝑡
 

𝐹 ⃗⃗⃗⃗ =
𝑑 

𝑑𝑡
𝑚�⃗� = 

𝑚𝑑 �⃗⃗�

𝑑𝑡
= 𝑚 �⃗� 

SI Unit  

F = 𝑘𝑔𝑚 𝑠2⁄  = 1 newton = 1N 

1N== 𝑘𝑔𝑚 𝑠2⁄  

Motion along a 

circular track 

file:///C:/Users/intel/Desktop/newtApple.gif


 

Vector Form 

F=i.Fx+j.Fy+k.Fz 

 
𝑑𝑝

𝑑𝑡
 = m

𝑑𝑥

𝑑𝑡
 

       =
𝑚𝑑2𝑥

𝑑𝑡2  

𝑚𝑑2𝑥

𝑑𝑡2  = 
𝑖.𝑚𝑑2𝑥

𝑑𝑡2  + 
𝑗.𝑚𝑑2𝑦

𝑑𝑡2  + 
𝑧.𝑚𝑑2𝑧

𝑑𝑡2  

F= i.Fx+j.Fy+k. Fz =  
𝑖.𝑚𝑑2𝑥

𝑑𝑡2  + 
𝑗.𝑚𝑑2𝑦

𝑑𝑡2  + 
𝑧.𝑚𝑑2𝑧

𝑑𝑡2  

Fx= 
𝑚𝑑2𝑥

𝑑𝑡2
  Fy= 

𝑚𝑑2𝑦

𝑑𝑡2
  Fz= 

𝑚𝑑2𝑧

𝑑𝑡2
 

 

1ST LAW OF MOTION FROM 2ND LAW: 

F= ma 

If F=0      or     ma= 0 

𝑚(𝑣−𝑢)

𝑡
 = 0 

m ≠ 0 

v-u = 0 or v =  u 

 

Hence, the 1st law 

IMPULSE:  

When a large force acts on a body for short interval of time, neither the force nor the time of impact 

can be measured. The effect of force is given by change in momentum. 

Change in momentum or product of force and time for which it acts is called impulse. 

  I =  ∆p  = p2 – p1   = F∆t 

  I is a vector quantity, its unit is 𝑘𝑔𝑚 𝑠⁄ ,Ns 

CONSERVATION OF MOMENTUM:  

“In absence of any external force, momentum of system will 

remain constant.” A and B are two bodies forming a system  

PA + PB = PA + PB , if  F=0 

FAB = 
𝑃′𝐵−𝑃𝐵

∆𝑡
      or FAB.∆t = 𝑃′𝐵 − 𝑃𝐵  

FBA = 
𝑃′𝐴−𝑃𝐴

∆𝑡
  or FBA. .∆t = 𝑃′𝐴 − 𝑃𝐴 

 FAB = −FBA 

(
𝑃′𝐵−𝑃𝐵

∆𝑡
  ) = − (

𝑃′𝐴−𝑃𝐴

∆𝑡
) 

𝑃′𝐵 − 𝑃𝐵  = −𝑃′𝐴 + 𝑃𝐴 

𝑃′𝐵 + 𝑃′𝐴 = 𝑃𝐴 + 𝑃𝐵  



APPLICATION OF SECOND LAW 

In the given fig. m1 is greater than m2 and we have to find the tension in the string and acceleration in the 

masses  

By free body diagram equation of first body is m1g-T=m1a   …(1) 

Similarly for mass m2  T- m2g=m2a       …(2) 

Adding (1) and (2) we get a= (m1 – m2 ) g/ (m1+m2) 

Now calculation for tension T   

Dividing 1 by 2 we get,  

T=2m1m2g/(m1+m2)   

 

NEWTON'S THIRD LAW OF MOTION: 

 For every action, there is an equal and opposite reaction. 

 

 

 

 

EQUILIBRIUM OF PARTICLE: 

 A body is in equilibrium if the resultant of force acting on the particle or body is zero. 

 �⃗⃗� =  𝐹1
⃗⃗ ⃗⃗ +  𝐹2

⃗⃗ ⃗⃗   

 𝐹1
⃗⃗ ⃗⃗ +  𝐹2

⃗⃗ ⃗⃗ =  −𝐹3
⃗⃗ ⃗⃗  (Body to be at rest) 

 𝐹1
⃗⃗ ⃗⃗ +  𝐹2

⃗⃗ ⃗⃗ + 𝐹3
⃗⃗ ⃗⃗  = 0 

 “Vector sum of a force acting on a body zero”. 

  

COMMON FORCES IN MECHANICS: 

 Contact – Friction, Muscular force. 

 Non-contact – Gravitational, Magnetic, Electrostatic. 

1). REACTION 

 

    

 

 



 

 

2). TENSION 

The restoring force in a string is called tension. 

    

 

3).FRICTION:It is an opposing force which comes in action when a body moves or tends to move on a given 

surface. 

 

Static Friction: If on the application of a force on a body, it doesn’t moves then the existing force of friction is 

called static friction. 

Limiting friction-With increase in the applied force the force of static friction increases. Maximum value of 

static friction is called limiting friction. 

Kinetic friction-Force of friction acting between surfaces in contact when the body is in motion. 

Sliding friction-It is the force required to keep body moving with constant speed 

Rolling friction-Force of friction acting on an object rotating in the surface. 

Rolling friction is less than sliding friction because during rolling the point of contact get deformed as a result 

only a component of force, of friction appears motion. 

 

Laws of limiting friction 

1. Force of friction opposes motion ad act as tangentially to surfaces in contact 

2. It depends upon nature of surface in contact. 

3. It is independent of area of contact 

4. Force of friction is directly proportional to the reaction 

F∝ 𝑹 

F= 𝝁𝑹  (where µ is the co-efficient of friction unit less dimensionless quantity) 

𝝁= 
𝑭

𝑹
 

 

Angle of Repose- It is the angle which inclined plane makes with the horizontal such that a body is placed on it 

is in limiting equilibrium 

 

 



 Let ‘R’ be the normal reaction of the body and ‘F’ be the frictional force. 

Here, 

            mgsinθ = -F ——> (i) 

            mgcosθ = -R ——>(ii) 

 

Dividing equation (i) by (ii) 

 

 

µ=Tan𝜽 

 

Circular Motion 

 

1.  Velocity for safe turn on a levelled circular path. 

 Centripetal force on the moving object = 
𝑚𝑣2

𝑟
 

𝑚𝑣2

𝑟
= 𝐹 = µ𝑅 

   
𝑚𝑣2

𝑟
= µ𝑚𝑔 

   𝑣2 = µ𝑟𝑔 

   v= √µ𝑟𝑔  

   v≤ √µ𝑟𝑔 

 

 

 

2. Banking of tracks-On turn the outer path of the road is raised in comparison too inner for safe turn. 

   

 

N cos 𝜃 = 𝐹 sin 𝜃 + 𝑚𝑔  -------(i) 

Fcos 𝜃 + 𝑁 sin 𝜃 =
𝑚𝑣2

𝑟
  ------(ii) 

Ncos 𝜃 - Fcos 𝜃 = 𝑚𝑔  ------(iii) 

Dividing equation 2 and equation 3 

F cos 𝜃+𝑁 sin 𝜃

N cos 𝜃 − F cos 𝜃
 = 

𝑣2

µg
 

Divide numerator and denominator by cos𝜃, F= µR 

http://4.bp.blogspot.com/-iwJly-CjfQ0/T9f4u-ORqTI/AAAAAAAAAHw/NU8SO-Ktaro/s1600/repouse.png


µNcos𝜃

cos𝜃
+

𝑁sin𝜃

cos𝜃
Ncos𝜃

cos𝜃
−

µ𝑁sin𝜃

cos𝜃

 = 
𝑣2

µg
 

𝑣2

µg
=

µ+𝑡𝑎𝑛𝜃

1−µ𝑡𝑎𝑛𝜃
   

V=√
µ𝑔(µ+𝑡𝑎𝑛𝜃)

1−µ𝑡𝑎𝑛𝜃
 

 

SOME QUESTIONS FOR PRACTISE 

1. A pebble of mass 0.05 kg is thrown vertically upwards Give the direction of force during upward and down 

ward motion. 
2. Explain why 

(a) It is difficult to walk on sand. 

(b) A cricketer lowers his hands backwards while holding a catch. 

(c) A person jumping out of a moving bus may fall in the forward direction. 

(d) Explain with diagram why it is easier to pull a lawn mover than to push it. 

3.   A passenger of mass 56 kg is riding in an elevator while standing on a weighing scale. What  

does the scale read when the elevator cab is  

 (a)  Descending with constant velocity of 5m/s  

 (b) Descending with uniform acceleration of 5ms-2 

 (c)  Ascending with uniform  acceleration of 5ms-2?   

4.        (a). State Newton’s II Law of motion and show that it is the real law of motion.  

 (b). Two billiard balls each of mass 0.05 kg moving in opposite directions with speed  

6 m s–1 collide and rebound with the same speed. What is the impulse imparted to each ball due to the 

other?   

5. (a). State laws of limiting friction. 

(b). Two bodies A and B of masses 5kg and 10kg in contact with each other rest on a table against a rigid  

wall, as shown in the fig.  The coefficient of friction between the bodies and the table is 0.15. A force of 

200N is applied horizontally on A. What is the reaction of the wall?5 

 

6. What is meant by impulse? Write its SI unit. 

 In the fig. given below, what is the impulse at t = 0 and t = 4s   

 

7.  Ten one-rupee coins are placed on the top of each other on a table. Each 

coin has a mass m. Given the magnitude and the direction of  

(a) The force on 7th coin from the bottom by the 8th coin. 

(b) The reaction of the 6th coin on the 7th coin. Motion along a 

circular track 



8. A force acts for 7s on a body. The force-time graph is as shown in the fig, below. Calculate the impulse 

of the force. 

 

 

9. Define angle of repose. A block of mass is in limiting equilibrium on an inclined plane making an angle 

θ with the horizontal. Indicate the forces acting on the block.  

 Establish the relation between angle of repose and coefficient of friction. 

10. Two bodies of masses m1= 10kg and m2=20kg kept on a smooth horizontal surfaces are tied to the ends 

of a light string. A horizontal force F=600N is applied to m2 as shown in the figure. What is the tension 

in the string? 

 

 

11. State Law of Conservation of linear momentum. 

A bomb is thrown in horizontal direction with a velocity of 50m/s. It explodes into two parts of masses 

6kg and 3kg. The heavier fragment continues to move in the horizontal direction with velocity of 80m/s. 

Calculate velocity of lighter fragment. 

12 Draw a diagram representing the forces acting on a car moving on a level circular track and hence derive 

the expression of velocity for safe turn 

13. What is meant by banking of tracks? For a car moving on a banked circular track draw a free body 

diagram to represent the forces acting it and derive expression for maximum velocity. 

******************************* 

 

 

 
 
 
 
 
 
 
 



WORK ENERGY AND POWER 
 

THE SCALAR PRODUCT 

The scalar product or dot product of any 

two vectors A and B, denoted as A.B 

(read A dot B) is defined as 

A.B = A B cos ϴ 

A.B = A (B cos ϴ) = B (A cos ϴ ) 

Geometrically, B cos ϴ is the projection 

of B onto A 

 

PROPERTIES OF SCA; AR PRODUCT 

 Scalar product obeys the Commutative law: A. B=B.A 

 Scalar product obeys the Distributive law: A. (B + C) = A.B + A.C 
 Scalar product of parallel vectors A.A = |A ||A| cos 0 = A2 

 Scalar product of perpendicular A.B = 0, 

WORK 

The work done by the force is defined to be the product of 

component of the force in the direction of the displacement and 

the magnitude of this displacement. Thus 

W = (F cos θ ) d= F.d 

Work and energy have the same dimensions, [ML2T–2]. The SI 

unit of these is joule (J)’ 

Work can be both positive negative and zero. 

Positive work:  If θ is between 0o and 90o, cos θ is positive. Work done by gravitational force falling under 

effect of gravity 

Negative work: If θ is between 90o and 180o, cos θ is negative. Work done by frictional force. 

Zero Work: the force and displacement are mutually perpendicular. This is so since, for θ = π/2 rad (= 90o), cos 

(π /2) = 0. 

KINETIC ENERGY 

Kinetic energy is a scalar quantity. The kinetic energy of an object is a measure of the work an object can do by 

the virtue of its motion. 

𝑲 =
𝟏

𝟐
𝒎𝒗𝟐 

POTENTIAL ENERGY 

Potential energy is the ‘stored energy’ by virtue of the position or configuration of a body. 

Gravitational potential energy of an object, as a function of the height h,is given by  

P.E = mgh 

 

THE CONSERVATION OF MECHANICAL ENERGY 

At ‘A’ K.E =  0, P.E = mgh and T.E =mgh  

 

            At 'B’ P.E = mg(h-x) 

   K.E = 
1

2
𝑚𝑣2 = 𝑚𝑔𝑥  𝑎𝑠   (𝑣2 = 2𝑔𝑥) 

                                                                       T.E= P.E+K.E= 𝑚𝑔ℎ 

  h 

  Similarly At ‘O’ T.E= 𝑚𝑔ℎ 

 

A 

B 

O 

X 

h-x 



WORK-ENERGY THEOREM FOR CONSTANT FORCE 

The change in kinetic energy of a particle is equal to the work done on it by the net force. 

𝒗𝟐 = 𝒖𝟐 − 𝟐𝒂𝒔 
𝟏

𝟐
𝒎𝒗𝟐 −

𝟏

𝟐
𝒎𝒖𝟐 = 𝒎𝒂𝒔 

∆𝑲 = 𝑾𝑫 

 
 

WORK-ENERGY THEOREM FOR VARIABLE FORCE 

We know that Kinetic Energy  

𝐸 =
1

2
𝑚𝑣2 

On differentiating above equation
𝑑𝐸

𝑑𝑡
=

1

2
𝑚2𝑣

𝑑𝑣

𝑑𝑡
= 𝑚𝑣

𝑑𝑣 

𝑑𝑡
= 𝑚𝑎𝑣 

𝑑𝐸 = 𝑚𝑎𝑣𝑑𝑡 = 𝐹𝑑𝑥 

On integration  𝐸𝐹 − 𝐸𝐼 = 𝑊   or   
∆𝑲 = 𝑾𝑫 

 
CONSEFVATIVE FORCE 

 

Force is conservative if the work done by or against the force is independent of path followed. It depends only on 

initial and final position. 

Example: Force of, gravitation, electric force, spring force etc. 
 

THE POTENTIAL ENERGY OF A SPRING 
 

The force law for the spring is called Hooke’s law 

and is mathematically stated as 

Fs = kx 

The constant k is called the spring constant. 
 

 

 

 

 

 

 

 

 

 

P E = WD= Area of triangle OBA=
1

2
𝑘𝑥2  

𝑊 = ∫ 𝐹𝑆𝑑𝑥 = − ∫ 𝑘𝑥𝑑𝑥 = −
1

2

𝑥𝑚

0

𝑥𝑚

0

𝑘𝑥𝑚
2  

𝑊 =
1

2
𝑘𝑥𝑚

2  

 



CONSERVATION OF ENERGY 

 

 

 

 

 

 

 

 

MOTION IN VERTICAL CIRCLE 

A particle of mass m is attached to a light and inextensible string. The other end of the string is fixed at O and the 

particle moves in a vertical circle of radius r equal to the length of the string as shown  

in the figure. 

Consider the particle when it is at the point P and the string makes an 

angle θ with vertical. Forces acting on the particle are: 

T =    tension in the string along its length, and 

mg = weight of the particle vertically downward. 

Hence, net radial force on the particle is FR = T - mg cos θ 

𝑇 − 𝑚𝑔𝐶𝑜𝑠𝜃 =
𝑚𝑣2

𝑅
 

𝑇 = 𝑚𝑔𝐶𝑜𝑠𝜃 +
𝑚𝑣2

𝑅
 

Since speed of the particle decreases with height, hence tension is maximum at the bottom, where cos θ = 1 (as θ 

= 0). 

=>𝑇𝑚𝑎𝑥 = 𝑚𝑔 +
𝑚𝑣2

𝑅
 

At the top θ = 1800 

 𝑇𝑚𝑖𝑛 = 𝑚𝑔 +
𝑚𝑣′2

𝑅
 (at the top) 

Here, v’ = speed of the particle at the top. 

Critical Velocity 

It is the minimum velocity given to the particle at the lowest point to complete the circle. 

 
The tendency of the string to become slack is maximum when the particle is at the topmost point of the circle. 

At the top, tension is given by T = mvT
2/R - mg, where vT = speed of the particle at the top. 

=>   mvT
2/R = T + mg 

For vT to be minimum, T ≈ 0 => vT = √gR 

If vB be the critical velocity of the particle at the bottom, then from conservation of energy 

Mg(2R) +  1/2 mvT
2  = 0 + 1/2 mvB

2 



As vT = √gR => 2mgR + 1/2 mgR = 1/2 mvB
2 

Thus, 

vB= √5gR 

POWER 

Power is defined as the time rate at which work is done or energy is transferred. 

The average power of a force is defined as the ratio of the work, W, to the total time t taken. 

𝑃 =
𝑑𝑊

𝑑𝑡
= 𝐹

𝑑𝑟

𝑑𝑡
= 𝐹. 𝑣 

Power, like work and energy, is a scalar quantity. Its dimensions are [ML2T–3]. In the SI, its unit is called a watt 

(W). 

There is another unit of power, namely the horse-power (hp) 1 hp= 746 W 

 

COLLISIONS 

One-Dimensional Collision Problems  

A one-dimensional collision is a collision in which the two objects are moving along the same line of motion. 

Two-Dimensional Collision  

A two-dimensional collision is a collision in which the two objects are not originally moving along the same 

line of motion. 

Types of collisions 

Elastic collisions 

In a collision the kinetic energy is sometimes the same before the collision as it is afterwards - such a collision 

is called an elastic collision. Perfectly elastic collisions are rare - usually some of the kinetic energy is converted 

to sound or heat.  

Inelastic collisions 

A perfectly inelastic collision is one where all the kinetic energy is converted into other forms - a piece of soft 

putty falling onto the floor is an almost perfectly inelastic collision, the kinetic energy of the moving putty is 

converted into heat and a little sound as the putty is deformed on impact.  

 

 
 

Elastic collision 

 

Inelastic collision 

 

K E of the system is conserved 

 

K E is not conserved 

The forces of interaction are conservative in 

nature 

 

The forces of interaction are non-

conservative in nature 

 

 



Head on elastic collision of two particles  
 Consider two particles whose masses are m1 and m2 respectively and they collide each other with velocity u1 

and u2 and after collision their velocities become v1 and v2 respectively. 

 Collision between these two particles is head on elastic collision. From law of conservation of momentum we 

have 

                                   m1u1 + m2u2 = m1v1 + m2v2                            (1)  

and from law of conservation of kinetic energy for elastic collision we have 

                                           (2) 

 rearranging equation 1 and 2 we get 

                                             m1(u1-v1)= m2(v2-u2)                           (3) 

and 

                                           
dividing equation 4 by 3 we get  

                                          u1 + v1 = u2 + v2 

                                          u2 - u1 = -(v2 - v1)                                   (5) 

where (u2 - u1) is the relative velocity of second particle w.r.t. first particle before collision and (v2 - v1) is the 

relative velocity of second particle w.r.t. first after collision. 

 from equation 5 we come to know that in a perfectly elastic collision the magnitude of relative velocity remain 

unchanged but its direction is reversed. With the help of above equations we can find the values of v2 and v1, so 

from equation 5 

                                          v1 = v2 - u1 + u2                                      (6) 

                                          v2 = v1 + u1 - u2                                      (7) 

Now putting the value of v1 from equation 6 in equation 3 we get 

                                        m1(u1 - v2 + u1 - u2) = m2(v2 - u2) 

On solving the above equation we get value of v2 as 

                                    
 Similarly putting the value of v2 from equation 7 in equation 3 we get  

                                       
 Total kinetic energy of particles before collision is  

                                      
and total K.E. of particles after collision is 

                                      
 Ratio of initial and final K.E. is 

                                    
 

Special cases 
Case I: When the mass of both the particles are equal i.e., m1 = m2 then from equation 8 and 9 , v2=u1 and 

v1=u2. Thus if two bodies of equal masses suffer head on elastic collision then the particles will exchange their 

velocities. Exchange of momentum between two particles suffering head on elastic collision is maximum when 

mass of both the particles is same. 



Case II: when the target particle is at rest i.e. u2=0 

from equation (8) and (9) 

                                   

                                   

Hence some part of the KE which is transformed into second particle would be 

                                               

                                               
When m1=m2, then in this condition v0=0 and v2=u1 and part of the KE transferred would be =1  

Therefore after collision first particle moving with initial velocity u1 would come to rest and the second particle 

which was at rest would start moving with the velocity of first particle. Hence in this case when m1=m2 transfer 

of energy is 100%.if m1> m2 or 

m1< m2, then energy transformation is not 100% 

 

Case III:  
if m2>>>> m1 and u2=0 then from equation (10) and (11)  

                                                        v1≅ -u1 and v2=0                         (13)  

For example when a ball thrown upwards collide with earth 

 

Case IV: 
if m1>>>> m2 and u2=0 then from equation (10) and (11) 

                                                       v1≅ u1 and v2=2u1                        (14) 

Therefore when a heavy particle collide with a very light particle at rest ,then the heavy particle keeps on 

moving with the same velocity and the light particle come in motion with a velocity double that of heavy 

particle 

Collision in two dimension 

From law of conservation of linear momentum ,for 

components along x-axis 

m1u1=m1v1cosθ1 +m2v2cosθ2 ---(1) 

For components along y-axis 

0=m1v1sinθ1 -m2v2sinθ2 --(2) 

And from law of conservation of energy 

(1/2)m1u1
2=(1/2)m1v1

2+(1/2)m2v2
2 ---(3) 

 



SOME QUESTIONS FOR PRACTISE 
 

 

1 .Derive the relation between kinetic energy and momentum. A heavier and lighter body have same kinetic 

energy which has greater momentum. 

2. Explain what is meant by positive negative and zero work with example. 

3. If the momentum of a body increases by 5%, calculate the increase in kinetic energy.  

4. Two baseballs are fired into a pile of hay. If one has twice the speed of the other, how much farther does the 

faster baseball penetrate? (Assume that the force of the haystack on the baseballs is constant). 

5. A heavy particle hanging from a fixed point by a light inextensible string of length l is projected horizontally 

with speed √ (gl). Find the speed of the particle and the inclination of the string to the vertical at the instant of 

the motion when the tension in the string is equal to the weight of the particle. 

6. For a body falling freely under the effect of gravity, show that the sum of potential energy and kinetic energy 

remains constant. Represent graphically the variation of potential energy kinetic energy and total energy with 

height as the body falls down. 

7. What is the nature of energy stored in a stretched spring? Derive an expression for the same. 

8. An elevator of total mass (elevator + passenger) 1800 kg is moving up with a constant speed of 2 ms-1. A 

frictional force of 4000 N opposes its motion. Determine the minimum power delivered by the motor to the 

elevator. 

9. A 1000-kg car traveling with a speed of 25 m/s skids to a stop. The car experiences an 8000 N force of 

friction. Determine the stopping distance of the car. 

10. Two inclined frictionless tracks, one gradual and the other steep meet at A from where two stones are 

allowed to slide down from rest, one on each track as shown in Fig. 

Which of the following statement is correct? Justify 

(a) Both the stones reach the bottom at the same time but not 

with the same speed. 

(b) Both the stones reach the bottom with the same speed and 

stone I reaches the bottom earlier than stone II. 

 

 

 

 
 
 
 
 



MOTION OF SYSTEM OF PARTICLES AND 
RIGID BODY 

 

Centre of mass 

 

Centre of mass of a body is a point where the entire mass of the body can be supposed to be concentrated 
 
For a system of n-particles, the centre of mass is given by 
 
 
 
  
   

Torque (τ⃗⃗⃗⃗ ): Torque is the measure of turning effect of force. 

 

Torque is defined as  

 = r x F = r F sin (ϴ). 

 Maximum torque 

If ϴ =900 , sin 90 = 1, τ = r F 

Minimum torque If  ϴ =00. 1800 ,sin 180 = sin0 =0, τ  

 
The SI units of torque is a Newton-metre, which is also 

a way of expressing a Joule (the unit for energy).  

Torque is a vector 
Torque is the cross product between the distance vector 

(the distance from the pivot point to the point where force 

is applied) and the force vector, 'a' being the angle 

between r and F.  

Rotational Equilibrium 

Rotational Equilibrium is analogous to translational equilibrium, where the sum of the forces are equal to zero. 

In rotational equilibrium, the sum of the torques is equal to zero. In other words, there is no net torque 

on the object. ∑ τ = 0 

Principle of moment: When an object is in rotational 

equilibrium then algebraic sum of all torques acting on it 

is zero. Clock wise torques are taken negative and anti-

clock wise torque are taken positive.  

∑ F = 0 and     ∑ τ = 0     

F1d1 – F2d2 =0                       

  Angular momentum (L ⃗⃗ ⃗). It is the rotational analogue of linear momentum and is measured as the product of 

https://www.physics.uoguelph.ca/tutorials/torque/Q.torque.cross.html


linear momentum and the perpendicular distance of its line of axis of rotation. 

Mathematically: If P⃗⃗⃗is linear momentum of the particle and  r⃗⃗⃗its position vector, then angular momentum of the 

particle, L =  r X p.  
In polar coordinates:  𝐿 = 𝑟𝑝𝑠𝑖𝑛∅, 

Where ∅ is angle between the linear momentum vector P⃗⃗⃗  and the position of vector r⃗⃗⃗. 

S.I unit of angular momentum is kg 𝑚2𝑠-1. 

Relation between torque and angular momentum: 

(i) τ⃗⃗=
dL⃗⃗⃗

dt
 

(ii) If the system consists of n-particles, then 

τ ⃗⃗⃗= 
dL1⃗⃗ ⃗⃗ ⃗

dt
 + 

dL2⃗⃗ ⃗⃗ ⃗

dt
+

dL3⃗⃗ ⃗⃗ ⃗

dt
+  … … … +

dLn⃗⃗⃗⃗⃗⃗

dt
 

 

Law of conservation of angular momentum. If no external torque acts on a system, then the total angular 

momentum of the system always remain conserved. 

Mathematically:  L⃗⃗1+L⃗⃗2+L⃗⃗3+⋯+ L⃗⃗n =L⃗⃗total = 𝑎𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Moment of inertia (I).the moment of inertia of a rigid body about a given axis of rotation is the sum of the 

products of masses of the various particles and squares of their respective perpendicular distances from the axis 

of rotation. 

Mathematically: I =  m1r1
2+ m2r2

2 +  m3r3
2 + ………. + mnrn

2      

      
SI unit of moment of inertia is kg m2. 

It depends on 

a) Shape & size of the body.  

b) Position and configuration of the axis of rotation. 

 



Radius of gyration (K).it is defined as the distance of a point from the axis of rotation at which, if whole mass 

of the body were concentrated, the moment of inertia of the body would be same as with the actual distribution 

of mass of the body. 

Mathematically: K =  
r1

2+ r2
2+ r3

2+⋯+ rn
2

N
 =rms distance of particles from the axis of rotation. 

SI unit of gyration is m.  

Note that the moment of inertia of a body about a given axis is equal to the product of mass of the body and 

squares of its radius of gyration about that axis i.e. I=M k2. 

 

Theorem of perpendicular axes. It states that the moment of inertia of a plane lamina about an axis perpendicular 

to its plane is equal to the sum of the moment of inertia of the lamina about any two mutually perpendicular axes 

in its plan and intersecting each other at the point, where the perpendicular axis passes through the lamina. 

Mathematically:  Iz= Ix + Iy′ 

Where x & y-axes lie in the plane of the Lamina and z-axis is perpendicular to its plane and passes through the 

point of intersecting of x and y axes 

 

 

Theorem of parallel axes. 

It states that the moment of inertia of a rigid body about any axis is equal to moment of inertia of the body about 

a parallel axis through its center of mass plus the product of mass of the body and the square of the perpendicular 

distance between the axes. 

Mathematically: I = IG + Md2, where IG is moment of inertia of the body about an axis through its centre of mass 

and d is the perpendicular distance between the two axes 

Work done in rotation. 

Consider the figure given below where a force F acts on the wheel of radius R pivoted at point O .so that it can 

rotate through point O 



 

This force F rotates the wheel through an angle dθ and dθ is small enough so that we can regard force to be 

constant during corresponding time interval dt 

Work done by this force is DW = Fds =  FRdθ  (ds = Rdθ) 

Now FR is the torque τ due to force F.so we have   DW = τ dθ 

Thus work done by the constant torque equals the product of the torque and angular displacement 

The rate of doing work is the power input of torque so 

P = dW/dt = τ (dθ/dt) = τω 

In vector notation 

P = τ.ω 

Moment of inertia and angular momentum. The moment of inertia of a rigid body about an axis is numerically 

equal to the angular momentum of the rigid body, when rotating with unit angular velocity about that axis. 

Mathematically: L =  I ω. 

𝐿 = ∑ 𝑟 × 𝑃 = ∑ 𝑟 × 𝑚𝑣 = ∑ 𝑟 × 𝑚𝑟𝜔 = 𝜔 ∑ 𝑚𝑟2 = 𝐼𝜔 

 

Moment of inertia and kinetic energy of rotation. The moment of inertia of a rigid body about an axis of 

rotation is numerically equal to twice the kinetic energy of rotation of the body, when rotation with unit angular 

velocity about that axis. 

Mathematically: K. E. of rotation = 
1

2
 I ω2. 

𝑲. 𝑬 =
1

2
 ∑ m v2 =

1

2
∑ 𝑚 (𝑟𝜔)2 =

1

2
𝜔2 ∑ 𝑚𝑟2 =

1

2
 I ω2 

 

Moment of inertia and torque. The moment of inertia of a rigid body about an axis of rotation is numerically 

equal to the external torque required to produce a unit angular acceleration in the body about the given axis. 

Mathematically:   𝜏 = 𝐼 α. 

𝜏 = ∑ 𝑟 × 𝐹 = ∑ 𝑟 × 𝑚𝑎 = ∑ 𝑟 × 𝑚𝑟𝛼 = 𝛼 ∑ 𝑚𝑟2 = 𝐼𝛼 

 

Law of conservation of angular momentum. If no external torque acts on a system, the total angular 



momentum of the system remains unchanged. 

 

Mathematically: 

𝜏 =
𝑑𝐿

𝑑𝑡
 

If 𝜏 = 0 𝑡ℎ𝑒𝑛 𝐿 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐼𝜔 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 or 

𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒, 𝐼1𝜔1 = 𝐼2𝜔2, 

 

********************************************************* 

 

(1 Marks Questions) 

 

1. The bottom of ship is made heavy. Why? 

Ans: The bottom of a ship is made heavy so that its centre of gravity remains low. This ensures the stability of 

its equilibrium. 

 

2. If a cube is melted and is casted into a sphere does moment of inertia about an axis through centre of 

mass increases or decreases. 

Ans: Moment of inertia of a sphere is less than that of a cube of same mass. 

  

3. If no external torque act on a body will its angular velocity remains conserved? 

Ans: No angular velocity is not conserved but angular momentum is conserved. 

 

4. If one of the particles is heavier than the other, to which will their centre of mass shift?  
 
Ans: - The centre of mass will shift closer to the heavier particle.  

 

5. Can centre of mass of a body coincide with geometrical centre of the body?  
 
Ans: - Yes, when the body has a uniform mass density.  

 

6. Which physical quantity is represented by a product of the moment of inertia and the angular 

velocity? 
 
Ans: - Product of I and ω represents angular momentum (L=I ω). 

 

7. What is the angle between  𝐴 and �⃗⃗�   , if 𝐴 and �⃗⃗�   denote the adjacent sides of a parallelogram 

drawn from a point and the area of parallelogram is  
1

2
 AB. 

Ans: - Area of parallelogram= |𝐴𝑥�⃗⃗�|= ABsin Ѳ = 
1

2
 AB. (Given)  

  sin Ѳ = 
1

2
 = sin 300 or θ = 300 

8. Which component of linear momentum does not contribute to angular momentum? 
 
Ans: - The radial component of linear momentum makes no contribution to angular momentum. 



 

9. A disc of metal is melted and recast in the form of solid sphere. What will happen to the moment of 

inertia about a vertical axis passing through the centre? 
 
Ans: - Moment of inertia will decrease, because Id = 1/

2 m r2 and Is = 2/
5 m r2, the radius of sphere formed on 

recasting the disc will also decrease. 

10. What are factors on which moment of inertia depend upon? 
 
Ans: - Moment of inertia of a body depends on position and orientation of the axis of rotation. It also depends on 

shape, size of the body and also on the distribution of mass of the body about the given axis. 

 
11. Is the angular momentum of a system always conserved? If no, under what condition is it conserved? 
 
Ans: - No, angular momentum of a system is not always conserved. It is conserved only when no external 

torque acts on the system. 

 
(2 Marks Questions) 

 
1. Why is the handle of a screw made wide? 
 
Ans: - Turning moment of a force= force × distance(r) from the axis of rotation. To produce a given 

turning moment, force required is smaller, when r is large. That’s what happens when handle of a 

screw is made wide. 

 
2. A person is sitting in the compartment of a train moving with uniform velocity on a smooth track. How 

will the velocity of centre of mass of compartment change if the person begins to run in the 

compartment? 
 
Ans: - We know that velocity of centre of mass of a system changes only when an external force acts on it. The 

person and the compartment form one system on which no external force is applied when the person 

begins to run. Therefore, there will be no change in velocity of centre of mass of the compartment. 

 
3. A particle performs uniform circular motion with an angular momentum L. If the frequency of 

particle’s motion is doubled and its K.E is halved, what happens to the angular momentum? 

Ans: - L = m v r and v = r ω = r 2 π n 

 𝑟 =  
𝑣

2𝜋𝑛
  𝐿 = 𝑚𝑣

𝑣

2𝜋𝑛
 = 

𝑚𝑣2

2𝜋𝑛
 

 K. E. = 
1

2
 𝑚 𝑣2 therefore 𝐿 =  

𝐾.𝐸.

𝜋𝑛
  

When K.E. is halved and frequency (n) is doubled, 

 𝐿 =  
𝐾.𝐸.′

𝜋𝑛′
 =  

𝐾.𝐸./2

𝜋(2𝑛)
 = 

𝐾.𝐸.

4𝜋𝑛
 = 

𝐿

4
 

 
i.e. angular momentum becomes one fourth. 

 

5. Why there are two propellers in a helicopter? 
 
Ans: - If there were only one propeller in a helicopter then, due to conservation of angular momentum, the 

helicopter itself would have turned in the opposite direction. 

6. A solid wooden sphere rolls down two different inclined planes of the same height but of different 



inclinations. (a) Will it reach the bottom with same speed in each case? (b) Will it take longer to roll down 

one inclined plane than other? Explain. 
 
Ans: - (a) Yes, because at the bottom speed depends only on height and not on slope. 

(b) Yes, greater the inclination (θ), smaller will be time of decent, as t ∝1/ sin θ. 

7. There is a stick half of which is wooden and half is of steel. It is pivoted at the wooden end and a force 

is applied at the steel end at right angles to its length. Next, it is pivoted at the steel end and the same 

force is applied at the wooden end. In which case is angular acceleration more and why? 

Ans: - We know that torque, τ= Force × Distance = I α = constant 

𝛼 =
𝜏

𝐼
  
 

 

   

  

 

   
 

Angular acc. (α) will be more, when I is small, for which lighter material (wood) should at larger 

distance from the axis of rotation I.e. when stick is pivoted at the steel end. 

8. Using expressions for power in rotational motion, derive the relation P = Iωα, where letters have their 

usual meaning. 

Ans:-We know that power in rotational motion, P = τ ω  

and K.E. of motion, E= 
1

2
 𝐼 𝜔2 

 
As power = time rate of doing work in rotational motion, and work is stored in the body in the form 

of K.E. 

  𝑃 =  
𝑑

𝑑𝑡 
  (K.E. of rotation) = 

𝑑

𝑑𝑡 
 (

1

2
 𝐼 𝜔2) = 

1

2
 𝐼 2ω 

𝑑ω

𝑑𝑡 
 

P = I ω α 
Using (i), P = τ ω = I ω α or τ = I α, which is the required relation. 

 

9. Calculate radius of gyration of a cylindrical rod of mass m and length L about an axis of rotation 

perpendicular to its length and passing through the centre. 

Ans: - K =?  ,   mass = m, length = L 

 

Moment of inertia of the rod about an axis perpendicular to its length and passing through the centre 

is 

 𝐼 =  
𝑚𝑙2

12
 

Also, I = mK2  = 
𝑚𝑙2

12
   or  𝐾 =  

𝑙

√12
   

10. How will you distinguish between a hard-boiled egg and a raw egg by spinning each on a table top? 

Ans: - To distinguish between a hard-boiled egg and a raw egg, we spin each on a table top. The egg which 

spins at a slower rate shall be raw. This is because in a raw egg, liquid matter inside tries to get away from its 

axis of rotation. Therefore, its moment of inertia I increases. As τ = I α = constant, therefore, α decreases i.e. 

raw egg will spin with smaller angular acceleration. The reverse is true for a hard-boiled egg which will rotate 

more or less like a rigid body. 

 

 



 

SOME QUESTIONS FOR PRACTISE 

1. A person sits at the edge of a circular platform revolving with uniform angular speed. What will be 

            the effect on the angular speed if the person starts moving from edge towards centre of platform? 

2.  The word torque is derived from the Latin word ‘Tortures’ which 

means to twist. Prove that torque is given by product of force and 

lever arm of the force. 

 (b)  Under what condition does a force has no torque? 

(c)  The figure shows a force F applied to one end of lever of length ‘L’. What is the magnitude of the 

torque of this force about the point ‘A’?  

3. State the theorem of perpendicular axis of moment of inertia. The moment of inertia of a  

ring about its diameter is (1/2) MR2 where M is mass and R is radius of the ring. Find the  

moment of inertia of the ring about an axis through its centre perpendicular to its plane. 

 A solid cylinder of mass ‘M’ and radius ‘R’ rolls down a plane inclined at an angle θ with horizontal. 

Derive the expression for the linear acceleration of the cylinder. 

4. Define centre of mass. Write the factors on which the centre of mass of rigid body depends. Explain 

motion of centre of mass of a (a) fire cracker exploding in air, (b) radioactive decay of a radium nucleus 

moving along a straight line. 

5.  State the law of conservation of angular momentum. If the ice on polar caps of earth melts, how will it 

change the duration of the day? Explain. 

6. State the Theorem of parallel axis of moment of inertia. 

 Find the moment of inertia of a sphere about a tangent to the sphere, given the moment of inertia of the 

sphere about any of its diameters to be 
2

5
𝑀𝑅2, where M is the mass of the sphere and R is the radius of 

the sphere.    

7. One day Mira was watching television with her father. On one of the sports channel she saw that when a 

diver jumps from spring board, he curls his body by rolling in his arms and legs and thereby performs 

somersaults in air. As the diver touches the water surface, he stretches out his limbs. She asked her 

father the reason for the action of the diver. When her father could not give satisfactory answer, she 

surfed net to get the correct answer.  

(a) What according to you are the values displayed by Mira? 

(b) State the principle involved in the situation described above. Justify the action of diver on the basis 

of the principle.      



8 A meter stick is balanced on a knife edge at its centre. When two coins are each of mass 5gms are placed 

at 12cm mark, the stick is found to balance at 45cm. What is the mass of the stick? 

9. A solid sphere rolls down two different inclined planes of the same height but different angles of 

inclination. (a) Will it reach the bottom with the same speed in each case? Will it take same time to roll 

down the two planes? Justify your answer?  

10.  There is a stick half of which is wooden and half is of steel. It is pivoted at the wooden end and a force 

is applied at the steel end at right angles to its length. Next, it is pivoted at the steel end and the same 

force is applied at the wooden end. In which case is angular acceleration more and why? 

11. Equal torques are applied on a cylindrical and a hollow sphere. Both have same mass and radius. The 

cylinder rotates about its axis and the sphere rotates about one of its diameters. Which will acquire greater 

speed? Explain. 

12. Find expression for linear acceleration of a cylinder rolling down on a inclined plane.  

A ring, a disc and a sphere all of them have same radius and same mass roll down on inclined plane 

from the same heights. Which of these reaches the bottom (i) earliest (ii) latest?  

 

                       *************************************************                                                    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



GRAVITATION 
 
Gravitational force is the name given to the force of attraction between any two objects in the universe. It is the 

weakest among the fundamental forces of nature.  

Newton’s law of gravitation:  

 It states that every body in the universe attract every other body with a force whose magnitude is directly 

proportional to the product of their masses and inversely proportional to the square of the distance between the 

two. The direction of the force is along the line joining their centers.  

Note: As gravitational force obeys inverse square law, it is a central force and hence is a conservative force. 

If two bodies of masses m1 and m2 are separated by a distance of r; according to the law the gravitational force 

is  

2

21

r

mm
F        F = 

2

21

r

mGm
 

Where G is called Universal Gravitational constant, whose value is 6.67x10-11 Nm2/kg2 

If m1 = m2 = 1kg and    r =1m, then G = F.  

Note:  Universal Gravitational constant is defined as the force of attraction between two unit masses 

separated by unit distance apart.  

Dimensional formula for G:  

        We know, F = 
2

21

r

mGm
   

21

2

mm

Fr
G   = 231

2

22

TLM
M

)L(MLT 


  

Characteristics of gravitational force: 

1. It is independent of the nature of the medium between the bodies  

2. It is a central force ( i.e. it acts along the line joining the two bodies ) 

3. It is a conservative force (i.e. Work done by the force or against the force is independent of the path)  

4. Independent of the nature and size of the bodies  

Gravity: It is the force of attraction exerted by earth on the bodies lying near it, towards it. It can also be called 

as the gravitational pull of earth on other objects.  

Note: The force of gravity on a body is called the weight of the body.  

Acceleration due to gravity (g):  Acceleration due to gravity is the constant acceleration produced during the 

motion of a body when it falls under the influence of the gravitational pull of earth only.   

Notes:  It has a unit of m/s2 and dimensions of LT-2. 

            ii. Being acceleration, it is a vector, whose direction is towards the center of earth.  

 iii. Weight of any body of mass ‘m’ on the surface of earth is W=mg.  

Expression for g:  Consider earth be a spherical body with mass Me and radius Re. Let a body of mass ‘m’ 

lying near the surface of earth, where the acceleration due to gravity is g.  

According to law of gravitation, the gravitational force that earth exerts on the object is, 

              F = 
2

e

e

R

mGM
 

But as weight (mg) of the body is the gravitational pull of earth on the body, we have.   

      

  mg =  
2

e

e

R

mGM
   g = 

2

e

e

R

GM
 

 

Note: i. On substituting the known values of G, Re & Me in the above expression, we get ‘g’ on the               

surface of earth as 9.8 m/s2   



          ii. The Value of ‘g’ is independent of mass, size and shape of the object but depends upon the  

               mass and radius of earth  

          iii. Acceleration due to gravity on the surface of any planet can be determined by
2

R

GM
g  ,    

             where M is the mass and R is the radius of that planet  

  

Mass of earth: We know, g on the surface of earth = 
2

e

e

R

GM
 Me = 

G

gR
2

e  on substituting the values of g, G and 

Re , we get Me = 6.018x 1024 kg    6 x1024kg.) 

Density of earth:  If earth is considered as a homogeneous sphere of uniform density ‘’ and radius ‘Re’, then 

Volume of earth, V = 3

3

4
eR . We know density,  = 

volume

Mass
 = 

3

e

e

πR
3

4

M
. Substituting the value of Me as above, 

we get   = 
GR

g

e4
3  

   On substituting values of g , Re and G , we obtain  = 5.5 x103 kg/m3) 

 

Variation of acceleration due to gravity  

(i) Variation of g with altitude (h):  

Consider earth to be a sphere of radius Re and mass Me with acceleration due to gravity g at the surface and g ' 

at a height ‘h’ from the surface.   

For the surface, we have 
2

e

e

R

GM
g     & for height we have 

2
e

e

2

e'

h)(R

GM

r

GM
g


  , where r = Re+h  

'i.e.g = 
2

e

2

e

e

)
R

h
(1R

GM



 = (1)

)
R

h
(1

g

2

e





 

On applying Binomial expansion and rearranging, we get (2)
R

2h
1gg

e

' 







  

Note:  i. Equation with (1) is to be used when h is large and (2) is to be used when h is small.] 

ii. From equations it is clear that as ‘h’ increases ‘g1’ will decrease and at a height h = Re, 

 
4

g
g '  .  

(ii) Variation of g with depth (d): 

Consider earth to be a homogeneous sphere of density  , mass Me and radius Re and let g be the acceleration 

due to gravity at a point on the surface. 

For this, we have  
2

e

e

R

GM
g   & ρπR

3

4
M

3

ee         

  (3)
ρπGR

3

4
g e       

 Consider a point P at a depth d below the surface of earth, where the acceleration due to gravity is g1. The body 

at P experiences gravitational pull due to the sphere of radius (Re-d) and mass Me
1  

For this, we have 
2

e

'

e'

d)(R

GM
g


   &  ρd)(Rπ

3

4
M 3

e

'

e      

      (4)d)πρG(R
3

4
g e

'                                                                                                                          



     



e

e
'

R

d)(R

g

g
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eqn(4)










e

'

R

d
1gg   

Note:  From the equation 









e

'

R

d
1gg , it is clear that as‘d’ increases g1 will decrease and at a depth d = Re, g1 

becomes zero. i.e. at the centre of earth a body will be weightless due to the absence of acceleration due to 

gravity . 

(iii) Variation of g with shape of earth:   

As earth is not a perfect sphere it has different radius at the poles and equator where polar radius (Rpole) < 

equatorial radius (Requitorial ), 
  the difference being 21 km.  

We know, on the surface g =
2R

GM
.    

            As G and Me are constants,
2

e

2

p

p

e

2
R

R

g

g

R

1
g   (As Re>Rp , gp>ge ) 

Note:  i) The value of g is least at the equator and maximum at the poles.  

ii) When one moves from equator to pole, the acceleration due to gravity increases and thus                      

the   weight too. 

iii) The difference between ge and gp is only 1.8 cm/s2. 

iv) Variation of g with latitude () [rotation of earth] : 

Latitude at a place is defined as the angle that the line joining the place to 

the centre of the earth makes with the equatorial plane. At equator, as the 

line is along equatorial plane, the value of  is zero and at poles as it is 

perpendicular to the equatorial plane the value of  is 900.  

 

A body kept on the surface of earth at a place with a latitude  ,  
















g

λcosRω
1gg

22
'   

                    or  

(5)λcosRωgg 22'   

 From expression (5), it is evident that g1 depends on both  (rotation of 

earth) and  where g1 decreases on increasing  and g1 increases on increasing the latitude, .    

Special cases 

At equator, as  = 0 ,       g1 = gequator    = g - R2 ( ie g1 is minimum ) 

At poles, as      = 900 ,    g1 = g pole      = g           ( ie g1 is maximum )  

Note:   i) As g pole does not depend on , its value will be constant whether earth is at rest or rotating. So the 

effect of rotation of earth has dependence only on equatorial points. 

      ii) The difference between the acceleration due to gravity at pole and equator can be given as     
22

euatorpole Rω)Rω(ggggdg   

Gravitational field: 

Gravitational field of a material body is the space around it in which its gravitational pull can be experienced. 

The gravitational force of attraction between two objects is due to the interaction of the gravitational fields of 

the two. 

Intensity of gravitational field,(E):  

Intensity of gravitational field of a body at a point in its field is defined as the force experienced by a unit 

mass placed at that point.  (E=
m

F
) 



 To measure the intensity of gravitational field of a body (let us call source mass ) at a point in its field , a small 

body of unit mass ( let us call test mass ) is to be placed at that point and the force  between the two  is to be 

determined , which by definition is ‘E’ .  

Expression for gravitational intensity at appoint due to a source mass M: 

 

Consider a body of mass M. Let F be the gravitational force experienced by a test mass ‘m’ placed at a point P 

in its field at a distance r from it.          

 Now, according to Newton’s law, F =
2r

GMm
.  

   By definition of E, we have E = (6)
r

GM
E

m

F
2

 .                             

Note: When r =  , E = 0.  i.e. Gravitational field intensity of any objects exists up to infinity and vanishes 

there. 

If the test mass, 'm' is free to move at point 'P', it will be accelerated due to the force 'F' provided  

by the source mass 'M'. If 'a' is the acceleration experienced by the test mass,  

 We have 
m

F
a  (since F=ma), which by definition is E.  

 Thus Intensity of gravitation at a point in a gravitational field is the acceleration of the test mass at that point. 

Similarly the gravitational field due to earth at a point on the surface can be determined by replacing M with Me 

and r with Re in the expression for E.  

          i.e. E = 
2

e

e

R

GM
= g .   

Note: E being identical to acceleration, its unit and dimension are same as that of acceleration. 

 

Gravitational potential, (V): 

  Gravitational potential at a point in the gravitational field of a body (say, source mass) is defined as the amount 

of work done in bringing a unit mass (say, test mass) from infinity to that point.  

If  'W' is the work done in bringing a test mass 'm' from infinity to a point P, then potential at the point P is, 

m

W
V  . 

 

Note:  i) Since work is a scalar quantity, potential also is a scalar quantity. 

           ii) The unit of gravitational potential is joule/kg and dimension is M0L2T-2.  

 

Gravitational potential energy (U): 

 Gravitational potential energy of a body at a point in a field is defined as the work done in bringing the given 

body (of mass m) from infinity to that point. (U = V x m)   

 

Expression for gravitational potential energy of a body at a point on earth:  

Assume earth to be a perfect sphere of radius 'Re' and mass 'Me' with centre O. Consider a mass 'm' placed at a 

point P at a distance ' r ' from the centre of earth, whose gravitational potential energy is to be determined.  Join 

OP = r .   

As the gravitational force experienced by the body at different points between  and P is different, let us 

consider a point A at a distance x from the centre, between  and P. 

The gravitational force on mass 'm' by earth at A is F= 
2

e

x

mGM
 

(This may be treated to be a constant over a small displacement of dx) 

Work done to move mass ‘m’ over the small distance dx is, 



dx
x

mGM
dxFdW

2

e   

Total work done to move the body from  to the point P is   

         W = dx
x

mGM
dW

2

e

r r

 
 

 

ie  W = dx
x

1
mGM

2

r

e 


    =  )7(
r

mGMe  .  

This work done, by definition is the gravitational potential energy of the mass m at P. U = 
r

mGM e  

Note:  Negative sign indicates that work is done by the field, not against the field.  

 

Expression for gravitational potential at a point:  

Form above, we know that potential energy, 
r

mGM
U e .   

       But potential V = 
m

W
or 

m

U
  

Potential at the point P, )8(
r

GM
V e       

Note:   For finding the potential at a point due to any body of mass M, replace Me with M . So we get 
r

GM
V     

Also potential energy 
r

GMm
U   

Inertial and Gravitational mass:   

 Inertial mass of a body is the mass that is related to its inertia in linear motion . It is the mass obtained by the 

ratio of force and acceleration i.e. 
a

F
m i   

Note: It is inertial mass that decides the magnitude of acceleration of a body under a force. 

 Gravitational mass of a body is related to the gravitational pull on the body. It is the mass obtained by 

the ratio of weight and acceleration due to gravity.  i.e. 
g

W
mg   

Note: Usually inertial mass and gravitational mass of a body are identical 

Satellites: A satellite is a heavenly body that revolves continuously around a planet in a closed orbit. They are of 

two types, namely natural satellites (e.g. moon) and artificial satellites (e.g. Sputnik, INSAT, Aryabhata etc) 

Orbital velocity:   

 The velocity required to put a satellite in to its orbit around earth is called orbital velocity of a satellite. 

 

Expression for orbital velocity:  

Assume that earth has a mass Me and radius Re. Consider a satellite of mass m revolving around the earth in a 

closed orbit of radius r, with a velocity ‘vo’, at a height ‘h’ above the surface.  

 Radius of the orbit of the satellite, r = Re + h (as the satellite is at a height h above the surface) 

According to Newton’s law, Gravitational force on the satellite,
2

e

r

mGM
F    

The centripetal force required to keep the satellite in its orbit, 
r

mv
F

2

o  

As the centripetal force is provided by the gravitational force, 
2

e

2

o

r

mGM

r

mv
   



i.e. )9(
r

GM
v e

o   

But we know 
2

ee2

e

e gRGM
R

GM
g                             

                    On substituting for GMe
 in (9), we get  

r

gR
v

2

e
o   = )10(

h)(R

g
R

e

e 


 

Note:  i) From the above expression, it is clear that orbital velocity is independent on the mass of the satellite.  

ii) It decreases with increase in the orbital radius. 

iii) If the satellite orbits close to the surface of earth, then h < < Re and hence eo gRv   = 7.92 km/s. 

Time period of a satellite (T):   

Time period of satellite is the time taken by the satellite to complete one revolution around the earth  

Time period, T   = Distance travelled in one revolution / orbital velocity. 

             i.e. T= 
v

r2π
  = 

g

r

R

r2π

e

  = 
g

r

R

2π 3

e

  = (11)
g

h)(R

R

2π
3

e

e




                     

Substituting the value of ρπGR
3

4
g e  in the above equation for time period, we get  

T = )12(
GR

h)(R3
3

e

3
e 





  

For a satellite orbiting close to the earth surface, h<<Re ee Rh)(R    

      T = 
Gρ

3π
    

Applying the same condition in (12), we get T = 
g

R

R

2π 3

= 2 
g

R
  

On substituting the values of g and Re
  , we get T = 84.6 minutes . 

Height of the satellite:   

Squaring both sides of equation (12), we get T 2 =
gR

h)(R4π
2

e

3
e

2 
  

On rearranging for h , we get              h  = (13)R
4π

gRT
e

1/3

2

2

e
2















                                

Geo stationary satellites:       

     A satellite that revolves around the earth with the same angular speed in the same direction as 

done by earth around its own axis is called geo stationary satellite (The time period of such satellites is 24 

Hours)  

   To find the height of geo stationary satellite, substitute the values of g, Re and T =24 hr in (2)  

We get, h = 3.6x10 7 m    or     36000 km. 

Energy of a satellite: 

  

If a satellite of mass m is at a distance r from the centre of earth, the potential energy is given by   

U =
r

mGM e
.     

Kinetic energy of the satellite, K = )14(
r

GM
m

2

1

2

mv e

2

o 







 , where

r

GM
v e

o   is the orbital velocity. 

Total energy of the satellite, E = U+K = 
r

mGM e
 + 









r

GM
m

2

1 e = )15(
2r

mGM e 


 



If the satellite is closer to the earth, then r = Re   E = 
e

e

2R

mGM
  

Escape velocity:   

    Escape velocity of a body on earth is defined as the minimum velocity with which the body has 

to be projected vertically upwards from the surface of earth so that it just crosses the gravitational field of 

earth. Since earth’s gravitational field extends up to infinity, escape velocity is the velocity that a body on 

earth’s surface must have in order that it may get projected to infinite distance in to space.  

 Let earth to be a perfect sphere of mass Me and radius Re. Let a body of mass m be projected from earth’s 

surface such that it escapes from the pull of earth. 

 

 At any point P, between the surface and infinity, at a distance x from the centre of earth, the gravitational 

force is F =
2

e

x

mGM
.   

 To move the body up against the gravity, an equal force as above has to be applied on the in the opposite 

(upward) direction  

The work done in taking the body through a small distance of dx against the gravitational pull is 

      dx
x

mGM
dxFdW

2

e   

 The total work done to take the body against the gravity from surface of earth to infinity is  

    W =  dW  = 


R

2

e dx
x

mGM
 = 

e

e

R

2e
R

mGM
dx

x

1
mGM 



   

This is the work required to escape and in the expense of kinetic energy at the surface of earth.  

If ve is the escape velocity of the body projected from the surface of earth,  

Then kinetic energy on the surface =
2

emv
2

1
 

  But as said above  
2

emv
2

1
 = 

e

e

R

mGM
     

e

e2

e
R

2GM
v        

 
e

e
e

R

2GM
v  But 

2

ee gRGM  . On substitution, we get ee 2gRv   = 

11 2 km/s. 

Kepler’s laws of planetary motion: 

i) I Law (Law of orbit):  

   Every planet revolve around the sun in an elliptical orbit, keeping sun at one of the foci. 

ii) II Law (Law of area):  

    The radius vector drawn from the sun to the planet sweeps equal area in equal intervals of time.  In other   

words, the areal velocity of a planet around the sun is a constant. 

Note: Proof for II law is based on law of conservation of angular momentum. (Refer notes of Rotational motion 

) 

iii) III Law (Law of period): 

   The square of the time period of revolution (T) of a planet around the sun is directly proportional to the 

cube of the semi major axis(R) of its elliptical orbit.   

ie T2  R3 

 

QUESTION & ANSWERS 

1 MARKS QUESTIONS 

Q1.When a stone of mass m is falling on the earth of mass M; find the acceleration of earth if any? 

Ans. Force exerted by falling stone on earth, F=mg 



Acceleration of earth=F/M= mg/M 

Q2.Why G is called a universal constant? 

Ans. It is so because the value of G is same for all the pairs of the bodies (big or small) situated anywhere in the 

universe. 

Q3.According to Kepler’s second law the radius vector to a planet from the sun sweeps out equal area in equal 

interval of time. The law is a consequence of which conservation law. 

Ans. Law of Conservation of angular momentum. 

Q4.What are the factors which determine why some bodies in solar system have atmosphere and others don’t 

have? 

Ans. The ability of a body (planet) to hold the atmosphere depends on acceleration due to gravity. 

Q5.What is the maximum value of gravitational potential energy and where? 

Ans. The value of gravitational potential energy is negative and it increases as we move away from the earth 

and becomes maximum (zero) at infinity. 

Q6.The gravitational potential energy of a body at a distance r from the center of earth is U. What is the weight 

of the body at that point? 

Ans. U=
r

mGM e
 =g r m= (mg) r 

Q7.A satellite revolving around earth loses height. How will its time period be changed? 

Ans. Time period of satellite is given by; T= (11)
g

h)(R

R

2π
3

e

e




 

 Therefore, T will decrease, when h decreases. 

Q8.Should the speed of two artificial satellites of the earth having different masses but the same orbital radius, 

be the same? 

Ans. Yes it is so because the orbital speed of a satellite is independent of the mass of a satellite. Therefore the 

speeds of the artificial satellite will be of different masses but of the same orbital radius will be the same. 

Q9.Can a pendulum vibrate in an artificial satellite? 

Ans. No, this is because inside the satellite, there is no gravity, i.e., g=0. 

As t = 2π√ /, hence, for g=0, t =. Thus, the pendulum will not vibrate. 

Q10.Why do different planets have different escape speed? 

Ans. As, escape speed 
e

e
e

R

2GM
v  therefore its value are different for different planets which are of different 

masses and different sizes. 

2 MARKS QUESTIONS 

Q1.Show that weight of all body is zero at Centre of earth? 

Ans. The value of acceleration due to gravity at a depth d below the surface of earth of radius R is given by ɠ=g 

(1-d/R).At the center of earth, (dept) d=R; so, ɠ =0.The weight of a body of mass m at the centre of earth 

=mg’=m x 0=0. 

Q2.What will be the effect on the time period of a simple pendulum on taking to a mountain? 

Ans. The time period of a pendulum, T=2π√ l/g, i.e., T= 1/√g .As the value of g is less at mountain than at 

plane, hence time period of simple pendulum will be more at mountain than at plane though the change will be 

very small. 

Q3.A tennis ball and a cricket ball are to be projected out of gravitational field of the earth. Do we need 

different velocities to achieve so? 

Ans. We require the same velocity for the two balls, while projecting them out of the gravitational field. It is so 

because, the value of escape velocity does not depend upon the mass of the body to be projected 

 [i.e, ve=√ 2gR]. 



Q4.Draw graphs showing the variation of acceleration due to gravity with (a) height above the earth’s surface, 

(b) depth below the Earth’s surface. 

Ans. (a)The variation of g with height h is related by relation g α1/r2 where r=R+h. 

Thus, the variation of g and r is a parabolic curve. 

(b)The variation of g with depth is released by equation g’=g (1-d/R) i.e. g’ α (R-d ). Thus, the variation of g 

and d is a straight line. 

Q5.Why does moon have no atmosphere? 

Ans. Moon has no atmosphere because the value of acceleration due to gravity ‘g’ on surface of moon is small. 

Therefore, the value of escape speed on the surface of moon is small. The molecules of atmospheric gases on 

the surface of the moon have thermal speeds greater than the escape speed. That is why all the molecules of 

gases have escaped and there is no atmosphere on moon. 

3 MARKS QUESTIONS 

Q1.Explain how knowledge of g helps us to find (i) mass of earth and (ii) mean density of earth? 

Q2. Obtain the expression for orbital velocity, time period, and altitude of a satellite. 

Q3. What do you understand by ‘Escape velocity’? Derive an expression for it in terms of parameters of given 

planet. 

Q4. What do you understand by gravitational field, Intensity of gravitational field. Prove that gravitational 

intensity at a point is equal to the acceleration due to gravity at that point. 

5 MARKS QUESTIONS 

Q1.State Kepler’s laws of planetary motion. Prove second Kepler’s law using concept of conservation of 

angular motion. 

Q2.State universal law of gravitation. What is the significance of this law? Find the expression for acceleration 

due to gravity. 

Q3.Explain the variation of acceleration due to gravity with (I) altitude (ii) depth 

Q4. Define gravitational potential energy. Derive the expression for gravitational potential energy. What is the 

maximum value of gravitational potential energy? 

Q5.What is escape speed? Derive the expressions for it. Calculate escape speed for the Earth. 

 

  



PROPERTIES OF SOLIDS 
ELASTICITY  

It is the property of the body by virtue of which the body regains its original configuration (length, 

volume or shape) when the deforming forces are removed. 

STRESS 

When some external forces are applied to a body, then the body offers internal resistance to these forces. 

This internal opposing force per unit area is called 'stress'. It is denoted by symbol σ and its S.I. unit is 

Pascal or N/m2. 

Mathematically it can be expressed as 

𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
 

TYPES OF STRESS 

Stress is of two different types mainly : 

(i) Normal Stress  

(ii) Shearing or Tangential Stress . 

(i) Normal Stress : If the stress is normal to the surface, it is called normal stress. Stress is always normal 

in the case of a change in length or a wire or in the case of change in volume of a body 

 Longitudinal Stress : When a normal stress change the length of a body then it is called longitudinal 

stress which is given by 

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐷𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
=

 𝐹

𝐴
 

 

The longitudinal stress can be further divided into two types. When a wire or a rod is stretched at the two 

ends by equal and opposite forces, the stress is called tensile stress. When a rod is pushed at the two ends 

by equal and opposite forces, it will be under compression. The stress in such a case is called compressive 

stress. The pillars of a building experience compressive stress. 

 Volume Stress (or ) Bulk Stress : When a normal stress changes the volume of a body then it is called 

volume stress. When a solid body is immersed in a fluid, the force at any point is normal to the surface of 

the body and the magnitude of the force on any small area is proportional to the area i.e., the body is under 

the action of a pressure P. 

𝐵𝑢𝑙𝑘 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
 =  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

(ii) Shearing Stress : When the Stress is tangential to the surface due to the application of forces parallel 

to the surface, then the stress is called tangential or shearing stress. It changes the shape of the body. 

𝑆ℎ𝑒𝑎𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑠𝑠 =
 𝐹𝑜𝑟𝑐𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
   

STRAIN 

Normal stress on a body causes change in length or volume and tangential stress produces change in shape 

of the body. The ratio of change produced in the dimensions of a body by a system of forces or couples, 

in equilibrium, to its original dimensions is called strain. 

 𝑆𝑡𝑟𝑎𝑖𝑛 =
𝑪𝒉𝒂𝒏𝒈𝒆𝒊𝒏𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏

𝒐𝒓𝒊𝒈𝒊𝒏𝒂𝒍𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏
 

 



TYPES OF STRAIN 

                       

Unit of Strain : As strain is a ratio , it has no units and dimensions. 

 

YOUNG'S MODULUS OF ELASTICITY 

It is defined as the ratio of normal stress to the longitudinal strain within elastic limit. 

𝒀 =
𝑵𝒐𝒓𝒎𝒂𝒍 𝒔𝒕𝒓𝒆𝒔𝒔

𝑳𝒐𝒏𝒈𝒊𝒕𝒖𝒅𝒊𝒏𝒂𝒍 𝑺𝒕𝒓𝒂𝒊𝒏
= 

𝑭
𝑨⁄

∆𝑳
𝑳⁄

=  
𝑭𝑳

𝑨∆𝑳
 

 

F is the normal force applied at the end of its wire, A is area of  cross section (= pr2),Dl is the extension 

produced due to normal force, L is the original length of the wire. 

Bulk Modulus of elasticity (K) 

 

It is defined as the ratio of normal stress to the volumetric strain within the elastic limit. Thus, 

𝐾 =
𝑁𝑜𝑟𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑡𝑟𝑎𝑖𝑛
 

Consider a spherical solid body of volume V and surface area a, when a force F is applied normally, the 

volume decreases by  

Volumetric strain = −
∆𝑉

𝑉
 



Normal stress = 
𝐹

𝑎
 

K = 
𝑭

𝒂⁄

−∆𝑽
𝑽⁄

=  
−𝒑𝑽

∆𝑽
 

𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
1

𝐾
=

−∆𝑉

𝑝𝑉
 

Modulus of Rigidity 
It is defined as the ratio of tangential stress to the shearing strain within the elastic limit. 

 

Considering a solid metal cube whose lower face is fixed and its upper face is subjected to a tangential 

force F. The body suffers a change in its shape but not in its volume. If θ is angle through which upper 

layer is sheared then, 

𝜃 =  
∆𝑥

𝐿
 

Tangential stress = 𝐹 𝑎⁄  

𝜂 =
𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠

𝑆ℎ𝑒𝑎𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑎𝑖𝑛
=  

𝐹
𝑎⁄

∆𝑥
𝐿⁄

=  
𝐹𝐿

𝑎∆𝑥
=  

𝐹

𝜃𝑎
 

Poisson’s ratio ( )  

It is defined as the ratio of lateral strain to the longitudinal strain. 

𝜎 =
lateral strain

longitudinal strain
 

Theoretical value of σ lies between –1 and + 
1

2
 

The practical value of σlies between 0 and +1/2. If there is no change in the volume of wire on 

loading, then its Poisson’s ratio is 0.5. 

 

ELASTIC POTENTIAL ENERGY STORED PER UNIT VOLUME OF A STRAINED BODY 

 

 
 

STRESS - STRAIN RELATIONSHIP IN A WIRE 

 



 
 

AO = Elastic Range 

P = Yield point 

OD = Breaking stress or tensile stress 

E = Breaking point 

OO1= Permanent set 

When the stress-strain relationship in a wire is studied, one finds that stress is directly proportional to the 

strain up to the point A (see the graph). The point 'A' is called the elastic limit and AO is called the 

elastic range.  

The Hooke's law is valid up till A. Beyond A, if the stress is removed, graph between stress and strain 

does not follow AO. BO| is followed when stress is zero, strain is not zero or a permanent deformation 

sets in the material. Therefore, OO| represents the permanent set.  

Notice that beyond 'A', the stress - strain graph is a curve and that for a small stress, large strain is 

produced in the material. The material beyond A and upto 'P' is partly elastic and partly plastic in 

behaviour. 

 Beyond 'P', the behaviour of the wire is very erratic. There is a large increase in the strain but a very 

small change in the stress. 

At this stage, the wire flows down upto the point C. The point 'P', when the wire yields to the applied 

stress and begins to flow, is called the yield point. The region PC is called the plastic region. Materials 

used to make sheets or wires must have a longer plastic region and must be ductile. 
Beyond C, the graph has a hump at D. Even if the wire is loaded by a little amount, the wire becomes 

thin at weak portions of the wire and tends to break at E. The stress corresponding to the breaking point 

is called the breaking stress. Brittle substances generally have a small plastic region and the breaking 

stress lies closer to the elastic limit. 

The above graph is useful in classifying materials which serve different purposes. 

ELASTOMERS 

Materials which can be stretched to large values of strains are called elastomers. 

 There is no well defined plastic region. 

 Elastic region is very large. 

Elastomers 

 

The stress vs strain curve for elastomers  
 



  

APPLICATIONS OF ELASTICITY 
Mechanical properties like strength, stiffness (Rigidity), ductility, malleability and brittleness have to be 

carefully studied to select a material for a particular job. 

 The metallic parts of machines should not be subjected to stress beyond the elastic limit otherwise they 

will be deformed. 

 Beams are the simplest and most common parts of large structures. When beams are 

  

 

subjected to stress, the different parts are strained in different way as shown in the above diagram. For 

this purpose, the beam's cross-section is I in shape, where there is advantage of lightness. The flanges 

are able to withstand the compression and tension force due to loading. 

 The thickness of the metallic rope needed to lift a given load is decided using the knowledge of elastic 

limit of the material of the rope and the factor of safety.  

 

PROPERTIES OF FLUIDS 

 Fluids are substances which begin to flow when external force is applied on them. Liquids and gases are 

fluids. Fluids do not have a definite shape. The branch of physics, dealing with the study of fluids at rest 

is called hydrostatics. 

 When fluids are kept in a container, due to random motion of the molecules (intermolecular forces are 

less) they constantly collide with the wall of the container and rebound from them. Due to this, they 

suffer change in momentum and this momentum, transferred to walls per unit time, accounts for the 

force or thrust on the walls of the container. 

 Forces acting on a fluid in equilibrium of rest, are always perpendicular to its surface. This can be seen 

as follows: 



 

 Consider a force acting along AB. In reaction, a force is executed along BA. On resolving the forces, 

Fcosϴ along the horizontal direction, tends to move the liquid as the liquid surface cannot resist the 

tangential force Fcosϴ. But since the liquid is at rest, no component of force acts along the horizontal. 

Therefore, the liquid at rest, exerts a force at B or any point perpendicular to surface of the container 

PRESSURE MECHANICS 

There are many situations in which effects of a force are better described in terms of force per unit area 

i.e. pressure. 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =
𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑎𝑟𝑒𝑎
 

Pressure exerted by a liquid column 

 
Consider a liquid of density 'r' contained in a cylinder of cross-sectional area 'A'. Let 'h' be the height of 

the liquid column. The weight of liquid will exert a downward thrust on the bottom surface of the vessel. 

The weight of liquid inside the vessel = volume x density x g = Ahρg 

Thrust or force of liquid on the area = weight of liquid = Ahρg 

 
Pressure exerted by a liquid column P = hρg 

The above expression tells us why dams are broader at the bottom. The liquid pressure increases with 

breadth. 
With a broader base, the pressure on the walls of the dam are reduced. 

Blaise Pascal, a French physicist, discovered that the pressure in a fluid in equilibrium is the same 

everywhere, if the effect of gravity is neglected. 

PASCAL’S LAW 

The pressure in a fluid at rest is the same at all points if they are at the same height. 

Whenever external pressure is applied on any part of a fluid contained in a vessel, it is transmitted 

undiminished and equally in all directions. 
 



PASCAL'S LAW-EFFECT OF GRAVITY 

 

Consider a tank containing a liquid (or fluid). Let A and B be two points inside the liquid separated by a 

distance 'h'. Imagine a cylinder of liquid with axis AB, cross-sectional area A and length h. Let the mass of the 

liquid in this imaginary cylinder be 'm'. 

 
Let P1 and P2 be the pressure at A and B. The forces acting on the cylinder are 

 F1 = P1 A acting vertically downward 

 F2 = P2 A acting upwards on the lower face of the cylinder. 

 Weight (mg) = W of the liquid acting downward. 

As the liquid is at rest, the net force acting on it should be zero. 

 

 

  

 

 

 

 

Note 
 If A and B were at the same height 

i.e. h=0 then P2 - P1=0 or P1 = P2 

i.e., Pressure is same at all points inside a liquid lying on the same horizontal plane. 

 If g = 0 at place, then P2 = P1 at any two points inside the liquid (Pascal's law neglecting effect of 

gravity). 

HYDRAULIC MACHINES 



 

𝑭𝟏

𝑨𝟏
=

𝑭𝟐

𝑨𝟐
 

 

 

 

VISCOSITY : 

 

Viscosity is the property of a fluid by virtue of which an internal frictional force comes into play when 

the fluid is in motion and opposes the relative motion of its different layers.  

 

Viscous drag F acting between two layers of liquid each of area A, moving with velocity gradient dv/dx 

is given by 𝐹 =  𝜂 𝐴 𝑑𝑣/𝑑𝑥𝑤ℎ𝑒𝑟𝑒 h is the coefficient of viscosity of liquid.  

 

SI unit of η is poiseuille of N s m–2 or Pascal-second  

 

CRITICAL VELOCITY 
Critical velocity is the velocity of a liquid flow upto which its flow is streamlined and after which its 

flow becomes turbulent. Using the methods of dimensions, one can show that 𝑣 =
𝑘𝜂

𝜌𝑑
 where k is 

constant of proportionality called Reynolds number. 

 

STOKES' LAW 

When small spherical bodies move through a viscous medium, the bodies drag the layers of the medium 

that are in contact with them. This dragging results in relative motion between different layers, which 

are away from the body. Therefore, a viscous drag comes into play, opposing the motion of the body. It 

is found that this backward force or viscous drag, increases with increase in velocity of the body. 

According to Stoke, the viscous drag 'f'', depends on the coefficient of viscosity 'h' of the medium, the 

velocity v) of the body and radius (r) of the spherical body. 

 
By methods of dimensions, the values of a, b and c are 1,1,1 respectively. Therefore, 

 
The various forces acting on the body are: 

 Weight of the body, acting downwards 

 Viscous drag F, acting upwards (opposing motion of the body) 

 Upthrust or Buoyant force U of liquids, equal to weight of the displaced liquid. 

As the body falls, its velocity and the viscous drag increase due to gravity. There comes a stage, when 

all the three forces balance each other i.e., the net forces acting on the sphere is zero. When these 



conditions are achieved, the body starts moving with a constant velocity. This constant velocity is called 

as the terminal velocity. 

 

EXPRESSION FOR TERMINAL VELOCITY 

 

 

Weight of the body =mg= Vρg 

 𝑊 =
4

3
𝜋𝑟3𝜌𝑔 

where r is the radius of the body, r is density, g is the gravity due to upward viscous drag  

𝐹𝑇 =  6𝜋𝜂𝑣𝑟(Stokes' law). 

where h is coefficient of viscosity, v is the velocity of body, r is radius of the body. 

Upthrust or Buoyant force Fv = weight of displaced liquid 

= Volume of bodyx density of liquid x acceleration due to gravity 

𝐹𝑣 =
4

3
𝜋𝑟3𝜎𝑔 

When the body moves with terminal velocity𝑣 = 𝑣𝑡 

6𝜋𝜂𝑣𝑡𝑟 +
4

3
𝜋𝑟3𝜎𝑔 =  

4

3
𝜋𝑟3𝜌𝑔 

6𝜋𝜂𝑣𝑡𝑟 =  
4

3
𝜋𝑟3(𝜌 − 𝜎)𝑔 

𝑣𝑡 =
2

9

𝑟2(𝜌 − 𝜎)𝑔

𝜂
 

Note that if ρ<σ, the body moves up with constant velocity. For example, gas bubbles rise up through 

soda water bottle. 

EQUATIONS OF CONTINUITY 

 

Consider a non-viscous liquid in streamline flow through a tube AB, of varying cross-section. Let 

A1 and A2 be the area of cross-section at A and B respectively. 

The volume of water entering A per second = A1V1 

Volume = Area x distance 

 



 

where V1 is the velocity of the flow of liquid at A

 

Assuming there is no loss of liquid in tube and for free steady flow, 

Mass of liquid entering per second at A 

= Mass of liquid leaving per second at B 

𝐴1𝑉1𝜌1 = 𝐴2𝑉2𝜌2 but𝜌1 = 𝜌2  

ℎ𝑒𝑛𝑐𝑒𝐴1𝑉1 = 𝐴2𝑉2 

or AV = constant. 

This is the equation of continuity. 

BERNOULLI'S THEOREM 

This theorem is a consequence of the principle of conservation of energy, applied to ideal liquids in 

motion. The theorem states that: 

For the streamline flow of an ideal liquid, the total energy (sum of pressure energy, potential energy and 

kinetic energy) per unit mass remains constant at every cross-section, throughout the flow. 

 

Consider a tube AB of varying cross-section and at different heights. Let an ideal liquid (an ideal liquid 

is incompressible and non-viscous) flow through it in a streamline. Since the liquid is flowing from A to 

B, p1 > p2. Now A1V1r = A2V2r = m (according to the equation of continuity) 

Here A1 > A2 so V1 < V2 

 



Now, the work done per second on the liquid at section A =𝜌1A1v1 (v1 is velocity and V1 is volume of 

liquid per sec)= 𝜌1𝑉1 

 

Now, the work done per second on the liquid at section B = 𝜌2A2v2 =  𝜌2𝑉2 

As V1 = V2 

Net work done per second on the liquid by the pressure energy in moving from A to B  

= p1V - p2V 

The net work done per second, in turn, increases the P.E. per second and also increases the K.E. per sec, 

from A to B. This is in accordance with the law of conservation of energy. 

P1V- P2V=(mgh2 – mgh1) + (
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Pressure energy per unit mass
P

ρ
 

+ potential energy per unit mass (gh) 

+ kinetic energy per unit mass
𝑣2

2
is constant for 

Streamline flow of an ideal liquid 

 

LIMITATIONS OF THE THEOREM 

Since a velocity gradient exists across the tube, the mean velocity of the liquid is to be considered. 

 The viscous drag which comes into play when the liquid is in motion, is not taken into account. 

 In above conservation principle, part of K.E. is converted into heat. 

SURFACE TENSION 

Surface tension is a physical property of water.  

The Surface tension is defined as: The dragging force observed in the given liquid per unit length. It is 

given by the formula: 

𝑇 =
𝐹

𝐿
 

where, F = Force ,L = Length over which the force acts. 
 

The Surface tension is expressed in Newton per meter. 

Impurities present in a liquid affect its surface tension. A highly soluble substance like salt increases 

the surface tension whereas a sparingly soluble substance like soap decreases the surface tension. 

 

 



SURFACE ENERGY 

Surface energy is the additional energy per unit area of surface or the work done to increase the area of 

the surface film by unity. 

RELATION BETWEEN SURFACE TENSION AND SURFACE ENERGY 
Consider a liquid film to be formed on a rectangular surface ABCD. On forming a film, the surface film 

contracts (see arrows) due to surface tension i.e., AB is pulled inwards. To keep AB in its original 

position, a force F is applied in the outward direction, all along its length. If T is force due to surface 

tension (i.e. T=F/l). 

 

Then F = T x 2l. Since the film has two free surfaces, the RHS of the equation is multiplied by 2. 

If the wire AB is to be pulled by an additional distance dx, then the additional work done W in this case 

is, 

W = Fx( Δx) = Tx (2lx Δx) = TxΔA 

 

 If ΔA = 1 then T = W 

i.e. Work done in increasing the surface area by unity, is equal to the surface tension T at constant 

temperature. Therefore, this work done, is the 

 

EXCESS PRESSURE INSIDE A LIQUID DROP AND A BUBBLE 

We know that in small drops and bubbles, the effect of gravity is negligible on 

account of surface tension. Small drops do not collapse due to surface tension. 

This means that the pressure inside the drop is greater than the pressure outside. 

Let this excess pressure i.e., pi - po = p. Due to this pressure difference, let the 

radius increase from R to R + dR. 

 Outside force = pressure difference x surface area 

 

Hence, to increase the surface area 

 



Work done by the excess pressure is stored in the form of potential energy. 

Increase in P.E. = surface tension x increase in surface area. 

 

 

 

dW = increase in P.E. 

  

 

 

 
 

ANGLE OF CONTACT 
The angle between tangent to the liquid surface at the point of contact and solid surface inside the liquid 

is termed as angle of contact. 

 
 The  figure shows two liquids, one liquid which wets the glass and the other (i.e. diagram 'b') 

which does not wet the glass.  

 In the first case, the force of adhesion (i.e. force of attraction between unlike molecules) is more 

than the force of cohesion (i.e. force of attraction between like molecules).  

 The force of adhesion in the first case, is the force of attraction between glass molecules and water 

molecules. The force of cohesion is between the molecules of water. 

 In the second case, the force of cohesion is more than the force of adhesion. 

 In the first case, the angle q is acute and in the second case, it is obtuse.  

CAPILLARY RISE 

When one end of a glass capillary tube that is open at both ends, is dipped in a liquid like water that wets 

the tube, the liquid level in the tube rises to a certain height above the liquid level in the container, as 

shown below. 



Liquids that don't wet the tube like mercury do not rise in the tube, but fall below its level in the 

container. 

 

 

Liquids that don't wet the tube like mercury do not rise in the tube, but fall below its level in the 

container. 

The phenomenon of rise or fall of liquid in a capillary tube is called capillarity. 

 
Consider a vertical capillary tube of circular cross section (radius a) inserted into an open vessel of 

water. 

The contact angle between water and glass is acute. Thus the surface of water in the capillary is concave. 

This means that there is a pressure difference between the two sides of the top surface. This is given by 

(𝑃𝑖 − 𝑃𝑜) =
2𝑇

𝑟
=

2𝑇𝐶𝑜𝑠𝜃

𝑎
 

The pressure of the water inside the tube, just at the meniscus (air-water interface) is less than the 

atmospheric pressure. 

 (𝑃𝑖 − 𝑃𝑜) = ℎ𝜌𝑔 ∴ ℎ =
2𝑇𝐶𝑜𝑠𝜃

𝑎𝜌𝑔
 

ℎ =
2𝑇𝐶𝑜𝑠𝜃

𝑎𝜌𝑔
 

 

ILLUSTRATIONS OF CAPILLARITY 

 Oil rises through a wick due to capillarity. The narrow pores in the threads of a wick act like tiny 

capillaries, through which oil rises. 

 Ink spreads on a blotting paper as the pores in the blotting paper act like tiny capillaries. 

 Water rises to the tip of the plants through the tiny fibres in the plant. 

 A towel gets soaked with water on account of capillary action. 

 Ploughing of fields is essential for preserving moisture in the soil. By ploughing, the fine capillaries in 

the soil are broken. This ensures that water does not rise to the surface of the soil due to capillary action 

and evaporate. 

 

 

 



THERMAL PROPERTIES OF MATTER 
  

THERMAL EXPANSION AND CALORIMETRY 

 Heat- it is a form of energy, which produce in us the sensation of warmth 

 Temperature:- The degree of hotness or coldness of a body is called temperature 

 Thermometer- It is a device used to measure the temperature of a body 

 Scales of temperature:- There are four scales of temperature. Given below is scales of temp with lower 

and upper fixed point. Temperature scales Lower fixed point (Melting point office) Upper fixed point 

(Boiling point of water) 

 
Relation between the various temperature scales 

𝐶

5
=

𝐹 − 32

9
=

𝐾 − 273

5
 

IDEAL GAS EQUATION: ABSOLUTE ZERO: 

Boyle’s law 

According to this law 

𝑃 ∝
1

𝑉
  At constant temperature 

 

               PV= Constant-------------(1) 

Charles law 

According to this law 

𝑉 ∝ 𝑇 At constant temperature 

 

𝑉

𝑇
= Constant------------------(2) 

From equation (1) and(2) 

𝑃𝑉

𝑇
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑂𝑟 𝑃𝑉 = µ𝑅𝑇---------------(3) 

 

ABSOLUTE ZERO: 

The lowest temperature at which the gas is supposed to have zero volume or zero pressure or at which 

the molecular motion stops.  

 

A plot of pressure versus temperature and extrapolation of lines for low density gases indicates the same 

absolute zero temperature. 



 
THERMAL EXPANSION:-  

 

All solid expands on heating. There are three types of expansion. 

(1) Liner expansion- When a solid rod of initial length ‘l’ is heated through a temperature then its new 

length L2= L1( 1+αΔT ) , where α is called coefficient of linear expansion. 

 

(2) Superficial expansion- when a solid of initial surface area A is heated through temperature then its 

new Area is A2= A1 (1 + βΔT ), where β is coefficient of superficial expansion. 

 

(3) Cubical expansion- when a solid of initial volume V is heated through a temperature then its new 

volume is V2= V1( 1 + γΔT ) ,where ϒ is the coefficient of cubical expansion. 

 

SI unit of coefficient of expansion is /K 

Relation between α ,β and γ 

α:β:γ= 1:2:3 

THERMAL EXPANSION OF WATER: 

Water exhibits an anomalous behavour; itcontracts on heating between 0 °C and 4 °C. 

The volume of a given amount of water decreasesas it is cooled from room temperature, until 

itstemperature reaches 4 °C.  

Below4 °C, the volume increases, and therefore the density decreases. 

 

 

Variation of volume of  water with temp 

 

Variation of density of water with temp. 

 

HEAT CAPACITY 

Amount of heat required to increase the temperature by unity i.e  10C. It is expressed as 𝑆 =
∆𝑄

∆𝑇
 

SI unit is Joule/Kelvin S=M L2 T-2 K-1 

 

 



SPECIFIC HEAT CAPACITY 

It is defined as the amount of heat per unit mass absorbed or rejected by the substance to change its 

temperature by one unit. It depends on the nature of the substance and its temperature. 

 

The SI unit of specific heat capacity is J kg–1 K–1. 

𝑠 =
1

𝑚

∆𝑄

∆𝑇
 

MOLAR SPECIFIC HEAT CAPACITY 

If the amount of substance is specified in terms of moles μ, instead of mass m in kg, we can define heat 

capacity per mole of the substance by 

𝐶 =
1

µ

∆𝑄

∆𝑇
 

 In this case, heat transfer can be achieved by keeping either pressure or volume constant.  

 If the gas is held under constant pressure during the heat transfer, then it is called the molar 

specific heat capacity at constant pressure and is denoted by Cp.  

 If the volume of the gas is maintained during the heat transfer, then the corresponding molar 

specific heat capacity is called molar specific heat capacity at constant volume and is denoted 

by Cv. 

 

CALORIMETRY 

Calorimetry means measurement of heat. When a body at higher temperature is brought in contact with 

another body at lower temperature,  

The heat lost by the hot body = the heat gained by the colder body. 

 

CHANGE OF STATE 

 
 The change of state from solid to liquid is called melting 

 The change of state from liquid to solid is called fusion 

 The temperature at which the solid and the liquid states of the substance in thermal equilibrium 

with each other is called its melting point. 

 Melting point decreases with increase in pressure. 

 The change of state from liquid to vapour (or gas) is called vaporisation.  

 It is observed that the temperature remains constant until the entire amount of the liquid is 

converted into vapour. 

 The temperature at which the liquid and the vapour states of the substance coexist is called its 

boiling point. 

 Boiling point decreases with decrease in pressure. 

 At high altitudes, atmospheric pressure is lower,reducing the boiling point of water as compared 

to that at sea level.  

 This explains why cooking is difficult on hills. 



 On the other hand, boiling point is increased inside a pressure cooker by increasing the 

pressure. Hence cooking is faster. 

The change from solid state to vapour state without passing through the liquid state is called 

sublimation. 

 

LATENT HEAT 

The amount of heat per unit mass transferred during change of state of the substance is called latent heat 

of the substance for the process. 

The heat required during a change of state depends upon the heat of transformation and the mass of the 

substance undergoing a change of state. Thus, if mass m of a substance undergoes a change from one 

state to the other, then the quantity of heat required is given by 

Q = m L or L = Q/m 

whereL is known as latent heat and is a characteristic of the substance.  

Its SI unit is J kg–1. 

 

CONDUCTION: 

Conduction is the mechanism of transfer of heat between two adjacent parts of a body because of their 

temperature difference. 

STEADY STATE: 

At steady state the temperature of different parts of the conductor becomes constant with time. 

 
If Q = Heat flow through a body per unit time (in watts) W, 

A = Surface area of heat flow (perpendicular to the direction of flow) m2, 

dt = Temperature difference oC or K and 

L = Thickness of body in the direction of flow, m. 

 

𝑸 ∝ 𝑨 
𝑑𝑡
𝑑𝑥

= 𝐐 =  −𝐤 . 𝐀 
dt
d𝑥

 

 

The constant of proportionality K is called the thermal conductivity of the material.  

It is defined as the amount of heat conducted across the opposite faces of unit cube maintained at unit 

temperature difference. 

The greater the value of K for a material, the more rapidly will it conduct heat.  

The SI unit of K is J S–1m–1K–1or W m–1K–1. 

NEWTON’S LAW OF COOLING 

It states that the rate of heat lost by a body is directly proportional to the difference in temperature 

between the body and its surroundings. 

Let the mass of the body be  m. 

Specific heat heat capacity be s 

Initial temp. of the body be T2 

Temp. of the surrounding beT1 

According to Newton’s law of cooling, the rate of loss of heat, – dQ/dtof the body is directly 

proportional to the difference of temperature 

ΔT = (T2–T1) of the body and the surroundings,  -
𝑑𝑄

𝑑𝑡
= 𝑘(𝑇2 − 𝑇1) 



dQ= msdT2 

Rate of loss of heat 
𝑑𝑄

𝑑𝑡
= 𝑚𝑠

𝑑𝑇2

𝑑𝑡
 

𝑘(𝑇2 − 𝑇1) = −𝑚𝑠
𝑑𝑇2

𝑑𝑡
 

 

𝑑𝑇2

𝑇2 − 𝑇1

= −
𝑘

𝑚𝑠
𝑑𝑡 = −𝐾𝑑𝑡 𝑤ℎ𝑒𝑟𝑒 𝐾 =

𝑘

𝑚𝑠
 

On integrating log(𝑇2 − 𝑇1) = −𝐾𝑡 + 𝑐 

 

 

Cooling of hot water with temperature 

 

Verification of Newtons Law 

 

 

REFLECTANCE: 

It is defined as the ratio of amount of thermal energy reflected by a body in a certain time to the total 

amount of thermal energy falling upon the body in the same time. 

𝑟 =
𝑅

𝑄
 

ABSORPTANCE 

It is defined as the ratio of amount of thermal energy absorbed by a body in a certain time to the total 

amount of thermal energy incident upon the body in the same time. 

𝑎 =  
𝐴

𝑄
 

TRANSIMITTANCE 

It is defined as the ratio of amount of thermal energy transmitted by a body in a certain time to the total 

amount of thermal radiation incident upon the body in the same time. 

𝑡 =  
𝑇

𝑄
 

The reflectance, transmittance and absorptance of a body depends upon 

1) Nature of the surface of the body 

2) Wavelength of incident radiation 

 

ABSORPTIVE POWER 

Absorptive power of a body for a given wavelength is defined as the ratio of amount of heat energy 

absorbed in certain time to the total heat energy incident on it in the same time within a unit wavelength 

range around the wavelength. It is a dimensionless quantity 

 

 

 



EMISSIVE POWER 

Emissive Power of a body at a given temperature and for a given wavelength is defined as the amount of 

radiant energy emitted per unit time per unit surface area of the body with in a unit wavelength range 

around the wavelength. 

 

EMISSIVITY 

It is defined as the ratio of the heat energy radiated per unit time per unit area by the given body to the 

amount of heat energy radiated per unit time per unit area by a perfect black body at the same 

temperature 

 

BLACK BODY 

Black body is one which neither reflects nor transmits but absorbs whole of the heat radiation incident 

on it. The absorptive power of a perfect black body is unity. 

 
WIEN'S DISPLACEMENT LAW  

It states that the black body radiation curve for different temperatures peaks at a wavelength inversely 

proportional to the temperature. 

𝜆𝑚𝑎𝑥.  =  
𝑏

𝑇
 

where T is the absolute temperature in kelvin. b is a constant of proportionality called Wien's 

displacement constant, equal to2.9×10−3 m K. 

  

 
CONCLUSIONS DRAWN FROM BLACK BODY SPECTRUM 

i) At each temperature, a black body emits continuous heat radiation spectrum. The energy is not 

distributed uniformly amongst all wavelengths. 

ii) The energy associated with a particular wavelength increases with increase in temperature. 

iii) As wavelength increases, the energy emitted increases, reaches a maximum for a particular 

wavelength and then increases. 

iv) The wavelength of maximum emission shifts towards the lower wavelength side as the temperature 

of the black body increases. 

https://en.wikipedia.org/wiki/Black_body_radiation
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Proportionality_constant


v) Area under a curve represents the total energy E emitted by a perfectly black body per second per unit 

area over the complete range at that temperature. This area is found to increase with fourth power of 

absolute temperature. This area is found to increase with fourth power of absolute temperature  

STEFAN- BOLTZMANN LAW 

This law states that the total heat energy emitted by a perfect black body per second per unit area is 

directly proportional to the fourth power of the absolute temperature of its surface. Thus 

𝐸 ∝ 𝑇4  or E = 𝜎 T4. 

 
 

QUESTIONS (1 MARKS) 

1. What is the value of bulk modulus for an incompressible liquid? 

Ans. 𝐾 =
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
=  ∞ 

2. Draw stress – strain curve for elastomers (elastic tissue of Aorta) 

Ans.  

 
3. Define Poisson’s ratio? Does it have any unit? 

Ans. Poisson’s ratio is the ratio of lateral strain to the longitudinal strain. It has no units. 

4. For solids with elastic modulus of rigidity, the shearing force is proportional to shear strain. On what 

factor does it depend in case of fluids? 

Ans. Rate of Shear Strain. 

5. Why machine parts get jammed in winter? 

Ans.     In winter i.e. at low temperature the viscosity of lubricants increases. 

6. Why do paints and lubricants have low surface tension? 

Ans.    Low surface tension makes paints and lubricants to spread more effectively. 

7. What will be the effect of increasing temperature on (i) angle of contact(ii) surface tension. 

Ans.   Angle of contact increases with increase of temperature while surface tension generally decreases with 

increase of temperature 

8. How does rise in temperature affect (i) viscosity of gases (ii) viscosity of liquids. 

Ans.  Viscosity of gases increases while viscosity of liquid decreases. 

9. Explain why detergents should have small angle of contact? 

Ans.  Detergents should have small angle of contact so that they have low surface tension and greater ability  

to wet a surface. 

10. Obtain a relation between SI unit and cgs unit of coefficient of viscosity. 

Ans.  CGS unit of η= poise 

S.I Unit of η= poiseuille or deca poise 

1 poise = 1 g cm–1 s–2 = 10–1 kg m–1 s–1 = 0.1 poiseuille 

11. How the use of parachute helps a person jumping from an airplane? 

Ans.  

the person hits the ground with this small velocity and does not get injured. 

12. What happens when a capillary tube of insufficient length is dipped in a liquid? 

Ans. When a capillary tube of insufficient length is dipped in a liquid, the radius of curvature of the mensicus 

increase so that hr = constant. That is pressure on concave side becomes equal to pressure exerted by 

liquid column so liquid does not overflow. 



13. Give a plot of Fahrenheit temperature versus celsius temperature 

Ans. 

 
14. Why we cannot remove a filter paper from a funnel by blowing air into narrow end. 

Ans. When air is blown into the narrow end its velocity in the region between filter paper and glass increases. 

This decreases the pressure. The filter paper gets more firmly held with the wall of the tunnel. 

15. The plots of intensity versus wavelength for three blackbodies at temperature T1, T2 and T3 respectively 

are shown. 

 
Ans. 𝜆𝑚

1 < 𝜆𝑚
3 < 𝜆𝑚

2  from Wein displacement law 

 

T1 > T3 > T2 

16.  The coolant used in chemical or in a nuclear plant should have high specific heat. Why? 

Ans. As  it absorbs more heat with comparatively small change in temperature and extracts large amount of 

heat. 

17. The earth without its atmosphere would be inhospitably cold. Why? 

Ans. Due to green house effect, the presence of atmosphere prevents heat radiations received by earth to go 

back. In the absence of atmosphere radiation will go back at night making the temperature very low and 

inhospitable. 

18. If Kelvin temperature of an ideal black body is doubled, what will be the effect on energy radiated by it? 

Ans. E = 𝜎 T4 

 𝐸2 = 16𝐸1 

19.  A brass disc fits snugly in a hole in a steel plate. Should we heat or cool the system to loosen the disc 

from the hole. 

Ans. The temp. coefficient of linear expansion for brass is greater than that for steel. On cooling the disc 

shrinks to a greater extent than the hole, and hence brass disc gets loosened. 

20. Plot a graph of temperature versus time showing the change in the state of ice on heating. 

Ans.  

 
 

 



QUESTIONS (2/3 MARKS) 

1. State Hooke’s law. Deduce expression for young’s modulus of material of a wire of length ‘l’, radius of 

cross section ‘r’ loaded with a body of mass M producing an extension Δl in it. 

Ans. It is defined as the ratio of normal stress to the longitudinal strain within elastic limit. 

𝒀 =
𝑵𝒐𝒓𝒎𝒂𝒍 𝒔𝒕𝒓𝒆𝒔𝒔

𝑳𝒐𝒏𝒈𝒊𝒕𝒖𝒅𝒊𝒏𝒂𝒍 𝑺𝒕𝒓𝒂𝒊𝒏
= 

𝑭
𝑨⁄

∆𝑳
𝑳⁄

=  
𝑭𝑳

𝑨∆𝑳
=

𝑭𝑳

𝝅𝒓𝟐∆𝑳
 

 

2. Define the term bulk modulus. Express it mathematically. Give its SI unit. Give the relation between 

bulk modulus and compressibility. 

Ans. It is defined as the ratio of normal stress to the volumetric strain within the elastic limit. Thus, 

𝐾 =
𝑁𝑜𝑟𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑡𝑟𝑎𝑖𝑛
 

Its SI Unit is N/m2 or Pascal 

Consider a spherical solid body of volume V and surface area a, when a force F is applied normally, the 

volume decreases by  

Volumetric strain = −
∆𝑉

𝑉
 

Normal stress = 
𝐹

𝑎
 

K = 
𝑭

𝒂⁄

−∆𝑽
𝑽⁄

=  
−𝒑𝑽

∆𝑽
 

𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
1

𝐾
=

−∆𝑉

𝑝𝑉
 

3. Define shear modulus. With the help of a diagram explain how shearmodulus can be calculated. 

Ans. It is defined as the ratio of tangential stress to the shearing strain within the elastic limit. 

 

Considering a solid metal cube whose lower face is fixed and its upper face is subjected to a tangential 

force F. The body suffers a change in its shape but not in its volume. If θ is angle through which upper 

layer is sheared then, 

𝜃 =  
∆𝑥

𝐿
 



 

𝜂 =
𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠

𝑆ℎ𝑒𝑎𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑎𝑖𝑛
=  

𝐹
𝑎⁄

∆𝑥
𝐿⁄

=  
𝐹𝐿

𝑎∆𝑥
=  

𝐹

𝜃𝑎
 

 

4.    A wire of length l area of crossection A and young’s modulus Y is stretched by an amount x. What is the 

work done? 

Ans: Restoring force in extension x = F =
𝐴𝑌𝑥

𝑙
 

Work done in stretching it by dx = dw = f.dx 

Work done in stretching it from zero to x = W = ∫ 𝑑𝑤  =  ∫ 𝐹. 𝑑𝑥 

 

𝑊 = ∫ 𝐹. 𝑑𝑥 = ∫
𝐴𝑌𝑥

𝑙
𝑑𝑥 =

1

2

𝐴𝑌𝑥2

𝑙

𝑥

0

𝑥

0

 

 

5.  Prove that the elastic potential energy per unit volume is equal to 
1

2
 ×  stress and strain? 

Ans: Energy density= 
𝑒𝑛𝑒𝑟𝑔𝑦

𝑣𝑜𝑙𝑢𝑚𝑒
 

=
1

2

𝐴𝑌𝑥2

𝑙

1

𝐴𝑙
=

1

2

𝐹

𝐴

𝑥

𝑙
 

   =
1

2
 Stress x Strain 

6.  Which is more elastic steel or rubber? Explain. 

Ans: 

𝑌𝑠 =
𝐹

𝐴

𝑙

∆𝑙𝑠
 

𝑌𝑟 =
𝐹

𝐴

𝑙

∆𝑙𝑟
 

 For same force applied to wires made of steel & rubber of same length and same area of cross section 

∆𝑙𝑠 < ∆𝑙𝑟 
  Hence steel is more elastic than rubber. 

7.  Two wires P and Q of same diameter are loaded as shown in the figure. The length of wire P is L m and 

its young’s modulus is 𝑌𝑁/𝑚2while lengthof wire a is twice that of P and its material has young’s 

modulus half that of P. Compute the ratio of their elongation. 

 

 

Ans:  ∆𝑙𝑃 =
3𝑚𝑔

𝐴
×

𝐿

𝑌
 

  ∆𝑙𝑄 =
2𝑚𝑔

𝐴
×

2𝐿

𝑌/2
=

8𝑚𝑔

𝐴
×

𝐿

𝑌
 

∆𝑙𝑃

∆𝑙𝑄
=

3

8
 

 

8.  Stress strain curve for two wires of material A and B are as shown in Fig. 

 
(a) Which material in more ductile? 

(b) Which material has greater value of young modulus? 

(c) Which of the two is stronger material? 

(d) Which material is more brittle? 

Ans: (a) Wire with larger plastic region is more ductile material A 



(b) Young’s modulus is
𝑠𝑡𝑟𝑒𝑠𝑠

 𝑠𝑡𝑟𝑎𝑖𝑛
 

YA >YB 

(c) For given strain, larger stress is required for A than that for B. 

9. In a hydraulic lift air exerts a force F on a small piston of radius 5cm. The pressure is transmitted to the 

second piston of radius 15 cm. If a car of mass 1350 kg is to be lifted, calculate force F that is to be 

applied. 

Ans.  
𝐹1

𝐴1
=

𝐹2

𝐴2
 

𝐹1 = 𝐹2

𝐴2

𝐴1
= 1350 × 9.8 (

0.05

0.15
)

2

 

F1 = 1470N 

 

10.  A manometer reads the pressure of a gas in an enclosure as shown in the fig (a) when some of the gas is 

removed by a pump, the manometer reads as in fig (b) The liquid used in manometer is mercury and the 

atmospheric pressure is 76 cm of mercury. (i) Give absolute and gauge pressure of the gas in the 

enclosure for cases(a) and (b).                                     

 
Ans.  In case (a) Pressure head, h = + 20 cm of Hg 

Absolute pressure = P + h = 76 + 20 = 96 cm of Hg. 

Gauge Pressure = h = 20 cm of Hg. 

In case (b) Pressure Head h = –18 cm of Hg 

Absolute Pressure = 76 – 18 = 58 cm of Hg 

  Gauge Pressure = h = – 18 cm of Hg 

10.  How would the levels change in (b) if 13.6 cm of water (immiscible with mercury) are poured into 

the right limb of the manometer in the above numerical? 

Ans:  as h1ρ1 g = h2ρ2 g 

h1 × 13.6 × g = 13.6 × 1 × g 

    h1 = 1 cm 

12.  The terminal velocity of a tiny droplet is 𝑣𝑡.N number of such identical droplets combine together 

forming a bigger drop. Find the terminal velocity of the bigger drop. 

Ans.  Terminal velocity is given by 

𝑣𝑡 =
2

9

𝑟2(𝜌 − 𝜎)𝑔

𝜂
 

𝑣𝑡 ∝ 𝑟2 
  If N drops coalesce, then 

Volume of one big drop = volume of N droplets 
4

3
𝜋𝑅3 = 𝑁

4

3
𝜋𝑟3 

𝑅 = 𝑁1/3𝑟 

Terminal velocity of bigger drop=(
𝑅

𝑟
)

2

× 𝑣𝑡 = 𝑁2/3𝑣𝑡 

13.  Derive relation between coefficient of linear and cubical expansion. The coefficient of volume expansion 

of glycerin is 49x10-5 C-1. What is fractional change in density for 30o C rise in temperature? 

Ans:  Coefficient of cubical expansion β =
∆𝑽

𝑽∆𝒕
=

[(𝒍+∆𝒍)𝟑−𝒍𝟑]

𝒍𝟑∆𝒕
=  

(𝒍𝟑+𝟑𝒍𝟐∆𝒍+ 𝟑𝒍(∆𝒍)𝟐+(∆𝒍)𝟑−𝒍𝟑)

𝒍𝟑∆𝒕
 

 Neglecting terms containing Δl2and Δl3 

     𝜷 =
𝟑𝒍𝟐∆𝒍

𝒍𝟑∆𝒕
=

𝟑∆𝒍

𝒍∆𝒕
= 𝟑𝜶 

Hence β=3α 



 Fractional change in density 
∆𝜌

𝜌
=  −𝛽∆𝑡 = 49x10−5 × 30 = 1.47 × 10−6 

14. Calculate heat required to covert 3kg of water at 0°C to steam at 100°C Given specific heat capacity of 

water is 4186J kg–1 k–1 and latent heat of steam = 2.256 × 106 J/kg. 

Ans. Heat required to convert H2O at 0° to H2O at 100° = m1c1 t 

Q1= 3 × 4186 × 100 

= 1255800 J 

Heat required to convert H2O at 100°C to steam at 100°C is = mL 

Q2= 3 × 2.256 × 106 

= 6768000J 

Total heat Q=Q1 + Q2 = 8023800 J 

15. A body at temperature 94°C cools to 86°C in 2 min. What time will it take to cool from 82°C to 78°C. 

The temperature of surrounding is 20°C. 

Ans. 
(𝜃1 − 𝜃2)

𝑡
∝

(𝜃1 + 𝜃2)

2
− 𝜃0 

94 − 96

2
= 𝑘 [

94 + 86

2
− 20] 

4 = 70𝑘--------------- (1) 
82 − 78

𝑡′
= 𝑘 [

82 + 78

2
− 20] 

4

𝑡 ′
= 60𝑘---------------------------- (2) 

From eq. (1) & (2) 

t’ = 1.16mins 

16. A iron ring of diameter 5.231 m is to be fixed on a wooden rim of diameter 5.243 m both initially at 

27°C. To what temperature should the iron ring be heated so as to fit the rim (Coefficient of linear 

expansion of iron is 1.2 ×105 k–1? 

Ans. 𝑑2 = 𝑑1(1+∝ 𝛥𝑡) 

 5.243 = 5.231[1+1.2x 10-5(T-20)] 

 T = 491k=2180C  

17. Ratan noticed that his grandfather was suffering from fever. He took him to the doctor The doctor gave 

him some pills .When the pills were used he sweated much, after some time became normal. Rahim 

enquired the Doctor about how his grandfather became normal.  

(a)According to you what values are possessed by Ratan? 

(b) A child running a temperature of 101°F is given an Antipyria which causes an increase in the rate of 

evaporation from the body. If the fever is brought down to 98°F in 20 mins, what is the amount of heat 

lost by the body?  The mass of the child is 30 kg. 

Ans:  (a) Ratan is responsible and he has concern for others, inquisitiveness in gaining the knowledge  

(b) Heat lost by the body = msΔt = 30kg X 1000cal/kg/°C X 1.67 °C = 50100cal  

[(where loss in tem = (101- 98) °C =3 x 5/9 °F = 1.67°C.] 

18. (a) Savita was surprised to see oil spreading on the surface of water and asked her mother to explain 

why oil spreads on the surface of water. Her mother explained her daughter the reason behind it. By 

going through the explanation she thought of learning more about the other scientific phenomenon also. 

What qualities do you can find in Savita?  

(b) Oil spreads over the surface of water whereas water does not spread over the surface of oil. Why?  

Ans:  (a) She has inquisitiveness; she wants know the scientific reason behind the phenomena, determined.  

(b)The surface tension of the water is more than that of oil, therefore when oil is poured over water, the 

greater value of surface tension of water, pulls the oil in all directions. On the other hand, when water is 

poured over oil, it does not spread over it because surface tension of oil is less than that of water. 

19. Construction for metro line was carried out day and night. One night, when the work was in full swing, 

suddenly chain of the crane, lifting a heavy concrete block, snapped and it fell down. Immediately, 

people from nearby area came for help. They lifted the concrete and saved many lives. Injured were 

transferred to hospital without waiting for police to arrive. 

i. What values of locals helped in saving lives? 



ii. A crane having steel ropes is used to lift heavy loads upto 104 kg. The elastic limit for steel is 

3x108 Nm-2. What should be the radius r of the steel rope used? 

iii.  Which is more elastic- rubber or steel? 

Ans:  i.  Presence of mind, care for others, helping nature. 

 ii. Elastic limit = 
𝒎𝒈

𝝅𝒓𝟐 

  𝒓 =  √ 𝟏𝟎×𝟏𝟎𝟒

𝟑.𝟏𝟒×𝟑×𝟏𝟎𝟖 = 1.03cm 

iv. Steel is more elastic as for a given stress; the strain in steel is less than that of rubber. Youngs 

modulus of steel is more than that of rubber. 

20. Radha was studying when she noticed her 2 year old younger brother was leaning towards kitchen where 

her mother had kept the boiling water. Radha ran towards him and caught him just as he was about to 

touch the boiling water. She moved him to the side and fell on the fioor but she was happy that she 

saved her brother from getting burnt. 

(i) What values of Radha are appreciable? 

(ii) At atmospheric pressure, 2 g of water having volume of 2.00cm3 becomes 3342cm3 of steam when 

boiled. The latent heat of vaporization of water is 539cal/g at 1atm. What is the amount of heat added to 

the system? 

(iii) Why does steam causes more severe burn than boiling water? 

Ans.  (i) Radha is very kind hearted and brave girl. Her presence of mind saved his brother  

 (ii) amount of heat added=m L=2x539=1078cal. 

(iii) The steam at 1000C carries 22.6x105J/kg which is greater than heat carried by water at 1000C. So 

the burns of steam are more severe. 

 

 

 

NUMERICALS FOR PRACTICE 

1. A force of 5 × 103 N is applied tangentially to the upper face of a cubical block of steel of side 30 cm. Find 

the displacement of the upper face relative to the lower one, and the angle of shear. The shear modulus of 

steel is 8.3 × 1010 pa. 

2. Calculate the pressure at a depth of 10 m in an Ocean. The density of sea water is 1030 kg/m3. The 

atmospheric pressure is 1.01 × 105 pa. 

3. Calculate excess pressure in an air bubble of radius 6mm. Surface tension of liquid is 0.58 N/m. 

4. Calculate the velocity with which a liquid emerges from a small hole in the side of a tank of large cross-

sectional area if the hole is 0.2m below the surface liquid (g = 10 ms–2). 

5. A soap bubble of radius 1 cm expands into a bubble of radius 2cm. Calculate the increase in surface energy 

if the surface tension for soap is 25 dyne/cm. 

6. Water rises to a height of 9 cm in a certain capillary tube. If in the same tube, level of Hg is depressed by 3 

cm, compare the surface tension of water and mercury. Specific gravity of Hg is 13.6 and the angle of 

contact for Hg is 135°. 

7. A metal piece of 50 g specific heat 0.6 cal/g°C initially at 120°C is dropped in 1.6 kg of water at 25°C. 

Find the final temperature or mixture. 

8. 100g of ice at 0°C is mixed with 100 g of water at 80°C. The resulting temperature is 6°C. Calculate heat 

of fusion of ice. 

9. Calculate the heat required to convert 3 kg of ice at –12 °C kept in a calorimeter to steam at 100 °C at 

atmospheric pressure. Given specific heat capacity of ice = 2100 J kg–1 K–1, specific heat capacity of water 

= 4186 J kg– 1 K–1, latent heat of fusion of ice = 3.35 105 J kg–1 and latent heat of steam = 2.256 106J kg–1. 

10. A pan filled with hot food cools from 94 °C to 86 °C in 2 minutes when the room temperature is at 20 °C. 

How long will it take to cool from 71°C to 69°C? 

11. A ‘thermocole’ icebox is a cheap and efficient method for storing small quantities of cooked food in 

summer in particular. A cubical icebox of side 30 cm has a thickness of 5.0 cm. If 4.0 kg of ice is put in the 

box, estimate the amount of ice remaining after 6 h. The outside temperature is 45 °C, and co-efficient of 

thermal conductivity of thermocole is 0.01 J s–1 m–1 K–1. [Heat of fusion of water = 335x 103J kg–1] 



12. The triple points of neon and carbon dioxide are 24.57 K and 216.55 K respectively. Express these 

temperatures on the Celsius and Fahrenheit scales. 

13. A hydraulic automobile lift is designed to lift cars with a maximum mass of 3000kg. The area of cross-

section of the piston carrying the load is 425 cm2. What maximum pressure would the smaller piston have 

to bear? 

14. The cylindrical tube of a spray pump has a cross-section of 8.0 cm2 one end of which has 40 fine holes 

each of diameter 1.0 mm. If the liquid flow inside the tube is 1.5 m/min–1, what is the speed of ejection of 

the liquid through the holes? 

15. Compute the fractional change in volume of a glass slab, when subjected to a hydraulic pressure of 10 atm. 

Given bulk modulus of glass is 37x109N/m2 

 

QUESTIONS (5 MARKS) 

1.  Draw and discuss stress versus strain graph, explaining clearly the terms elastic limit, permanent set, 

proportionality limit, breaking stress, tensile strength. 

2.   Show that pressure difference exists between the two sides of a curved surface of a liquid. Derive the 

expression for excess pressure inside a liquid drop.Why the droplets of mercury when brought in contact 

pulled together to form a bigger drop? 

3.  State Pascal’s law. Two syringes of different cross sections (without needles) filled with water are 

connected with a tightly fitted rubber tube filled with water. Diameters of the smaller piston and larger 

piston are 1.0 cm and 3.0 cm respectively. (a) Find the force exerted on the larger piston when a force of 

10 N is applied to the smaller piston. (b) If the smaller piston is pushed in through 6.0 cm, how much 

does the larger piston move out? 

4.   State and prove Bernoullis theorem. Give its limitation. Name any two application of the principle. 

5.  Define terminal velocity. Obtain an expression for terminal velocity of a sphere falling through a 

viscous liquid. Use the formula to explain the observed rise of air bubbles in a liquid. 

6. (a)  Why does water rises in a capillary tube placed in it? Derive the expression for height to which a 

liquid rises in capillary tube.  

 (b) Water rises to certain height in capillary tube, what is the effect on height  

  (i) when detergent is added to water? 

  (ii) on increasing temperature of water?  

  (iii) if  the tube makes an angle 300 with the vertical? 

  Justify your answer in each case. 

7.  State Newton’s law of cooling.  Express it mathematically. Represent Newton’s law of cooling 

graphically. 

8.  On what factors does the rate of heat conduction in a metallic rod in the steady state depend? Write the 

necessary expression and hence define the coefficient of thermal conductivity. Write its unit and 

dimensions. 

9.  What is meant by a block body? Explain how a black body may be achieved in practice. State and 

explain Stefan’s law? 

10.  Discuss energy distribution of a block body radiation spectrum and explain Wien’s displacement law of 

radiation and Stefan’s law of heat radiation. 
 

 
 
  



THERMODYNAMICS 

1. Introduction 

 Thermodynamics is that branch of physics which is concerned with transformation of heat into mechanical 

work. 

 It deals with the concepts of heat, temperature and inter conversion of heat into other forms of energy i.e., 

electrical, mechanical, chemical magnetic etc. 

 State of any thermodynamic system can be described in terms of certain know macroscopic variables 

known as thermodynamic variables.  

 Thermodynamic variables determine the thermodynamic behaviour of a system. Quantities like pressure 

(P), volume (V), and temperature (T) are thermodynamic variables. Some other thermodynamic variables 

are entropy, internal energy etc. described in terms of P, V and T  

 A thermodynamic system is said to be in thermal equilibrium if all parts of it are at same temperature. 

 Thus two systems are said to be in thermal equilibrium if they are at same temperature. 

2. Concept of Heat  

 Heat may be defined as energy in transit. 

 Word heat is used only if there is a transfer of energy from one thermodynamic system to another. 

 When two systems at different temperatures are kept in contact with each other than after some time 

temperatures of both the systems become equal and this phenomenon can be described by saying that 

energy has flown from one system to another. 

 This flow of energy from one system to another on account of temperature difference is called heat 

transfer. 

 Flow of heat is a non-mechanical mode of energy transfer. 

 Heat flow depends not only on initial and find states but also on path it's. 

3. P-V Indicator Diagram  

 Only two thermodynamic variables are sufficient to describe a system because third variable can be 

calculated from equation of state of the system. 

 P-V Indicator Diagram is just a graph between pressure and volume of a system undergoing an operation. 

 When a system undergoes an expansion from state A (P1 V1) to a state B (P2V2) its indicator diagram is 

shown as follows. 

 

 

 

 In case of compression 

system at state A(P1 V1) 

goes to a state B(P2V2) its 

indicator digram is as follows. 



 Intermediate states of system are represented by points on the curve. 

 The pressure volume curve for a fixed temperature is called isotherm. 

3.  Zeroth Law of Thermodynamics : (Concept of temperature)  
 According to this law, when thermodynamic systems A and B are separately in thermal equilibrium with 

a third thermodynamic system C, then the systems A and B are in thermal equilibrium with each other 

also. 

  

4. Internal Energy & First law of thermodynamics 
 Internal energy can be described as the sum of kinetic and potential energies of individual molecules in 

the material. 

 But in thermodynamics one should keep in mind that U is simply a macroscopic variable of the system. 

 U is thermodynamic state variable and its value depends only on the given state of the system and not on 

path taken to arrive the state. 

 Transfer of heat and performance of work are two mean of adding or subtracting energy from a system. 

I Law is the law of conservation of energy. 

If ΔQ is the heat put into the system as a result of which change in internal energy is  ΔU=U2 - U1 and 

ΔW is the work done by the system on its surroundings. 

Then ΔQ = ΔU +ΔW .............I Law of Thermodynamics. 

5. Work in volume changes  

 Consider a cylinder filled with gas and equipped with a 

movable piston as shown in fig below  

fig - Force exerted by a system during small expansion. 

Suppose,      A 

- Cross Sectional area of cylinder      P - 

Pressure exerted by piston at the piston face. 

     PA - Force exerted by the system. 

 If piston moves out by a distance dx then work done by this 

force is dW given by 

          dW = PAdx 

                = PdV                    (1)           

since V = Adx and dV is change in volume of the system. 

 In a finite volume change from V1 to V2 

     W=∫PdV                         (2) 

where limits of integration goes from V1 to V2 

Graphically this relationship is shown in the fig. Thus 

eqn (2) can be interpreted graphically as area under the curve 

between limits V1and V2. 

 If pressure remains constant while the volume changes, then work is 

     W = P(V2-V1)          (3) 

 Work done not only depends on initial and final states but also on the intermediate states i.e., on the path. 

 Learning: Work done in a process is given by area under the process on the PV diagram. 

 



 

6. Molar Specific Heat Capacity 

 There are two specific heats of ideal gases. 

(i) Specific heat capacity at constant volume 

(ii) Specific heat capacity at constant pressure 

Cp and Cv are molar specific heat capacities of ideal gas at constant pressure and volume respectively for 

Cp and Cv of ideal gas there is a simple relation. 

     Cp-Cv = R                         (7) 

where R- universal gas constant 

 This relation can be proved as follows. 

from first law of thermodynamics for 1 mole of gas we have 

     ΔQ =Δ U+PΔV                    (8) 

 If heat is absorbed at constant volume then ΔV = 0 and 

      CV=(ΔQ/ΔT)V=(ΔU/ΔT)V     (9) 

If Q in absorbed at constant pressure than 

     CP=(ΔQ/ΔT)P=(ΔU/ΔT)P+P(ΔV/ΔT)P 

now ideal gas equation for 1 mole of gas is 

     PV = RT 

      = P(ΔV/ΔT) = R                    (10) 

from (9) and (10) 

     CP - CV=(ΔU/ΔT)P-(ΔU/ΔT)V+P(ΔV/ΔT)P 

 Since internal energy U of ideal gas depends only on temperature so subscripts P and V have no 

meaning. 

=>          CP - CV = R 

which is the desired relation. 

7.    Thermodynamic Processes  

a) Quasi static Processes : 

 In Quasi static process deviation of system from it's thermodynamic equilibrium is infinitesimally small. 

 All the states through which system passed during a quasi-static process may be regarded as equilibrium 

states. 

 Vanishingly slowness of the process is an essential feature of quasi-static process. 

 During quasi-static process system at every moment is infinitesimally near the state of thermodynamic 

equilibrium. 

 Quasi static process is an idealized concept. 

(b) Isothermal Process : 

 In isothermal process temperature of the system remains constant throughout the process. 



 For an iso-thermal process equation connecting P, V and T gives. 

     PV = constant 

i.e., pressure of given mass of gas varies inversely with its volume this is nothing but the Boyle's law. 

 Internal energy for an ideal gas depends only on temperature hence in iso thermal process there is no 

change in internal energy. 

Thus,     ΔU=0 

therefore,     ΔQ =ΔW 

 Thus during isothermal process  Heat added (or subtracted) from the system = work done by (or on) the 

system 

(c) Adiabatic Process: 

 Process in which no heat enters or leaves a system is called an adiabatic process 

 For every adiabatic process ΔQ=0 

 Prevention of heat flow can be accomplished by surrounding system with a thick layer of heat insulating 

material like cork, asbestos etc. 

 On applying first law to adiabatic process we get 

     ΔU=U2 - U1= - ΔW               (adiabatic process) 

(d) Isochoric process : 

 In an isochoric process volume of the system remain uncharged throughout i.e. ΔV = O. 

 When volume does not change no work is done ; ΔW = 0 and therefore from first law 

     U2 - U1 = ΔU =ΔQ 

 All the heat given to the system has been used to increase the internal energy of the system. 

(e) Isobaric Process : 

 A process taking place at constant pressure is called isobaric process. 

 From equation (3) we see that work done in isobaric process is 

     W = P(V2 - V1) nR (T2-T1) 

where pressure is kept constant. 

 Here in this process the amount of heat given to the system is partly used in increasing temperature and 

partly used in doing work. 

7.  Work done in Isothermal process 

 In an isothermal process temperature remains constant. 

 Consider pressure and volume of ideal gas changes from (P1, V1) to (P2, V2) then, from first law of 

thermodynamics 

     ΔW = PΔV 

Now taking ΔV approaching zero i.e. ΔV and summing ΔW over entire process we get total work done 

by gas so we have 

   𝑊 =  ∫ 𝑃𝑑𝑉 

where limits of integration goes from V1 to V2 

as PV = nRT we have P = nRT / V 



     𝑊 =  ∫
𝑛𝑅𝑇

𝑉
𝑑𝑉

𝑉2

𝑉1

 

where limits of integration goes from V1 to V2 

on integrating we get, 

     W= nRT ln
𝑉2

𝑉1
 

Where n is number of moles in sample of gas taken. 

9.    Work done in an adiabatic process: 

 Work For an adiabatic process of ideal gas equation we have 

     PVγ = K (Constant)                

Where γ is the ratio of specific heat (ordinary or molar) at constant pressure and at constant voluume 

     γ = Cp/Cv 

 Suppose in an adiabatic process pressure and volume of a sample of gas changs from (P1, V1) to (P2, V2) 

then we have 

     P1(V1)
γ=P2(V2)

γ=K  

Thus, P = K/Vγ 

 Work done by gas in this process is 

     W = ∫PdV 

where limits of integration goes from V1 to V2 

Putting for P=K/Vγ, and integrating we get, 

     W = 
(𝑃1𝑉1−𝑃2𝑉2)

(𝛾−1)
=

𝑅(𝑇1−𝑇2)

𝛾−1
           

 In and adiabatic process if W>0 i.e., work is done by the gas then T2< T1 

 If work is done on the gas (W<0) then T2> T1 i.e., temperature of gas rises. 
 

10.     Heat Engine and efficiency  

 Any device which convents heat continuously into mechanical work is called a heat engine. 

 For any heat engine there are three essential requirements. 

(i) SOURCE: A hot body at fixed temperature T1 from which heat engine can draw heat 

(ii) SINK : A cold body, at a fixed lower temperature T2, to which any amount of heat can be rejected. 

(iii) WORKING SUBTANCE: The material, which on being supplied with heat will do mechanical 

work. 

 In heat engine, working substances, could be gas in cylinder with a moving piston. 

 In heat engine working substance takes heat from the source, convents a part of it into mechanical work, 

gives out rest to the sink and returns to the initial state. This series of operations constitutes a cycle. 

This cycle is represented in fig below 

 Work from heat engine can be 

continuously obtained by performing 

same cycle again and again. 

 Consider, 

     Q1 - heat absorbed by working 

substance from source 

     Q2 - heat rejected to the since 

     W - net amount of work done by 

working substance 

     Q1-Q2 - net amount of heat absorbed by working substance. 



     ΔU = 0 since in the cycle Working Substance returns to its initial condition. 

So on application of first law of thermodynamics 

     Q1-Q2 = W 

 Thermal efficiency of heat engine 

     η= work output in energy units / Heat input in same energy units 

      = 
𝑊 

𝑄1
 = 

𝑄1−𝑄2

𝑄1
  Or, 𝜂 =  1 −

𝑄2

𝑄1
                    (17) 

from this equation it is clear that  

     Q = 1 for Q2=0 

and there would be 100% conversion of heat absorbed into work but such ideal engines are not possible in 

practice. 

11.  Principle of a Refrigerator  

 Refrgerators works in reverse direction of heat engines. 

 In refrigerators working substance extracts heat QC from sink at lower temperature TC  some external 

work is performed by the compressor of refrigerator and then heat QH is rejected to the source, to the 

radiator of the refrigerator. 

Coefficient of performance: 

 β= Amount of heat absorbed from the cold reservoir / work done in running 

the machinery 

Q2 - heat absorbed from cold reservoir. 

Q1 - heat rejected to hot reservoir during one complete cycle 

W = (QH-QC ) is the work done in running the machinery 

thus, 

     β= QC/W =QC/(QH-QC)          (18) 

 Like heat engines refrigerators cannot work without some external work done on the 

system. Hence coefficient of performance cannot be infinite. 

12. Second law of thermodynamics  

 First law of thermodynamics states the equivalence of heat and energy. 

 It does not state anything about the limitation in the conversion of heat into work or about the condition necessary 

for such conversion. 

 Second law of thermodynamics is generalization of certain experience and observation and is concerned with tine 

direction in which energy flow takes place. 

 This law can be stated in number of ways. Although differently said, they are essentially equivalent. 

(i)Kelvin Plank Statement : 

"It is impossible to construct a device which, operating in a cycle, has a sole effect of extracting heat from a 

reservoir and performing an equivalent amount of work". 

(ii)Clausius Statement: 

"It is impossible for a self-acting machine, unaided by external agency, to transfer heat from a colder body to a 

hotter body". 

 It can be proved that these two statements of second law are completely equivalent and violation of Kelvin Plank 

statement leads to violation of Clausius statement and vice-versa. 

 



13.  Reversibility and irreversibility  

 Reversible process is the one which can be retraced in opposite order by changing external conditions 

slightly. 

 Those processes which cannot be retraced in opposite order by reversing the controlling factors are 

known as irreversible process. 

 It is a consequence of second law that all the natural processes are irreversible process. 

 Conditions for reversibility of a process are 

     (i) Process is performed quasi-statically 

     (ii) it is not accompanied by any dissipative effects. 

 It is impossible to satisfy these two conditions perfectly, thus irreversible process is purely an ideal 

abstraction. 

14.   Carnot's Heat Engine 
 

 According to second law of thermodynamics, no heat engine can have 100% efficiency 

 Carnot’s heat engine is an idealized heat engine that has maximum possible efficiency consistent 

with the second law. 

 Cycle through which working substance passed in Carnot’s engine is known as Carnot’s Cycle. 

 Carnot's engine works between two temperatures 

     T1 - temperature of hot reservoir 

     T2 - temperature of cold reservoir 

 In a Complete Carnot's Cycle system is taken from temperature T1 to T2 and then back from 

temperature T2 to T1. 

 We have taken ideal gas as the working substance of Carnot engine. 

 Fig below is an indicator diagram for Carnot Cycle of an ideal gas 

In step b→c isothermal expansion of gas taken place and thermodynamic variables of gas changes from 

(P1, V1,T1) to (P2,V2,T1) 

If Q1 is the amount of heat absorbed by working substance 

from the source and W1 the work done by the gas then       

Q1 = W1 = nRT1 ln (V2/V1)     as process is iso thermal. 

(Step c→d is an adiabatic expansion of gas from (P2, V2, T1) 

to (P3,V3,T2). Work done by gas in adiabatic expansion is 

given by equation    

W2 = nR (T1-T2)/(γ-1)                

Step d→a is iso-thermal compression of gas from (P3,V3,T2) to (P4,V4,T2). Heat Q2 would be released by 

the gas to the at temperature T2 

Work done on the gas by the environment is 

     W3 = Q2 

           = nRT2ln(V3/ V4)                 

Step a→b is adiabatic compression of gas from (P4, V4, T2) to (P1, V1, T1) 

Work done on the gas is 

     W4 =nR (T1-T2)/(γ-1)                     



Now total work done in one complete cycle is 

     W = W1 + W2 - W3 - W4 

      = nRT1ln(V2/V1)-nRT2ln(V3/V4)           

as W2 = W4 

 Efficiency of Carnot engine 

     η=W/Q1 = 1-(Q2/Q1) 

      = 1-(T2/T1)ln(V3/V4)/ln(V2/V1)            

or     η= 1-[T2ln(V3/V4)/T1ln(V2/V1)]            

Since points b and c lie on same iso thermal 

⇒ P1V1=P2V2                    

also points c and d lie on same adiabatic 

⇒     P2(V2)
γ=P3(V3)

γ                     

also points d and a lie on same iso thermal and points a and b on sum adiabatic thus, 

      P3V3=P4V4                    

     P4(V4)
γ=P2(V1)

γ                          

multiplying all the above four equations me get 

     V3/4 = V2/V1                  

Putting this in equation or     η= 1-[T2ln(V3/V4)/T1ln(V2/V1)]            we get 

     η= 1-(T2/T1)                          

From above equation we can draw following conclusions that efficiency of Carnot engine is 

(i) independent of the nature of working substance 

(ii) depend on temperature of source and sink 

 

 

SOME QUESTIONS FOR PRACTISE 

 

Q1. What is true of Isothermal Process 

a, ΔT >0 

b, ΔU=0 

c ΔQ=ΔW 

d PV=constants 

 

Q.2 Two absolute scales A and B have triple points of water defined as 200A and 350A. what is the relation 

between TA and TB\ 

 

Q.3 A gas is contained in a cylinder with a moveable piston on which a heavy block is placed. Suppose the 

region outside the chamber is evacuated and the total mass of the block and the movable piston is 102 kg. When 

2140 J of heat flows into the gas, the internal energy of the gas increases by 1580 J. What is the distance s 

through which the piston rises? 

 

 



Q.4  At 27°C,two moles of an ideal monoatomic gas occupy a volume V. The gas is adiabatically expanded to a 

volume 2V. 

Calculate the ratio of final pressure to the intial pressure 

Calculate the final temperature 

Change in internal energy 

Calculate the molar specific heat capacity of the process 

 

Q.5 An ideal gas heat engine operates in Carnot cycle between 227°C and 127°C.It absorbs 6x102cal of heat at 

the higher temperature. Calculate the amount of heat supplied to the engine from the source in each cycle  

 

Q.6 State 1st Law of Thermodynamics. 

An electric heater supplies heat to a system at a rate of 100W. If system performs work at a rate of 75                   

joules per second. At what rate is the internal energy increasing? 

 

Q.7 Draw schematic diagram to explain working of heat engine and refrigerator. Define the efficiency of heat 

engine and coefficient of performance of refrigerator and express it mathematically. 

 

Q.8 Why the specific heat at constant pressure greater than that at constant pressure greater than that at constant 

volume? Derive relation between them.                  

               

Q.9 Derive expression for work done in (i)isothermal expansion of an ideal gas (ii). adiabatic expansion of an 

ideal gas. 

 

Q.10 Give the steps of working of Carnot Engine. Draw carnots cycle and derive the expression for its 

efficiency. 

 

Q.11 Two samples of gas initially at the same temperature and pressure are compressed from volume V to V/2 

one sample is compressed isothermally and the other adiabatically in which case the pressure will be higher? 

Explain? 

  

Q.12 Two bodies at different temperatures T1 and T2, if brought in thermal contact do not necessarily settle to 

the mean temperature (T1 + T2)/2 Explain? 

 

 Q.13 The volume of steam produced by 1g of water at 100°c is 1650 cm3. Calculate the change in internal 

energy during the change of state given J = 4.2 × 107 erg cal–1 g = 98 J cm/s2 latent heat of steam = 540 cal/g 

 

 

Q.14 Calculate the fall in temperature when a gas initially at 72°C is expanded suddenly to eight times its 

original volume. (𝛾= 5/3) 

 

Q.15 A steam engine intake steam at 200°C and after doing work exhausts it directly in air at 100°C calculate 

the percentage of heat used for doing work. Assume the engine to be an ideal engine 

 

 
 
 
 
 

  



KINETIC THEORY OF GASES 
A. Boyle's law 

 "At constant temperature, the volume of a given mass of gas is 

inversely proportional to pressure." Thus 

               V ∝ 1/P 

Or,                PV = constant               (1) 

 If P1, V1are initial pressure and volumes and P2, V2be final values 

then,                

     P1V1= P2V2                     

Graph between P and V at temperature T1 and T2 such that T1<T2 are 

shown below, 

Graph above shows that Boyle's law is strictly not obeyed by gases at all values of P and T but it obeys 

this law only at low pressure and high temperature i.e., at low density 

B. Charles’s Law  

 Charles’s Law is stated as follows: 

"When pressure of a gas is constant the volume of a given 

mass of gas is directly proportional to its absolute 

temperature". 

               V/T = Constant               (2) 

 Graph between V and T is  

 This graph shows that experimental graph deviates from 

straight line. Theoretical and experimental graphs are in 

agreement at high temperature 

C. Ideal Gas Equation 

We can combine equation (1) and (2) to get gas equation 

PV/T=constant      (3) 

PV=nRT 

 

D. Kinetic Theory of an ideal gas  
 

Following are the fundamental assumptions of kinetic theory of gases. 

 Gas is composed of large number of tiny invisible particles know as molecules 

 These molecules are always in state of motion with varying velocities in all possible directions. 

 Molecules traverse straight line path between any two collisions 

 Size of molecule is infinitely small compared to the average distance traverse by the molecules between 

any two consecutive collisions. 

 The time of collision is negligible as compared with the time taken to traverse the path. 



 Molecules exert force on each other except when they collide and all of their molecular energy is 

kinetic.  

 Intermolecular distance in gas is much larger than that of solids and liquids and the molecules of gas are 

free to move in entire space free to them. 

 Consider a cubical vessel with perfectly elastic walls containing large number of molecules say N let l be 

the dimension of each side of the cubical vessel. 

  v1x , v1y, v1z be the x, y, and z component of a molecule with velocity v. 

  Consider the motion of molecule in the direction perpendicular to the face of cubical vessel. 

 
  Molecule strikes the face A with a velocity v1x and rebounds with the same velocity in the backward 

direction as the collisions are perfectly elastic. 

  If m is the mass of molecule, the change in momentum during collision is 

     mv1x - (-mv1x) = 2 mv1x          (1) 

  The distance travelled parallel to x-axis an is between A to A´ and when molecule rebounds from A´ and 

travel towards A is 2l 

  Time taken by molecule to go to face A´ and then comeback to A is  

          Δt = 2l/v1x                                (2) 

Rate of change of momentum is 

     ΔF = ΔP/Δt   

from (1) and (2) 

     ΔF = mv1x
2 / l       this is the force exerted on wall A due to this movecule. 

  Force on wall A due to all other molecules 

     F = Σmv1x
2/L           (3) 

  As all directions are equivalent 

Σv1x
2=Σv1y

2=Σv1z
2 

Σv1x
2= 1/3Σ((v1x)

2 + (v1y)
2 +( v1z)

2 ) 

     = 1/3 Σv1
2 

Thus     F = (m/3L) Σv1
2 

  N is total no. of molecules in the container so 

     F = (mN/3L) (Σ(v1)
2/N) 



  Pressure is force per unit area so 

     P = F/L2 

      =(M/3L3)(Σ(v1)
2/N)  

where ,M is the total mass of the gas and if ρ is the density of gas then 

     P=ρΣ(v1)
2/3N 

since Σ(v1)
2/N is the average of squared speeds and is written as C2  known as mean square speed 

Thus, C =√(Σ(v1)
2/N) is known as roon mean squared speed rms-speed and vmq

2 = (vrms)
2 

   Pressure thus becomes 

     P = (1/3)ρC2                        (4) 

or     PV = (1/3) NmC2                       (5) 

from equation (4) rms speed is given as 

     vrms = √(3P/ρ) 

               = √(3PV/M)   

E. Law of Equipartition of energy  

 According to the principle of equipartition of energy, each velocity component has, on the average, an 

associated kinetic energy (1/2)KT. 

 The number of velocity components needs to describe the motion of a molecule completely is called the 

number of degrees of freedom. 

 For a mono atomic gas there are three degrees of freedom and the 

average total KE per molecule for any monatomic gas is 3/2 KBT. 

DEGREE OF FREEDOM ( f ) 

• It is defined as a number of independent ways in which an atom or 

molecule can absorb or release or store the energy. 

• Monatomic gas  

     e.g. He,Ne,Ar 

• The number of degrees of freedom is 3 i.e. three direction of 

translational motion where contribute translational kinetic energy as 

shown in Figure. 

Diatomic gas (e.g. H2, O2, N2) 

• The number of degrees of freedom is 

• Translational                      3 

• Rotational                          2 

• Total                                  5 

Polyatomic gas (e.g. H2O, CO2, NH3) 

• The number of degrees of freedom is 

• Translational                    3 

• Rotational                         3 

• Total                                 6 



F. Specific Heat Capacity  
(i) Monoatomic gases: 

 Monoatomic gas molecules has three translational degrees of freedom. 

 From law of equipartition of energy average energy of an molecule at temperature T is (3/2)KBT 

 Total internal energy of one mole of such gas is 

     U= (3/2)KBTN 

      = (3/2) RT                    (1) 

 If CV is molar specific heat at constant volume then 

     CVv = dU/dT 

      = (3/2)R                         (2) 

now for an ideal gas 

     CP - CV = R 

CP - molar specific heat capacity at constant pressure 

     CP = 5/2 R                    (3) 

Thus for a monoatomic gas ratio of specific heats is 

     γmono = CP/CV= 5/3               (4)  

(ii) Diatomic gases: 

A diatomic gas molecule is treated as a rigid rotator like dumb-bell and has 5 degrees of freedom out of which 

three degrees of freedom are translational and two degrees of freedom are rotational. 

  

 

 Using law of equipartition of energy the total internal energy of one mole of diatomic gas is  

     U= (5/2)KBTN 

     = (5/2) RT                    (5) 

 Specific heats are thus 

     CV =(5/2)R 

     γdia= 5/7          (rigid rotater) 

 If diatomic molecule is not only rigid but also has an vibrational mode in addition, then 

     U = (7/2) RT 



     and CV=(7/2)R 

     CP=(9/2)R 

and γ=CP/CV=9/7 

(iii) Specific heat Capacity of Solids : 

 From law of equipartition of energy we can can also determine specific heats of solids. 

 Consider that atoms in a solid are vibrating about their mean position at some temperature T. 

 Oscillation in one dimension has average energy equals 2(1/2)KBT=KBT, as (1/2)KBT is PE and 

(1/2)KBT is KE of the atom. 

 In three dimensions average kinetic energy is 3KBT. 

 For one mole of solid total energy is 

     U= 3NKBT 

      = 3RT 

 At constant pressure ΔQ =ΔU+PΔV=ΔU since for solids ΔV is negligible hence 

     C=ΔQ/ΔT=ΔU/ΔT=3R 

MEAN FREE PATH OF MOLECULES IN A GAS 

• The mean distance that the molecules travel between two successive collisions is called the mean 

free path.  

• Consider a molecule A with an effective diameter d travelling with a velocity v.  

• The molecule collides with all molecules whose centers are within a cylinder of length vt and cross-

sectional area πd2. 

 

• In a time t  

• Distance travelled = vt  

• No. of molecules per unit volume=nNo. of collisions = π d2vtn  

• Mean free path (L)  

 = vt/[πd2nvt] = 1/[πnd2] 

• As all the molecules are moving the average velocity should be replaced by relative velocity. 

file:///C:/Users/intel/Downloads/MEAN%20FREE%20PATH%20-%20Waptubes.Co.mp4


• Hence mean free path  

𝐿 =
1

√2𝑛𝜋𝑑2
 

 

SOME QUESTIONS FOR PRACTISE 

1. State the postulates of kinetic theory of gases and derive the expression for pressure exerted by an ideal 

gas on the bases of the kinetic theory. 

2. At what temperature average speed of oxygen gas molecule is equals to rms velocity of the same gas at 

270 C. 

3. State the law of equipartition of energy and obtain the value of specific heat capacity of monoatomic and 

diatomic gases. Hence also find the ratio of specific hat at constant pressure to that of constant volume 

4. What is meant by mean free path? Derive an expression for it? 

5. Two vessels of same volume are filled with same gas at same temperature. If the pressure of gas in the 

two vessels is 1:2 then state  

(i) The ratio of rms speed of gas in the two vessels 

(ii) The ratio of number of particles in the two vessels. 

6. What is an ideal gas? Under what conditions does a gas shows ideal behavior? 

7. Estimate the total number of air molecules in a room of capacity 25m3 at a temperature of 270C and one 

atmosphere pressure. 

8. Estimate average thermal energy of helium atom at the temperature of surface of sun (6000K). 

9. At what temperature is the root mean square speed of an atom in a argon gas cylinder is equal to rms 

speed of helium atom at -200C? (Atomic mass of Argon is 40u, of Helium is 4u). 

10. How many degree of freedom are associated with 2g of helium at STP. 

 

 

 

 

 
 
 
 
 
 



OSCILLATION 
Periodic motion 

 If a particle moves such that it repeats its path regularly after equal intervals of time,it's motion is said to 

be periodic. 

 The interval of time required to complete one cycle of motion is called time period of motion. 

 If a body in periodic motion moves back and forth over the same path then the motion is said to be 

vibratory or oscillatory. 

 Simple Harmonic Motion (or SHM) 

 It is a to and fro periodic motion in straight line such that acceleration is directed towards mean position 

and is directly proportional to displacement 

Equation of SHM 

DISPLACEMENT:   

Consider a particle moving with a constant angular speed ω in an anticlockwise direction on a circular 

path having centre O and radius A as shown in the figure. 

 

 

 

 

 

 

 

 

 

 

 

 

At time t = 0, it is at X and moves to P at time t 

The co-ordinates of point P are 

 x = A cos ( ωt )____________(1) and 

y = A sin ( ωt )_____________(2) 

VELOCITY 

 The velocity of a particle in circular motion is 𝑣 = 𝑟𝜔  

 Velocity in SHM 

𝑣𝑥 = −𝐴𝜔𝑆𝑖𝑛𝜔𝑡  𝑎𝑛𝑑 𝑣𝑦 = −𝐴𝜔𝑐𝑜𝑠𝜔𝑡 

Or      𝑣 =dx/dt 

On differentiating equations (1) and (2) 

𝑣𝑥 = −𝐴𝜔𝑆𝑖𝑛𝜔𝑡  𝑎𝑛𝑑 𝑣𝑦 = −𝐴𝜔𝑐𝑜𝑠𝜔𝑡 

Or 𝑣𝑥 = −𝜔√(𝐴2 − 𝑥2) 𝑜𝑟 𝑣𝑦 = −𝜔√(𝐴2 − 𝑦2) 

 

 



ACCELERATION  

 The acceleration of a particle in circular motion is 𝑎 =
𝑣2

𝑟
 

 Acceleration in SHM is 

𝑎𝑥 = −𝐴𝜔2𝑐𝑜𝑠𝜔𝑡 𝑎𝑛𝑑 𝑎𝑦 = −𝐴𝜔2𝑆𝑖𝑛𝜔𝑡  

Or 𝑎 =
𝑑𝑣

𝑑𝑡
  

On differentiating velocity 

𝑎𝑥 = −𝐴𝜔2𝑐𝑜𝑠𝜔𝑡 𝑎𝑛𝑑 𝑎𝑦 = −𝐴𝜔2𝑆𝑖𝑛𝜔𝑡  

Or  
𝑎𝑥 = 𝜔2𝑥 𝑎𝑛𝑑 𝑎𝑦 = −𝜔2𝑦 

Which shows that acceleration is proportional to the displacement but in opposite direction. 

 Variation of displacement, velocity and acceleration of particle executing SHM is shown below in the 

fig. 

 

 

 

Total energy in SHM 

 When a system at rest is displaced from its equilibrium position by doing work on it, it gains potential 

energy and when it is released, it begins to move with a velocity and acquires kinetic energy.If m is the 

mass of system executing SHM then kinetic energy of system at any instant of time is  



     K=(1/2)mv2                     

 

 Kinetic Energy of system varies periodically i.e., it is maximum (= (1/2)mω2A2) at the maximum value of velocity 

( ±ωA) and at this time displacement is zero. 

 When displacement is maximum (±A), velocity of SHM is zero and hence kinetic energy is also zero and at these 

extreme points where kinetic energy K=0, all the energy is potential. 

 At intermediate positions of lying between 0 and ±A, the energy is partly kinetic and partly potential. 

 Work required to give infinitesimal displacement is dx=kx dx. 

Thus, total work required to displace the system from 0 to x is 

  

 
thus, 

 
where, ω=√(k/m) and displacement x=A cos(ωt+φ). 

 we can calculate total energy of SHM which is given by,  

 
 Thus total energy of the oscillator remains constant as displacement is regained after every half cycle. 

 If no energy is dissipated then all the potential energy becomes kinetic and vice versa. 

 Figure below shows the variation of kinetic energy and potential energy of harmonic oscillator with time where 

phase φ is set to zero for simplicity. 

Some simple systems executing SHM 

(A) Motion of a body suspended from a spring 

 Figure (6a) below shows a 

spring of negligible mass, 

spring constant k and length 

l suspended from a rigid 

support. 

 When a body of mass m is attached to this spring as shown in figure 6(b), the spring elongates and it 

would then rest in equilibrium position such that upward force Fup exerted by spring is equal to the 



weight mg of the body. 

 

  
 𝐹 = −𝑘𝑥 = 𝑚𝑔 

 If the body is pulled and released it is set into oscillation. 

 The acceleration of oscillating mass is given by 

𝑎 =
−𝑘𝑥

𝑚
 

 On comparing the above equation with general equation of SHM 𝑎 = −𝜔2𝑥    

   The frequency of oscillating body is  

𝜔 = √
𝑘

𝑚
  or    𝑇 = 2𝜋√

𝑚

𝑘
  

(B) Simple pendulum 

 Simple pendulum consists of a point mass suspended by inextensible weightless string in a uniform 

gravitational field. 

 Simple pendulum can be set into oscillatory motion by pulling it to one side of equilibrium position and 

then releasing it. 

 When bob of the simple pendulum is displaced from its equilibrium position O and is then released it 

begins to oscillate. 

 Suppose it is at B at any instant of time during oscillations and 

θ be the angle subtended by the string with the vertical. 

 mg is the force acting on the bob at point P in vertically 

downward direction. Its component mgcosθ is balanced by the 

tension in the string and its tangential component mgsinθ 

directs in the direction opposite to increasing θ. 

 Thus restoring force is given by 

     F=-mgsinθ                

 If the angle θ is small such that sinθ very nearly equals θ then 

above equation becomes 

     F=-m g θ   since x=l θ then, 



     F=-(m g x)/l 

where x is the displacement OP along the arc. Thus, 

     F=-(mg/l)x                

 From above equation we see that restoring force is proportional to coordinate for small displacement x , 

and the constant (mg/l) is the force constant k. 

 

 Time period of a simple pendulum for small amplitudes is  

 Corresponding frequency relations are 

  
and angular frequency 

     ω=√(g/l)           

 Notice that the period of oscillations is independent of the mass m of the pendulum and for small 

oscillations, period of pendulum for given value of g is entirely determined by its length. 

 Damped Oscillations 

 Fractional force, acting on a body opposite to the direction of its motion, is called damping force. 

 Damping force reduces the velocity and the Kinetic Energy of the moving body. 

 Damping or dissipative forces generally arises due to the viscosity or friction in the medium and are 

non-conservative in nature. 

 When velocities of body are not high, damping force is found to be proportional to velocity v of the 

particle i.e.,  

     Fd=-γv           

where, γ is the damping constant. 

 If we take damping into consideration for an oscillator then oscillator experiences 

(i) Restoring Force :- F=-kx 

(ii) Damping Force :- Fd=-γv 

where, x is the displacement of oscillating system and v is the velocity of this displacement. 

 Thus equation of motion of damped harmonic oscillator is 



 
where r =(γ/2m) and ω2=k/m 

 Solution of above equation is of the form 

     x=Ae-rtcos(ω't+φ)           
where,  

     ω'=√(ω2-r2)      

is the angular frequency of the damped oscillator.  

Driven or Forced Harmonic oscillator 

 If an extra periodic force is applied on a damped harmonic oscillator, then the oscillating system is 

called driven or forced harmonic oscillator, and its oscillations are called forced oscillations. 

 Such external periodic force can be represented by  

     F(t)=F0cosωft         

where, F0 is the amplitude of the periodic force and ωf is th e frequency of external force causing 

oscillations. 

 Differential equation of motion under forced oscillations is  

  
 

 Solution of above equation  is 

     x=Acos(ωft+φ)                

where A is the amplitude of oscillation of forced oscillator and φ is the initial phase. 

 In case of forced oscillations both amplitude A and initial phase φ are fixed quantities depending on 

frequency ωf of applied force. 

 Calculations show that amplitude  

 

When ωf is very close to ω, then m(ω2-(ωf)
2 would be much less than ωf γ, for any reasonable value of γ, 

then above equation  becomes 

     A=F0/γ ωf           

 Thus the maximum possible amplitude for a given driven frequency is governed by the driving 

frequency and the damping, and is never infinity. 

 This phenomenon of increase in amplitude when the driving force is close to natural frequency of 

oscillator is called RESONANCE. 

 Thus resonance occurs when frequency of applied force becomes equal to natural frequency of the 

oscillator without damping. 

 



Questions for practice 

1. Define simple harmonic motion. Show how it can be realized in practice, as a projection of uniform circular 

motion. 

2. Derive expression for velocity of a particle in simple harmonic motion and obtain the condition for maximum 

and minimum velocity. 

3. Show that motion of a mass M suspended by a spring is simple harmonic, when it is displaced from its mean 

position and released. 

4. Derive the expression for total energy of a particle executing simple harmonic motion. At what distance from 

the mean position for a body in simple harmonic motion is the kinetic energy equal to the potential energy. 

5. Derive the expression for acceleration of the particle in simple harmonic motion. 

6. Show that if a liquid initially at rest in a U-tube is disturbed it will undergo simple harmonic motion. Find the 

expression for time period of oscillation? 

7. Motion of simple pendulum is simple harmonic motion and derive the expression for its time period 

8. A spring of force constant k such that one piece is double the length of the other. What is the force constant 

of the longer piece of the string. Find the ratio of time period of a mass m suspended by two springs in turn is 

made to oscillate 

9. Plot the reference circle for the following simple harmonic motion indicate the initial position of the particle 

and the angular speed of the rotation particle 

     (A) 𝑥 = −2sin (3𝑡 +
𝜋

3
) 

(B) 𝑥 = 2 cos 𝜋𝑡 

10. Starting from the origin a body oscillates simple harmonically with a period of 2sec after what time will its 

kinetic energy be 75% of the total energy. 

 

 

 

 

 



WAVES 

A wave can be described as a disturbance that travels through a medium from one location to another location.  

The repeating and periodic disturbance that moves through a medium from one location to another is referred to 

as a wave. 

 

Types of Waves 

Electromagnetic Waves 

An electromagnetic wave is a wave that is capable of transmitting its energy through a vacuum (i.e., empty 

space). Electromagnetic waves are produced by the vibration of charged particles. All light waves are examples 

of electromagnetic waves. 

Mechanical Waves 

A mechanical wave is a wave that is not capable of transmitting its energy through a vacuum. Mechanical 

waves require a medium in order to transport their energy from one location to another. A sound wave is an 

example of a mechanical wave. 

 

Types of Mechanical Waves 

Transverse Wave 

A transverse wave is a wave in which particles of the medium move in a direction perpendicular to the 

direction that the wave moves.eg. water waves. 

 

 

Longitudinal Wave  



A longitudinal wave is a wave in which particles of the medium move in a direction parallel to the direction 

that the wave moves.eg. sound waves. 

; 

 

Speed of Transverse Waves: 

Speed of transverse waves in a stretched string depends on the tension T in the string, mass per unit length µ 

𝑀

𝐿
= µ 

𝑣 ∝ 𝑇𝑎𝜇𝑏 

𝑣 = 𝑘𝑇𝑎 (
𝑀

𝐿
)

𝑏

 

𝐿𝑇−1=[𝑀𝐿𝑇−2]𝑎. [𝑀𝐿−1]𝑏 

On solving for a, b 

𝑣 = √
𝑇

𝜇
 

Speed of Longitudinal Waves: 

Speed of longitudinal waves through a medium depends on the modulus of elasticity E and on density 𝜌 

𝑣 ∝ 𝐸𝑎𝜌𝑏     𝑂𝑟 𝑣 = 𝑘𝐸𝑎𝜌𝑏      

On substituting dimensions of v, E and 𝜌 and solving for a, b we get 

𝑣 = √
𝐸

𝜌
 

For liquid and gases 

𝑣 = √
𝐵

𝑝
 

𝑣 = √
𝜂

𝑝
 

Newton’s formula for speed of sound waves: 



According to Newton the heat produced in the process of transfer of sound wave is shared with surrounding and 

temperature remains constant. 

PV= CONSTANT 

On differentiating 

 

𝑃∆𝑉 + 𝑉∆𝑃 = 0 

𝑃 = −
(∆𝑃)

(
∆𝑉
𝑟 )

= 𝐵 

Hence  

𝑣 = √
𝐵

𝑝
= √

𝑃

𝑝
 

Where, P=1.013 X105 = Pressure 

𝜌 = 1.23 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 

     V=280 m/s 

But actual value of sound through air is 

     Va=331 m/s 

Laplace Correction 

As the speed of sound is 331 m/s, the heat produced in the process of propagation of sound through air cannot 

be shared with the surrounding and hence the temperature cannot remain constant. 

𝑃𝑉𝛾= constant 

On differentiating 

𝑃𝑉𝛾=1∆𝑉 + 𝑉𝛾∆𝑃 = 0 

 

𝛾𝑃 = −
(∆𝑃)

(
∆𝑉
𝑟 )

= 𝐵 

𝑣 = √
𝐵

𝜌
= √

𝛾𝑃

𝜌
 

 Substituting value of 𝛾, 𝑃 𝑎𝑛𝑑 𝜌  

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 𝑣 = 331.2𝑚/𝑠 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑣𝑒𝑟𝑦 𝑐𝑙𝑜𝑠𝑒 𝑡𝑜 𝑣𝑎𝑙𝑢𝑒.   

Factors affecting speed of sound in gas 

Effect of pressure: At constant temperature 



𝑃𝑉 = 𝐶𝑜𝑏𝑠𝑡𝑎𝑛𝑡 ∴
𝑃

𝜌
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Speed of sound through gas is independent of pressure 

Effect of temperature: At constant pressure 

𝑉

𝑇
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑎𝑠 𝜌 ∝

1

𝑉
 𝑜𝑟 𝜌 ∝

1

𝑇
 

Hence𝑣 ∝ √𝑇 

Effect of density: At given temperature and pressure 

𝑣 ∝
1

√𝜌
 

Effect of humidity: 

𝜌𝑑𝑟𝑦 = 1.6𝜌𝑚𝑜𝑖𝑠𝑡  𝑎𝑛𝑑 𝛾𝑚𝑜𝑖𝑠𝑡 = 0.9𝛾𝑑𝑟𝑦 

𝑣𝑚

𝑣𝑑
> 1 ℎ𝑒𝑛𝑐𝑒𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝑑𝑟𝑦 𝑎𝑖𝑟 𝑖𝑠 𝑚𝑜𝑟𝑒 𝑡ℎ𝑎𝑛 𝑡ℎ𝑎𝑡 𝑖𝑛 ℎ𝑢𝑚𝑖𝑑 𝑎𝑖𝑟 

Stationary Waves  

Stationary or standing waves are formed in a medium when two waves having equal amplitude and frequency 

moving in opposite directions along the same line, interfere in a confined space. Generally, such waves are 

formed by the superposition of a forward wave and the reflected wave. Both longitudinal and transverse types 

of waves can form a stationary wave. 

Principle of Superposition 

The Principle of Superposition states that when two waves of the same kind meet at a point in space, the 

resultant displacement at that point is the vector sum of the displacements that the two waves would separately 

produce at that point. 

�⃗⃗⃗� = 𝒚𝟏⃗⃗⃗⃗⃗ + 𝒚𝟐⃗⃗⃗⃗⃗ + 𝒚𝟑⃗⃗⃗⃗⃗ + ⋯ 

Equation of Travelling Wave 

A travelling wave travels in a given direction with constant amplitude.  

 

 

 



y = A sin (kx − ωt) 

A= amplitude of wave,  angular wave number𝑘 =
2𝜋

𝜆
, ω is the angular frequency 

Reflection of Wave: 

 

𝐹𝑟𝑜𝑚 𝑓𝑖𝑥𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

𝑌𝑖 =  𝑎𝑠𝑖𝑛(𝜔𝑡 − 𝑘𝑥)   

𝑌𝑟 = 𝑎𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑥 + 180)  

= −𝑎𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑥) 

𝐹𝑟𝑜𝑚 𝑓𝑟𝑒𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

𝑌𝑖 =  𝑎𝑠𝑖𝑛(𝜔𝑡 − 𝑘𝑥) 

𝑌𝑟 = 𝑎𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑥) 

 

Stationary waves across a string fixed at the end: 

𝑌𝑖 =  𝑎𝑠𝑖𝑛(𝜔𝑡 − 𝑘𝑥) 

𝑌𝑟 =  − 𝑎𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑥) 

𝑌 = 𝑦𝑖 + 𝑦𝑟  

          = 𝑎[ 𝑠𝑖𝑛(𝜔𝑡 − 𝑘𝑥)  −  𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑥)] 

= −2𝑎𝑐𝑜𝑠𝜔𝑡𝑠𝑖𝑛𝑘𝑥 

𝑌 = −2𝑎. 𝑠𝑖𝑛𝑘𝑥. 𝑐𝑜𝑠𝜔𝑡 

The amplitude of this wave is  

𝐴 = 2𝑎. 𝑠𝑖𝑛𝑘𝑥 

The amplitude varies from point to point but each element of the ave oscillate with the sme angular frequency. 

The string as a whole vibrates and he waves produced are stationary waves as it remains confined over a fixed 

length. The points at which the amplitude is zero is called nodes and the points where the amplitude is 

maximum is called antinode. 

Position of nodes- 

𝑥 = 𝑙 

𝑠𝑖𝑛𝑘𝑙 = 0 

𝑘𝑙 = 𝑛𝜋 

𝑛 = 0, 1, 2, 3 

2𝜋

𝜆
. 𝑙 = 𝑛𝜋 

𝑙 =
𝑛𝜆

2
, n=1, 2, 3……. 

 



MODES OF VIBRATION OF STRETCHED STRING 

 

First Harmonic 

 

Second harmonic 

 

 

 

Third harmonic 

 

 

 

𝜗1 =
𝑣

𝜆1
=

𝑣

2𝐿
 𝜗2 =

𝑣

𝜆2
=

𝑣

𝐿
= 2𝜗1 𝜗3 =

𝑣

𝜆3
=

3𝑣

2𝐿
= 3𝜗1 

𝜗1: 𝜗2: 𝜗3 … … = 1: 2: 3 … … 
Distance between two consecutive nodes or two consecutive antinodes is λ/2 

Distance between a node and an antinode is λ/4 

 

 

Standing waves in closed end pipe 

 

Standing waves in open end pipe 

 

 

 

Beats 



It is the periodic variation in intensity at a given point due to the superposition of two waves having slightly 

different frequencies.  

 

The number of intensity maxima per second, or the beat frequency, equals the difference in frequency between the two 

sources. The maximum beat frequency that the human ear can detect is about 20 beats/s. When the beat frequency exceeds 

this value, the beats blend indistinguishably with the compound sounds producing them.  

 
 

Consider two sound waves of equal amplitude traveling through a medium with slightly different frequencies 

f1 and f2  

𝑦1 = 𝑎𝑐𝑜𝑠2𝜋𝑓1𝑡 𝑎𝑛𝑑 𝑦2 = 𝑎𝑐𝑜𝑠2𝜋𝑓2𝑡 

According to principle of superposition 

𝑦 = 𝑦1 + 𝑦2 = 2𝑎𝑐𝑜𝑠2𝜋
(𝑓1 − 𝑓2)𝑡

2
𝑐𝑜𝑠2𝜋

(𝑓1 + 𝑓2)𝑡

2
 

The amplitude of the resulting wave is 

𝐴 = 2𝑎𝑐𝑜𝑠2𝜋
(𝑓1 − 𝑓2)𝑡

2
 

It is function of time. It is maximum when 

𝑐𝑜𝑠𝜋(𝑓1 − 𝑓2)𝑡 = 1 = 𝑐𝑜𝑠𝑛𝜋 

(𝑓1 − 𝑓2)𝑡 = 𝑛 

or 𝑡 =
𝑛

(𝑓1−𝑓2)
=  0,

1

(𝑓1−𝑓2)
 ,

2

(𝑓1−𝑓2)
 ,

3

(𝑓1−𝑓2)
 …….. 

So the time interval between two successive maxima is 
1

(𝑓1−𝑓2)
 

Hence the beat frequency is (𝑓1 − 𝑓2) 

DOPPLERS EFFECT 

The Doppler Effect (or the Doppler shift) is the change in frequency or wavelength when the source of sound, 

the observer and the medium are in relative motion. 

CASE 1. Source in motion, observer at rest. 

 𝜗′ =
𝑣

𝑣±𝑣𝑠
𝜗 

CASE 2. Source at rest observer in motion 

https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Wavelength


𝜗′ =
𝑣 ± 𝑣0

𝑣
𝜗 

CASE 3.Source and observer both are moving 

𝜗 =
𝑣 ± 𝑣0

𝑣 ∓ 𝑣𝑠
𝜗 

************************* 

 

SOME QUESTIONS FOR PRACTISE 
1. What is a travelling wave? Derive the equation for a travelling wave. 

A wave is represented by y= 2.5x10-4sin(500t-0.025x) where x and y are in meters and t I seconds. Find 

the amplitude, the time period, the angular frequency and the wavelength of wave.  

2.  Derive Newton’s formula for velocity of sound in air. What is Laplace’s correction? 

 Explain the effect of pressure, temperature, density and humidity on the velocity of sound in air. 

3. Explain the formation of standing waves in a string fixed at the ends. Draw three modes of vibration of 

the string fixed at the ends. 

4. A wire between two rigid supports vibrates in its fundamental ode with frequency of 45hz. The mass of 

the wire is 3.5x10-2kg and its linear mass density is 4x10-2kg/m. What is the speed of transverse wave in 

the string and tension in the string? 

5. Explain the formation of standing waves in (i) open end pipe and (ii) closed end pipe. Draw three modes 

of vibration of air column in each case. 

6. A pipe 20 cm long is closed at one end. Which harmonic mode of the pipe is in resonance with a source of 

frequency 430 Hz? Will the same source be in resonance with the pipe if both ends are open? 

7. Explain the formation of beats and show that the beat frequency is the difference in frequency of the  two waves. 

8. Two tuning forks A and B produce 4beats per second. On loading B with wax 6beats are heard. Find the 

frequency of B if the frequency of A is 256Hz. 

9. What is Doppler’s Effect? Derive the expression for apparent frequency received by the observer when  

(i) source is moving towards a stationary observer, (ii) observer is moving away from a source at rest. 

10. A train, standing in a station yard blows a whistle of frequency 400Hz in still air. The wind starts blowing in the 

direction from yard to the station with a speed of 10m/s. What are the frequency, wavelength and speed of the 

sound for an observer standing on the platform? Is the situation exactly identical to the case when the air is still 

and the observer runs towards the yard with the same speed? 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 


