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O S C I L L A T I O N S  A N D  S H O C K  W A V E S  

 

SYLLABUS  

 

Module -I: Oscillations and Shock waves: Oscillations: Simple Harmonic motion (SHM), 

differential equation for SHM (No derivation), Sprigs: Stiffness Factor and its Physical Significance, 

series and parallel combination of springs(Derivation), Types of spring and their applications. Theory of 

damped oscillations (Qualitative), Types of damping (Graphical Approach). Engineering applications of 

damped oscillations, Theory of forced oscillations (Qualitative), resonance, and sharpness of resonance. 

Shock waves: Mach number and Mach Angle, Mach Regimes, definition and characteristics of Shock 

waves, Construction and working of Reddy shock tube, Applications of Shock Waves, Numerical problems.  

Pre requisites: Basics of Oscilations 

Self-learning:Simple Harmonic motion, differential equation for SHM 

 

Oscillations and vibrations play a more significant role in our lives than we realize. When 

you strike a bell, the metal vibrates, creating a sound wave. All musical instruments are based on 

some method to force the air around the instrument to oscillate. Oscillations from the swing of a 

pendulum in a clock to the vibrations of a quartz crystal are used as timing devices.  When you 

heat a substance, some of the energy you supply goes into oscillations of the atoms.  Most forms 

of wave motion involve the oscillatory motion of the substance through which the wave is 

moving.  Despite the enormous variety of systems that oscillate, they have many features in 

common with the simple system of a mass on a spring. The harmonic oscillators have close 

analogy in many other fields; mechanical example a weight on a spring, oscillations of charge 

flowing back and forth in an electrical circuit, vibrations of a tuning fork, vibrations of electrons 

in an atom generating light waves, oscillation of electrons in an antenna etc.,  

 
Periodic Motion:  Periodic motion is any motion that repeats itself in equal intervals of time.  

Examples: 

¶ a swing in motion 

¶ a vibrating tuning fork 

¶ the Earth in its orbit around the Sun 

¶ simple pendulum  

 

A special type of periodic motion is simple harmonic motion 

Simple Harmonic Motion: SHM is the type of periodic motion in which the net restoring force F 

acting on the body is proportional to the displacement x from the equilibrium position and is 
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directed opposite to the displacement, i.e., towards the equilibrium point. The body performing 

SHM is known as a simple harmonic oscillator (SHO). 

There are two types of SHM 

1. Linear SHM 

Eg: 1. The vertical oscillations of a loaded spring suspended from a rigid support.   

      2. Motion of needle of sewing machine 

2. Angular SHM 

Eg : 1. Motion of pendulum 

      2. Vibration of tuning fork 

Characteristics of SHM: 

1. Motion must be periodic.  

2.  The acceleration developed in the motion due to the restoring force is directly 

proportional to its displacement from the equilibrium position.  

3. The Force or acceleration is always directed opposite to the displacement i.e., towards 

the mean position (F Ŭ -x or F = ï kx).  The displacement can be represented by a sine 

or cosine function such as  

ὼ ὥ ίὭὲ.is the angular frequency ‫ ‫ὸ, where, a is the amplitude and 

4. The velocity of the body is maximum at the centre and minimum at extreme position. 

Concepts of Simple Harmonic Motion (S.H.M): 

Displacement (●):The distance covered by the body in SHM from its mean position. 

Amplitude (a): The maximum displacement of the body from its equilibrium position or mean 

position is its amplitude.  

Period (T): The time taken by the body to complete one oscillation is its period.  

Ὕ
ς“

‫
 

Frequency (ɜ): Frequency of S.H.M. is the number of oscillations that a oscillating body performs 

per unit time.  

ρ

Ὕ
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‫

ς“
 

‫ ς“  

Angular frequency (ɤ): It is the angular displacement per unit time. 

‫
ὥὲὫὰὩ ὧέὺὩὶὩὨ

ὸὭάὩ ὸὥὯὩὲ

ς“

Ὕ
ς“’ 

Derivation of differential equation of SHM starting from Hookeôs Law: 

Consider a body of mass ómô executing simple harmonic motion. Let the restoring force be F and the 

displacement of the body from its equilibrium position be .  

Then, for an oscillating body,the restoring force is directly proportional to the displacement from the 

mean position. 

i.e., F = ï kx  --------(1) 

which is commonly known as Hookeôs Law where ókô is the spring constant or force constant, [ 

i.e. the restoring force/unit displacement]. The negative sign shows that restoring force acts in the 

direction opposite to the displacement óxô. 

The system must also obey Newtonôs second law of motion which states that the force is equal to 

mass ómô times acceleration óaô, i.e. F = ma.  

F = ma 

Ὂ ά
Ὠὺ

Ὠὸ
 

Ὂ ά -----------(2) 

Equating (1) and (2) 

ά
Ὠ ὼ

Ὠὸ
Ὧὼ 

Ὠ ὼ

Ὠὸ

▓

□
●  

This equation is called as differential equation of SHM. 
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Solution of this equation is  wtax sin=  . where, óaô is the amplitude and óɤô is the angular 

frequency and ótô is the time elapsed. óɤô is also called as natural frequency of vibration and is 

given as ‫  

The Time period & Frequency of oscillation: The time period of oscillation of a spring is 

dependent on the spring constant of the spring and the mass of the system. It is independent of the 

force of gravity. It is given by 

Ὕ
ς“

‫
 

Ὕ ς“ where‫   

And frequency is given by,  ’  

Sprigs 

Stiffness Factor and its Physical Significance 

Physically, force constant is a measure of stiffness. In the case of springs, it represents how much 

force it takes to stretch the spring over a unit length. If the spring is strong or stiff, spring constant 

k will be large, and k will be small for a weak spring. 

 

Expression for spring Constant for series combination of springs: 

Consider two idealized springs with force constants k1 and k2 connected in series as shown in the 

figure. Let a body of load F = mg is suspended at the free end of these two springs in series 

combination. When the body is pulled downwards through a little distance óxô , the two springs 

suffer different extensions say óx1ô and óx2ô. But the restoring force is same in each spring. 

Following Hookôs law, for the spring 1, 

F = k1x1 

mg = k1x1 

or, ὼ   -----(1) 

Similarly, for he spring 2, 

F = k2x2 
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mg = k2x2 

or, ὼ   -----(2) 

For the combination,  

F = ksx 

mg = ksx 

or, ὼ -----(3) 

But, the total extension, ὼ ὼ ὼ  

Or,     

ρ

Ὧ

ρ

Ë

ρ

Ë
 

 

Or, ▓▼
▓ ▓

▓ ▓
 

 

The time period is given as╣ Ⱬ
□

▓▼
 

 

Expression for spring Constant for parallel combination of springs: 

Consider two idealized springs with force constants k1 and k2 connected in parallel as shown in 

figure. Let a body of load F = mg is suspended by these two springs in parallel combination. Let 

the body be pulled downwards through a small distance óxô. Each spring gets stretched by a length 

óxô. If F1 and F2 are the two restoring forces set up due to extension of springs, then  

from Hookôs law, for the spring 1, 

F1 = k1x-----(1) 

Similarly, for the spring 2, 

F2 = k2x-----(2) 

ḈFor the combination,  

Fp = kpx-----(3) 

The restoring force Fp is shared by the two springs. 

Therefore,  

Ὂ & &  

Ὧ ὼ Ë Ø Ë Ø   
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Or ▓▬ ἳ ἳ  

The time period is given as ╣ Ⱬ
□

▓▬
 

 

Different types of springs  

 

Helical Springs 

Helical springs are the most common types of springs in product manufacturing. Wire coiled into a helix 

shape (hence the name) with different cross-sections can make helical springs. Below are the kinds of 

springs under category one. 

1. Compression Springs 

Compression springs are open-coil helical springs with a 

constant coiled diameter and variable shape that resists axial 

compression.   The simplest example of its application is in the 

ballpoint pen, where it is responsible for the ñpoppingò effect. It 

is also applicable in valves and suspension.  

2. Extension Springs 

Unlike compression springs, extension springs are closed coil helical 

springs. They are suitable for creating tension, storing the energy, and 

using the energy to return the spring to its original shape.  A simple 

example of its applications is in garage doors. Others are in pull levers, 

jaw pliers, and weighing machines. 

 

 

3. Torsion Springs 

A torsion spring is attached to two different components using its 

two ends. This keeps the two components apart at a certain angle. 

These springs use radial direction when force is acting radially due 

to rotation.  

 

Shock Absorber 

A shock absorber is a mechanical or hydraulic device designed to absorb and damp shock impulses. This 

is achieved by converting the kinetic energy of the shock into another form of energy (typically heat) 

which is then dissipated. Shock absorber is to absorb or dampen the compression and rebound of the 

springs and suspension. Coil-over-shock absorber or spring coil shock absorber. Absorber with coil spring 

looks like a suspension strut.It helps to control unwanted and excess spring motion.  
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Leaf Springs (flat spring or carriage spring) 

Leaf springs are types of springs made from rectangular metal plates, also known as leaves. The 

rectangular metal plates are normally bolted and clamped, and they have major use in heavy vehicles. 

Below are the different types of leaf springs and their applications. These are mostly used in automobiles. 
The major stresses produced in leaf springs are tensile and compressive stresses.  

 

Application in railway/truck suspension 
 

The main function of leaf springs in railways/truck suspension is to provide comfort to the 

passengers by minimizing the vertical vibration caused by the nonuniformity of road geometry. Leaf 

springs support the weight of the chassis, making them ideal for commercial vehicles. They also control 

axle damping. The chassis roll can be controlled more efficiently due to the high rear moment centre and 

wide spring base. If the springs are mounted wider apart, the roll tendencies will be less.  

Different cases of SHM: Under SHM, we have the following 3 cases 

1. Free oscillations 

2. Damped oscillations 

3. Forced oscillations 

Free Oscillation: óIf an oscillating body oscillates with constant amplitude at its own natural 

frequency without the help of any external force is called free oscillation. 

Natural Frequency: The natural frequency is the rate at which an object vibrates when it is not 

disturbed by an outside force. 
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Examples for free oscillations:  

1. The vertical oscillations of a loaded spring suspended from a rigid support.   

2. Motion of needle of sewing machine 

 3. Motion of pendulum 

4. Vibration of tuning fork 

Equation of motion for free oscillations:  

The equation of motion of a free oscillation is given by  

Ὠ ὼ

Ὠὸ

Ë

Í
Ø π 

Where, m is the mass of the oscillating body, k is the force constant, x is the displacement at the 

instant t of an oscillating body. 

Damped Oscillation: The oscillations of a body whose amplitude goes on decreases with time 

due to the presence of resistive forces is called damped oscillation. 

Examples: 

1. Mechanical oscillations of a simple pendulum 

2. A swing left free to oscillate after being pushed once. 

Theory of damped oscillations: 

Consider a body of mass ómô executing oscillations in a resistive medium. The oscillations are 

damped due to resistance offered by the medium. 

The damping force, acts in a direction opposite to the movement of the body and velocity 

dependent 

i.e., 

damF a v-  

damF = bv-  , where óbô is damping constant 

damresnet FFF +=  

netF  =   bvkx--  

netF  =   
dt

dx
bkx--  

0
2

2

=++ kx
dt

dx
b

dt

xd
m  
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0
2

2

=ö
÷

õ
æ
ç

å
+ö

÷

õ
æ
ç

å
+ x

m

k

dt

dx

m

b

dt

xd
-------(1) 

Where, 
m

b
=b2

m

b

2
=b ,  

m

k
=2w  

02 2

2

2

=++ x
dt

dx

dt

xd
wb ----------(2) 

The solution of the above equation is  

tAex a= --------(3)  where, óAô and óŬô are constants 

xeA
dt

dx t ... aa a ==  

xeA
dt

xd t ... 2

2

2

aaa a ==  

0.2 22 =++ xxx waba  

0).2( 22 =++ wabax  

0).2( 22 =++Ý waba  

The solution of this equation can be given using 

a

acbb

2

42 -°-
=a  

2

442 22 wbb
a

-°-
=  

2

22 22 wbb
a

-°-
=  

22 wbba -°-= -------(4) 

 

(4) in (3) 

t

Aex
ö
÷
õæ

ç
å -°-

=
22 wbb

 

Or, 
tt

eAeAx
ö
÷
õæ

ç
å ---ö

÷
õæ

ç
å -+-

+=
2222

21

wbbwbb

-------(5) 
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Where, A1 and A2are constants to be evaluated 

Now, at t=0, ὼ ὼ  (i.e., maximum displacement) 

Ḉequation (5) becomes 210 AAx +=  -------(6) 

Also,  at t=0, ὼ ὼ  , the velocity is zero. i.e., π  

Ḉ ( ) ( ) 0
2222

2

22

1

22 =---+-+-=
ö
÷
õæ

ç
å ---ö

÷
õæ

ç
å -+- tt

eAeA
dt

dx wbbwbb

wbbwbb  

Since t=0,  

02
22

1
22 =ö

÷

õ
æ
ç

å ---+ö
÷

õ
æ
ç

å -+- AA wbbwbb  

( ) ( ) 021
22

21 =--++- AAAA wbb  

( ) 021
22

0 =--+- AAx wbb  

21
22

0 AA
x

-=

-wb

b
-------(7) 

Adding (6) and (7) 

+= 012 xA
22

0

wb

b

-

x
 

012 xA =
öö
ö

÷

õ

ææ
æ

ç

å

-

+

22

1

wb

b
 

2

0
1

x
A =

öö
ö

÷

õ

ææ
æ

ç

å

-

+
22

1

wb

b
 ----------(8) 

Subtracting, (6) - (7) 

-= 022 xA
22

0

wb

b

-

x
 

022 xA =
öö
ö

÷

õ

ææ
æ

ç

å

-

-
22

1

wb

b
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2

0
2

x
A =

öö
ö

÷

õ

ææ
æ

ç

å

-

-
22

1

wb

b
-------(9) 

Ḉ Equation (5) is given as  

( ) ( )tt
e

x
e

x
x

2222

.1
2

.1
2 22

0

22

0 wbbwbb

wb

b

wb

b ----+-

öö
ö

÷

õ

ææ
æ

ç

å

-

-+
öö
ö

÷

õ

ææ
æ

ç

å

-

+= -------(10) 

This is the expression for decay amplitude. 

 

Depending upon the strength of damping force the quantity ‍ ‫  can be positive /negative 

/zero giving rise to three different cases. 

We have the general equation of damped oscillation as (eqn (5)) 

tt

eAeAx
ö
÷
õæ

ç
å ---ö

÷
õæ

ç
å -+-

+=
2222

21

wbbwbb

 

Or, 
tt

t eAeAex
ö
÷
õæ

ç
å --ö

÷
õæ

ç
å -

- +=
2222

21(
wbwb

b
 ---------** 

 

Case 1: If 
22 wb > , over damping 

When 22 wb > , 22 wb - is positive. 

Let 22 wba -=  

Then the eqn ** becomes 

)( 21

ttt eAeAex aab -- +=  

That means, there is an exponential decay of the displacement w.r.t time.  

i.e., the body, without oscillating, returns from its maximum displacement to the equilibrium 

position very slowly and rests there. This is referred as over damped motion. 

Eg: The motion of simple pendulum in a highly viscous medium. 

Case 2 : If 
22 wb = , critical damping 

When 22 wb = ,  

Then the eqn ** will be 

)( 21 AAex t += -b
 

i.e., the body doesnôt oscillate and returns to its equilibrium position very rapidly. This is referred 

as critical damping. 
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Critical damping provides the quickest approach to zero amplitude compared to other two cases. 

Eg:  The spring of the automobiles, the speedometers of the vehicles. 

 

Case 3:  If 
22 wb < , under damping   

When 22 wb < , 22 wb - is negative. 

If 22 wb - =
1w  

Then, 22 bw - =
1wi  

Ḉthe eqn ** will be 

)( 11

21

titit eAeAex
wwb -- +=  

i.e., the amplitude of the oscillating system will not be constant and decreases exponentially with 

time, till the oscillation dies out. This is referred as under damping 

Eg: The motion of simple pendulum in air. 

 

 

Quality Factor& its significance: The rate of energy loss of a weakly damped harmonic 

oscillator is convenientlycharacterized bya single parameter Q, called the quality factor of the 

oscillator.  

Quality factor is defined to be 2ˊ timesthe energy stored in the oscillator divided by the 

energy lost in a single oscillation period. 

ὗ ς“
ὉὲὩὶὫώ ίὸέὶὩὨ Ὥὲ ὸὬὩ έίὧὭὰὰὥὸέὶ

ὉὲὩὶὫώ ὒέίί ὴὩὶ ὴὩὶὭέὨ
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ὗ ,   where,  ,  ς‍  

 

Forced Oscillation: The oscillation in which a body oscillates under the influence of an external 

periodic force (also called as driving force) is known as forced oscillation.Here, the amplitude of 

oscillation, experiences damping but remains constant due to the external energy supplied to the 

system. 

Eg: Oscillations of a swing which is pushed periodically by a person. 

 

Theory of Forced Oscillations: Consider a body of mass ómô executing oscillations in a damping 

medium, acted upon by an external periodic sinusoidal force óὊίὭὲ‫ ὸô. Then its equation of 

motion is  

forceddamresnet FFFF ++=  

netF  =   tFbvkx owsin+--  

netF  =   tF
dt

dx
bkx owsin+--  

tFkx
dt

dx
b

dt

xd
m owsin

2

2

=++  

t
m

F
x

m

k

dt

dx

m

b

dt

xd
owsin

2

2

=ö
÷

õ
æ
ç

å
+ö

÷

õ
æ
ç

å
+  

t
m

F
x

dt

dx

dt

xd
owwb sin2 2

2

2

=++ ------(1)  

The solution of this equation is 

)sin( aw -= tax o --------(2)   

Where, óaô is the amplitude and  ᴂ‌ᴂ is the phase of the oscillating body to be determined. 

)cos( aww -= ta
dt

dx
oo  

)sin(
2

2

awww --= ta
dt

xd
ooo  

)sin(
2

2

2

aww --= ta
dt

xd
oo  
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Ḉ ρ Ý t
m

F
tatata oooooo wawwawwbaww sin)sin()cos(2)sin( 22

=-+-+--  

)sin( t
m

F
ow can be written as ( )aawaawaaw sin).cos(cos).sin(])sin[( -+-=+- tt

m

F
t

m

F
ooo  

Ḉ ρ Ý

aawaawawwawwbaww sin).cos(cos).sin()sin()cos(2)sin( 22
-+-=-+-+-- t

m

F
t

m

F
tatata ooooooo  

By equating the coefficients of ÓÉÎ ‫ ὸ ‌  from both the sides, we get 

aww cos.22

m

F
aa o =+-  

aww cos.)( 22

m

F
a o =- --------(2) 

Similarly, by equating the coefficients of ὧέί ‫ ὸ ‌  from both the sides, we get 

awb sin.2
m

F
a o = --------(3) 

Squaring and adding eqn (2) and (3) we get, 

( ) ( ) =+-
2

0

22

0

2 2)( wbww aa )sin(cos 22

2

aa +ö
÷

õ
æ
ç

å

m

F
 

( ) =ù
ú

ø
é
ê

è
+- 2

0
222

0
22 4 wbwwa  

 

 

This equation represents the amplitude of the forced vibrations. 

 

Phase of the forced vibrations: 

Dividing eqn (3) by eqn (2) 

 =  

Ḉthe Phase of the forced vibration is given by  
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