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UNDAMPED AND DAMPED OSCILLATIONS • Undamped oscillations : When a system oscillates with a constant amplitude which does not change with time, its oscillations are called undamped oscillations. • Tue energy of the system executing undamped oscillations remains constant and is independent of time. • The dissipative forces (i.e., frictional or viscous forces) are not present in the system executing undamped oscillations. • Damped oscillations : When a system oscillates with a decreasing amplitude with time, its oscillations are called damped oscillations. • The energy of the system executing damped oscillations will go on decreasing with time but the oscillations of the system remain periodic. • The dissipative forces or damping forces are active in the oscillating system which are generally the frictional or viscous forces. • Tue damping force is given by F',i "" -bv, where, v is the velocity of the. oscil lator and b is damping constant. Negative sign shows that damping force acts opposite to the velocity at every moment. • · The SI unit of b is kg s-1
• • The differential equation of damped harmonic oscillator is given by 

d2x dx 
m-+ b-+kx = O  

dt1 dt • The displacement of the damped oscillator at any instant t is given by 

• 

• 

• 

x = Ae
-bt/Zm cos(oo't + q>) where ro' is the angular frequency of the damped oscillator is given by 
� - -
k b2 

ro' = - - --
m 4m2 

If the damping constant b is small, then ro' = ro, where w is the angular frequency of the undamped oscillator. The mechanical energy E of the damped oscillator at any instant t is given by 
E = .!_kAz

e
-bt/m 

2 
Maintained oscillations : Due to the damping forces, the amplitude of oscillator will go on decreasing with time. Ifwe can feed the energy to the damped oscillatory system at the same rate at which it is dissipating the energy, then the amplitude of such oscillations would become constant. Such oscillations are called maintained oscillations. 

FORCED OSCILLATIONS AND RESONANCE • Free oscillations : When a system oscillates with its own natural frequency, without the help of any external periodic force, its oscillations are called free oscillations. • Forced or driven oscillations : When a system oscillates with the help of an external periodic force, other than its own natural angular frequency, its oscillations are called forced or driven oscillations. 

• The differential equation of forced damped harmonic oscillator is given by 
d1x dx 

m-+ b-
d 

+kx = F
0 cosmi 

dt1 t 

where wd is the angular :frequency of the external force. • The displacement of the forced damped harmonic oscillator at any instant t is given by 
x = Acos(ro; + 4>) 

Fo where A "'  ----�---c:--:c--:-::-{m2(oo2 - m�)2 + oo�b2}112 
Fo = -----�-----:-,::-

m[(m2 - ooW + (  �!brr
2 

-Vo and tan � = --
maxo where ro is the natural angular frequency of the oscillator, x

0 
and v

0 
�e the displacement and velocity of the oscillator at time t = 0, when the periodic force is applied. • Resonance : It is the phenomenon in which a system is made to oscillate by external force whose frequency is equal to the natural frequency of the system. At resonance, the amplitude of the system is maximum. It is a special case of forced oscillation. Condition for resonance is ro "" rod. 

WAVE MOTION 

• It is a kind of disturbance which travels through a material medium (having properties of elasticity and inertia) on account of repeated periodic vibrations of the particles of the medium about their mean position, the disturbance being handed on from one particle to the adjoining particle and so on, without any net transport of the medium. It transports both, energy and momentum without the transport of matter. 
Types of Waves • Waves can be classified into following three categories o Mechanical waves o Electromagnetic waves o Matter waves • Mechanical waves : These waves require a medium for their propagation. e.g., water waves, sound waves, seismic waves, etc. Sometimes mechanical waves are also called elastic waves. 
• Electromagnetic waves : These waves do not require any medium for their propagation. e.g., light waves, Xrays, micro waves, etc. All electromagnetic waves travel through vacuum at the same speed c ( c = 3 x 108 m s- 1) • Matter waves : These waves are associated with moving particles of matter like electrons, protons, neutrons, atoms · and molecules. These waves arise in quantum mechanical description of nature. These waves are also known as de Broglie waves. 
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TRANSVERSE AND tONGlnJll!NAl WAVES 
o Mechanical waves are of two types : 

o Transverse waves 

• 
" 

a Longitudinal waves 
Transverse waves : Those \vaves in which the partides 
of the medium oscillate perpendicular to the direction 
of wave propagation are ca1led transverse waves. e.g. 
vibrations of a string in violin, electromagnetic waves 
etc. 
Longitudinal waves : Those waves in which the 
particles of the medium oscillate along the direction of 
wave propagation are called longitudinal waves. e.g. 
ultrasonic waves in air produced by a vibrating quartz 
crystal, waves produced in a cylinder containing a 
liquid by moving its piston back and furth etc. 
A transverse wave travels through a medium in the 
fotm of crests and troughs. 

• 

• 

• 

I 
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may also be defined as the distance between. two 
consecutive points in the same phase of wave motion. 
1t is denoted by symboi J., 
In case oftra:nsvene wave 
A distance between two consecutive crests or 
troughs. 
In case of longitudinal waves 
A = distance between nvo consecutive compressions 
or rarefact10r.s. 
Time : it is def med as the time taken by a particle 
to complete one oscillation about its mean position. It 
is denoted by symbol T. 
i·requeoc:,:It is defined as the number of oscillations 
made by the particle in one second. It is denoted by 
symbol u . 

1 
U = _:-

T A longitudinal vvave travels Lhroogh a medium in the 
form of compre.ssions and rarefactions_ 
Transverse waves can be  polarised whereas 
longitudinal wav;;:s cannot be polarised. Hence, 
transverse or longitudinal nature of a wave can be 
decided on the basis of polarisation. 

I • 
Wave speed or speed of a wave : It is defined as the 
distance travelled by the wave in one second. It is 
denoted by Symbol v and is given by 

" 

• 
• 
• 

• 

Transverse waves can propagate only in medium with 
shear modulus of elasticity such as solids and strings, 
but not fil -flmds, 
Longitudinal waves need bulk modulus of elasticity 
and therefure possible -in all media, solids, Hquids and 
gases. 
In the case of a vibrating tuning fork the waves in the 
prongs are transverse while in the stem are longiP.1dinaL 
In case of seismic waves produced by earthquakes 
both S (shear) and P (pressure) \Vaves ore produced 
simciltaneously whfoh travel through the rock in the 
crust at different speeds [v = 5 km s-1 whi!ev = 9 km 8' 1]-

' p 

S-waves are transverse while P-waves are longitudiaal. 
Some waves in nature are neither transverse nor 
longitudinal but a combination of the t\Vo. e. g, waves 
produced by a motorboat sailing in water :is a 
combination of both longitudinal and transverse 
waves_ 

e \Vaves may be  one dimensional, twc dimensional or 
three dimensional according as propagate energy 
in just one, PNO or three dimensions. Thus, transverse 
waves along a string or longitudinal waves along a 
s.pring are one dimensional, surface waves or ripples 
on water are two dimensfonal and sound •.vaves 
proceeding radiaH.y from a point source are three 
dimensional. 

'iAlllOUS UilMS IIEUITED TO WAIIE MOTION 
® Am.plitude:It is defined as the maximum displacement 

of an oscillating particle of the medium from the mean 
position. It is denoted by symbol A. 

� w,,v,,lei,g!h : It is defined as the distance travelled hy 
the wave during 1:he tii"Tie, the partkle of the mediwn 
completes one oscillation about its. mean position.. It 

• 
" 

v = ut ... .(i) 
As the speed of a wave is related to its wavelength 
and :frequency by the eq11ation (i) but it is detemllned 
by the properties of the medium. 
Intensity of a wave : It is defined as the amount of 
energy flow :per unit area per unit time in a direction. 
perpendicular to the propagation of wave. It is denoted 
by the symbol I and is given by 

1=2n2v2A\w 

where u is the frequency, A is the amplitude, v is the 
velocity of the wave, p is the density of the mediw-n. 
Tne SI unit of intensity is \V m-2• 

Dimensional formula of intensity of a wave is 
ae!ll3J<P1 : It is defined as amount of energy 

flow per unit volume. It is denoted by symbol u and i s  
given by 

u = 2ii2 A'-u2p 
where u is the frequency, ,A is the amplitude and .P is 
the density of the medium. 

® The SI unit of energy density is J m··3• 

® Dimensional formula of energy density is [ML-11 -2). 

EQUATION OF PLANE PROGIIESS!IIE WAVE 
* Equation of plane progressive wave -;:raveUing 

the -:'Ve direction of x�a:xis is given by 
y = Asin(_mt - kx +. tj>) 

where y = displacement of a particle at (x, t) 
A = amplitude of the wave 

1 anoular frequency = ?wv = 2n---e -
T 

2n 
k propagation constant or angular wave nlli"llber = --:J_ 
¢ = phase constant or initial phase of the wave. 
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0 

9 

0 

• 

Phase of the wave is the argument ( wt - kx + <P) of the 
oscillatory term sin( wt - kx + qi). 

0) Wave speed, v = -. k 
It depends only on the nature of the medium in which 
the wave propagates. 

Slope ofthe wave, : = -kAcos(@ - kx+ <j)) 

Particle speed, 
dy 

( kx . 
vp1rtic1e = dt = wAcos wt- + <j)) 

=-(�): 
or v 

p:,rricle = -wave speed x slope of the wave 

dly 2 Particle acceleration, a=-= -ro y 
dt2 

. 
Equation of plane progressive wave travelling along· 
negative direction of x-axis is given by 

y = Asin(wt + kx + $) 
A plane progressive wave can be written in many forms 
such as 

y = A sin(wt - kx) 

or y = Asi n21t(ut - x] 
[As w = 2nu and k = (2n/A.)] 

or y = Asin2n[i-f] 

. 21t
( ) or y = AsmT vt - x  

or y = Asink(vt - x) 

(·: U = }) 

(·: � = v) 
(·: k = �) 

A . 21t( X) 
A . ( X) 

or y = smT t-; = smw t -
-;; 

... (i) 

... (ii) 

... (iii) 

... (iv) 

... (v) 

... (vi) 

o The differential equation of one dimensional 
progressive wave is given by 

a2y 2 ciy - - v -
ot2 - dx2 

Relationship between Phase Difference, Path 
Difference and Time Difference 

Phase difference = 
2
{ x path difference 

. 21t . diffi Phase difference = T x time erence 

• A path difference of A corresponds to a phase 
difference of 2n radian. 

• To calculate phase difference between two waves, the 
equation of both waves must be in sine fonn or in 
cosine fonn. 

DISPLACEMENT WAVE AND PRESSURE WAVE 
• A longitudinal wave in a fluid (liquid or gas) can be 

described either in terms of the longitudinal displacement 
suffered by the particles of the medium (called 
displacement wave) or in terms of the excess pressure 
generated due to the compression and rarefaction ( called 
pressure wave). 
Equation of displacement wave 

- S = Sm sin(Wt - kx) 
Equation of pressure wave, 

P = P"' cos(wt - kx) 
where Pm = pressure amplitude 
Since pressure wave is 90° out of phase with respect 
to the displacement wave. Therefore displacement is 
minimum when pressure is maximum or vice versa. 

The displacement of a particle of a string carrying a 
travelling wave is given by y = (4 cm) sin 2n (0.5x - l OOt), 
·where x is in cm and t is in seconds. The speed of the 
wave is 
(a) 50 emfs 
(c) 200 emfs 

(b) 100 cm/s 
(d) 250 emfs 

Solo. (c) : Comparing the equation with the standard 
equation of a w.ave: 
y = A sin (kx - mt) 
Here k = 2n(0.5) and m = 2n(l00) 

w 2n:(100) 
Speed of wave = k => c = 

2n:(0.S) 
= 200 emfs 

The amplitude of wave disturbance propogating in the 
1 

positive x-direction is given by y = ,. at time t = 0 
(l + xt 

andby y = 2 at t = 2 s. where x and y are in 
1 + (x - 1) 

metre. The shape of the wave does not change during 
the propagation. Find the velocity of the wave. 

Soln.: At t =  O, y = 2 (I + x) 
For y to be maximum, x = 0, 
:. Ymax = I 

l' 

t = O  
x= O 

y 

t = 2 s  
x=l m  

y = ---- at t = 2 s 
1 + (x .,... 1)2 

or Ymax = 1 when x = I . 
It means that in 2 sec, the wave has moved a distance 
ofl m. 



Oscillations and Waves 

Velocity = 

lll@tti!Miii! 

dbiance 
time 

I 
2 0.5 m 

The displacement of a particle varies according to the 
relation x = 4{cos7tt + sinnt). The ai.-nplitude of the particle 
IS 

(a) -4 (b) 4 
(c) 4-J'i (d) 8. 

Soln. (c) : x = 4(cosnt + sinir.t) 
., ro2 : I . I . J = <+XVL. 1 -----cosnt+ -smrri 1 

LJ2 42 J 

or x = 4ii[�m{-cosm+cosJsinr..t] 

442 sin( 1tt+¾) 
Henee amplitude 4"2. 

lfltffl@iM,iP 
The displacement of a particle executing simple harmonic 

motion is given by: y = 10 sin (61 + � J . Here, y is in 
:,/ 

metre and t is in second. The initial displacement and 
velocity of the particle are respectively 
(a) 5.fj m and 30 m s -1 (b) 20.fj m and 30 m s-1 

(c) 15.fj m and 30 m s-1 (d) 15 m and 5.fj m ,-, 

Soln. : At t = 0, y = 10  sm (6(0) +iJ 

J3 h dy _ ( n:) 
10 x -. - =• 5-,3 m· v = - = 60 cos 61 +� 

2 ' dt t.._ 3 

l/ ;
r
\ l At , = O. v = 60 cos • 

0 + 3) = 60 x 
2 

= 30 rrJs. 

lil@MiiMllf1I 
A transverse wave is described by the equation y y

0 
sin 

' \ 
2n: l D -i) · Find fue value of /,. so that the. maxirn . .ura 
particle velocity is equal to fuur times the wave velocity. 

Coefficient oft Soln.: Wave V 
Coefficient ofx 

2mJ 
:. v = 2n/}, = AU 

J\"iax.ixnum partk:le velocity, V = roa = 2nvy0 [' .' a = y0] 
Now, as per question, 

V= 4v or 2nuy0 = Au x 4 
"Yo or A = -· -� . 2 

SPEED OF T!lAtJSVERSE WAVE 
@ Speed of a tninsverse wave on a stretched sn·ing is 

given by 
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where Tis the tension in the string, µ is the mass per 1u:rit 
lengfu of t,',e string called !moor mass deruity. 

ti of a transverse wave in a solid is given by 

v=t 
where l1 is the modulus of rigidity, p is  the density of a 
solid. 

SPEED OF lONGITUDINAL WAYE 

I � 

i 0 

Speed of a longitudinal wave in a medilL111 is given by 

{E 
v=fp 

where E is the modulus of elasticity and p is the density 
of the me-dium. 

of a longitudinal wave in a solid bar is given by 

/Y 
V V'ii 

where Y is the Young"s modulus and p is the &�ity of 
material of the bar. 
Speed of a longitudinal \vave in a fluid is given by 

(Ji 
v=VP 

where B is the bulk modulus and p is density of a fluid. 

ULTRASONIC AND INFRASONIC WAVES 
$< U]tr:asonic waves : The human ear can hear the sound 

waves between 20 Hz to 20 .kFiz. This :range is c2lled 
audible range. The sound waves having :frequencies 
abo,;,e the audible range are called ultrasonic waves. 

! e, Infrasonic waves : The sound waves which :lave 
frequencies less than the audibi.e range are caHed 
infrasonic waves. 

NEWTON'S fllRMllLA 

I • Newton assumed that propagation of sound wave in 
gas i s  an isothermal process. Tuerefore7 according to 
Ne\vton, speed of sound in gas is given by 

Ip v= /
\ p  

where P is the pressure of the gas and p is the density 
of the gas. 

• Ac,cord1rrg to the Newton's fonnula, tht of 
sound in air at STP is 280 m s-1 • But the experimental 
value of the speed of sound in air at· STP is 332 m 
Newton could not explain this large difference. 
Newion's formula was corrected by Laplace. 

1.API.A::E'S CORRECTION 
@ Laplace assumed that propagation of sound wave in 

gas is an. adiabatic process. Therefore) according m 
1.aipmce, speed of sound in a gas is given by 

v=,r1' = fjFf V p V m 
@ According to Laplace's correction the s_peed of sound 

in air at STP is 331 .3 m s .. 1. This value agrees fairlyweH 
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with the experimental values of the speed of sound in air at STP. 
FACTORS AFFECTING SPEED OF SOUND • Factors affecting speed of sound in a ga_seous medium as are follows : o Effect of temperature : Speed of sound in a gas is directly proportional to the square root of its absolute temperature. i.e., v = .fr. Speed of sound in a gas at t°C, 

v1 = v0 [1 + 5�6] where v0 
is the speed of sound in the gas at 0°C. For air v0 = 332 m s-1 :. v

1
= v0 + 0.6 l t m s-1 Speed of sound in air increases by 0.61 m s-1 for every 1 °C rise in temperature. o Effect of pressw·e : The speed of sound in a gas is given by 

v= Jif  = �y�: Speed of sound in gas is independent of the pressure of the gas, provided temperature remains constant. o Effect of humidity : With increase in humidity, density of air decreases 
v = ff  Therefore, with rise in humidity, speed of sound increases. The speed of sound in moist air is more than the speed of sound in dry air, since the density of moist air is less than that of dry air. o Effect of wind : If the wind is blowing, the speed of sound changes. The speed of sound is increased if the wind is blowing in the direction of the propagation of sound wave. But if the wind is blowing opposite to the direction of propagation, the speed of sound is decreased. 

A uniform rope of length 10 m and mass 3 kg hangs vertically from a rigid support. A block of mass I kg is attached to the free end of the rope. A transverse pulse of wavelength 0.05 m is produced at the lower end of the rope. The wavelength of the pulse when it reaches the top of the rope is (a) 0. 1 0 m  (c) 0. 1 6 m  (h) 0.12 m (d) 0.18 m 
Soln. (a) : Since the rope has a mass, the tension along its length is variable. At the top end its tension is (3 + l)g N or  4g N. At the bottom end, its tension is lg N. Now, speed of the transverse wave on the string, 

c = t 

UA =l (-: c = OA) 
As frequency u and �t, the linear density are constant, 

fr so - is a constant. 
A 

JrTop � J4i ../Ii A "' ' A 0.05 m Top Bottom top => "top = 0.05 x 2 m = 0.1 m. 
lllus��ation :.20 If the speed of sound in oxygen is 470 mis, then the speed of sound in hydrogen at the same temperature is (a) 1540 mis (b) 1670 mis (c) 1880 mis (d) 2050 mis - · 

Solo. (c): As both oxygen and hydrogen molecules are diatomic, the adiabatic ratio is same for both. Now, the speed of sound in gases 
V = /yRT . VH = � 

VM ' v0 • �� 

4 7�H
m/s = N = Ju, = 4 => VH = 4 x 470 mis = 1880 mis. 

The extension in a wire, obeying Hooke's law, is x. The speed of sound in the stretched wire is v. If the extension in the wire is increased to l .5x, what will be the new speed of sound in the wire? 
Sol. v = Jr:- t where le = constant 

l .Sx x k m 
--- x --

m x x k  
v, � = Ju = 1.22 or v, = l .22v1 = 1 .22v 
VJ -or new speed of sound = 1.22v. 

Illustration 22 The speed of longitudinal wave is 100 times the speed of transverse wave in a brass wire. What is the stress m wire? Young's modulus of brass = 1.0 x 101 1  N m-2. 

Soln. : Speed of longitudinal wave in wire v 1 = i 
Speed of transverse wave in wire v, = fr - f µ Given: v1 = 100 v2 

l = 100 t or l = 1 00 H; 
[·: µ = volume x density = Ad] length 
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T 
or Y . .,,, (100)2 x A (100)2 x stress 

I.,. T = stress] 
L A 

or Stress 
y 

(100)2 
J .0 X !01 1  

1 04 

Stress = 1 .0 x 107 N" m· .. 2. 

IOttl®iH1f?I 

= ).0 X N 

If the bulk modulus of water is 2 100 !vlPa what rs the 
speed of sound .in wateJ'? 

Som. : v = �: 

V 12100 X 106 

\ 1000 
.J2 l x ! 06 

or v = 1 .45 x 1 03 = 1450 m/s. 

REFLECTION O F  WAVES 
®" The reflection of waves at a boundary or interface 

between two media occurs as follows 
• A travelling wave, at a rigid boundary or a closed end 

is reflected with a phase reversal of n: but the reflection 
at an open boundary takes place without any phase 
change. 

e Let the incident wave be represented by 
y, = Asin(rol kx) 

For reflection at a rigid boundary; the reflected wave is 
rep resented by 

Yr = Asin (wt + kx _,.. n) = -·Asin(wt + kx) 
For reflection at an open boundary, the re±lected wave 
is represented by 

Y, = A  sin{rot+ kx) 
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separate motion individually, then the resultant 
displacement of particle of the medium at any time is 
equal to the vector sum of the individual displacements, 
If Yt,Y2,y3: are the displacements at a point due to 
the n waves, the resultant displacement at that 
point is given by 

y = y1 + Y2
..., Y:; +., , + yn 

The s�:rposirl.on of waves gi.ve rise to following three 
phermmena : 
o Interference 
o Stationary waves 
o Beats 

INTl:RFE!l!Ei\!CE OF WAVES 
I 0 

I • 

I 

\Vhen two waves of same frequency and wavelength 
having constant phase difference travelJing vdth same 
speed in the same direction superpose on each other, 
they give rise to an effect called interference of waves. 
Ccmditio.n for constructive h11tcrference 
Phase difference = 2n'J'i; where n = 0, 1 ,  2, . 

Path difference = l::._ x phase difference = nA 
2n 

where n 0, 1 ,  2 . . , 
Condition for destructive interference 
Phase difference 

.
=: (2n + 1 )n where n = 0, 1, 2, ... 

A ' , -. 
Path dift"erenc.e :.::-x Phase difference = ln +..:.

.
] ;. 

21t 2 ,  
wheren ;;;;; 0, l, 2 .. . . 

0 The phenomenon of interference is based on 
conservation of energy. 

STATIONARY WAVES 

An echo can. be cited as an exa_,_--nple of reflection of i 
sound from a distant object such as hill or cliff If there 

\Vb.en two waves of same frequency, wavelength and 
amplitude travel in opposite directions at the same 
spee� their superposition gives rise to a ne\v type of 
waves called stationary waves or standing waves. 
Ener&ry does not propagate in this type of wave hence, 
it is named as stationary wave. 

is a sound reflector at a distance d from the source, 
the time .irlterval between original sound and its echo 
at the site of source \\'ill be 

d d 2d t =� + - ;;;;; ·-. 
V V V 

.Now as persistence of ear is (1/10) s, echo of a sharp or 
mome!1tary sou:1d (s-uch as dap) win be heard if 

J 2,d J V 
t > ro or �> 16' i.e.; d > 20 

If a person standing bi:mveen THO parallel hiHs fires a 
gun and hears the first echo after t1 s, the socond echo 
after t2 s, and v is the ·velocity of sound, then the 
distance bet\.veen the two hiHs is given by 

s1 + s, (vt/2) + z [v(t1 + t2)/2] 

l'RINCil'lE Of SUPERl'OSIT!ON OF WAVES 
It states that when two or more waves travel i n  a 
medium ID such a way that each wave represents its 

I @ 

I • 

• 

Waves are of Two Types 
o ,Longitudinal stationary waves 
o Transverse stationary waves 
Longimdinal stationary waves : It is produced in 
o Organ pipe 
o Resonance tube 
Transverse stationary waves : It is produced in 
o Stretched string 
o Sonometer 
Equation of a stationary wave is given by 

y c · 2Acos(/c;)sin(wt) 
Stationary waves are characterised by nodes and 
antinodes. 
Nades are the points for which the am_plitude is 
minimum whereas antinodes are the points for which 
the amplitude is maximum. 
In a stationary wave nodes and antinodes are formed 
ahemately and distance betvveeu them is f.14. 
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• At antinodes, displacement and velocity is maximum. 
• At nodes, displacement and velocity is zero. 
• Distance between two consecutive nodes or antinodes 

is 'A/2. Distance between a node and adjoining antinode 
is A/4. 

VIBRATIONS IN A STRETCHED STRING OF LENGTH L 

FIXED AT BOTH ENDS 

• Speed of transverse waves in a stretched string is 
given by 

• 

• 

• 

• 
• 

• 

v =l 
where T is the tension of the string, µ is the mass per 
unit length of the string. 
Fundamental mode or first mode, 

).1
= 2L 

Fundamental frequency 

UJ 
= 

;l = ;� = 2� l 
11us frequency is called first harmonic. 

Second mode, 'A2 : L 
v � Frequency u� = - = - = 2u1 JOii l>J . - 11.

2 
L L=>-2 

This frequency is called second harmonic or first 
overtone. 

Third mode, \ = 2j 
V 3v 

Frequency u3 = - = -= 3u1 )..3 2L 

� 
JOii L =� l>J 

2 

This frequency is called third harmonic or second 
overtone. 

2L 
For nth mode A = -' n n 

Frequency of nth mode, 
v nv n /T 

Un = 11.,, = 2L = 11U1 = ZL �µ where n = 1,2, 3, .... 

This frequency is called n1n harmonic or (n - l)lh 
overtone. 

p JT Note : In general, up = 2L �µ , 
where p = number of loops. 
Laws of vibrating stretched string : 
The fundamental frequency of a stretched string is 
given by 

• 

• 

U = 2� t  

1 Law of length, u cx:1 
when T and µ are constants. 
Law of tension, 0 ex: Ji 

when L and µ are constants. 

1 • Law of mass, u oc 
.Jµ when L and T are constants. 

Note : If p is the density of the material of the string 
and D is the diameter of string, then mass per unit 

1tD2p length, µ = --
4 

1 [E_  1 [r  
u = 2L V 1tD2p = LD y;p· 

• Laws of vibration of stretched string can be .verified 
experimentally by using a sonometer. 

Jllustration 24 

The vibration of a string fixed at both ends are given by 
the following equation: 
y = (5 mm) sin ((1.57 cm-1).x)-cos [(3 14 s-1)t]. 
If the length of the string is 
formed in the vibration are 
(a) 2 
(c) 4 

l O cm, the number of loops 

(b) 3 
(d) 5 

Soln. ( d) : This is an equation of a stationary wave. The 
coefficient of x represents k. 

2n 2(3.14) 
� k = - = I 57 or A = --- = 4 cm A. . 

1.57 
Since each loop in a stationary wave exists between 

consecutive nodes, the length of the loop is !-:_ or 
2 

2 cm. 

or n = 

)!lustrat.ion 25 

2[ 

A. 
2(10 cm) 

4 cm 
5. 

A sonometer wire resonates with a given tuning fork 
forming standing waves with five antinodes between the 
two bridges when a mass of 9 kg is suspended from the 
wire. When this mass is replaced by mass M, the wire 
resonates, with the same tuning fork forming three 
antinodes for the same positions of the bridges. Determine 
the :value of M. 
Soln. : In the first case, five antinodes are formed between 

the two bridges. It corresponds to fifth harmonic. 
No of loops, p = 5. 

p /T  5 {9g  :. frequency u = ZL \)7,; or u = 2L '1� 
In second case, the frequency corresponds to third 
harmonic No. of loops, p = 3. 

3 f,ffg 
frequencyn = - -

2L m 

2_ f9g = 2. {Mi or 5./9 = 3 JM 
2L f;;; 2L 'J-;;; 

or 25 x 9 = 9M or M = 25 kg. 
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lhtMPi'Hlfi1 
The equation of a statioria..7 ,vave is &iven by 

2nx 
y = 6 s1."1 -3

- cos 40nt, where y and x are in cm a.11d time t 

is in s. In respect of the component progressive waves� 
calculate 
(a) amplitude 
(b) wavelength 
(c) frequency 
Soln.: The standard 

2,r 
y =  2a sin -x 

le 
(a) 2a 6 

equation of a 
z,, 

cos -;--· t .  
A 

tb) 
211: 2rr , -� = 3 => A = 3 cm 

statioEary wave is 

(c) 
2n 
- ;:;,.· 211:v 
T 

40n: => u = 20 Hz. 

u = 20 fa. 

CLOSED ORGAN PIPE 

• 
In a closed organ pipe, oae end is closed B.nd other 
end is open. 
In a closed organ pipe) tbe dosed end is always a 
-node while the open end is always an anlinode, 

I 
TI1is frequency is called (2n. - 1 )!i. harmm1k 
or (n - 1)t• overtone. 

I OPEN ORGAN l'!l'E 
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• ln an ope,, organ pipe, both ends are open. 
I, ® In. an o_pen organ pipe, at both ends there: \:vill be 

anti-nodes. I, ® Fundamental mode or fitst reode, 1'�
1 

2L 
where I. is the !ength of the pipe. -------.._'=;;cc====== I Fundamental frequency, �"'� 

V V � U1 =� = 2L 
I 

' ) 
where v is the speed of sound in air, L ""T ' 

I • This frequency is called iirst harmm:llic. 
Second mode, A.2 = L 

V V 
Frequency, U7 = ,;:-- = - = 201 

. - "'1 L . 

Tnis frequmcy i s  called 
second htlrmonic or first overtone. 

2L 
3 

V 3V 
Frequency, U3 = 1:- = U = ::h>1 3/\; L =-,• 

• Fundamental mode� or first mode >�1 = 4L 
1· where L is the length of fae pipe. 1

� 

Ibis frequency is called 
third harmonic or second overtone. 

�Jl : t)2 : 1)3 = 1 : 2 : 3 

• 

Fundamental frequency, I A 

l)i = _.::. = _:.'_ [ :N 
),1 4L 

where v is the speed of sound m air. L "":1 

This frequency is called first harmonic. 
Second mode, 

4L 
}�7 = -- 3 

Frequency, 
V 3v 

'J2 = - = - = 3U1 f,.2 4L 

overtone. 
1\ : '02 : V3 = l : 3 :  5 
Only odd ha.,monics are present. 

_ th 1 4L Yor n mode, ·/\, = -----
n (2n - l) 

P- v v(2n - l) - 1equency, :Un = ),_n 
= 

4L (2n - l)u1 

where n = I, 2, 3, .... 

Hence in open organ pipe all harmonics are present� 
whereas in a closed organ pipe only odd harmonics 
are present. 

2L 
For nthmode A =  -, n 11 

v nv Frequency, urt = An = 2L = nu1 , where -U 1, 2, ... 
This frequency is called nth harmonic or (n - 1)l11 

overton.e. 
The fundame:::i.tal frequency of an open organ pipe is 
twi.ce that of a closed orgaI1 pipe of the same length. 
lf an open pipe cf length L is half submerged in water, 
it will become a closed pipe of length half that of open 
pipe as shown in figures (a) at1.d (b } So its frequency 
will become 

i) u 

Uc
= 

4(L / 2) � 2:" � ::o· 
i.e., equ11 to that of open pip;;, i.e., freqt:-encywill remain 
uncha_nge:d. 

(e) ib' ' )  
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END CORRECTION 
• 

• 

• 

The antinode at the open end of a pipe is not formed exactly at the open end but a little outside. This is called the end correction. This is denoted by e and is given by e = O.6r. where r is the radius of the pipe. If L is the length of -pipe then for closed organ pipe L is replaced by L + e while for open organ pipe L is replaced by L + 2e. Due to the end correction the fundamental frequency of a closed organ pipe is given by 
V V \) = ---= 

c 4[L + e] 4[L +0.6r] � Due to the end correction, the fundamental frequency' of an open organ pipe is given by L 44�e.,..,1c::4111--=-==-==-=-'==-==-==�-=�"'�144-'e-.., 
V V 

\) -
O - 2[L+ 2e] 2[L + l.2r] 

Speed of Sound in Air by Resonance Tube • Speed of sound in air at room temperature by using resonance tube is given by v = 2u(L2 -L 1) where, u = frequency of the tuning fork L1 = first resonance length L2 = second resonance length 
L -31i End correction, e = -'2=------=-2 

, I llustration 27 An open organ pipe has a length of 5 cm. The highest harmonic of such a tube that is in the audible range (20 - 20000 Hz) is (speed of sound in air is 340 m/s) (a) 4 (b) 5 (c) 6 (d) 7 
Soln.: (b) : For an open pipe, 

u = n -c  
= n - (340 mis) = n-(3400 Hz) 2L 2 x (5 x 10-2 m) 

( 20000) 3400-n < 20000; :. n < 3400 ; n < 5.9 
==} The greater integral value of n = 5. 

'Ulustratfon 28' ,, An open pipe is suddenly closed at one end with the result that the frequency of third harmonic of the closed pipe is found to be higher by 100 Hz than the fundamental frequency of the open pipe. Determine the fundamental frequency of the open pipe. 
Soln.: Let the length of the organ pipe = l When open, fundamental frequency (u1) = v/2l When closed, frequency of third harmonic, 

Given that, u2 = u1 + 100 3v V - = - + 100 41 21 
V 4/ X 100 or v = 4! x 100 

u = - = --- = 200Hz 1 21 21 Fundamental frequency of open pipe = 200 Hz. 
Illustration 29 A closed organ pipe of length L and an open organ pipe contain gases of densities p1 and p2 respectively. The compressibility of gases are equal in both the pipes. Both the pipes are vibrating in their first overtone with same frequency. Find the length of the open organ pipe. 

Sol.n.: Frequency of first overtone in closed pipe = 3 ( ;�) Let length of open pipe = /0 ( Vo \ . ·. Frequency of first overtone in open pipe = 2 l 210) The two frequencies are given to be equal. 
. 3vc _ 2v0 = i( vo\ L · · 4L - 21 or 10 3 l vJ 0 

Now, velocity of sound in a gas v = l 
Vo

= 
I& 

Ve VPo 
l = 4L � = 4L � 
0 3 VPo 3 vi;;� 

. 4L � 
:. Length of open organ pipe = 3 v� .  

BEATS • When two waves of nearly equal (but not exactly equal) frequencies travelling with same speed in the same direction superpose on each other, they give rise to beats. • Beat frequency : It is defined as number ofbeats heard per second. Beat frequency = no. of beats/second = (u1 - u) 
= difference in frequencies. • Phenomenon of beats can be used to determine the frequency of a tuning fork as follows: o If u is the known frequency of tuning fork A and u B � the unknown frequency of tuning fork B. When both tuning forks A and B are sounded together, and produced beats of frequency u, then u8 = uA ± u. Here, the ± sign ofu is deci�ed either by loading or by filing any one of the tunmg forks. If the tuning forkB is loaded with wax, and sounded with the tuning fork A,  if the beat frequency increases, then u0 = uA - u. If beat :frequency decreases, then 

uB = u A + u. If instead of loading the tuning fork B with wax tuning fork B is filed and sounded with the tuning fork A, if the beat frequency increases, 
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then uE - u, + u, Jfthe beat frequency decreases, 
then UE = UA-1). 

Note : Loading a tuning fork with wax decreases its 
:frequency while filing a tuning fork increases its 
frequency. 

e Tuning fork is a source of sound Of single frequency and 
frequency of a tuning fork of arm leogfu L and thickness 
d in the direction of vibration is given by 

[ d ,  d 1i I ffl 
u �  L2 JPL'�P l :  v = �PJ 

\Vhere Y is the Young's modulus and p is the density of 
the mate-rial of the tuning fork. 

'ii tM ® Whil I j 
A source of sound of frequency 5 12  Hz is moving towards 
a huge reflector-\va1l, with a velocity of 10 mis. Velocity 
of sound in air '"-" 330 mis. Hmv many beats per second 
will be heard by an observer standing between the source 
and the wall? 
Soln.: No beat is heard. It is because i::he frequency received 

by the Estener directly from the source and that 
received on reflection from wall is same. Frequency 
does not change by refi.ection. 

512 X 330 
Each frequency received = 330 _ 1 0  P,z 528 Hz 

iOtMUfiinJ,Wi 
Three sound waves of equal amplitudes have frequencies 
(u - l ), u, (u + 1). They superpose to give beats. The 
number of beats produced per second will be 
(a} 4 (b) 3 (c) 2 (d) I 
Sohi� ( d} : Take three s ound waves as 

y, = Acos21t(1J I )t 
y2 = Acos21tt1t and y3 = Acos2n:(u --:--- l )t 

Resultant wave is 
Y = Y1 + Y2 + Y3 
= Acos2n(u -- 1)t + Acos21tUt + Acos21t(tJ + 1 )l 

2Acos2nt cos21tUt + Acos2nut 
= A(l + 2cos2n:r)cos2nnt 

The amplitude A(l + 2cos21tt) becomes maximum 
time in l sec, 
. . number of beats per second 0·--= 1 

IO@MIH,WJ 
A tuning fork arrangement (pair) produces 4 beats/sec 
with one fork of frequency 288 cps. A little wax is placed 
on the unknown fork and it then produces 2 beats/sec. 
Tne frequency of the unknmvT1 fork is 

( e) 286 cps (b) 292 cps 
(c) 294 cps (d) 288 cps_ 

Soln. (b) : The wax decreases the frequency of unknown 
fork The possible urJmmvn frequencies are (288 + 4)cps 
and (288 4) cps. 

7� 292 cps 

288 cps� 

-"" cps 284 cps 
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\Vax reduces 284 cps and so beats should increases. 
It is not given in the question. This frequency is ruled 
ouL \Vax reduced 292 cps and so beats should decrease. 
It 1S given that the beats decrease to 2 from 4. 
Hence unknown fork has freqmmcy 292 cps. 

DOPPLER'S EFFECT 
\\T'nen a source of sound or an observer or both are in 
reLati ve motion, there is an apparent change in the 
frequency of sound as heard by the observer. This 
phenomenon is called Doppler's effect 

i $ Accord.iug to Doppler's effect the apparent frequency 
heard by the observer is given by 

I , [v±v0 ] 
D = U  --- �  v + v3 

where v'.�, v 
O 

and v are the speed of source, observer 
and sound relative to air. 
The upper sign on vs (or v0) is used when source 
(observer) moves towards the observer (source:) \Vhile 
Jovver is used when it moves away. 

s If the wind blows with speed vw in the direction of 
sound, v is replaced by v + "w in tlte above equation. If 
the 'Wind blows with speed vw in a direction opposite 
to that of sound, v is replaced by v --- vw in the above 
equation. 

® If source and observer both are stationary i.e. v_, v,, 0 
then u' u. Similarly. if source and observer both are 
moving in the same direction v.ith same speed, Le. -.,,� = V

6
, 

then u' u_ Thus it is clear that if there is no relative 
motion behveen the source and the observer then there 
is no Doppler effect 

® When a source is revoly_ing in a cirde and observer is 
stationary omside, as shown in the :figure. 

vu 
At A,U:max -;;;; 

v - v  ' 
At C,umin v+ vs 

vu 

,,T�·, 
o· ·i ··• JD 

t "- C / 
Beat frequency = t\nax 1Jl2lil. V, � "s 
There is no Doppler effect at B and D. 

I <, 'When an ob server is revolvi�g in a circle with a 
I stationary source outside, as shown in the figure. 

V v
�

�· 
f i S . ·{ . ·• JD 

t "-._�v, V 

Beat frequency = - tlmm· 
There is no DoppJer effect at B and D. 

Of MUSCIAl SOlJl\!D 
e A musical sound has the fuUowing three characteristics : 

o Loudnes s 
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• 

• 

• 

• 
• 

• 

0 

o Pitch o Quality or timbre 
Loudness : Loudness is a subjective sensation (i.e. it depends on the listener) which is determined by the intensity of the sound and by the sensitivity of the observer's ear. Toe loudness of a sound of intensity I is given by ( I 1  L = log10 l10) where /0 = threshold intensity = 10-12 W m-2 A practical and small unit of loudness of sound is decibel (dB). 
1 decibel =__!_ bel. 10 In decibel the loudness of a sound of intensity I is given by 

( I l L = 10log10 l 10) 
Pitch : It determines the sharpness or shrillness of sound. Higher the frequency, higher is the pitch and hence sharper is the sound. 
Quality : It is that characteristic of musical sound which differentiates sounds coming from different sources even when they are of same intensity and same pitch. 

llh.istratton 33i A vibrating tuning fork, tied to the end of a string 1 .988 m long, is whirled round in a circle. !fit makes 2 rps, calculate the ratio of the :frequencies of highest and lowest notes heard by an observer situated in the plane of the fork. Velocity of sound is 350 mis. 
Soln.: Here source is revolving in a circle. Let velocity of source = v, The :frequency beard by observer is maximum when fork/source is approaching the observer/listener. The frequency is minimum when the fork/source is moving away from the observer/listener. 

V\) 
:. Maximum frequency, u1 = -v - v s vu Minimum frequency, u, =--

- V + V8 

\)2 V - Vs 
... (i) vs = rm = r x 2n x N = 1.988 x 2 x 3.14 x 2 = 25 m s-1. VI 350 + 25 375 1 5  

- =  .::;;;;- - = -V:2 350 - 25 325 13 Highest frequency = � Lowest frequency 13 

Illustration 34!' How many times more intense is 20 dB sound compared to 10  dB sound? I 
Soln.: Loudness L = 1og10 -Ia or L = log10 J - log10 10 2 = log /1 - log 10 1 = log 12 - log 10 (2 - 1)  = log 11 - log 12 

( I '\  1 = log10 l1�) 
lllust11ation 35, 

or 

[·: 20 dB = 2B] ["." 10 dB =  lB] 
Ir 12 = 101 = 10. 

A car sounding a horn of frequency 1000 Hz passes an observer. The ratio of frequencies of the horn noted by the observer before and after passing of car is 1 1  : 9. If the speed of sound is v, find the speed of the car. 
V\) 

Soln.: u' = -- (car approaches observer) 
v - � vu u" = -- (car goes past observer) v + vs 1 1  V + V

5 

\) 1 

= V + Vs 

u" v - vs 
or - = --9 v - vs or l l (v - vs) = 9v + 9v

8 
or 

V Speed of car = 10. 
'mnstratio'n 3�. 

V 
V = -

s 1 0  

A sound source i s  moving towards a stationary listener l with 10 th of the speed of sound. Find the ratio of apparent to real frequency. 
. I VU 

Soln.: u = -- or 
V - V8 

u' 10  
-;:;-

=
9· 

o' 
0 

REVERBERATION TIME 

V 1 0  9 

• Reverberation is the phenomenon of persistence of sound for sometime after the source stops producing sound. The ri)ne for which sound continues to be heard even after the source bas stopped producing sound is called reverberation time. According to Sabine's formula the reverberation time of a hall is given by . T = 0.16V ! aisi where Vis the volume of the hall (in mJ) and u:,s; = a1s 1 + a2s2 + a3s3 + ... = total absorption of the hall where s l' s2, s3, •.• are the area of surfaces (in rn2) which absorb sound and al ' a2, a3, !ire their. respective absorption constants. 



Pedodk Mntioo ; lt ls thut 
motion which I cpeats itself 
after regular interval of 
time. 

Time Pe�·iod : It is defined as 
the smallest time interval 
aftot which oscillution 
repoots itself It is denoted by 
symbolT. 
Its SI ti nit is second. 

Fl'equeucy : It is dcfitied as 
the numhor of os:cillations 
completed in aunil time. H is 
de-11otcdby s_ymbol u. 

l 
t) """  ·-T 

Its SI unit is hcrt;:;. 

1> Fi:ctt OscHln.tions ; When a 
system oscillatt1s with its own 
natural frequency withou! the 

of an extomnl periodic 
force, its oscillation.-; arc 
caUed free oscillations. 

® Forced Osdl1ations : WheH u 
system oscillates with !he help 
uf rul exlenial periodic force 
with a frequency, other lhan 
its own uaturnl freque1wy, its 
oscillations arc called forced 
osciHations. 

@ Resonunt OsdUatiom."O : 
When n system o�ciHaieswith 
its mvn m:ilural frequency, 
with the help of an extcnrnl 
p e r i o d i c  forr,c whose  
frequency is the satnc as Hull 
of !he naturn[ frcqmm0y of the 
O¼>"Ciilating �ystcm, then tho 
osciHations of the svstcm ure 

----· 

D�splacemeut : lt is defined as th� 
dislanct': of the oscillating parliclc from 
its mean position at any time. It is given 
hy 

x=Asln(rot+(j,) 

AmpUtttde : lt is dcfine,d as tl1e 
muximom (positive or negative) value 
of Jis.plucementfrrnn the mean position. 
If S is the span of S.H.M., then 
amplitude, s A =  

J 

Pirnsc : The urgumon1 (wt l· 1.I>) is cr1lkd 
phase of the motion. The consinnt qi is 
t�lled initiul phusc (i.e., pha;,..c at/- O)or 
.e_hnsc const1nt, 

V<:-locity : It is defined as time rate of 
t�Jmnge of the displacement of the 
particle nl. the given instant_ 

dt: A or '·'"" 
dt 

= oocos(rnf+ 4i) 

r:;,- " V = W\Jft- - xM 

.,>\ct>elcr:1tloo : II is <ldincd as the time 
rate of change of the vdocity of t11e 
1xutide at the given in stunt. 
a-=-m2x 

dv i!.x 11 = · = - Am2 sin(oot+ q,) 

Jt:m.wgy : 
Ki11otic energy, 

K = �-n;m-(fl"' 

Potenlinl energy, 
([ = 1 

Total energy, 
l 2 2 E K + U  -lf/ro A 
2 _., __ ., ____ ,, ____ ., -··-·---------····-

Simple Hannonic Motion : 1tis .i: ki11d of 
periodic moHon, in which n particle 
moves lo and fro about a mef.11\ position 
under a rcstrn1ug force, which is always 
direcfod iowar<ls the mean position and I- - ---, 
vvho!ie magnim(fo at m1y ins'Uu1tisdircctly 
f1roportiona! 1o ihc dfoplaccmenl of the 
particle from the mean position at tbut 
ins.trmt 

U n d t1 m IHHl S i m  
Hmuwnic Osdlfotfons 
When a simple lw.rn1011ic 
synlom oscilfateB ,vith t1 
constant amplih.1de vvhich 
doc� not change with time, 
its: osciih1tions /11'0 called 
undamped simple hnrmonic 
oscillutions. The total 
energy of the system 
execu t i ng  ti r1 d a m p e, d 
s i m p l e  h a r m o n i c  
o sc i l l a t ions  remai 11s 
com;tm1t aud is ind�pendent 
oft.hue. 

D,1mpied Simple 
Harmonic Oscillations 
When a simple harmonic 
system oscillates with a 
decreasing amplitude with 
time, its osciUatious are 
called damped simple 
f1nnno1iic 0sci!lalions, The 
energy of tho system 
cxe(.;uliug tlamf)\:<l simple 
harmonic oscillations wHl 
goon dec1easing \.vith time. 

System Executing Simple 
Harmonic Motion 

The lime period of 
spring pendulum is 
given by 

The liooe period of 
!<limpJe pendulmu is: 
given by 

1'"21'� T� 2nJ�· 

x _., linear dis placemen I 
A = amplitude 
1.1 "" frcqueucy 
T""' time period 
v=- velocity 
w "= angular velocity 
a accc:fomtion 
m�"' mass 
k = ;;pd.ng constant or force constant 
L "" length of the pendulum 
g accelern.tion due lo grnvi ly 


