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ter studying this unit, the students w:ll bc able to:
Describe what is meant by wave motion as illustrated by vibrations in ropes, springs

and ripple tank.
Demonstrate that mechanical waves require a medium for their propamuon while

clectromagnetic waves do not.

I e Defline and apply the following terms to the wave model; medium, displacement
amplitude, period, compression, rarcfaction, crest, trough, wavelength, velocity.

Solve problems using the equation: v = fA.

Describe that energy is transferred duc to a progressive wave.

Identify that sound waves are vibrations of particles in a medium,

Compare transverse and longitudinal waves.

Explain that speed of sound depends on the properties of medium in wlnch it

propagates and describe Newton’s formula of speed of waves.

Describe the Laplace correction in Newton's formula for speed of sound in air.

Identify the factors on which speed of sound in air depends.
Describe the principle of superposition of two waves from coherent sources.

Describe the phenomenon of interference of sound waves.
Describe the phenomenon of formation of beats due to interference of non coherent

‘.'.'

sources.
Explain the formation of stationary waves using graphical method
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Define the terms, node and antinodcs.

Describe modes of vibration of strings.

Describe formation of stationary waves in vibrating air columns,

Explain the observed change in frequency of a mechanical wave coming from a
moving object as it approaches and moves away (i.e. Doppler Effect).

Explain that Doppler Effect is also applicable to electromagnetic waves.

o Explain the principle of the generation and detection of ultrasonic waves using
.. piezoclectric transducers.

o Explain the mainprinciples behind the use of ultrasound to obtain diagnostic
information about internal structures.

INTRODUCTION

The phenomenon of a wave motion is a vast field in the study of physics.
because we observe daily various kinds of waves and their propagation such as;
sound waves, light waves, waves on the surface of water, waves in a string, seismic
(earth quake) waves, radio waves, x-rays and so on. All these waves are disturbance
produced by vibrating bodies.

The waves can travel from one place to another place through a medium or
without medium. One of the most important properties of waves is that they transfer
energy. This transfer of energy is initiated by a vibrational motion. It is the physical
manifestation of the form of energy transfer from one place to another. On the other
hand, a wave docs not transmil matter it (transfers only energy. For example,
clectromagnetic waves from sun carry energy in the form of light and heat, sound
energy from musical instruments causes our ear drums to vibrate. The energy
carricd by seismic waves (carthquakes) can devastate vast areas causing land to
move and building to collapse and also produce tsunami.

Certain types of waves can travel only through some material called medium.
Those waves which require a medium for their .propagation are known as
mechanical waves. For example, water waves, sound waves, waves on a string and

S0 on.
On the other hand, the waves which do not require any medium for their

propagation are called electromagnetic waves. These waves are capable of traveling
even through an empty space without the help of a medium. Such as radio waves,
light waves, x-rays, y-rays, infrared and ultraviolet radiations.

Now according to De-Broglie's hypothesis, the subatomic particles of matter
such as electrons, protons, ncutrons and other fundamental particles are moving in
the form of wave. This kind of wave is termed as matter or De-Broglie wave which
is usually studied in modern physics.

In this chapter we discuss not only the general properties of waves such as
wavelength, frequency and speed of wave, but also study the behavior of transverse
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and longitudinal waves. In the later part of this chapter our main focus will be on the
sound waves and its characteristics. We will also define the principle of
superposition and explain the phenomenons of interference, beats and stationary
waves. In the last we will study the apparent change in frequency due to relative
.motion of source and observer which is called Doppler Effect.

8.1 PROGRESSIVE WAVES

It is common observation that a disturbance is
produced on the surface of still water in a pond, when a
stone is dropped into it. This disturbance causes the
waves which spread out across the surface of water as
shown figure 8.1. If we place a leaf on these ripples, we
can observe its up and down motion but the {eaf does
not move along the ripples. This example has confirmed o o e
that water waves do carry energy only but there is no Fig_ggpmg;cssivc waves
movement of matter across the surface of water. Thus a  spread out across the surface
wave which transfers cnergy from one point to another """
point by a periodic disturbance is cailed progressive wave or travelling wave. There
are some characteristics of progressive waves which are summarized as;

Crest

The peak of the portion of the wave above its equilibrium or mean level in a
transverse wave is called crest as shown in Fig. 8.1.

~Trough
The peak of the portion of the wave below its equilibrium position in a

transverse wave is called a trough as shown in Fig. 8.1. The direction of a trough is
opposite to that of a crest.

Amplitude

In progressive wave, the maximum displacement of a vibrating particle from
the mean level to the peak point of crest or trough is known as amplitude as shown
in Fig 8.1. The unit of amplitude is meter and its dimensional formula is [M°LT®).

Wave Length

The distance between any two consecutive crests or two consecutive troughs
is called wavelength. Wavelength is represented by ‘A’ (lambda) and it is measured

in metres.

Time period and frequency ’
The time in which one wave cycle of a wave is passed through a certain point

is called time period. It is represented by T. The unit of time period is second.
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The numbers of waves passing through a certain point in one second is called
¥ frequency. It is measured in Hertz (Hz) and its dimensional formula is [M°L°T"].

Frequency and time period are reciprocal to cach other that is, f= % A graph of
progressive waves is shown in figure 8.2.
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l i 8.2: pmp ypation of progressive wave consists of crests-and troughs with certain amplitude and
wavelength.

8.1.1 Types of progressive waves

Every day, we come across a number of progressive waves. All these waves
can be classified into two classes on the basis of their propagations (i) Transverse
Waves (ii) Longitudinal Waves.

(i) Transverse Waves

The waves in which the particles of the medium vibrate perpendicular to the
direction of propagation of waves are called transverse waves. The wave travelling
along a stretched string is an exampic of a
transverse wave which is explained as under; Ax =)

Let one end of a string of length ‘I’ be Crost

connected to a rigid support and the other free m W\ / \
- -1 end is moved up and down in a direction k

4

perpendicular to its length. A wave consisting /
of crests and troughs is set up in the string. Tmugh Ugh
This wave is travelling along the length
of the st.ring with Speeq called wave 'speed. But  pig:8.3: A tansverse pulbc traveling on
} the particles of the string are vibrating up and a stwretched string. The direction of
down perpendicular to the length of string as  disturbance is perpendicular to  the
. direction of propagation.
shown in figure 8.3.
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Another result is also obtained from this example that the wave transfers only
its waveform in the forward direction but the particles of the string remain at their
own places which are vibrating up and down and they do not move forward.

The speed of transverse wave can be calculated by using the general relation

of speed,;

If Ax =2 (Wavelength of the wave)
At=T (Time period)
Then above equation becomes

A
SV E —
T
But ' T=‘—I-'
f
v=FfA..... (8.1)

This is the fundamental cquation for speed of a wave and it is equally
applicable to all kinds of wave.

Example 8.1
The radar waves with 3.4 cm wavelength are sent out from a transmitter. If

these waves travel with speed is 3x10*ms™, what is their frequency? .

Solution:
Wavelength (A) = 3.4 cm. = 0.034 m
Speed of waves (v) = 3x10" m s™
Frequency (f) =7
According to equation 8.1

v=[A
v
f= I
_3x10"ms™ i}
T 0.034m
f=8.8x10"Hz ' )
f=8.8GHz

(ii) Longitudinal Waves )
A wave in which the particles of the medium are vibrating along the direction

of propagation of wave is called longitudinal wave, It is explained as under. .
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Consider two springs of equal
lengths which are connected to a
body such that the body remains
between them. Now let a force is (a)
applied on either side to displace the
body and then it is made to free. The
body sets into oscillation. As a result,
a longitudinal wave is produced
which consists of compression and
rarefaction travelling along the

T

A

IR

Compression

A

spring. On the other hand, each : - Rarstaction  COTEresen
particle of the spring is also vibrating  J7liil T hnTimimm

along the direction of wave in the 0 & -
spring, as shown in Fig.8.4. In "3 ;
¥ —mm"ﬂmm"ml n

Ramhw Comﬁo<lon
longitudinal wave, the distance NN
between the centres of two & R T —
consccutive compressions or two x=0 v

rarcfactions is called its wavelength. @ 0100 I T3 A T AT
8.2 PERIODIC WAVES ., e

We ha.vc defined fovc l.l‘l Fig.8.4: A longitudinal pulse along a stretched spring.
terms of disturbance which 1S  The displacement of the coils is parallel to the

produced by a source and travels ina  direction of the propagation

medium. If a steady vibrating source produces continuous, regular and rhythmic
disturbance in a medium, then it is called periodic wave. A vibrating mass spring
system as shown in Fig.8.5 is a good example of a periodic vibrator that produces a
periodic wave.

Fig.8.5: The experimental arrangement of Transverse Periodic Wave

__—4



8.2.1 Transverse periodic waves

A transverse periodic wave can be demonstrated
by the mass-spring experimental setup which consists of a
bloszk of mass ‘m’ connected with a vertical hanging
spring, as shown in Fig.8.5. A length of string in the
horizontal direction is also connected with the mass. Now
when a force is applied to displace the block upward from
its mean position ‘O’ to its extreme position ‘A’ at a
distance ‘x,” and it is made to free, then the block starts
vibrating up and down. At the same time, a transverse
periodic wave is produced in the string which travels
along the length of string. Such waves consist of crests
and troughs as shown in Fig.8.5.

The experiment shows that the mass-spring
vibrator is executing simple harmonic motion. Its
amplitude and time period arc cqual to the amplitude and
time period of a transverse periodic wave. This transverse

wave is travelling along the length of the string in the
form of a sinusoidal wave.
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Fig.8.6: Wave shape of
Transverse Periodic Wave

Fig.8.6 illustrates the wave shape of such periodic wave. This graph is
between the time and displacement and it is explained as under.

e If t=0, the block is at extreme point ‘A’ and there is crest of transverse

periodic wave.

T W oo Y
o Ift =7 the mass is at it mean position ‘O’.

/K W . ; ;
e Ift = the mass is at it extreme point ‘-A” and there is trough.

3T , D i 3 "
e Ift = then mass is again at its mean position ‘O’;

e [f t=T the mass is again at extreme position and there is again the crest.
Similarly, for the next cycles of wave, the same process is repeated. In this
way, a periodic transverse wave moves to the right as shown in Fig.8.6. )

8.2.2 Longitudinal periodic waves

The generation of longitudinal periodic waves can also be demonstrated by a
coil of spring lying on a horizonta? frictionless surface whose one end is tied and
other end is set free. When a force is applied to push forward the free end of the coil
then a few tumns of the spring are compressed. As a result, a compression portion Is
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formed at the free end. This compression portion exerts a force on the next few turns
of the spring so that another compression is formed which is transferred in the next
section and so on. In this way a compression portion travels along the spring in
forward direction.

Similarly, when a force is applied to pull backward the free end then a
rarefaction portion is formed in the loops near the free end of the spring. This
rarefaction is transferred to the next section and starts travelling along the spring.

Thus, when a regular and steady periodic force is applied to push forward
and pull backward the spring at constant rate then a periodic longitudinal wave is set
up in the spring, which travels along the spring. It consists of a series of
compressions and rarefaction. Graphically, when this longitudinal wave is drawn on
a graph then a sinusoidal wave (sine or cosine) is obtained as shown in Fig.8.7.
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Flg.8.7: Longitudinal Periodic Wave which is travelling along the spring and graphically
its wave form is a sinusoidal wave.
Sound wave is also a good example of longitudinal waves and it can be
explained with the help of a tuning fork. When the tuning fork is struck on a rubber
pad, its prongs start vibration. When the prongs move outward then they compress a
small column of air and forms compressions. When the prongs move inward then
.| rarefactions is formed in the air column. In this way, a sound wave, which consists
of a series of compressions and rarefactions, travels in air as shown in Fig.8.8.

Compression Compression
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' Fig.8.8: Longitudinal sound wave produced by vibration of tuning fork.
Thus, one can say that sound wave is a longitudinal or compressional wave.

M - -

compression

-

C—
.ﬂ..‘

-




8.3 SPEED OF SOUND IN AIR

Sound wave is a longitudinal or compressional wave, and it requires g
medium for its propagation. This medium may be sofid, liquid or gas. Experiments
show that the speed of sound depends upon elasticity 'E' and density 'p' of the

medium. Mathematically it can be expressed as;
= _F: ...... (8.2) Stress = F/A

p Strain = AV/V

But according to Hook’s law

Elasticity (E)=

stress
strain

AP
E= 5 oeneee(83)

Vv

Besides, elasticity and density of the medium, the speed of sound also
depends upon the nature of the medium, for example the molecules of solids are
much closer to onc another than in liquids or gases. So a quick disturbance takes
place in solid. Therefore the speed of sound is much higher in solids than in liquids
or gases. The valuc of speed of sound in various solids, liquids and gases is given in

the table 8.1.
Table 8.1: Speed of Sound in (!{ffc'n'nl s‘ub.\'mua’.\‘ in my™

(Fuses (le"(‘) '{_: II(M'C) : .S:oll'd'.g ('Zl_lf(_f.)» .
Hydrogen 1284 | Glycerin 1904 [ron 5960
Carbon Dioxide | 259 | Sea Waler 1535 | Pyrex Glass 5640
Oxygen 316 | Water 1493 | Aluminum | 5100
Nitrogen 334 | Mereury - 1450 | lead 2 2160
Air 344 Methyl Alcohol | 1103 | Rubber 1550

8.3.1 Newton’s formula for the speed of sound in air

Sound is a longitudinal wave and it consists of a series of compressions and
rarefactions. We know that the temperature of a gas increases on its compression
and fall when allowed to expand. Newton assumed that when a sound travels
through air or a gaseous medium, then the process of formation of compressions and
rarefactions is very slow. So, the temperature in the regions of compression and
rarefaction remains constant i.e. the temperature changes are extremely small and
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can be neglected. Thus, according to the assumption of Newton the propagation of
sound through air or a gaseous medium is under isothermal process in which the
temperature of the medium remains constant.

Consider a certain mass of air having volume V' and pressure ‘P’. When
sound is travelling through it, then the pressure of air during compression is
increased from ‘P’ to P + AP and its volume is decreased from V to V — AV as
shown in Fig.8.9. The propagation of sound waves through air under isothermal
process follows Boyle’s law i.e.;

Speaker

Fig.8.9: When sound wave propagates, a change in pressure and volume of the medium occurs due to the
compression and refraction.

PV =(P+AP)(V-AV)

PV = PV —-PAV + VAP - APAV

The product of APand AV is very small and it can be neglected.
0= —PAV + VAP

"

PAV = VAP CRITICAL THINKING
AP When explosions due to the fusion
P= —m— reactions occur on the surface of sun
( AV ) then why we cannot hear their sound?
v -
Stress
g = e 8.
) = : S Stram (8:49)
Qubstitute the values P for E in equation (8.2), we get;
P
YV=al=" ese 8.5
- (8.5)
Eq.(8.5) is referred as Newton's formula for speed of sound.

CACSTEPR s, ey
Pressure = 1.01x10° N-m™
And the density of airis p = 1.293 kg m™>
By putting these values in equation (8.5), we haye
ve= l.OlX]Ost'2
1.29kgm™

v=279ms"

\2'4}
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This result differs from the experimental result of speed of sound ie.
333ms”'. The theoretical value of speed of sound is about 16 percent less than the

experimental value.

8.3.2 Laplace’s correction

Laplace has pointed out that during compression, volume of air is decreased
from V to V — AV and pressure is increased from P to P + AP but its temperature
does not remain constant. Because compression and rarefaction arc occurred very
quickly such that air ncither loses heat during compression nor gains during
rarcfaction. Thus the propagation of sound through air follows adiabatic process and
we should apply adiabatic equation rather than of Boyie’s law.

PV'= (P+AP)(V-AV) ... (8.6)
Where (¥ is adiabatic constant and its value can be calculated in terms of ratio.
_ Molar specific heat of gas at constant pressure
Molar specific heat of gas at constant volume

Bolvigyoquation FOR YOUR INFORMATION
1 ; ;
¢ .y s: \I. 5
PV’ = (P+AP)V’(I—%\£) 21;!:: Specific Heat of Various
- Monoatomic  1.67
AV Diatomic 1.41
P =(P+AP)(1”7) +(8.7) | polyatomic 1.3

AVY L binom . . eNY
Solving 1-—\7J by binomial theorem and neglecting the higher terms in (T) Y

we get
v ) T YRy theglected lens Meop YOUR INFORMATION
Binomial serics expansion
Eq. (8.4) becomes iry

(a+x)" =l+nx+ =

P =(P+Ap (l—y_AVX)

- PAV APAV
P=P-y=,~+AP-y=—— [ FOR YOUR INFORMATION
: Because radio waves travel at

The product of AP and AV is again very small and

it can be neglected.

—yPﬂ+AP=O
-V

AP =yPA—V-
Vv

’ &

speed 3 x 10° ms™ and sound
waves are slower, 3.4 x 10°ms™, a
broadcast voice can be heard
sooner 1300 miles away then it can
be heard at the back of the room in

which it originated.




AP
YP =73__V_—
\Y
YP=E
If we substitute this result in eq.(8.2), we get
v = ; (8.8)
p

This is the required Laplace formula for the speed of sound in gaseous medium.
v = 1.4 for diatomic gas at STP
~ [1.4x1.01x10° Nm™
- \j 1.29kgm™
v =333 ms™’

The above value of speed of sound in gaseous medium is in close agreement

with the experimental value. Hence, Laplace formula for the velocity of sound in
gases is correct and widely used.

Example 8.2

Helium is a mono-atomic gas that has a density of 0.179 kg m" 3 at STP and a

temperature of 0°C. Find the speed of sound in helium at this temperature and
pressure.

: . FOR YOUR INFORMATION
Solution: 3 : & Vibrating vocal cords produce lhe

p=0.179kgm™, P=1.01x10"Nm human voice.
T=0°C=273K The ear can detect very tiny pressure
As helium is monatomic so y = 1.67. variations.

v 1E

p
_ [1.67x1.01x10°Nm™
0.179 kg m™
v=49.42x10°ms""
v =970.7 ms™

8.3.3 Effect of various factors on speed of sound in air

Sound waves cannot propagate without any medium. Therefore the speed of

sound is affected by a number of parameters which are related to a medium and
these are summarized as;
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Effect of pressure

(1
According to Laplace, the speed of sound through air is given as;
s IE
P

But pressure is directly proportional to the density that is;

P Vi
P« p or — = constant and "' is also constant

p
Therefore, v = constant

This shows that the speed of sound is not affected by the variation in pressure

of the gas (air).

(2) Effect of density
Again the velocity of sound in a gas is given by
W FOR YOUR INFORMATION
p

The Laplace relation shows that at the
same temperature and pressure, the speed of
sound in a gas is inversely proportional to the
squarc root of its density. Now, let us consider
two gases which are at the same pressure and
the same value of y. If p; and p, be their
densitées, then velocity of sound in the two

gases are

The V-shaped bow wave of a boat js
formed because the boat speed s
greater than the speed of the waves
gencrates. A bow wave is analogous
to a shock wave formed by ap
airplane.

If the speed of a body in air exceeds
the speed of sound, then it is calleq
supersonic.  Such a body leaves
behind it a conical region of distyr.
bance which spread continuously,
Such a disturbance is called *shock
waves'. These waves may make

cracks in window panels. S

vo  [yP

P2
M_ P2
V2 P,

~ We know that the density of oxygen is
16 times that of Hydrogen therefore, from equation

Yy _ Jeg _
Vo Py

Py

@

(8.7), we have

16py, ~J16=4

B —
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or Vit — 4V0
Thus, the speed of sound in hydrogen is greater than (about four times) that

\ in oXygea.

(3) Effect of temperature

The experiments show that at constant pressure, the volume of gas is
increased by increasing temperature, hence its density is decreased and speed of
sound will be affected. Mathematically it is explained as;

oo B
A\ p-
m
As p_v
_ [P
" [m
V

i TR
m
According to ideal gas equation PV = nRT and
for one mole of gas PV = RT

- /BI
m
YR

The factor |~ is constant

FOR YOUR INFORMATION

e Sound is produced by vibrating
objects.

e Sound waves are longitudinal
Waves.

e Sound has properties of all other
waves:  reflection,  refraction,
interference, diffraction.

FOR YOUR INFORMATION

e The speed of sound is higher in
liquids and solids than it is in gas.

e The spced of sound in air
increases 0.6 ms~' for each °C
increase, ’

m
So v = constanty/T
v oc /T .
Now the speed of sound at 0°C (273K) is v and at t°C = (t+273)K is v,then
. v, _ T,
v, \T,
v, _ |t+273
v, \V 2713
a-fiogs)
v 273




ra | -

Using Binomial theorem and expanding (H%) and neglecting higher

. It I
ower terms, we have | +—| — |+....=1+—1
¢ 2(273) 546
vV, _ 1+ l
| . . e INTERESTING INFORMATION
t
“= vo(l +—)
546
v,
vV, =V, +
546
As for air v, =332m/s
3321
! = 0 +
546

v, =v, +0.61t ...... (8.9)

It has been proved experimentally that the speed of sound is increased by
0.61 ms™' for each 1°C temperature rise of the air.
Example 8.3

Find the temperature at which the velocity of'sm_md in air will become double
of its value at 27°C.
Solutlon:’

Let v, be the velocity of sound in air at t°C and vy be the velocity at 27°C,
T,=27°C+273=300K

Ty=? ; CHECK YOUR CONCEPT |
v, =2V The speed of sound in air is a
\ function of
or L =2 (a) wavelength
Vv (b) frequency
v T (c) temperature
We know that, —L= [—= (d) amplitude.
: vy VT .
Yoo | B o
Vv 300
T

or —_— =7




T. =4%300=1200K
T, =1200 K - 273 =927"C
prample 8.4
A normal person can hear sound waves ranging m frequency from 20 Hz to

0 kHz. Determine the wavelengths of sounds at these limits. Take the speed of
sound m air as 340 m s b

Solution:
Frequency = I} = 20 Hz ,
Frequency =f, =20 kHz = 20% (X Hz CHECK YOUR CONCEPT
hi =7 The sonmils are caraied by electro-
o, | mognets weves in space. Why
5 1 of smm.d = AAD g | OUCCATS Cannol hearit?
Asv—1f A :
. Vv \-M
hy ==
t. 20
A =1Tm
. v Hll
by = =
PTE 2010
Ry =17%107m
A. =1Tmm or L7 em

84 PRINCIPLE OF SUPERPOSITION

The pnncmle of superposition was firsl observed experimentally by Thomas
Young in 1801, It is related to the study of combined ¢ffect of two or more waves
and it is stated as. “When two Or morc waves meet at 4 point in the same

medium, the resultant amplitude at that point is the algebric sum of the
~ amplitudes of the individual waves™.

For example. when a man lalks to us while we are listening music, we
_‘recewc a complex sound but we can still distinguish the sound of speech and the
sound of the music from each ather.. [t happens like that because the total sound
waves mcl_ung our cars is the nlgcbm sum of the waves produced by a man voice

nd the waves produced by music. Superposatlon prmctplc is upplicable to all | types
va "inﬁ!t\dingﬂw electro-mngnetic wave such as. ligm
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Let we consider two waves of amplitudes Y, and Y, which are in phase,
When they are superimposed at the point in the same medium as shown in
Fig.8.10(a) then their resultant amplitude Y’ at that point is given as;

Y= Y| + Yz
Similarly, the two waves which are (a) (b)
in oppositc phase or out of phase and they /P(Y ' N\
are superimposed at point in the same \ T 7 Ky, W/
medium then we get the result which is
shown in Fig.8.10(b). The amplitude of Y, Y: /N
their resultant wave is given as; /P( /,\
Y = Y| Yz
“If Y| Y, 3
then Y =0 L
In general, if there are ‘n’ number Ll I Y=Y, Ya
of waves passing through- the same 4
medium then the amplitude of their ’
resultant wave is given as; Y is 180" out of

Y=Y Yot Yad it Yaseeees (8.10) Y;isin phase with Y, phase with Y
This is the mathcmatical form of  Fig.8.10: Superposition of two waves of same

principle of superposition. frequency (a) The two waves which are at the
same phase and their resultant is increased (b)

) ’ The supcrposotl‘on of &\YO Waves The two waves which are at the out of phase and
give rise to the following threc important  iheir result is decreased (zero).

phenomena:
1. When two waves of same frcqucncy (or w'wc,length) moving with same

spccds in the same dircction in a medium superpose on cach othcr lhcy
give risc to an effect called interference of waves: © @ % '

2. When two waves of slightly different frcqucncy (or wavclcngth) movmg
with same specdc in the same direction in a medium superpose on each
other, they give rise to beats.

3. When two waves of same frequency or wavelength moving with same -
speeds in opposite direction in a medium superpose on each other, they

give rise to stationary waves.

8.5 INTERFERENCE

When two or more waves having the same frequency travel through the same
medium and in the same direction are combined, then this results in a phenomenon
called interference. The amplitude of the resultant wave is greater or smaller than
the amplitude of combining individual waves and depends upon the relative phase
of individuai waves.
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Now when two coherent waves ,
(he wave having same frequency),
which are exactly in phase, ar¢ allowed
o superimpose such that the crests of
one wave coincide with crests of the
other wave and troughs with trough thgn
the .amplimdc of the rcs-ulta{u wave \Vl." e e < p——r ,hc—
pe increased as shown in Fig.8.11. This cuperposition of coherent waves in the same phase
is called constructive interference.
Similarly, when two coherent

waves, which are exactly in opposite \/V\/ V VNV Y
DO AKXAD

phase, are allowed to superimpose such —

that crest of one wave coincide with the \N
(roug}\ of second wave then the Fig.8.12: Destructive Interference due to the super
amplitude of the resultant wave IS position of coherent waves, in the opposite phase.
decreased, as shown in F ig.8.12 and it is

called dcstﬁxqtivc interference.

Conditions of Interference

To demonstrate interference phenomenon, considering two identical sources
of sound S, and S, (loud speakers) are placed at some distance. These sources
generate continuously spherical waves of same frequency and of same phase which
are called coherence waves. These coherent waves arc propagated in the outward
direction such that they are superimposed at different points as shown in Fig.8.13.
Thus, we have both constructive and destructive interferences at different points. In
figure, the thick lines represent crests while the thin lines represent troughs.

@ = Constructive Interference

@ - Destructive Interference

/l

Source 1 Source 2
(07 (1] E— Trough  e—
Fig.8.13: Experimental demonstration of interference of sound waves which are generated by two coherent sources

253
N7




crests and troughs with roughs

Thesc arc represcnlcd })y red dots as C,, ¢, ,Ca
here crests coincide with troughs, a d eslmé;;v 5
e

resented by blue dots as i, b, t3, ty, ¢ .

The points wher¢ crests coincide with

constructive interference 1S obta.incd.
...C,. On the other hand, the points W

interference is obtained. These are 1ep

constructive interference can be develope 4.
3

crest. .
Now mathematical condition of | o .
path difference between (wo waves at point c,=AS=5:C;—=S,C,
AS =4)r-4 A=0A ’
Path difference between two wWaves at point C;=AS= S —SiCs
AS=4L—-3 A= 1A
=AS= S?.CJ = S|C3

path difference between (wo waves at point C;
I 1
AS=4—A—-2-A= 2X
2 2
rence between (WO  Waves for constructive

In general, the path diffe

interference is given as:
Path difference = 0,41, %21, 2301 4)....mA
...... (8.11)

path difference = AS = ma
m=0,+1+2,%+3t4..
erference and it shows that for

hole number of wavelength or

where
This 18
* constructive interfe

the path diffcrence is integra
Similarly, mathematical condition

developed as;
Path difference between two waves at point t; = AS = Saty — Sity

a condition for constructive int
rence, the path difference IS a4 W

| multiple of wavelength.
of destructive interference can be

. AS=#A=3iA=2A
. " R
Path difference between two waves at point t; = AS = Stz — Stz
L |
2 2

Path difference between Lwo'waves at point t; = AS = Sats — Sits
A=Ay =Sl Y ¢ |
2 » .
In general, the path diffc!'ence between two waves fo

interference is given as;

r destructive

Path difference = iﬁi:’— +ﬁ + A
2 2 S o= 2 O—-?n-.
Path difference = | m+-
crence (nwEJk ...... (8.12)
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A
or Path difference = (2m +1) =

"Where m=0,%£1,+2 +3 +4

This is the condition for destructive interference and it shows that the path
difference between two waves for destructive interference is an odd integral
multiple of half-wavelengths.

86 BEATS

In interference, we have studied the superposition of two waves having the
same frequency. But what will be the effect of the superposition of two waves when
they have a slight difference in their frequencics? It can be studied in beats
phenomenon. When two sound waves of same amplitude but slightly differing in
frequencies are travelling through a medium in the same direction and they are
allowed to superimpose at a point then a periodic variation in the intensity of
rcsullar}l wave is observed at that point. This variation in the intensity of resulting
Wave 1s in the form of series of loud sound followed by faint sound. This
phenomenon is called beats. It is further explained by an example.

Consider two tuning forks A and B of frequencies 100 Hz and 102 Hz. Tt
.mci.ms that tuning fork 'A" will produce 100 complete waves in one second and
tuning 'B' will produce 102 complete waves in one sccond when each of them is
Struck against rubber pad. When both tuning forks are sounded together then

phenomenon of beats takes place. Let us study the variation in the intensity of
resulting sound over a span of one second.

After % second, the number of waves produced by A are 25 and distance
covered is 250 and the number of waves produced by B are 25-‘— and distance

1 : ) ;
N ZSEX respectively. The path difference between them is & . This 1s the condition of

destructive interference. At this point two waves cancel to cach other and no sound
| or faint sound is heard.

Similarly, after \5 second, the number of waves produced by A and B are 50
I

and 51 and corresponding distances covered are SOA and S1A respectively. The path
difference between them is ‘1A', This is the condition of constructive interference.
At this point two waves reinforce each other and loudness is increased.

255,
N/
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After 2 second the number of waves produced by A and B are 75 and 767

-~

l. ;
and corresponding distances covered are 75 and 76;/.. The path difference

-

T e z 233 e B g
between them is — which is again the condition of destructive interference. Hence,

no sound or a faint sound is observed because two waves cancel each other.

After one second, the number of waves produced by A and B are 100 and
102 and corresponding distances covered are 100X and 102X. The path difference
between them is ‘24" which is the condition of constructive interference. Hence we
observe a loud sound because two waves reinforce cach other.

This cxample clearly shows that when the two waves of ncarly
frequency arc supcrimposed then there is increase and decrease in loudness at
regular interval of time. As a result we have a beats phenomenon. Graphically, it is

shown in Fig.8.14.

same

First wave
. :
: P (a)

!

-~ " ’_‘ ““h [\AM/MAJ (b)
”“' ” T VY ‘

Second wave '

Fig.8.14: Beats are formed by the combmnuon of two waves of slightly different frequencies travelling in the
same direction; (a) The two individual waves (b) The combined resultant wave has amplitude that oscillates

with time

It may be noted from figure 8.14(b) that ';TER“’HNIG 'N";OR““MlE%N
1 ; | ; : ICHINS Lise Deal Momend
risc and fall in the intensity of resulting sound | ¥ !SCH!S e hedls PRSI, 0
. ; tune ther siring  instruments R |
(m-crcz.lsc and decrease in loudness) takes place | i violn and piano. by beating a
twice in one sccond and difference in frequency | note against a note of known s

of the two sources is also two. In other words | frequency.  The strmgs  are  then
adjusted 1o the 'desued fiequency by, .
| |

two beats are produced in one second. ( d frequenc
Thus it is concluded that, "the difference | Ughtcning or looscuing it until no :
beats are heard. J

in frequency of the two sources is equal to the
number of beats produced per unit time is called beat frequency"'. If f, and f

|

be the frequencies of sound waves of two sources then; ,' '
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number of b
fy—f, = ‘:n?e o 1D

It i§ important to note that beats cannot be observed if the difference in
frequency is more than 10 Hz.

Uses of beats

The phenomenon of beats can be used in the following cases.
1. To determine the frequency of a note

2. Beats are used to tune musical DO YOU KNOW

3 instruments : | | Metal detector is working under the
. To detect the hidden metals by using | principle of beats phenomenon.

metal detectors.
4. To detect the harmful gases in mines.
5. Beats are used for radio wave reception.

8.7 REFLECTION OF WAVES

A mechanical wave requires a medium for its propagation and its velocity
depends upon the nature of the medium. When the wave comes across the boundary
of two media then all or a part of this travelling wave is reflected back. This
reflected wave has the same wavelength and frequency but its phase may change
depending upon the nature of the boundary.

The reflection of a wave

: —
at the boundary of the media can  Before reflection h I:::::M

be studied by an example of a condition
stretched  string under two L
different cases. After reflection it

When one end of the
stretched string is connected Vi ;

with a rigid support and the

; other free end in the hand is AN e SRS A
|, shaken up and down then @  ggfore renection - Fres
: undary
pulse of transverse wave 1S

condition
produced which travels along ®
" the string towards the rigid Wi
support with velocity vi. Anier tofletion s

When the pulse arrives at

t}}e. end, it exerts a fOl‘FC on 4 Fig.8.15: A pulse of a wave along a string reflected from
rigid support. In reaction, the (a) Denser medium (rigid support)

rigid support which acts as a (b) Rare medium (ring & rod)

&
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dense medium also exerts an opposite force on the string. As a result, a reflected
inverted pulse starts travelling along the string in the reverse direction with velocity

vg as shown in Fig.8.15 (a). |
The incident wave and reflected wave are out of phase a change of 180° in

pkase and the change in path difference between them is 5“

[f one end of the string is connected with a light ring which can move freely
up and down. This light ring act as a rare medium and it exerts no force on the

string.
FOR YOUR INFORMATION
T"x:‘?( e} 4]}013@99201‘ t”",Aﬂer reﬂecﬂon : C':;:;Ei ot
Longitudinal | Denser Comprcsslon as rarcfaction n=180"
Rarefaction as compression
Rare Compression as compression 0
Rarefaction as rarefaction
Transverse Denser Crest as trough x=180"
Trough as crest
Rare Crest as crest 0
Trough as trough _]

When the pulsc of transverse wave arrives at light ring then it reflects in the
reverse direction without any phasc change in the reflected wave as shown In
Fig.8.15(b).

From the above discussion, it is concluded that a transverse wave which 18
reflected from a denser medium ‘with phase changé of 180° and path difference of

A . :
—. But when the transverse wave is reflected from a rare medium, no phase change

takes place in the reflected wave.

8.8 STATIONARY WAVE

In interference and beats phenomenons, we have studied the superposition of ¢
two waves which aretravelling along the same direction. If two waves of same
frequency and amplitude move along a straight line in opposite directions and are
allowed to superimpose then the new resultant wave is called stationary or standing
wave. The formation of standing waves is shown in Fig.8.16. |

It can be explained by an example of a string whose one end is connected |
with a support and the free end in hand is oscillated up and down continuously.

Then a transverse waves is produced which travel along the string and reflected
from the support. Due to the superposition of the incident waves with the reflected

{s's/




waves, a pattern of the stationary waves is 3-/4 1/2 M4 22
obtained in the string as shown in Fig.8.16.
The points in stationary waves which are
permanently at rest with zero amplitudes are
called nodes (N).

The point between two successive
nodes where the particles oscillate with
maximum displacement is called as anti-
node (A).

. It is clear that the distance between f fvg ':uc Ecm?':::;:;o&r m"}mm
’ : ; ition of two
YO consecutive nodes or consecutive waves moving in opposite direction. The

. K displacement is marked as node *N" and
antinodes is 5 and the distance between a anti node ‘A,

node and an adjacent antinode is %

= Gr’xphlcally, standing waves can be illustrated by considering two waves 'a' and
b aving same frequency and amplltude which are travelling along the string
in Opposite directions as shown in Fig.8.17. The resultant standing wave "¢" at
instants 0, T T3T

2 Cim and T is obtained using the principle of superposition (Fig.8.17)

—— —

- |/\‘L¥Q %{ » /{\ / N" |

A /\}\71 .l \Ez\* : /\LL;/;

o N /

Wave "c N T
| A A A

- t=0 t=T/4 t=72 t=3T/4 t=
| Fig.8.17: Formation of stationary waves. The set of figures show the
state of resultant displacement at four different times.
l (1) At t=0, both waves “a” and “b” are in phase. After superposition, they
z produce resultam wave “c” where the amplimde of its nodes is zero and the

amplitude of its antinodes is maximum, i.e. equal to the sum of amplitudes of
individual waves.

iz

1z
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(i) At t-.,--ﬁl—i,' ’th_éﬁv&ave “a” has travelled a distance % to the right and wave “y

has travelled distance % to the left. Therefore, both waves are out of phase

This is the condition of destructive interference and the amplitude of the

“.."n

resultant wave “c” is zero at each point.

() At t=I, wave “a” has travelled a distance -3'— to the right and wave “b" has

travelled a distance A to the left. Both waves are in phase where the amplitude

of the nodes of the resultant wave “c” are zero and the amplitudes of anti nodes
are maximum,

Similarly, after t = %T— and t=T the results are same as for t =; and t=0

T —_ _—
or — respectively i.e. out of phase and in phase and are shown in Fig.8.17.

The pattern of the resultant wave “c” is known as stationary waves, because
neither the patterns move nor the location of nodes and anti nodes changes.

Notice that stationary waves do not travel to [~ o Nt TO PONDER
left or right. Therefore, they cannot transfer €nergy | What will happen when a )
because the energy is confined in antinodes. That's | longitudinal wave is reflected
why stationary waves are also called standing wave. | from a denser medium and from

Some features of stationary wave are given | a“‘“’_‘fed_i“?"? |

below:
I. The disturbance produced is confined to the region where it is produced

i.e. it does not move forward or backward.

Different particles move with different amplitudes.

The particles at nodes always remain at rest.

All the particles cross their mean positions together.

All the particles between two successive nodes are in phase.
The energy of one region is always confined in that region.

AU AW

8.8.1 Stationary waves in a stretched string

_ Consider a string of length ‘L’ which is stretched between two rigid supports
such that a tension ‘T’ is developed in the string. When the string is plucked from its
centre, two waves, in the form of transverse waves, originate from this point. One of
them moves toward the right end and the other toward the left end of the string.
When these two waves reach to the two rigid supports, they are reflected back and

4
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gperimpose  to  each other. The resulting
qationary wave is in the form of a single 100P- .
It has two nodes and one anti node as shown 17 .
Fig8.18.

This single loop stationary wave is called

-
----J'”

nmcnt:\l or Fiﬁl }{al'mon"c

‘ 2. 8. 107 R :
ﬁmdamental mode of vibration. Let f| be its :lfh singl"' loop has two nodes and_ one
frequency and ‘A be its wavelength, then anti-node:
these parameters ar

: ¢ related to the length of the
string 'L as, o the length
-
2 .
AM=2L ...... (8.14) ) depends upon tension 25 b

The wave travels through the string 1S SPCCd v

, : _ m ) ,fthe string.
and mass per unit length or linear mass density | H =7 -

unit length
The dependence of speed of wave on tension (T) and mass Per gth (u)

of the string is given by,

<
[

= |-
AL
o0
&

As v =f A
.
1 e
£ . (B 16)

[T
ooy = = (81T
L . ZL\I; (8.17)

-

Second mode of vibration
When the same string is plucked from
one-fourth, three-fourth of its leng th, a stationary
wave with two loops is set up in thie string. It has
three nodes and two anti node:s as shown in
Fig.8.19.

o - o
:‘2-3-:{’- Second Harmonic with two loops
Ave three nodes and two anti-nodes.




These two loops of stationary waves are called second mode of vibration. Let
f, be its frequency and A, be its wavelength which is related with the length of the

string.

L
As v=f,A
v

v
But o f, (from eq. 8.16)
f, =2f]

DO YOU KNOW
The speed of a wave along a
stretched ideal string depends only
on the tension and linear density of
the string and not on the frequency

of the wave.

.

This frequency is called second harmonic or first overtone. It is clear from
above equation that if the string vibrates in two loops then the frequency of second

harmonic is twice the frequency of first harmonic.

Third mode of vibration

Similarly, if the same string is plucked from one sixth (%Jth of its length,

then the string vibrates in three loops, having four nodes and three antinodes as
shown in Fig.8.20. It is called third mode of vibration. Let f; be its frequency and A;

be its wavelength then;

L= 3

2

; B

A.==L

13

As V'—'fs)‘s
Vv

i SR

] A'J

f, =

L2 5

2
~

Fig.8.19: Third Harmonic with three loops
have four nodes and three anti-nodes.

‘(‘
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In general, if the string vibrates in ‘n’ number of loops then it has ‘n + 1’
number of nodes and 'n' antinodes. The frequency ‘f_ " of such stationary wave setup
1 inthe string is expressed as;

f = nf, where n=1,2,3...

This is known as quantization of frequencies i.c. the frequencics of the

varous ‘(or overtones) are whole number (positive integar > 0) multiple of first
harmonic (the fundamental frequency).

Example 8.4

. Assteel wire hangs vertically from a fixed point, supporting a weight of 80 N
atits lower end. The diameter of the wire is 0.50 mm and its length from the fixed
pqmt'l(.) the weight is 1.5 m. Calculate the fundamental frequency emitted by the
Wireitis plucked? (Density of the steel wire = 7.8 x 10" kg m™)

Solution:
Weight = Tene;
X = lension=T=80N

Diameter of wire=d = 0.5 mm = 0.5x107m OR YOUR II\.IFORMATION4

Length =f= The energy emitted from sound
=15m produced by a crowd of 60,000

Densny of steel wire = 7.8x10° kg - at a football match is enough to

warm a cup of tea.
By definition of density = p= o

volume
Mass = p x volume
Mass = p x Area x length -
Mass = pxnrix/

d 2
Mass = pxn(i) x £ | GEOPHYSICS

2 Waves through a solid can be
Mass = px nd_x ¢ either transverse or longitudinal.
; An earthquake produces both

3 82 transverse and longitudinal

Mass = (7:8x10’ kgm™)(3.14) (0.5x107m) % 1.5 m| waves that travel through earth.
4 Geologist studying the waves

with seismograph found that

. Mass= 2.30x10" kg

g 3 . : longitudinal wave could pass

Now lincar mass density or mass per unit length is through Earth's core, transverse

given as; waves could not. From this

‘ -3 evidence, they concluded that

VI mass of wu'e = 2.30x107kg Earth's core is liquid. From its

length of wire 1.5m density, it is most likely molten
=1.53%10"kg m™ T

263;
b




The fundamental frequency
O 5

S E—

TR

" 80N
' 2x1.5m\1.53x10 kg m™
f =76Hz

8.8.2 Stationary waves in air column
We have observed stationary waves along a vibrating stretched string, but

these waves can also be set up in other media. For example, the vibrating air column
of a closed or open organ pipes. Similarly, when air is blown at the mouth of a
bottle, sound is produced due to vibrations of air column inside the bottle. Now .
consider a sound wave from a tuning fork which is allowed to vibrate the air at the
one end of the pipe. This wave will travel along the pipe and will be reflected from
the far end.of the pipe. Thus there are two waves in the pipe i.e. incident wave and
reflected wave, The superposition of incident and reflected waves produces a
stationary wave in the vibrating air column of organ pipe. The relation between
incident wave and reflected wave depends upon the closed and open ends of organ
pipe. The open end of the pipe behaves as anti node due to free motion of molecules
of air whereas the node is formed at the closed end because the movement of
molecules is restricted. Stationary waves in the air column can be studied under the

following two cases.

L. When one end of the Pipe is closed :
Let us consider a pipe of length ‘L’ such that its one end is closed and its

other end is open. In this case all the sound energy is reflected from the closed end

and it causes a Stationary wave in the pipe. Node is formed at the closed end and

antinode at the open end. :
b L=34 =4

First Harmonic

When the stationary wave is formed in Nl €
pipe vibrating with a half loop which consists
of one node and an anti-node as shown in
Fig'8'2] then it is called 1* harmonic. Let fi be F ig.8.21: Fundamental or First Harmonic
its frequency and A, be its wavelength which is  stationary wave with a half loop has one
related with the length of the pipe that is; node and one anti-node.

- A,

A

4
A, =4L

&
e ———




As v=f A,
f=—
ll
5
fi=—0...... 8.19
' 4L G:12)

Second Harmonic

The stationary wave which is vibrating, in one and half loops and contains
two nodes and two anti-nodes is called 2™ harmonic as shown in Fig.8.22. Let f; be
its frequency and A, be its wavelength which is related with the length of the pipe

as
| 3 —2 L L
L=—2 fo— & —of 3 |
4
4 N N
A=-—L A
3
As v="F,A,
Fig.8.22: Second Harmonic stationary
f= 0. wave with one and half loops have two
’ },2 nodcs and two anti-nodes,
\Y v
S a4
;L
fz = 3f|

Third Harmonic

In third harmonic, the stationary waves are vibrating with two and half loops
and contain three nodes and three anti-nodes as shown in Fig.8.23. Let f; be its
frequency and A, be it wave length which is related with the length of the pipe as;

L= 1 s !
4 N
As v=£A,
o Fig.8.23: Third Harmonic stdtionary wave
f3 > ¥ with two and half loops have three nodes
)\‘3 and three anti-node.
£ = v CRITICAL THINKING
Under what principle a sound is
'5‘ L produced in a flute?




£ s 5 v A closed -pipé resonates when its
3T I length is an odd number of quarter
wavelengths.

f, = 5f, l e
In general, if ‘n’ represents the numbers of half loops in the above stated pipe
then its quantization frequency 'f_ 'of stationary wave as;
= nf

where n=1,3,5,7,...

II. Open Organ Pipe
Consider a pipe of length ‘L’ whose both ends are open. The most of sound
energy is passed outside but some of them is reflected and it causes stationary waves

in the open ended pipe.

First Harmonic

The first or fundamental harmonic stationary wave consists of two antinodes
and one node as shown in Fig.8.24. Let f, be its frequency and A, be its wavelength.
The wavelength is related with the length of pipe as;

4 4 2 ‘n— L=-2“ —“‘
As v=1fA,
A < A
Vv
fl - Ee—————————
l, B e B B B e @
motion of air molecules
£ A (8.20) Fig.8.24: Fundamental or first Harmonic
! Y. stationary wave have one node and two
anti-nodes.

Second Harmonic .
The second harmonic of stationary wave in open ended pipe consists of three

antinodes and two nodes as shown in Fig.8.25. Let f; and A; be its frequency and
wavelength respectively of the second harmonic stationary wave. The wavelength is

related with the length of pipe as; . fe———— L=1, .

P
[ =S80

44 4 4 &
_a, N

Le. ==
4 o W e %
A, =L 4 4 4 4
Fig.8.25: Second Harmonic stationary
V= lez wave have two nodes and three anti-nodes.




\A
f: ——
B i
o3

2L
f,=2f,

Third Harmonic n
The third harmonic stationary wave 10 ,.—————- L="2"l “"
open ended pipe consists of three antinodes and

two nodes as shown in Fig.8.26. Let f; be the
frequency and A3 be the wave of third harmonic A N N A

stionary wave in the pipe. The wavelength is

related with the length of the pipe as; Fig.8.26: Third Harmonic
4 2
Ay ==L
.3
v = fiA, .
\Y Vv
f P
3 A, z v
3
fss 3(—"—)
2L
f. =3

In general, for nth harmonic the quantization frequency of the stationary
wave in open ended pipe is given as;

f =n ¥ An open pipe resonates when its
n 2L lcngllll is z;n even number of quarter
fn - fn wave engths

Wheren= 1,2,3,4,...

\Example 8.5

| What will be the frequencies of fundamental and first three overtones for a 75
.cm long organ pipe? (a) If it’s both ends are open (b) If its one end is closed. The
speed of sound in air is 340 ms™" .

267,
N7




Solution:
Length of organ pipe=L=75cm=0.75m
Speed of sound = v =340 ms™
(a)  For an open pipe, the quantized frequency is
340ms™
fo= n(2x0.75m] =n(226.7)Hz
n=1, f,=(1)(226.7)Hz
This the fundamental frequency of the given open pipe.
n=2, f,=2(226.7)Hz =453.4Hz =453Hz
n=3, f, =3(226.7)Hz = 680.1Hz =680Hz
" n=4, f, =4(226.7)Hz =906.8Hz =907 Hz
The- frequencies of first three overtones are 453 Hz, 680 Hz and 907 Hz
respectively.
(b)  Fora closed pipe, the quantized frequency is given by

f = n[i) where n =1,3,5,7,......
2L

f =n(113.3s7")=n(113.3)Hz

f =1x(113.3)Hz =113.3 Hz

f;=3x(l 13.3)Hz =339.9 Hz =340 Hz
f,=5x(113.3)Hz= 566.5 Hz = 566 Hz
f,=7x(113.3)Hz =793.1Hz =793Hz

The fundamental frequency of given closed pipe is 113.3 Hz. The frequencies
of the first three overtones are 340 Hz, 566 Hz and 793 Hz respectively.

8.9 DOPPLER EFFECT

It is a common observation that when
the source of sound and the observer both
are at rest; the observer receives the
frequency of sound in its actual form as the
frequency originated from the source.
However, the frequency of the sound
appears to change if there is relative motion
between the source and observer (listener).
The.frcquency appears to increase as the - —f‘s el
BYINE Surce. app roaches the stationary x‘:grgazs; wlifcr‘: “i(: iso n{:\:jing toward the
observer and appears to decrease as the observer and decreases when it is moving
source moves away from the statiopary awayfromtheobscrver

A

&




observer. For example, let an observer who is standing at a railway platform. The
pitch of the whistle by train increases when the train is approaching toward the
observer and the pitch of the sound decreases when the train is moving away from
the observers as shown in Fig.8.27. This apparent change in frequency is called
Doppler effect and it is stated as; "there is an apparent change in the frequency
of sound due to relative motion between the source of sound wave and the
listener"'.

The Doppler effect is named after the Austrian physicist and mathematician
Christian Johann Doppler (1803-1853), who did experiments with both moving
sources and moving observers. The Doppler effect holds not only for sound waves
but also for electromagnetic waves, including microwaves, radio waves, and visible
light. However, here we will discuss orly the Doppler effect for sound waves. The
Doppler effect can be studied under the following four cases.

Consider a source of sound which generates a sound waves of frequency ‘f’
and wavelength ‘A’ in all directions. Let v be the velocity of sound, v, be the
velocity of the observer and vy is the velocity of source. We assume that the medium
(air) between source and observer is stationary.

Case I: Observer is moving towards a stationary source.

In this case the observer is moving
towards the stationary source with a

velocity v, as shown in Fig.8.28. If the relative

velocity of sound is 'v' then net velocity
between observer and source is v+v . Thus,

the number of waves received in one second
f, is given as;

v+v
f, = ——=
A
Ty % = N | Fig.8.28: Observer is moving towards a
f R stationary source,
£ = vtyv,
< 1 :
- v oie
(f ) "
v+v
f‘=[ -v°)f ...... (821)

This shows that f; > f, the apparent frequency of sound increases.
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Case II: Observer is moving away
Waves

from a stationary source raditing
. ; . from th
Now ‘the observer is moving away o °

from the stationary source with velocity v,as

shown in Fig.8.29. The relative velocity
between observer and source is v-v,and the |

numbers of waves received in one second f; is

given as; Observer
V=¥,
rz - Stationary
l source
fz = V=V Fig:8.29: Obscrver is moving away from a
Vv stationary source,
f

f, =( V'v"")r ...... (8.22)

This shows that f, < f therefore apparent frequency of sound decreases when
the observer is at rest and source is in motion.

Case 111: When the source is moving towards the stationary observer

When the source is moving with velocity v, towards a stationary
observer as shown in Fig.8.30. The net velocity is v—v,. In this case, the
wavelength A, measured by observer at rest is shorter than the wavelength A of the

source. The waves are compressed and its frequency ‘f" remains same, this
compression in wavelength is called Doppler shift. It is represented by AA.

=Y
f
Now decrease in wavelength during compression of waves is given as;
A= A—=AA High Frequency o
3
A
lj — padaniasi 3 W 5
f f : -
_ V=¥,
s
As V= fiA,
.
3 Fig.8.30: Source is in moving towards and moving

away from a stationary observer.
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Vv

fJ-v—v,
f

f,=( % )f ...... (8.23)
V-V,

This shows that f; > f thus apparent frequency of sound increases.

Case IV: When the source is moving away from the stationary
observer

Similarly, when the sources is moving away from the stationary
observer with velocity v, then the wavelength A, of sound waves increases but its

number of waves in one second remains same. In this case the observer measures a
wavelength A that is greater than A and hears a decreased frequency.
Thus the increase in wavelength is given as;

AL=A;—A
Ay, = AL+A BIOPHYSICS
V, V_ VvV, +V Physicians can detect the speed of
A= —=24+—= the moving heart wall in a fetus by
f f f means of Doppler Effect in
v=fA, ultrasound.
o
YA POINT TO PONDER
v Can youapply Doppler Effect for light
f.= e wave and source of light? l
2.5 e,
f
\%
f,= e (8.24)
v, tv

This shows that f, <f therefore, the apparent frequency of the observer
increases. ' :

Example 8.6

A train is approaching a station at 108 km h™' sounding a whistle of
frequency & 100 Hz. What will be the apparent frequency of the whistle as heard by
an observer standing on the platform? What will be the apparent frequency heard by
the same observer if the train moves away from the station with the same speed?

Speed of sound is taken as 340 ms™.

s{?l/




Solution:
Speed of sound =v=340m s’
Speed of the train=V,= 108 kmh™' =30 ms™

Frequency of the source = f= 1100 Hz
Apparent frequency of the whistle when the train is approaching towards

observer = f=?
fx( v ]f
V—V' "

-1
f= S . {100z
340 ms™ —30ms
-1
f=(340—ms'_|)1100Hz
Oms
' f =1206 Hz

Apparent frequency of the whistle when the train is moving away from the

observer = =7
f=[ s ]f
v+v'

f: -1
f= 0ms 1100 Hz
(340 ms™ +30 ms

/ ¥
£=|220mS 1100 Hz
(370 ms

f=1011Hz

Applications of the Doppler effect
In addition to sound waves, |
Doppler effect is also applicable to
electromagnetic waves and its some S NG \&
application are summarized as: \
(i) The Doppler effect provides a : \\%\T

method for tracking a satellite.
Suppose the satellite is emitting a

radio signal (i.e., an electromagnetic |
wave) of constant frequency f. The
frequency f; of the signal received on the
Earth decreases as the satellite is passing.
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The received signal is combined with a constant signal generated in the receiver to
produce beat. The beat frequency produces an audible note whose pitch changes as

the satellite passes overhead. _ . %

GPS: Shows pilots their position ;
but not normally used by ATC ¢

Tracks plane and ils

identity via transponder \'\\'\\

)
.\'\\
\\\\\

Socondary radar: _\\'-\\

% ACARS: Transmits
K’\\ 1 aircraft data lo the ground

| Flight data ' —

'\ ———— | Alrtraffic control (ATC)

177

L

% 1

Primary radar: Can only show approx position. No radar coverage 240km from land
Fig.8.31: Detection of acroplane by RADAR

Similarly, the radar system uses radio waves to determine the elevation and
speed of an acroplane. Radar is a device, which transmits and receives radio waves.
If an acroplane approaches towards the radar, then the wavelength reflected from
acroplane would be shorter and if it moves away, then the wavelength would be
larger as shown in Fig.8.31.
(i)  Sonar is an acronym derived from “sound navigation and ranging”. Sonar is
the name of the technique for detecting the presence of objects under water by
acoustical echo.
In Sonar, “Doppler detection™ relies upon the relative speed of the target and
.~ the detector to provide an indication of the target speed. It employs the Doppler
~ effect in which an apparent change in {requency occurs when the source and the
observer are in relative motion to one another. It is known military applications
“ " include the detection and location of submarines, control of antisubmarine weapors,
mine hunting and depth measurement of sea.
(i) Astronomers use the Doppler effect to calculate the speeds of distant stars
and galaxies. By comparing the line spectrum of light from the stars with light from
a laboratory source, the Doppler shift of the star’s light can be measured. Then the
speed of the star can be calculated. |




(lv) Stars moving towards the Earth show a
blue shift. This is-because the wavelength of
light emitted by the star is shorter than if the
star had been at rest. So, the spectrum is shifted nﬁ F =58
towards shorter wavelength, i.e., the blue end of o b _-_
the spectrum as shown in Fig.8.32. Star is at rest: Ne Chang
Stars moving away [rom earth show a '
red shift. The emitted waves have a longer |
wavelength than if the star had been at rest. So,
the spectrum is shifted towards longer
wavelength, i.e., towards the red end of the

spectrum as shown in Fig.8.32. Astronomers
have also discovered that all the distant galaxies

Earth

Star moving away from sarth
are. moving - away from us and by measuring W
their red shifts, they have ecstimated their
SPCCdS- ket Fig.8.32: Doppler Blue and Red Shift

By S TR s Iy .
(v)  The Doppler effect is used in measuring the speed of automobile by traffic
police! A 'rada}' gun is ﬁqu or police car. An clectromagnetic signal is emitted by
the radar gun in the direction of the automobile whose speed is to be checked. The

wave is reflected from the moving automobile and received back.
Qutgoing waves

@

Rellecled waves (higher frequency)

F‘ig.8.33: Doppler speed radar
The reflected wave is then mixed with the locally generated original sigral

and beats are produced. The frequency shift is measured using beats and hence the
speed of the automobile is determined.

8.10 ULTRASONIC WAVES

Sound waves can be classified into three classes on the basis of their
frequencies. That is, the sound which frequency less then 20Hz are called infrasonic
waves and it cannot be heard by human ears, Similarly, the waves whose frequency
range lie between 20Hz and 20 kHz are known as sonic or audible waves. These
waves stimulate the human ear. The sound waves of frequency greater than the
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upper fimit (20 kHz) are called ultrasonic or |

supersonic. These waves have high frequencies,
shortest wavelength and carry much energy.
Ultrasonic waves cannot stimulate our ear, but

some animals like bats and dogs show response

to them. Ultrasonic waves deserve special
attention because of its multifarious application

in metallurgy, medicines, biology and so many

other fields.
There are several methods of generation

of ultrasonic vibrations such as, mechanical and
thermal but we discuss the electrical method
which is named as piezoelectric generalor. It
was introduced by J and P. Curie in 1880; it is
defined as electricity produced by pressure.
Now the Piczoclectric method can be explained
as; A slice of quartz crystal having regular faces
is mounted between the two polished metal

faces of a crystal are subjected to pressurc
(compression or expansion) by the applied
forces as shown in Fig.8.34, then there will be
equal and opposite charges developed on the
two opposite faces of the crystal. The amount of
the developed charges is proportional to the
subjected pressure. In this way, a potential

difference will be developed across these faces. -

This process is called piezoelectric effect as

shown in Fig.8.34.
Conversely, when the two faces of the

crystal are subjected to an alternating potential

“difference as shown in the schematic diagram

8.35, then the crystal set into vibration due to its
periodic contraction and expression. The
frequency of the vibration is within ‘the
ultrasonic range (250Hz — 100000 kHz). This
process is called inverse piezoelectric effect.
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Bats use the Doppler effect to detect

and catch flying insccts. When an
insect is flying faster than a bat, the

plates serving as electrodes. When two opposite | reflected frequency is lower, but

when the bat is catching up to the

inscct, as shown in figure, the

reflected frequency is higher this is

known as echolocation. This |
- phenomenon is also using by the |
" dolphins and whales to communicate
| each other and to locate prey,
' Scientists continue to studying the

amazing behavior of dolphins and
bats and to usc sound waves.

Force

Fig.8.34: A schematic diagram of
piezoelectric effect :

e ——————




74]
(lead zircoante
fitanate)

\7 Metc;l plate

Volloge

Compressing produces

electricity

Fig.8.35: A schematic diagram of inverse piczoclectric effect

ic waves can be detected by using “the method

The detection of ultrasont
piczoelectric transducer, that is when the ultrasonic waves fall on the two faces of
harges arc produced on the other

the quartz crystal, then the varying electric ¢
perpendicu‘iar faces of the crystal as shown in Fig.8.36. The amount of these
be amplified with the help of some

developed charges is very small but it can
means. Thus, this is the way which is being used to detect the ultrasonic wavces.

Transducer Basics ‘
Allernating Current

Backing 1o Each Crystal
Mahin

g )

Supply . '
— Cumant ' Matching
. Layer
¢ 7
/ /
Agouste Piezoolectnt
Eslotor Crysials

. Fig8.36: A <chematic diagram of Piezoclectric transduecr

nergy

rbance of medium by a vibrating body which transfers €
from one place to another place is known as wave. '

Kinds of waves: There are three kinds of waves, such as m
electromagnetic wave and matter wave.

e« Transverse wave: A wave in which the pasticles o
perpendicular to the direction of propagation of wave is called transverse

such waves consist of crest and trough.

&

o Wave: A distu
echanical wave,

f the medium are vibrating
wave




longitudinal wave: A wave in which the particle s of the medium are vibrating
parallel to the direction of propagation of wave is called longitudinal wave
such waves consist of compression and rarefaction.

Speed of sound: Speed of sound in air at 04Cis 332 ms ™' and it depends upon

elasticity, density and temperature of the medium.

Principle of superposition: When two or more waves are travelling in the

same medium, their resultant amplitude is equal to the vector sum of all the

individual amplitudes. This is called principle of superposition.

Interference: If two or more waves of same frequency travelling in the same
direction are superimposed then the amplitude of their resultant wave increases
or decreases. This phenomenon is known as interference.

Beats: When two or more waves differing slightly in their frequencies,
travelling in the same direction, are superimposed then at regular interval of
time the loudness of resulting wave increases or decreases. This phenomenon
is known as beats.

Stationary waves: Superposition of two waves of same amplitudes and same
frequencies but travelling in the opposite direction are said to form a stationary
wave.

Doppler’s Effect: The change in the pitch of sound due to the relative motion
of the source of sound or the listener is called Doppler’s effect.

Ultraviolet waves: The waves with frequency greater than 20kHz are known
as ultrasonic waves. These waves cannot be detected by human ears and these
can be detected by piezoelectric method.

Piczoelectric generator: A method in which electricity is produced by

applying pressure is called piezoelectric and the process of piezoelectric
transducer is being used to detect the ultrasonic waves.

EXERCISE

Multiple choice questions. _
Wave is a mechanism which transmits;

- |

(a) Wavelength (b) Amplitude

(c) Mass (d) Energy

The wave which requires a medium for its propagation is known as;

(a) Mechanical waves (b) Electromagnetic waves

(c) Radio waves (d) Light waves ‘
Longitudinal wave consists of; _ | _

(a) Crests and troughs (b) Compression and rarefactions
(¢) Crests and compressions (d) Troughs and rarefactions

2 ' I




10.

11.

12.

13.

14.

15.

Transverse wave is different from longitudinal wave, because it possesses a
property of

(a) Reflection | - (b) Interference
(¢) Diffraction (d) Polarization

Due to high elasticity, the speed of sound is maximum in

(a) Solids (b) Liquids . (c) Gases _ (d) Plazma
The speed of sound does not depend upon; :

(a) Density (b) Elasticity (c) Temperature  (d) Pressure
Which of the following phenomenon is based on superposition principle
(a) Interference  (b) Standing waves (c) Beats (d) All of these

When two waves of same frequency and travelling in the same direction are
superimposed than we have

(a) Interference (b) Beats
(c) Standing wave (d) Stationary wave

Which onc of the following change can be observed in the resultant
interference wave? ,

(a) Amplitude (b) Time pér&od ~ (c) Wavelength . (d) Frequency

How many beats can be observed when the difference in frequencies of two
waves is two;

(a) | (b)2 . (c)3 (d) 4
The length between node and antinodes is;

A A -
W7 O3 ©* (@ 2r
Which one of the following wave does not transmit energy
(a) Mechanical wave > (b) Standing wave
(c) Matter wave . (d) Electromagnetic wave

The ratio of the fundamental frequency of an open ended pipe to a pipe whose
one end is closed is;

(a) 1:1 (b) 4:2 ’ (c) 2:1 | (d) 1:4

The number of quantization frequency of stationary wave in pipe when its one
end is closed is;

(a) The whole number (b) Natural number

(c) Even number (d) Odd number

When wave is reflected from denser medium to rare medium then there is
phase change of;
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16.

17.

18.

T i3 '
a) — b) —
()4 ()2 (c) m (d) 2n
The sound which stimulates our ear is known as;
(a) Sonic (b) Infrasonic  ~ (c) Ultrasonic (d) Tidal

Which one of the following parameter of a wave does not change when it
transmits through two different media

(a) Amplitude (b) Velocity (c) Frequency (d) Wavelength
Piczoclectric effect means to produce the electricity by;
(a) Thermal (b) Mechanical (c) Pressure (d) Tidal

re
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SHORT QUBSTIONS

sttmguush between transverse and longitudinal waves.

How can the wavelength of compression wave be measured?

Why transverse wave can travel in a liquid?

Why does sound travel faster in solids than the gases?

How did Laplace correct the formula for the speed of sound in air?

What are the mathematical conditions of constructive and destructive
interferences?

By what factor would you have to multiply the tension in the string to double
the wave velocity?

Why standing wave cannot transfer energy?

What happens to the wavelength of a wave that passes from a spring into
another material with (a) Higher linear density (b) Lower linear density?

Does interference of two waves involve a loss of energy? Explain.

How many numbers of nodes and antinodes are there in a stationary wave
vibrating with ‘n’ number of loops?

What do you know about the Doppler shift in wavelength?

Why the ear does not stimulate by sound which is produced by a vibrating
simple pendulum?

COMPREHENSIVE QUESTIONS

Define wave with ail its characteristics such as; crest trough, amplitude,
wavelength, time period and frequency.

Compare transverse and longitudinal periodic waves.

What do you know: about the speed of sound? Calculate the Newton's formula
for the speed of sound.
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- Discuss that how the Newton's formula for speed of sound was corrected by

Laplace.

Explain the effect of various parameters, pressure, density and temperature on
the speed of sound.

What is principle of supcrposmon of waves.

State and explain interference of sound waves with its two forms such as:
constructive interference and destructive interference.

What are beats and how they can be produced? Write done the uscs of beats.
State and explain the reflection of waves from rare and dense media.

Explain stationary waves and their formation.

Discuss the stationary waves in a stretched string and in a air column.

State and cxplain Doppler effect under various cases and- discuss the
applications of Doppler effect.

NUMERICAL PROBLEMS

A pulse of a transverse wave on a string moves a distance of 15 m in 0.075 s. If
the wavelength of transverse wave is 0.8m then; (a) what is the velocity of the
pulse? (b) What is the frequency of a periodic wave on the same frequency?
(200 ms™, 250 Hz)
What is the wavelength of clcclronngneuc wave when its {requency is 600

kHz and its speed is 3 xl_O ms™? (500 m)
A stec! wire 80 cm long has mass of 8 g. If the wire is under a tension of
110 N, what is the speed of transverse wave in the string? (105 ms™)

What is the speed of sound in a diatomic ideal gas that has density of 3.50 kg
m™ and pressurc of 215 K Pa.? The value of *y’ for diatomic gas is 1.40.
(293 ms™)

An 80 m long stretched string has a mass per unit length of 9x10™ kg/m with
tension of 20 N. When the string is plucked, a stationary wave is st up in the
string. Calculate the fundamental frequency and the next three frequencies?

(0.295 Hz, 0.59 Hz, 0.885 Hz, 1.18 Hz)
The fundamental frequency of an oper organ pipe 100 cm long is 180 Hz.
What is the speed of sound in the pipe? What is the frequency of the second
possible overtone of that open plpf:” (360 ms™, ! 360 Hz)
Calculate the length of a pipe that will resonate in air to a sound source of a
fundamental-frequency 240 Hz, if the pipe is (a) closed at one end and (b) open
at both ends. Take the speed of sound in air to be 340 ms™.

(35.7 cm, 70.8 cm)



10.

Two tuning forks A and B produce 14 beats in 2 seconds. The frequency of the
fork “A’ is 512 Hz. When a little wax is attached to the prongs of the fork ‘B’
the beats disappear. Determine the frequency of fork ‘B’. (519 Hz)
A car traveiling at 90 km h™' sounds its horn which has a frequency 800 Hz.
What frequency s heard by a stationary distant listener as the car approaches?
What frequency is heard after the car has passed? Speced of sound in air is
taken as 340 ms™". (863.5 Hz, 745 Hz)
Two cars P and Q are travelling along a straight road in the same direction, the
leading car P travels at a steady speed of 12 ms . The other car Q travelling at
steady speed of 20 ms~' sounds its hom to emit a steady note which 1s
estimated by P’s driver as a frequency of 830 Hz. What frequency does Q’s
own driver hear? Speed of sound in air is taken as 340 ms ™. (810 Hz)
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