CHAPTER 16

SOUND WAVES

16.1 THE NATURE AND PROPAGATION
OF SOUND WAVES

Sound is produced in a material medium by a
vibrating source. As the vibrating source moves
forward, it compresses the medium past it, increasing
the density locally. This part of the medium
compresses the layer next to it by collisions. The
compression travels in the medium at a speed which

depends on the-elastic and inertia properties of the

medium. As the source moves back, it drags the
medium and produces a rarefaction in the layer. The
layer next to it is then dragged back and thus the
rarefaction pulse passes forward. In this way,
compression and rarefaction pulses are produced which
travel in the medium.

"

V

Figure (16.1) describes a typical case of propa-
gation of sound waves. A tuning fork is vibrated in air.
The prongs vibrate inh simple harmonic motion. When
the fork moves towards right, the layer next to it is
compressed and consequently, the density is increased.
The increase in density and hence, in pressure, is
related to the velocity of the prong. The compression
so produced travels in air towards right at the wave
speed v. The velocity of the prong changes during the
forward motion, being maximum at the mean position
and zero at the extreme end. A compression wave pulse
of length vT/2 is thus produced during the half period
T/2 of forward motion. The prong now returns towards
left and drags the air with it. The density and the

Figure 16.1

pressure of the layer close to it go below the normal
level, a rarefaction pulse is thus produced. During this
half period of backward motion of the prong, a
rarefaction pulse of length v7/2 is produced. As the
prong continues executing its simple harmonic motion,
a series of alternate compression and rarefaction
pulses are produced which travel down the air.

As the prong vibrates in simple harmonic motion,
the pressure variations in the layer close to the prong
also change in a simple harmonic fashion. The increase
in pressure above its normal value may, therefore, be
written as

8P =P - P, =3P, sin wt,

where 6P, is the maximum increase in pressure above
its normal value. As this disturbance travels towards
right with the speed v (the wave speed and not the
particle speed), the equation for the excess pressure at
any point x at any time ¢ is given by

OP = dP, sin w(t - x/v).

This is the equation of a wave travelling in
x-direction with velocity v. The excess pressure
oscillates between + 8P, and - dP,. The frequency of
this wave is v = w/(2n) and is equal to the frequency
of vibration of the source. Henceforth, we shall use the
symbol p for the excess pressure developed above the
equilibrium pressure and p, for the maximum change
in pressure. The wave equation is then

D = Do sin o(t - x/v). ... (16.1)

Sound waves constitute alternate compression and
rarefaction pulses travelling in the medium. However,
sound is audible only if the frequency of alteration of
pressure is between 20 Hz to 20,000 Hz. These limits
are subjective and may vary slightly from person to
person. An average human ear is not able to detect
disturbance in the medium if the frequency is outside
this range. Electronic detectors can detect waves of
lower and higher frequencies as well. A dog can hear
sound of frequency upto about 50 kHz and a bat upto
about 100 kHz. The waves with frequency below the
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audible range are called infrasonic waves and the
waves with frequency above the audible range are
called ultrasonic.

Example 16.1

A wave of wavelength 060 cm is produced in air and it
travels at a. speed of 300 m/s. Will it be audible ?

Solution : From the relation v =+ A, the frequency of the

wave is

v=—=———=—=50000 Hz.

This is much above the audible range. It is an ultrasonic
wave and will not be audible.

The disturbance produced by a source of sound is
not always a sine wave. A pure sine wave has a unique
frequency but a disturbance of other waveform may
have many frequency components in it. For example,
when weé clap our hands, a pulse of disturbance is
created which travels in the air. This pulse does not
have the shape of a sine wave. However, it can be
obtained by superposition of '‘a large number of sine
waves of different frequencies and amplitudes. We
then say that the clapping sound has all these
frequency components in it.

The compression and rarefaction in a sound wave
is caused due to the back and forth motion of the
particles of the medium. This motion is along the
direction of propagation of sound and hence the sound
waves are longitudinal.

All directions, perpendicular to the direction of
propagation, are equivalent and hence, a sound wave
can not be polarized. If we make a slit on a cardboard
and place it in the path of the sound, rotating the
cardboard in its plane will produce no effect on the
intensity of sound on the other side.
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Figure 16.2

Wavefront

The sound produced at some point by a vibrating
source travels in all directions in the medium if the
medium is extended. The souna waves are, in general,
three dimensional waves. For a small source, we have
spherical layers of the medium on which the pressure

at various elements have the same phase at a given -

instant. The compression, produced by the source at

say t=0, reaches the spherical surface of radius
r=ut at time ¢t and the pressure at all the points on
this' sphere is maximum at this instant. A half
time-period later, the pressure at all the points on this
sphere is reduced to minimum. The surface through
the points, having the same phase of disturbance, is
called a wavefront. For a homogeneous and isotropic
medium, the wavefronts are normal to the direction of
propagation.

For a point source placed in a homogeneous and
isotropic medium, the wavefronts are spherical and the
wave is called a spherical wave. If sound is produced
by vibrating a large plane sheet, the disturbance
produced in front of the sheet will have the same phase
on a plane parallel to the sheet. The wavefronts are
then planes (neglecting the end effects) and the
direction of propagatién is perpendicular to these
planes. Such waves are called plane waves. The
wavefront can have several other shapes. In this
chapter, we shall mostly consider sound waves
travelling in a fixed direction i.e., plane waves.
However, most of the results will be applicable to other
waves also.

16.2 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
or in terms of the excess pressure generated due to
the compression or rarefaction. Let us see how the two
representations are related to each other.

Consider a wave going in the x-direction in a fluid.
Suppose that at a time ¢, the particle at the
undisturbed position x suffers a displacement s in the
x-direction. The wave can then be described by the
equation

§ = sy sin (¢ - x/v). .. ()
WS, s+as
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Figure 16.3

Consider the element of the material which is
contained within x and x+ Ax (figure 16.3) in the
undisturbed state. Considering a cross-sectional area
A, the volume of the element in the undisturbed state
is A Ax and its mass is p A Ax. As the wave passes, the
ends at x and x + Ax are displaced by amounts s and
s + As according to equation (i) above. The increase in
volume of this element at time ¢ is

AV=A As
= A so(- @/v) cos w(t - x/v)Ax,
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where As has been obtained by differentiating equation

(i) with respect to x. The element is, therefore, under

a volume strain.
AV _ - A sy cos o(t - x/v)Ax
2 VA Ax

= Sow

cos o(t - x/v).

The corresponding stress i.e., the excess pressure
developed in the element at x at time ¢ is,
N
v I’
where B is the bulk modulus of the material. Thus,

.. (i)

Sow
p=B°Tcos wo(t - x/v).

Comparing with (i), we see that the pressure
amplitude p, and the displacement amplitude s, are
related as

Bo

Po=_v—so=Bkso,

... (16.2)

where k is the wave number. Also, we see from (i) and
(ii) that the pressure wave differs in phase by ©/2 from
the displacement wave. The pressure maxima occur
where the displacement is zero and displacement

axima occur where the pressure is at its normal
level. '

The fact that, displacement is zero where the
pressure-change is maximum and vice versa, puts the
two descriptions on different footings. The human ear
or an electronic detector responds to the change in
pressure and not to the displacement in a straight
forward way. Suppose two audio speakers are driven
by the same amplifier and are placed facing each other
(figure 16.4). A detector is placed midway between
them.

e

Figure 16.4

The displacement of the air particles near the
detector will be zero as the two sources drive these
particles in opposite directions. However, both send
compression waves and rarefaction waves together. As
a Kresult, pressure increases at the detector
simultaneously due to both the sources.Accordingly,the
pressure amplitude will be doubled, although the
displacement remains zero here. A detector detects
maximum intensity in such a condition. Thus, the
description in terms of pressure wave is more
appropriate than the description in terms of the

displacement wave as far as sound properties are
concerned.

Example 16.2

A sound wave of wavelength 40 cm travels in air.
If the difference between the maximum and minimum.
pressures at a given point is 10 x 10 *N/m >, find the
amplitude of vibration of the particles of the medium.
The bulk modulus of air is 14 x.10 ° N/m %

The pressure amplitude is

10x10 °N/m*
Pom™ 3
The displacement amplitude s, is given by

Solution :

=0'SXIO'3Mm2.

P,=Bks,

or, Sy=% o =

_05x10""N/m*x(40x10"*m)
2x314x14x10°N/m*?

=22x10 "m.

16.3 SPEED OF A SOUND WAVE
IN A MATERIAL MEDIUM

Consider. again a sound wave going in x-direction
in a fluid whose particles are displaced according to
the equation

s = 8y sin o(t - x/v). .. ()
The pressure varies according to the equation

.. (i)

Bs
p= voC'J cos w(t - x/v).
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Figure 16.5

Consider the ¢lement of the fluid which is
contained between the positions x and x + Ax in the
undisturbed state (figure 16.5). The excess pressure at
time t at the end x is p and at x+ Ax it is p + Ap.
Taking a cross-sectional area A, the force on the
element from the left is pA and from t}}e right it is
(p + Ap)A. The resultant force on the element at time
tis

AF=Ap-A(p+Ap)=-AAp

Bsyw
v

(0/v) Ax sin o(t - x/v)

Bsyw’
= —A—Qz—sin o(t - x/v) Ax.
v

=-4A
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The change in pressure Ap between x and x + Ax
is obtained by differentiating equation (ii) with respect
to x. If p is the normal density of the fluid, the mass
of the element considered is p A Ax. Using Newton’s
second law of motion, the acceleration of the element

is given by

__AF __.B-So"—‘)2
pAALx pv’

a sin o(t - x/v). ... (iii)
However, the acceleration can also be obtained

from equation (i). It is
2

L.20s
at?
or, a=-w’ So sin o(t - x/v). . (V)
Comparing (iii) and (@iv),
B So W 2 2
pu
or, v=vB/p. ... (16.3)

We see that the velocity of a longitudinal wave in
a medium depends on its elastic properties and inertia
properties as was the case with the waves on a string.

Seund Waves in Solids

Sound waves can travel in solids just like they can
travel in fluids. The speed of longitudinal sound waves
in a solid rod can be shown to be

v=VY/p, ... (16.4)

where Y is the Young’s modulus of the solid and p its
density. For extended solids, the speed is a more
complicated function of bulk modulus and shear
modulus. Table (16.1) gives the speed of sound in some
common materials.

Table 16.1
Medium Speed m/s Medium Speed nmy/s
Air (dry 0°C) 332 Copper 3810
Hydrogen 1330 Aluminium 5000
Water 1486 Steel 5200

16.4 SPEED OF SOUND IN A GAS : NEWTON’S
FORMULA AND LAPLACE’S CORRECTION

The speed of sound in a gas can be expressed in
terms of its pressure and density. The derivation uses
some of the properties of gases that we shall study in
another chapter. We summarise these properties
below.

(a) For a given mass of an ideal gas, the pressure,
volume and the temperature are related as

%’ = constant. If the temperature remains constant

(called an isothermal process), the pressure and the
volume of a given mass ‘of a gas satisfy PV = constant.
Here T is the absolute temperature of the gas. This
is known as Boyle’s law.
(b) If no heat is supplied to a given mass of a gas
(called an adiabatic process), its pressure and volume
satisfy

PV = constant;

where v.is a constant for the given gas. It is, in fact,
the ratio C,/C, of two specific heat capacities of the
gas.

Newton suggested a theoretical expression for the

‘'velocity of sound wave in a gaseous medium. He

assumed that when a sound wave propagates through
a gas, the temperature variations in the layers of
compression and rarefaction are negligible. The logic
perhaps was that the layers are in contact with wider
mass of the gas so that by exchanging heat with the
surrounding the temperature of the layer will remain
equal to that of the surrounding. Hence, the conditions
are isothermal and Boyle’s law will be applicable.

Thus, PV = constant
or, PAV+VAP=0

___AP .
or, Be-go-P G

Using this result in equation (16.3), the speed of
sound in the gas is given by

v=YP/p. ... (16.5)
The density of air at temperature 0°C and pressure

76 cm of mercury column is p=1:293 kg/ma. This
temperature and pressure is called standard
temperature and pressure and is written as STP.
According to equation (16.5), the speed of sound in air
at this temperature and pressure should be 280 m/s.
This value is somewhat smaller than the measured
speed of sound which is about 332 m/s.

Laplace suggested that the compression or
rarefaction takes place too rapidly and the gas element
being compressed or rarefied does not get enough time
to exchange heat with the surroundings. Thus, it is an

)adiabatic process and one should use the equation

PV = constant.
Taking logarithms,
In P +yl1n V= constant.
Taking differentials,

AP AV
p Vv =0
n__ AP
or, B-= AV/V-YP'
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/ P
Thus, the speed of sound is v = %—)—- ... (16.6)

For air, y=1'4 and putting values of P and p as
before, equation (16.6) gives the speed of sound in air
at STP to be 332 m/s which is quite close to the

observed value.

16.5 EFFECT OF PRESSURE, TEMPERATURE AND
HUMIDITY ON THE SPEED OF SOUND IN AIR

We have stated that for an ideal gas, the pressure,
volume and temperature of a given mass satisfy

&, = constant.

T

As the density of a given mass is inversely
proportional to its volume, the above equation may also
be written as

£=cT,
p

where ¢ is a constant. The speed of sound is

[P
v= -Y?=\/yc;7.

Thus, if pressure is changed but the temperature
is kept constant, the density varies proportionally and
P/p remains constant. The speed of sound is not
affected by the change in pressure provided the
temperature is kept constant.

(16.7)

If the temperature of air is changed then the speed
of sound is also changed.

From equation (16.7),
v VT

At STP, the temperature is 0°C or 273 K. If the
speed of sound at 0°C is v, its value at the room

temperature T (in kelvin) will satisfy

vo_ / T _.[/2i13+¢t ,

Vo 273 273
where t is the temperatm}a in °C. This may be
approximated as

1

o [“273] *1+6
or v=v 1+L"
' 546

The density of water vapour is less than dry air
at the same pressure. Thus, the density of moist air
is less than that of dry air. As a result, the speed of
sound increases with increasing humidity.

16.6 INTENSITY OF SOUND WAVES

As a wave travels in a medium, energy is
transported from one part of the space to another part.
The intensity of a sound wave is defined as the average
energy crossing a unit cross-sectional area
perpendicular to the direction of propagation of the
wave in unit time. It may also be stated as the average
power transmitted across a unit cross-sectional area
perpendicular to the direction of propagation.

The loudness of sound that we feel is mainly
related to the intensity of sound. It also depends on
the frequency to some extent.

Consider again a sound wave travelling along the
x-direction. Let the equations for the displacement of
the particles and the excess pressure developed by the
wave be given by

s = 8, sin w(t - x/v)

and P = Py cos o(t — x/v) e ()
Bo So
where Po=— "

Consider a cross-section of area A perpendicular to
the x-direction. The medium to the left to it exerts a
force pA on the medium to the right along the X-axis.
The points of application of this force move
longitudinally, that is along the force, with a speed

%- Thus, the power W, transmitted by the wave from

left to right across the cross-section considered, is

- Os
W = (pA) 3
By (i),
W= A p, cos u(t - x/v) wsy cos o(t - x/v)
_ Amzs:B

cos o(t - x/v).

The average of cos 2 o(t - x/v) over a complete
cycle or over a long time is 1/2. The intensity I, which
is equal to the average power transmitted across unit
cross-sectional area is thus,

I=lwzsozB=2nzBszvz
2 v v 0T
Using equation (16.2),
2
_Po U
I= 2B ... (16.8)

As B=puv ? the intensity can also be written as

2
v 2 _ D
I=—5pi =)

... (16.9)

We see that the intensity is proportional to the
square of the pressure amplitude p, .
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Example 16.3

The pressure amplitude in a sound wave from a radio
receiver is 2:0x 10 *N/m ? and the intensity at a point
is 5:0x 10 " W/m . If by turning the “volume” knob the
pressure amplitude is increased to 2'5x 10 *N/m?,
evaluate the intensity.

Solution : The intensity is proportional to the square of
the pressure amplitude.
2
Thus, £=[p—Q]
I | Do

W, (25)
or,  I'=|22| 1-[22) x50x10"7 W/m®

Dy | 2:0

=78x10"" W/m?2

16.7 APPEARANCE OF SOUND TO HUMAN EAR

The appearance of sound to a human ear is
characterised by three parameters (a) pitch (b)
loudness and (c) quality. All the three are subjective
description of sound though they are related to
objectively defined quantities. Pitch is related to
frequency, loudness is related to intensity and quality
is related to the waveform of the sound wave.

Pitch and Frequency

Pitch of a sound is that sensation by which we
differentiate a buffalo voice, a male voice and a female
voice. We say that a buffalo voice is of low pitch, a
male voice has higher pitch and a female voice has
(generally) still higher pitch. This sensation primarily
depends on the dominant frequency present in the
sound. Higher the frequency, higher will be the pitch
and vice versa. The dominant frequency of a buffalo
voice is smaller than that of a male voice which in
turn is smaller than that of a female voice.

Loudness and Intensity

The loudness that we sense is related to the
intensity of sound though it is not directly proportional
to it. Our perception of loudness is better correlated
with the sound level measured in decibels (abbreviated
as dB) and defined as follows.

I
p =10 logy, [I_o] ’

where I is the intensity of the sound and I, is a
constant reference intensity 1_0'12 W/m 2 The
reference intensity represents roughly the minimum
intensity that is just audible at intermediate
frequencies. For I=1,, the sound level g =0. Table
(16.2) shows the approximate sound levels of some of
the sounds commonly encountered.

... (16.10)

Table 16.2 : Sound Levels

Minimum audible sound . =0 dB
Whispering (at 1 m) 10 dB
Normal talk (at 1 m) 60 dB
Maximum tolerable sound 120 dB

Example 16.4
If the intensity is increased by a factor of 20, by how
many decibels is the sound level increased ?

Solution : Let the initial intensity be I and the sound level
be B, . When the intensity is increased to 20 I, the level
increases to B, .

Then B, =10 log (I/1,)
and . B, = 10 log (20 I/1,).
Thus, B, - B, = 10 log (20 I/1)
=101og 20
=13 dB.

Quality and Waveform

A sound generated by a source may contain a
number of frequency components in it. Different
frequency components have different amplitudes and
superposition of them results in the actual waveform.
The appearance of sound depends on this waveform
apart from the dominant frequency and intensity.
Figure (16.6) shows waveforms for a tuning fork, a
clarinet and a cornet playing the same note
(fundamental frequency = 440 Hz) with equal loudness.
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Figure 16.6

We differentiate between the sound from a tabla
and that from a mridang by saying that they have
different quality. A musical sound has certain
well-defined frequencies which have considerable
amplitude. These frequencies are generally harmonics
of a fundamental frequency. Such a sound is.
particularly pleasant to the ear. On the other hand, a
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noise has frequencies that do not bear any well-defined
relationship among themselves.

16.8 INTERFERENCE OF SOUND WAVES

The principle of superposition introduced in the
previous chapter is valid for sound waves as well. If
two or more waves pass through the same region of a
medium, the resultant disturbance is equal to the sum
of the disturbances produced by individual waves.
Depending on the phase difference, the waves can
interfere constructively or destructively leading to a
corresponding increase or decrease in the resultant
intensity. While discussing the interference of two
sound waves, it is advised that the waves be expressed
in terms of pressure change. The resultant change in
pressure is the algebraic sum of the changes in
pressure due to the individual waves. Thus, one should
not add the displacement vectors so as to obtain the
resultant displacement wave.

Figure (16.7) shows two tuning forks S; and S,,
placed side by side, which vibrate with equal frequency
and equal amplitude. The point P is situated at a
distance x from S, and x + Ax from S, .

Figure 16.7

The forks may be set into vibration with a phase
difference &;. In case of tuning forks, the phase
difference 8, remains constant in time. Two sources
whose phase difference remains constant in time are
called coherent sources. If there were two drum beaters
beating the drums independently, the sources would
have been incoherent.

Suppose the two forks are vibrating in phase so
that 8,=0. Also, let py; and py, be the amplitudes of
the waves from S, and S, respectively. Let us examine
the resultant change in pressure at a point P. The
pressure-change at A due to the two waves are
described by

D1 = Po sin(kx - ot)
Do = Dog Sin[k(x + Ax) - wt]
= Py sin[(kx - wt) + 3],
2n A
A

is the phase difference between the two waves reaching
P. These equations are identical to those discussed in
chapter 15, section 15.7. The resultant wave at P is
given by

where d=kAx-= ... (16.11)

P = po sin[(kx - wt) + €],

2 2 2
Po = Po1 + Doz * 2 Po; Poz €0SD,

Doz SIind )
Po1 * Pog cosd
The resultant amplitude is maximum when
8 =2nn and is minimum when 8 =(2n + 1) © where n
is an integer. These are correspondingly the conditions
for constructive and destructive interference

5=2nn constructive interference
5= (2n + 1) = destructive interference.

where

and tane =

... (16.12)

Using equation (16.11) i.e, 6=ZT"Ax, these

conditions may be written in terms of the' path
difference as

M- l/Dr (destractive, | 1619
At constructive interference,

Do = Doy * Doz
and at destructive interference,

Po= | Po1 = Poz |-

Suppose pg =Pz and Ax =2A/2. The resultant
pressure amplitude of the disturbance is zero and no
sound is detected at such a point P. If Ax=A, the
amplitude is doubled. The intensity of a wave is
proportional to the square of the amplitude and hence,
at the points of constructive interference, the resultant
intensity of sound is four times the intensity due to
an individual source. This is a characteristic property
of wave motion. Two sources can cancel the effects of

-each other or they can reinforce the effect.

If the sources have an initial phase difference 3,
between them, the waves reaching P at time t are
represented by

P = Do sin[kx - wt]
and P = Doz sin[k(x + Ax) - ot + 8.
The phase difference between these waves is

6=60+kAx=50+2nAAx-

The interference maxima and minima occur
according to equation (16.12).

For incoherent sources, d, is not constant and
varies rapidly and randomly with time. At any point
P, sometimes constructive and sometimes destructive
interference takes place. If the intensity due to each
source is I, the resultant intensity rapidly and
randomly changes between zero and 4I so that the
average observable intensity is 2I. No interference
effect is, therefore, observed. For observable
interference, the sources must be coherent.

One way to obtain a pair of coherent sources is to
obtain two sound waves from the same source by
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dividing the original wave along two different paths
and then combining them. The two waves then differ
in phase only because of different paths travelled.

A popular demonstration of interference of sound
is given by the Quinke’s apparatus (figurel6.8).

Figure 16.8

Sound produced near the end P travels down in P
and is divided in two parts, one going through the tube
A and the other through B. They recombine and the
resultant sound moves along @ to reach the listener
(which may be an electronic detector to do a
quantitative analysis). The tube B can be slid in and
out to change the path length of one of the waves. If
the sound is produced at a unique frequency (a tuning
fork may be used for it), the wavelength A (= v/v) has
a single value. The intensity at @ will be a maximum
or a minimum depending on whether the difference in
path lengths is an integral multiple of A or a half
integral multiple. Thus, when the tube B is slowly
pulled out the intensity at @ oscillates.

Phase Difference and Path Difference

From equation (16.11) we see that if a wave travels
an extra distance Ax with respect to the other wave,
a phase difference

2r Ax
A

6=2Ax=
v

is introduced between them.

Note carefully that this is the phase difference
introduced due to the different path lengths covered
by the waves from their origin. Any initial difference
of phase that may exist between the sources must be
added to it so as to get the actual phase difference.

Example 16.5

Two sound waves, originating from the same source,
travel along different paths in air and then meet at a
point. If the source vibrates at a frequency of 1'0 kHz
and one path is 83 cm longer than the other, what will
be the nature of interference ? The speed of sound in air
is 332 my/s.

v
Solution : The wavelength of sound wave is A = v
__332m/s
10x 10° Hz
The phase difference between the waves arriving at the
point of observation is

2n 083 m

=0'332 m.

=TAx=21cX 0332 m =2n x 25 = bn.
As this is an odd multiple of =, the waves interfere
destructively.

Reflection of Sound Waves

When there exists a discontinuity in the medium,
the wave gets reflected. When a sound wave gets
reflected from a rigid boundary, the particles at the
boundary are unable to vibrate. Thus, a reflected wave
is generated which interferes with the oncoming wave
to produce zero displacement at the rigid boundary. At
these points (zero displacement), the pressure
variation is maximum. Thus, a reflected pressure wave
has the same phase as the incident wave. That means,
a compression pulse reflects as a compression pulse
and a rarefaction pulse reflects as a rarefaction pulse.

A sound wave is also reflected if it encounters a
low pressure region. A practical example is when a
sound wave travels in a narrow open tube. When the
wave reaches an open end, it gets reflected. The force
on the particles there due to the outside air is quite
small and hence, the particles vibrate with increased
amplitude. As a result, the pressure there remains at
the average value. Thus, the reflected pressure wave
interferes destructively with the oncoming wave. There
is a phase change of n in the pressure wave when it
is reflected by an open end. That means, a compression
pulse reflects as a rarefaction pulse and vice versa.

169 STANDING LONGITUDINAL WAVES
AND VIBRATIONS OF AIR COLUMNS

If two longitudinal waves of the same frequency
and amplitude travel through a medium in the
opposite directions, standing waves are produced. If
the equations of the two waves are written as

D1 = Po sin o(t - x/v)
and D2 = D sin o(t + x/V),
the resultant wave is by the principle of superposition,
b =D, + Dy
= 2 p, cos(wx/v) sin wt
= 2 p, cos kx sin wt.
This equation is similar to the equation obtained

in chapter 15 for standing waves on a string. Hence,
all the characteristics of standing waves on a string
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are also present in longitudinal standing waves. At
different points in the medium, the pressure
amplitudes have different magnitudes. In particular,
at certain points the pressure remains permanently at
its average value, they are called the pressure.nodes
and midway between the nodes, there are pressure
antinodes where the amplitude is maximum. The
separation between two consecutive nodes or between
two consecutive antinodes is /2. It may be noted that
a pressure node is a displacement antinode and a
pressure antinode is a displacement node.

Standing waves can be produced in air columns
trapped in tubes of cylindrical shape. Organ pipes are
such vibrating air columns.

(A) Closed Organ Pipe

A closed organ pipe is a cylindrical tube having an
air column with one end closed. Sound waves are sent
in by a source vibrating near the open end. An ingoing
pressure wave gets reflected from the fixed end. This
inverted wave is again reflected at the open end. After
two reflections, it moves towards the fixed end and
interferes with the new wave sent by the source in
that direction. The twice reflected wave has travelled

an extra distance of 2! causing a phase advance of

%:‘- 2l = 2:—1 with respect to the new wave sent in by the

source. Also, the twice reflected wave suffered a phase

change of n at the open end. The phase difference

between the two waves is then & = 4T"l + . The waves

interfere constructively if 6 = 2n=n
4nl

or, T+n=2nn

or, l=@2n-1) %
where n=1, 2, 3, .... This may also be written as

=@+ .. (16.19)
where n =0, 1, 2,...

“In such a case, the amplitude goes on increasing
until the energy dissipated through various damping
effects equals the fresh input of energy from the
source. Such waves exist in both the directions and
they interfere to give standing waves of large
amplitudes in the tube. The fixed end is always a
pressure antinode (or displacement node) and the open
end is a pressure node (or displacement antinode). In
fact, the pressure node is not exactly at the open end
because the air outside does exert some force on the
air in the tube. We shall neglect this end correction
for the time being.

The condition for having standing waves in a
closed organ pipe is given by equation (16.14),

1-@n+ DY
The frequency v is thus given by

v v
===2n+1)- .. (16.
vey 2n +1) 1 (16.15)
We see that there are certain discrete frequencies
with which standing waves can be set up in a closed
organ pipe. These frequencies are called natural
frequencies, normal frequencies or resonant frequencies.
Figure (16.9) shows the variation of excess
pressure and displacement of particles in a closed
organ pipe for the first three resonant frequencies.
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Figure 16.9

The minimum allowed frequency is obtained by
putting n = 0 in equation (16.15). This is called the
fundamental frequency v, of the tube. We have

... (16.16)

vam L.
041
By equation (16.14), [ = A/4 in this case. A pressure
antinode is formed at the closed end and a node is
formed at the open end. There are no other nodes or
antinodes in between. The air column is said to vibrate
in its fundamental mode (figure 16.9a).
Putting n =1 in equation (16.15), we get the first
overtone frequency
-3
41

By equation (16.14), the length of the tube in this
mode is

vy =3 vq.

l=3)\/4.

. In the first overtone mode of vibration (figure
16.9b), there is an antinode and a node in the air
column apart from those at the ends.
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In the second overtone, there are two nodes and
two antinodes in the column apart from the ends
(figure 16.10c). In this mode, /=5A/4 and the
frequency is
_5v
T4l

The higher overtones can be described in a similar
way.

Thus, an air column of length [/ fixed at one end
can vibrate with frequencies (2n + 1) v, where v,=

V2 =5VO.

1
4
and n is an integer. We see that all the overtone
frequencies are harmonics (i.e., integral multiple) of
the fundamental frequency but all the harmonics of
fundamental frequency are not the allowed
frequencies. Only the odd harmonics of the
fundamental are the allowed frequencies.

(B) Open Organ Pipe

An open organ pipe is again a cylindrical tube
containing an air column open at both ends. A source of
sound near one of the ends sends the waves in the pipe
(figure 16.11). The wave is reflected by the other open
end and travels towards the source. It suffers second
reflection at the open end near the source and then
interferes with the new wave sent by the source. The
twice reflected wave is ahead of the new wave coming
in by a path difference 2/. The phase difference is

d= 2—: 2 =4—;£ - Constructive interference takes place if

d=2nn
l=nA/2

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

The amplitude then keeps on growing. Waves
moving in both the directions with large amplitudes
are established and finally standing waves are set up.
As already discussed, in this case the energy lost by
various damping effects equals the energy input from
the source. The frequencies with which a standing
wave can be set up in an open organ pipe are

... (16.18)

(16.17)

v_ny
A2

Figure (16.10) shows the variation of excess
pressure and displacement in the open organ pipe for
the first three resonant frequencies. The minimum
frequency v, is obtained by putting n =1 in equation
(16.18). Thus,

V=

v
Vo=7g7 ... (16.19)

This corresponds to the fundamental mode of
vibration. By equation (16.18), /=A/2 in the funda-
mental mode of vibration (figure 16.10a).
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Figure 16.10

As the air at both ends is free to vibrate (neglecting
the effect of the pressure of the air outside the pipe),
pressure nodes are formed at these points. There is an
antinode in between these nodes.

If the source vibrates at the frequency v, =§Z ) it

will set up the column in the fundamental mode of
vibration.

Putting n=2 in equation (16.18), we get the
frequency of the first overtone mode as

v
v1-22l

The length of the tube is, by equation (16.17),
! =A\. There are two pressure antinodes and one node
apart from the nodes at the two ends. In the nth
overtone, there are (n+ 1) pressure antinodes. The
frequency of the nth overtone is given by

=2V0.

Vo= opy,
nTo T
The overtone frequencies are —2—'; ’ g—‘l’ ... etc. All the

overtone frequencies are harmonics of the fundamental
and all the harmonics of the fundamental are allowed
overtone frequencies. There are no missing harmonics
in an open organ pipe. The quality of sound from an
open organ pipe is, therefore, richer than that from a
closed organ pipe in which all the even harmonics of
the fundamental are missing.

Example 16.6

An air column is constructed by fitting a movable piston
in a long cylindrical tube. Longitudinal waves are sent
in the tube by a tuning fork of frequency 416 Hz. How
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far from the open end should the piston be so that the
air column in the tube may vibrate in its first overtone ?
Speed of sound in air is 333 m/s.

Solution : The piston provides the closed end of the column
and an antinode of pressure is formed there. At the open
end, a pressure node is formed. In the first overtone
there is one more node and an antinode in the column
as shown in figure (16.11). The length of the tube should
then be 3 A/4.

>

=z

|

Figure 16.11

The wavelength is A = L. M =0800 m.
v 416s

Thus, the length of the tube is
32 _3x0800m

1 n =600 cm.

16.10 DETERMINATION OF SPEED
OF SOUND IN AIR

(a) Resonance Column Method

Figure (16.12) shows schematically the diagram of
a simple apparatus used in laboratories to measure
the speed of sound in air. A long cylindrical glass tube
(say about 1.m) is fixed on a vertical wooden frame. It
is also called a resonance tube. A rubber. tube connects
the lower end of this glass tube to a vessel which can
slide vertically on the same wooden frame. A meter
scale is fitted parallel to and close to the glass tube.

U

Figure 16.12

The vessel contains water which also goes in the
resonance tube through the rubber tube. The level of
water in the resonance tube is same as that in the
vessel. Thus, by sliding the vessel up and down, one
can change the water level in the resonance tube.

A tuning fork (frequency > 256 Hz if thetubeis1 m
long) is vibrated by hitting it on a rubber pad and is
held near the open end of the tube in such a way that
the prongs vibrate parallel to the length of the tube.
Longitudinal waves are then sent in the tube.

The water level in-the tube is initially kept high.
The tuning fork is vibrated and kept close to the open
end, and the loudness. of sound coming from the tube
is estimated. The vessel is brought down a little to
decrease the water level in the resonance tube. The
tuning fork is again vibrated, kept close to the open
end and the loudness of the sound coming from the
tube is estimated. The process is repeated until the
water level corresponding to the maximum loudness is
located. Fine adjustments of water level are made to
locate accurately the level corresponding to the
maximum loudness. The length of the air column is
read on the scale attached. In this case, the air column
vibrates in resonance with the tuning fork. The
minimum length of the air column for which the
resonance takes place ‘corresponds to the fundamental
mode of vibration. A pressure antinode is formed at
the water surface (which is the closed end of the air
column) and a pressure node is formed near the open
end. In fact, the node is formed slightly above the open
end (end correction) because of the air-pressure from
outside.

Thus, for the first resonance the length I, of the

air column in the resonance tube is given by
A .
ll+d=Z’ ... ()

where d is the end correction.

> Zz
z » =

>

Figure 16.13

The length of the air column is increased to a little
less than three times of I. The water level is adjusted
so that the loudness of the sound coming from the tube
becomes maximum again. The length of the air column
is noted on the scale. In this second resonance the air
column vibrates in the first overtone. There is one
node and one antinode in between the ends of the
column. The length [, of the column is given by

l,+d=3)\/4. ... (i)
By (i) and (ii),

(lz - ll) = ;\1/2. or, )\. = 2(l2 - ll)'
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The frequency of the wave is same as the frequency
of the tuning fork. Thus, the speed of sound in the air
of the laboratory is

v=vA=2(l,- 1) v. ... (16.20)
(b) Kundt’s Tube Method of Determining
the Speed of Sound in a Gas

The resonance column method described above can
be used to find the speed of sound-in air only, as the
tube is open at the end to the atmosphere. In the
Kundt’s method, a gas is enclosed in a long cylindrical
tube closed at both ends, one by a disc D and the other
by a movable piston (figure 16.14). A metal rod is
.welded with the disc and is clamped exactly at the
middle point. The length of the tube can be varied by
moving the movable piston. Some powder is sprinkled
inside the tube along its length.

=’=1 f—o
L\ L\ O\
D —al
Figure 16.14

The rod is set into longitudinal vibrations
electronically or by rubbing it with some rosined cloth
or otherwise. If the length of the gas column is such
that one of its resonant frequencies is equal to the
frequency of the longitudinal vibration of the rod,
standing waves are formeéd in the gas. The powder
particles at the displacement antinodes fly apart due
to the violent disturbance there, whereas the powder
at the displacement nodes remain undisturbed because
the particles here do not vibrate. Thus, the powder
which was initially dispersed along the whole length
of the tube collects in heaps at the displacement nodes.
By measuring the separation Al between the successive
heaps, one can find the wavelength of sound in the
enclosed gas

A =2Al.

The length of the gas column is adjusted by moving
the movable piston such that the gas resonates with
the disc and the wavelength A is obtained. If the
frequency of the longitudinal vibration of the rod is v,
the speed of sound in the gas is given by

v=vA=2Alv. . (1)

If the frequency of the longitudinal vibrations in
the rod is not known, the experiment is repeated with
air filled in the tube. The length between the heaps of
the powder, Al’ is measured. The speed of sound in
air is then

v'=2Al"v. ... (ii)

By (i) and (ii),

or, V=V —

Knowing the speed v’ of sound in air, one can find
the speed in the experimental gas.

Kundt’s tube method can also be used to measure
the speed of sound in a solid. Air at normal pressure
is filled in the tube. The speed of sound in air is
supposed to be known. The rod attached to the disc is
clamped at the middle and is set into longitudinal
vibration. The rod behaves like an open organ pipe as
the two ends are free to vibrate. Assuming that it
vibrates in its fundamental mode of vibration, the
clamped point is a pressure antinode and the two ends
of the rod are pressure nodes. Thus, the wavelength
of sound in the rod is A = 2. If the powder piles up at
successive distances Al and the speed of sound in air
is v, then v, =2 Alv. Also, if v be the speed of sound
in the rod, w = vA =2 vl.

l

LoZ oor, v=—y
Uy ’ e

Thus, Al

As the speed v, of sound in air ‘is known,
measurements of [ and Al give the speed of sound in
the material of the rod.

16.11 BEATS

So far we have considered superposition of two
sound. waves of equal frequency. Let us now consider
two sound waves having equal amplitudes and
travelling in a medium in the same direction but
having slightly different frequencies. The equations of
the two waves are given by

D1 = Po sin y(t - x/v)

P2 = Do sin 0yt = x/v),
where we have chosen the two waves to be in phase
at x=0,t=0. The speed of sound wave does not
depend on its frequency and hence, same wave_speed

v is used for both the equations. The angular
frequencies w; and w, only slightly differ so that the

difference | @, - @, |is small as compared to w, or @, By
the principle of superposition, the resultant change in
pressure is
DP=D*D;
= polsin w,(t - 2/v) + sin wy(t - x/v)]

=2 p, coslim1 ; O (t- x/v):l sir{m1 ; D (t- x/u)].

5 O @)

Writing | ©; - 0, | = Aw, and
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the resultant change in pressure is

p =2 p,cos 929— (t-x/v)sinw(t-x/v) ... (16.21)
= A sin w(t - x/v),
where A =2 p, cos (t x/v). . (16.22)

As 0 >> 922 » the term A varies slowly with time as

compared to sin w(t - x/v). Thus, we can interpret this
equation by saying that the resultant disturbance is a
wave of angular frequency o = (0, + wy)/2 whose
amplitude varies with time and is given by equation
(16.22). As a negative value of amplitude has no
meaning, the amplitude is, in fact, | A |.

Let us concentrate our attention to a particular
position x and look for the pressure-change there as a
function of time. Equations (16.21) and (16.22) tell that
the pressure oscillates back and forth with a frequency
equal to the average frequency o of the two waves but
the amplitude of pressure variation itself changes
periodically between 2p, and zero.

Figure (16.15) shows the plots of
A=2p, cosézﬂ(t - x/v), B = sin w(t - x/v)

and their product
p=2p, cos (t - x/v) sin w(t - x/v)

as a function of time for a fixed x.

A T — mlbo
7
(a) + t

Figure 16.15

Variation of Intensity at a Point

The amplitude | A | oscillates between 0 to 2 p,
with a frequency which is double of the frequency of
A. This is because as A oscillates from 2 p, to - 2 p,

(i.e., half the oscillation), the amplitude | A | covers
full oscillation from 2 p, to zero to 2 p, (figure 16.16).

IAIT
2p

(b) t

Figure 16.16
By equation (16.22), the frequency of variation of

A is A—;’ig ‘Zm- Thus, the frequency of amplltude
variation is
_gxho_lo -l
M e 2n =lvimwl,

where v, and v, are the frequencies of the original
waves. Notice that we have written this frequency as
| vi- vy |. It is the difference between v, and v, with
which the amplitude oscillates. The intensity is
proportional to the square of the pressure amplitude
and it also varies periodically with frequency
| vi = vo |. This phenomenon of periodic variation of
intensity of sound when two sound waves of slightly
different frequencies interfere, is called beats.
Specifically, one cycle of maximum intensity and
minimum intensity is counted as one beat, so that the
frequency of beats is | v; - v, |.

Resultant
pressure

(x=0)

‘Figure 16.17

In figure (16.17), we explain the formation of beats
graphically. The plots in part (a) show the pressure
variation due to individual waves at a fixed position
x = 0 as a function of time. At t=0, the two waves
produce pressure-changes in phase. But as the
frequencies and hence the time periods are slightly
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different, the phase difference grows and at a time ¢,,
the two pressure-changes become out of phase. The
resultant  becomes zero at this time. The phase
difference increases further and at time t,, it becomes
2n . The pressure-changes are again in phase. The
superposition of the two waves (figure 16.17) gives the
resultant pressure change as a function of time which
is identical in shape to the part (c) of figure (16.15).

‘The phenomenon of beats can be observed by
taking two tuning forks of the same frequency and
putting some wax on the prongs of one of the forks.
Loading with wax decreases the frequency of a tuning
fork a little. When these two forks are vibrated and
kept side by side, the listener can recognise the
periodic variation of loudness of the resulting sound.
The number of beats per second equals the difference
in frequency.

For beats to be audible, the frequency | v, - vy |
should not be very large. An average human ear cannot
distinguish the variation of intensity if the variation
is more than 16 times per second. Thus, the difference
of the component frequencies should be less than 16
Hz for the beats to be heard. '

Example 16.7

A tuning fork A of frequency 384 Hz gives 6 beats in
2 seconds when sounded with another tuning fork B.
What could be the frequency of B?

Solution : The frequency of beats is | v, - v, |, which is 3
Hz according to the problem. The frequency of the tuning

fork B is either 3 Hz more or 3 Hz less than the
frequency of A. Thus, it could be either 381 Hz or 387 Hz.

16.12 DIFFRACTION

When waves are originated by a vibrating source,
they spread in the medium. If the medium is
homogeneous and isotropic, the waves from a point
source have spherical wavefronts, the rays going in all
directions. Far from the source, the wavefronts are
nearly planes. The shape of the wavefront is changed
when the wave meets an obstacle or an opening in its
path. This leads to bending of the wave around the
edges. For example, if a small cardboard is placed
between a source of sound and a listener, the sound
beyond the cardboard is not completely stopped, rather
the waves bend at the edges of the cardboard to reach
the listener. If a plane wave is passed through a small
hole (an opening in a large obstacle), spherical waves
are obtained on the other side as if the hole itself is
a source sending waves in all directions (it is not a
real source, no backward spherical waves are
observed). Such bending of waves from an obstacle or
an opening is called diffraction.

Diffraction is a characteristic property of wave
motion and all kinds of waves exhibit diffraction.

The diffraction effects are appreciable when the
dimensions of openings or the obstacles are comparable
or smaller than the wavelength of the wave. If the
opening or the obstacle is large compared to the
wavelength, the diffraction effects are almost
negligible.

The frequency of audible sound ranges from about
20 Hz to 20 kHz. Velocity of sound in air is around
332 m/s. The wavelength (A = v/v) of audible sound in
air thus ranges from 16 m to 1'6 em. Quite often, the
wavelength of sound is much larger than the obstacles
or openings and diffraction is prominently displayed.

16.13 DOPPLER EFFECT

‘'When a tuning fork is vibrated in air, sound waves
travel from the fork. An observer stationed at some
distance x from the fork receives the sound as the wave
disturbs the air near his ear and the pressure varies
between a maximum and a minimum. The pitch of the
sound heard by the observer depends on how many
times the pressure near the ear oscillates per unit
time. Each time the fork moves forward it sends a
compression pulse and each time it moves backward
it sends a rarefaction pulse. Suppose the source and
the observer are both at rest with respect to the
medium. Each compression or rarefaction pulse, sent
by the tuning fork, takes same time to reach the air
near the ear. Thus, the pressure near the ear oscillates
as many times as the fork oscillates in a given interval.
The frequency observed is then equal to the frequency
of the source.

However, if the source or the observer or both,
move with respect to the medium, the frequency
observed may be different from the frequency of the
source. This apparent change in frequency of the wave
due to motion of the source or the observer is called

Doppler Effect.

Observer Stationary and Source Moving

Now suppose the observer is at rest with respect
to the medium and the source moves towards the
observer at a speed u which is less than the wave
speed v.

—
t=0 t=T
I uT t x—uT {
Figure 16.18
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If the frequency of vibration of the source is v, , it
sends compression pulses at a regular interval of
T=1/v,. Suppose the separation between the source
and the observer is x (figure 16.20) when a
compression pulse is emitted at #=0. The next
compression pulse will be emitted after a time T. The
source will travel a distance «T in this time and hence
this second compression wave is emitted from a place
which is at a distance x — uT from the observer. The

first pulse takes a time x/v to reach the observer
whereas the next one takes *=%T .

Thus, the first compression wave reaches the
observer at ¢, =x/v and the next compression wave
reaches att,=T+ x—_vu—T - The time interval between the
consecutive compression pulses detected by the
observer is, therefore,

T’ = t2 - tl
=T+£—'“—T-£=(1-!)T= Ly
v v v v
The apparent frequency of the sound as
experienced by the observer is

V= 1,
=
, v

or, V= Vo. ... (16.23)

v—u

Similarly, if the source recedes from the observer
at a speed u, the apparent frequency will be

,__ U
V=—"—v,. ... (16.24)

Source Stationary and Observer Moving

Next, consider the case when the source remains
stationary with respect to the medium and the
observer approaches the source with a speed u.

As the source remains stationary in the medium,
compression pulses are emitted at regular interval T
from the same point in the medium. These pulses
travel down the medium with a speed v and at any
instant the separation between two consecutive
compression pulses is A =vT (figure 16.19)

Compression Compression
I vT -
q d
s Y i
F—VT"———uT'—
Figure 16.19

When the observer receives a compression pulse,
the next compression pulse (towards the source) is a
distance vT away from it. This second compression
pulse moves towards the observer at a speed v and the
observer moves towards it.at a speed u. As a result,
the observer will receive this second compression wave
a time T after receiving the first one where

T T

Tv+u

The apparent frequency of sound experienced by

the observer is then Vv’ =‘%,

, v+u

or, V=

Vo. .. (16.25)

Note that, in this case, it is not the same part of
air that gives the sensation of pressure variation to
the ear at frequency v’. The pressure in any part of
the air still oscillates with a frequency v, but the
observer moves in the medium to detect the pressure
of some other part which reaches its maximum a little
earlier. Similarly, if the source is stationary in the
medium and the observer recedes from it at a speed
u, the apparent frequency will be

v - 2y. ... (16.26)

The equation (16.23) through (16.26) may be
generalised as

’

VvV =

Vo ... (16.27)

where,
v = speed of sound in the medium.

u, = speed of the observer with respect to the
medium, considered positive when it
moves towards the source and negative
when it moves away from the source

and u, = speed of the source with respect to the
medium, considered positive when it
moves towards the observer and negative
when it moves away from the observer.
It should be carefully noted that the speeds u,; and
u, are to be written with respect to the medium

carrying the sound. If the medium itself is moving with
respect to the given frame of reference, appropriate
calculations must be made to obtain the speeds of the
source and the observer with respect to the medium.

Example 16.8

A sound detector is placed on a railway platform. A train,
approaching the platform at a speed of 36 km/h, sounds
its whistle. The detector detects 120 kHz as the most
dominant frequency in the whistle. If the train stops at
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the platform and sounds the whistle, what would be the
most dominant frequency detected ? The speed of sound
in air is 340 m/s.

Solution : Here the observer (detector) is at rest with
respect to the medium (air). Suppose the dominant
frequency as emitted by the train is v,. When the train
is at rest at the platform, the detector will detect the
dominant frequency as v,. When this same train was
approaching the observer, the frequency detected was,

v'= v Vv,

v-u, °

or, Vo=v-us\"=[1—ﬁ]v’.
v v
The speed of the source is
4, - 36 kiyh - 382 10°m 46
s 3600 s

10

Thus, Vo = [1 - 340] x 12:0 kHz
=11'6 kHz.

We have derived the equations for Doppler shift in
frequency assuming that the motion of the source or
the observer is along the line joining the two. If the
motion is along some other direction, the component
of the velocity along the line joining the source and
the observer should be used for u, and u,.

It is helpful to remember that the apparent frequency
is larger than the actual, if the separation between the
source and the observer is decreasing and is smaller if the
separation is increasing. If you are standing on a platform
and a whistling train passes by, you can easily notice the
change in the pitch of the whistle. When the train is
approaching you, the pitch is higher. As it passes through,
there is a sudden fall in the pitch.

Change in Wavelength

If the source moves with respect to the medium,
the wavelength becomes different from the wavelength
observed when there is no relative motion between the
source and the medium. The formula for apparent
wavelength may be derived immediately from the
relation A = v/v and equation (16.23). It is

ALY ... (16.28)

A=

1
Figure 16.20

(Figure 16.20) shows qualitatively the change in
wavelength as the source moves through the medium.
The circles represent the region of space where the
pressure is maximum. They are wavefronts separated
by a wavelength. We can say that these wavefronts
representing the pressure-maxima originate from the
source and spread in all directions with a speed v.

Labels 1, 2, 3, 4 show wavefronts emitted
successively at regular interval T = 1/v from the source.
Each wavefront will have its centre at the position
where the source was situated while emitting the
wavefront. The radius of a preceding wavefront will
exceed the next one by an amount A = vt.

When the source stays stationary, all the
wavefronts are originated from the same position of
the source and the separation between the successive
wavefronts is equal to the difference in their radii.
However, when the source moves, the centres of the
wavefronts differ in position, so that the spacing
between the successive wavefronts decreases along the
direction of motion and increases on the opposite side.
This separation being the new wavelength, the
wavelength changes due to the motion of the source.

16.14 SONIC BOOMS

In the discussion of the Doppler effect, we
considered only subsonic velocities for the source and

‘the observer, that is, u; < v and u, < v. What happens

when the source moves through the medium at a speed
u, greater than the wave speed v ? A supersonic plane
travels in air with a speed greater than the speed of
sound in air. It sends a cracking sound called sonic
boom which can break glass dishes, window panes and
even cause damage to buildings. Let us extend figure
(16.20) for the case where a tiny source moves through
air with a speed u, > v. The wavefronts are drawn for
the pressure maxima. The spherical wavefronts
intersect over the surface of a cone with the apex at
the source. Because of constructive interference of a
large number of waves arriving at the same instant

~on the surface of the cone, pressure waves of very large

amplitude are sent with the conical wavefront. Such
waves are one variety of shock waves.

Figure 16.21

From the triangle ABC, the semivertical angle 6
of the cone is given by



Sound Waves 345

The ratio “7 is called the “Mach Number”.

As the tiny source moves, it drags the cone with
it. When an observer on ground is intercepted by the
cone surface, the boom is heard. There is a common
misconception that the boom is produced at the instant
the speed of the plane crosses the speed of sound and
once it achieves the supersonic speed it sends no
further shock wave. The sonic boom is not a one time
affair that occurs when the speed just exceeds the
speed of sound. As long as the plane moves with a
supersonic speed, it continues to send the boom.

16.15 MUSICAL SCALE

A musical scale is a sequence of frequencies which
have aparticularly pleasing effect on the human ear. A
widely used musical scale, called diatonic scale, has
eight frequencies covering an octave. Each frequency
is called a note. Table (16.3) gives these frequencies
together with their Indian and Western names with
the lowest. of the octave at 256 Hz.

Table 16.3
Symbol Indian Western Frequency
name name Hz -
C Sa Do 256
D Re Re 288
E Ga Mi 320
F Ma Fa .341'51;'
G Pa Sol 384
A Dha La 426%
B Ni Ti 480
C, Sa Do 512
16.16 ACOUSTICS OF BUILDINGS
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Figure 16.22

While designing an auditorium for speech or
musical concerts, one has to take proper care for the
absorption and reflection of sound. If these factors are
poorly considered, a listener in the auditorium will not

be able to clearly hear the sound. To have the intensity
of sound almost uniform in the hall, the walls and the
ceilings may be curved in proper fashion. Figure
(16.22a) shows a curved ceiling used to make sound
audible uniformly at the balcony seats and the seats
on the floor. Figure (16.22b) shows the use of a
parabolic wall to make sound uniform across the width
of the hall. Reflection of sound is helpful in
maintaining a good loudness level throughout the hall.
However, it also has several unwanted effects. Sound
can reach a listener directly from the source as well

.as after reflection from a wall or the ceiling. This leads

to echo which is heard after an interval of hearing the
first sound. This echo interferes with the next sound
signal affecting the clarity.

Another effect of multiple reflection is the
reverberation. A listener hears the direct sound, sound
coming after one reflection, after two reflections and
so on. The time interval between the successive arrival
of the same sound signal keeps ondecreasing. Also, the
intensity of the signal gradually decreases.

Intensity

time

Figure 16.23

Figure (16.23) shows a typical situation. After
sometime the signals coming from multiple reflections
are so close that they form an almost continuous sound
of decreasing intensity. This part of the sound is called
reverberant sound. The time for which the
reverberation persists is a major factor in the acoustics
of halls. Quantitatively, the time taken by the
reverberant sound to decrease'its intensity by a factor
of 10° is called the reverberation time. If the
reverberation time is too large, it disturbs the listener.
A sound signal from the source may not be clearly
heard due to the presence of reverberation of the
previous signal. There are certain materials which
absorb sound very effectively. Reverberation may be
decreased by fixing such mateérials on the walls,
ceiling, floor, furnitures etc. However, this process
decreases the overall intensity level in the hall. Also
in musical concerts, some amount of reverberation
adds to the quality of music. An auditorium with a
very small reverberation time is called acoustically
dead. Thus, one has to make a compromise. The
reverberation time should not be very large, otherwise
unpleasant echos will seriously affect clarity. On
the other hand it should not be too small, otherwise
intesity and quality will be seriously affected.
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Electrical amplifying systems are often used in
large auditorium. If a loudspeaker is kept near the
back or at the side walls, a listener may hear the sound
from the speaker earlier than the sound from the
stage. Loudspeakers are, therefore, placed with proper
inclinations and electronic delays are installed so that
sound from the stage and from the loudspeaker reach
a listener almost simultaneously. Another problem
with electrical amplifying systems ‘is ringing. The

amplifying system may pick up sound from the
loudspeaker to again amplify it. This gives a very
unpleasant whistling sound.

One also has to avoid any noise coming from
outside the auditorium or from different equipment
inside the auditorium. Sound of fans, exhausts,
airconditioners etc. often create annoyance to the
listener.

Worked Out Examples

1. An ultrasound signal of frequency 50 kHz is sent
vertically into sea water. The signal gets reflected from
the ocean bed and returns to the surface 0'80 s after it
was emitted. The speed of sound in sea water is 1500
mys. (a) Find the depth of the sea. (b) What is the
wavelength of this signal in water ?

Solution : (a) Let the depth of the sea be d. The total
distance travelled by the signal is 2d. By the question,

2d = (1500 m/s) (0'8 s) = 1200 m

or, d =600 m.
(b) Using the equation v = vA,
_v__1500 r:x/s_1 -30cm
v 50x10°s

2. An aeroplane is going towards east at a speed of
510 km/h at a height of 2000 m. At a certain instant,
the sound of the plane heard by a ground observer
appears to come from a point vertically above him. Where
is the plane at this instant? Speed of sound in air
= 340 mys.

.Solution :

Figure 16-W1

The sound reaching the ground observer P, was emitted
by the plane when it was at the point @ vertically above
his head. The time taken by the sound to reach the
observer is
_2000m _100

340mfs 17 °

The distance moved by the plane during this period is
d=(510kmﬂn[%3?s]

_80x10°
3600

t

m = 833 m.

Thus, the plane will be 833 m ahead of the observer on
its line of motion when he hears the sound coming
vertically to him.

3. The equation of a sound wave in air is given by
p = (001 N/m *) sin[(1000s ")t - (30m ") a]

(a) Find the frequency, wavelength and the speed of
sound wave in air. (b) If the equilibrium pressure of air
is 10 x 10 ° N/m ®, what are the maximum and minimum
pressures at a point as the wave passes through that-
point?

Solution : (a) Comparing with the standard form of a
travelling wave

D = p, sin[o(t - x/v)]

we see that ® = 1000 s '. The frequency is

o _ 1000

v=§; on Hz = 160 Hz.
Also from the same comparison, o/v=30m "’
o 1000s”" '

or, v= =

30m™' 30m’!

= 330 m/s.

oy oV _3830mis o

The wavelength is A v~ 160 Hz 2'1 m.

(b) The pressure amplitude is p, = 0:01 N/m ? Hence, the

maximum and minimum pressures at a point in the
wave motion will be (1°01 x 10 ° + 001) N/m 2,

4. A sound wave of frequency 10 kHz is travelling in air
with a speed of 340 m/s. Find the minimum separation
between two points where the phase difference is 60°.

Solution : The wavelength of the wave is
v 340 m/s

A=—=—7—=3" .
v l0x10°s 1 S4em
The wave number is & =ﬂ=-2—ncm'1
A 34

The phase of the wave is (kx - wt). At any given instant,
the phase difference between two points at a separation
d is kd. If this phase difference is 60° i.e., n/3 radian;

§=[§1: cm'l]d or d=3£;4cm=0'57cm.
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5. On a winter day sound travels 336 metres in one second.
Find the atmospheric temperature. Speed of sound at
0°C = 332 mys.

Solution : The speed of sound is proportional to the square
root of the absolute temperature.

The speed of sound at 0°C or 273K is 332 m/s. If the
atmospheric temperature is 7T,

3%6mys [ T
332m/s Y 273K

2
(336 i
or, T- [—332] < 273K = 280 K
or, t="7°C.

6. The constanty for oxygen as well as for hydrogen is 1'40.
If the speed of sound in oxygen is 470 m/s, what will be
the speed in hydrogen at the same temperature and
pressure ?

Solution : The speed of sound in a gas .is given by

v= V LPE At STP, 22°4 litres of oxygen has a mass of

32 g whereas the same volume of hydrogen has a mass
of 2 g. Thus, the density of oxygen is 16 times the density
of hydrogen at the same temperature and pressure. As
y is same for both the gases,

v (hydrogen) _ [/ _p(oxygen)
v (oxygen) p (hydrogen)
or, v(hydrogen) = 4 v (oxygen)
=4 x 470 m/s = 1880 m/s.

7. A microphone of cross-sectional area 0:80 cm ® is placed
in front of a small speaker emitting 30 W of sound
output. If the distance between the microphone and the
speaker is 2'0 m, how much energy falls on the
microphone in 5'0s?

Solution : The energy emitted by the speaker in one
second is 3'0 J. Let us consider a sphere of radius 2'C m
centred at the speaker. The energy 3:0 J falls normally
on the total surface of this sphere in one second. The
energy falling on the area 0'8 cm * of the microphone in
one second

2
. 08em . 505-48x10"0.
41 (2'0m)
The energy falling on the microphone in 50 s is

48x10 °Jx5=24pJ.

8. Find the amplitude of vibration of the particles of air
through which a sound wave of intensity
20 x 10 "* W/m ? and frequency 1'0kHz is passing.
Density of air=1'2 kg/m3 and speed of sound in air
=330 mys.

Solution : The relation between the intensity of sound and
the displacement amplitude is
I=2n"slv pv
or, &= —pi—
27w v “pov
_ 20x10°W/m* A
271 %x(1:0x10°%s %) x (1'2 kg/m *) (330 mys)

=9253%x10 *m?

or, s,=16x 10 °m.

9. The sound level at a point is increased by 30 dB. By what
factor is the pressure amplitude increased ?

Solution : The sound level in dB is

p=10 log“{%] .
40

If B, and B, are the sound levels and I, and I, are the
intensities in the two cases,

I, I,
B,- B, = 10[1031{5] - IOglr{To]]

I
or, 30=10 log“{—z]

I,
or, -{Z =102

1
As the intensity is proportional to the square of the
I
TZ = V1000 =~ 32.
1

. . D,
pressure amplitude, we have p—z =
1

10. Figure (16-W2) shows a tube structure in which a sound
signal is sent from one end and is received at the other
end. The semicircular part has a radius of 20'0 cm. The
frequency of the sound source can be varied electronically
between 1000 and 4000 Hz. Find the frequencies at which
maxima of intensity are detected. The speed of sound in
air = 340 m/s.

Figure 16-W2

Solution : The sound wave bifurcates at the junction of the
straight and the semicircular parts. The wave through
the straight part travels a distance /, =2 x 20 cm and
the wave through the curved part travels a distance
l, = 120 cm = 62'8 cm before they meet again and travel
to the receiver. The path difference between the two
waves received is, therefore,

Al=1,- 1, = 62:8 cm - 40 cm = 22:8 cm = 0°228 m.
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340ms . gy

. . v
The wavelength of either wave is i
constructive interference, Al = n A, where n is an integer.

or, 0228m=n §40v_m/8_

340m/s _ 14919 Hz = n 1490 Hz.

or, V0228 m
Thus, the frequencies within the specified range which
cause maxima of intensity are 1490 Hz and 2980 Hz.

11. A source emitting sound of frequency 180 Hz is placed
in front of a wall at a distance of 2 m from it. A detector
is also placed in front of the wall at the same distance
from it. Find the minimum distance between the source
and the detector for which the detector detects a
maximum of sound. Speed of sound in air = 360 my/s.

Solution :

S

||
[

D

R

N

Figure 16-W3

The situation is shown in figure (16-W3). Suppose the
detector is placed at a distance of x meter from the
source. The direct wave received from the source travels
a distance of x meter. The wave reaching the detector
after reflection from the wall has travelled a distance of
2[(2)% + x*/4] v ? meter. The path difference between the
two waves is

172
2
A= [2[(2) 24 EZ—} - ] meter.

Constructive interference will take place when
A=A, 2}, ... The minimum distance x for a maximum
corréesponds to

A=) o @)
The wavelength is A = L. 360_m/? =2
180 s

272

Thus, by (i), 2{(2) 2 xT:l -x=2

N 1/2

2
or, [ +%:I =1+%

x x°
or, 4+T=1+T+x
or, 3=nx.

Thus, the detector should be placed at a distance of 3 m

-from the source. Note that there is no abrupt phase-

change.

12. A tuning fork vibrates at 264 Hz. Find the length of the
shortest closed organ pipe that will resonate with the

tuning fork. Speed of sound in air is 350 m/s.
Solution : The resonant frequency of a closed organ pipe
of length [ is Z—ll' » where n is a positive odd integer and

v is the speed of sound in air. To resonate with the given
tuning fork,

ﬂ= -1
4 264 s
or, l=n><350m/s'
4x2645s"
For [ to be minimum, n =1 so that
350
lmin=mm=33 cm.

13. The fundamental frequency of a closed organ pipe is
equal to the first overtone frequency of an open organ
pipe. If the length of the open pipe is 60 cm, what is the
length of the closed pipe ?

Solution : The fundamental frequency of a closed organ

pipe is :1%- - For an open pipe, the fundamental frequency
1

is - and the first overtone is 22 =2 Here I, is the
21, 2L, 1,

length of the closed pipe and I, = 60 cm is the length of
the open pipe,We have,

14 v

41~ 60 cm

l,=5%x60cm =15 cm.

1
4

14. A tuning fork vibrating at frequency 800 Hz produces
resonance in a resonance column tube. The upper end is
open and the lower end is closed by the water surface
which can be varied. Successive resonances are observed
at lengths 9'75 c¢cm, 31'25 cm and 52'75 cm. Calculate
the speed of sound in air from these data.

Solution : For the tube open at one end, the resonance
frequencies are %: where n is a positive odd integer. If

the tuning fork has a frequency v and I, [, I, are the
successive lengths of the tube in resonance with-it, we

have
nv _,
41,
(n*2)v
41,
gn+4)u=v
41,
- 2
giving la—lz=l2—ll=-£=§%.
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By the question, I; ~ I, = (5275 - 31°25) cm = 21'50 cm
and [, - [, = (3125 - 9'75) cm = 2150 cm.

Thus, 2 - 9150 em
2v

or, U=2vx21'50 cm = 2 x 800 s ' x 2150 cm = 344 nys.

15. A certain organ pipe resonates in its fundamental mode
at a frequency of 500 Hz in air. What will be the
fundamental frequency if the air is replaced by hydrogen
at the same temperature ? The density of air is 120 kg/m®
and that of hydrogen is 0:089 kg/m .

Solution : Suppose the speed of sound in hydrogen is v,
and that in air is v,. The fundamental frequency of an
organ pipe is proportional to the speed of sound in the
gas contained in it. If the fundamental frequency with
hydrogen in the tube is v, we have

v _U_ [P _ [ 12 _o
5000z v, V o, ~V 0oss "3

or, v =367 x 500 Hz ~ 1840 Hz.

16. An aluminium rod having a length of 900 cm is clamped
at its middle point and is set into longitudinal vibrations
by stroking it with a rosined cloth. Assume that the rod
vibrates in its fundamental mode of vibration. The
density of aluminium is 2600 kg/m® and its Young’s
modulus is 7'80 x 10 ° N/m ®. Find (a) the speed of sound
in aluminium, (b) the wavelength of sound waves
produced in the rod, (c) the frequency of the sound
produced and (d) the wavelength of the sound produced
in air. Take the speed of sound in air to be 340 m/s.

(a) The-speed of sound in aluminium is

)= /Z _+/780x10"° N/m*
P 2600 kg/m *
= 5480 m/s.
(b) Since the rod is clampéd at the middle, the middle
point is a pressure antinode. The free ends of the rod
are the nodes. As the rod vibrates in its fundamental
mode, there are no other nodes or antinodes. The length
of the rod, which is also the distance between the
successive nodes, is, therefore, equal to half the
wavelength. Thus, the wavelength of sound in the
aluminium rod is
A=21=180cm.

(¢c) The frequency of the sound preduced which is also
equal to the frequency of vibration of the rod is

Solution :

v _ 5480 nvs _
v=3 = Zes T2 - 3050 Ha.

(d) The wavelength of sound in air is
oy 340 m/s

A=<=

v ~ 3050 Hz =11'1 cm.

17. The string of a violin emits a note of 440 Hz at its correct
tension. The string is bit taut and produces 4 beats per
second with a tuning fork of frequency 440 Hz. Find the
frequency of the note emitted by this taut string.

Solution : The frequency of vibration of a string increases
with increase in the tension. Thus, the note emitted by
the string will be a little more than 440 Hz. As it
produces 4 beats per second with the 440 Hz tuning fork,
the frequency will be 444 Hz.

18. A siren is fitted on a car going towards a vertical wall
at a speed of 36 km/h. A person standing on the ground,
behind the car, listens to the siren sound coming directly
from the source as well as that coming after reflection
from the wall. Calculate the dpparent frequency of the
wave (a) coming directly from the siren to the person and
(b) coming after reflection. Take the speed of sound to be
340 m/s.

Solution :
,'\ G
‘ A © B © A

Figure 16-W4

The speed of the car is 36 km/h = 10 m/s.

(a) Here the observer is at rest with respect to the
medium and the source is going away from the observer.
The apparent frequency heard by the observer is,

therefore,
. , )
= v
v+ U,
340
=310+ 10 x 500 Hz = 486 Hz.
(b) The frequency received by the wall is
wo_VU ___3840 _
v v_usv 340_10><500Hz 515 Hz.

The wall reflects this sound without changing the
frequency. Thus, the frequency of the reflected wave as
heard by the ground observer is 515 Hz.

19. Two trains are moving towards each other at speeds of
72 km/h and 54 kmyh relative to the ground. The first
train sounds a whistle of frequency 600 Hz. Find the
frequency of the whistle as heard by a passenger in the
second train (a) before the trains meet and (b) after the
trains have crossed each other. The speed of sound in air
is 340 m/s.

Solution : The speed of the first train = 72km/h = 20 m/s
and that of the second = 54 km/h = 15 my/s.
(a) Here both the source and the observer move with
respect to the medium. Before the trains meet, the
source is going towards the observer and the observer
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20.

Solution :

21.

Solution :
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is also going towards the source. The apparent frequency
heard by the observer will be
v+u,
—v
v-u,
340 + 15
©340-20
(b) After the trains have crossed each other, the source
goes away from the observer and the observer goes away
from the source. The frequency heard by the observer
is, therefore,

v =

x 600 Hz = 666 Hz.

UV-Uu

< v
v+u,
_3840-15

340 + 20

" oo

x 600 Hz = 542 Hz.

A person going away from a factory on his scooter at a
speed of 36 km/h listens to the siren of the factory. If the
main frequency of the siren is 600 Hz and a wind is
blowing along the direction of the scooter at 36 km/h,
find the main frequency as heard by the person.

The speed of sound in still air is 340 m/s. Let
us work from the frame of reference of the air. As both
the observer and the wind are moving at the same speed
along the same direction with respect to the ground, the
observer is at rest with respect to the medium. The
source (the siren) is moving with respect to the wind at
a speed of 36 km/h i.e.,, 10 m/s. As the source is going
away from the observer who is at rest with respect to
the medium, the frequency heard is
e _y- 340
v+u, 340 + 10

x 600 Hz = 583 Hz.

A source and a detector move away from each other, each
with a speed of 10 m/s with respect to the ground with
no wind. If the detector detects a frequency 1950 Hz of
the sound coming from the source, what is the original
frequency of the source ? Speed of sound in air = 340 m/s.
If the original frequency of the source is v, the
apparent frequency heard by the observer is

v-u,
vy,

v,

where u, is the speed of the observer going away from
the source and u, is the speed of the source going away
from the observer. By the question,

340 -10
1950 Hz = 340+ 10 \

v= % x 1950 Hz = 2070 Ha.

or,
The driver of a car approaching a vertical wall notices
that the frequency of his car’s horn changes from 440 Hz
to 480 Hz when it gets reflected from the wall. Find
the speed of the car if that of the sound is 330 m/s.

Solution :

23.

Figure 16-W5

Suppose, the car is going towards the wall at a speed u.
The wall is stationary with respect to the air and the
horn is going towards it. If the frequency of the horn is
v, that received by the wall is

’

vi=

v
v-u

The wall reflects this sound without changing the
frequency. Thus, the wall becomes the source of
frequency v and the car-driver is the listener. The wall
(which acts as the source now) is at rest with respect to
the air and the car (which is the observer now) is going
towards the wall at speed u. The frequency heard by the
car-driver for this reflected wave is, therefore,

" v+u ’
V= v
v
v+u v
274, v
v v-u
v+u
= v
v-u
Putting the values,
480 = 2% 440
v-u
or v+u_11§
’ v-u 44
or v_4
! v 92
4
or, u=—

92 330 m/s = 143 m/s ~ 52 km/h.

A train approaching a railway crossing at a speed of
120 km/h sounds a short whistle at frequency 640 Hz
when it is 300 m away from the crossing. The speed
of sound in air is 340 m/s. What will be the frequency
heard by a person standing on a road perpendicular to
the track through the crossing at a distance of 400 m
from the crossing ?

Solution :

300m c

=

400m

A (person)

Figure 16-W6



Sound Waves

The observer A is at rest with respect to the air and the
source is travelling at a velocity of 120 km/h i.e.,

l—gg m/s. As is clear from the figure, the person receives

the sound of the whistle in a direction BA making an
angle 6 with the track where cos® = 300/500 = 3/5. The
component of the velocity of the source (i.e., of the train)

351

along this direction AB is % x g /s = 20 m/s. As the

source is approaching the person with this component,
the frequency heard by the observer is

, v 340 _
-v_ucosev—340_20><640Hz—680Hz.

v

QUESTIONS FOR SHORT ANSWER

If you are walking on the moon, can you hear the sound
of stones cracking behind you ? Can you hear the sound
of your own footsteps ?

- Can you hear your own words if you are standing in a

perfect vacuum ? Can you hear your friend in the same
conditions ?

A vertical rod is hit at one end. What kind of wave
propagates in the rod if (a) the hit is made vertically (b)
the hit is made horizontally ?

. Two loudspeakers are arranged facing each other at

some distance. Will a person standing behind one of the
loudspeakers clearly hear the sound of the other
loudspeaker or the clarity will be seriously damaged
because of the ‘collision’ of the two sounds in between ?

5.

The voice of a person, who has inhaled helium, has a
remarkably high pitch. Explain on the basis of resonant
vibration of vocal cord filled with air and with helium.

Draw a diagram to show the standing pressure wave
and standing displacement wave for the 3rd overtone
mode of vibration of an open organ pipe.

Two tuning forks vibrate with the same amplitude but
the frequency of the first is double the frequency of the
second. Which fork produces more intense sound in air ?

. In discussing Doppler effect, we use the word “apparent

frequency”. Does it mean that the frequency of the sound
is still that of the source and it is some physiological
phenomenon in the listener’s ear that gives rise to
Doppler effect ? Think for the observer approaching the
source and for the source approaching the observer.

OBJECTIVE 1

. Consider the following statements about sound passing

through a gas.

(A) The pressure of the gas at a point oscillates in time.
(B) The position of a small layer of the gas oscillates in
time.

(a) Both A and B are correct.

(b) A is correct but B is wrong.

(c) B is correct but A is wrong.

(d) Both A and B are wrong.

When we clap our hands, the sound produced is best
described by

(a) p = p, sin(kx - wt) () p = p, sin kx cos ot

{¢) p =p,cos kx sin ot (d) p=Z pg, sin(k,x - w,t).
Here p denotes the change in pressure from the
equilibrium value.

3. The bulk modulus and the density of water are greater

than those of air. With this much of information, we can
say that velocity of sound in air

(a) is larger than its value in water

(b) is smaller than its value in water ,

(c) is equal to its value in water

(d) cannot be compared with its value in water.

. A tuning fork sends sound waves in air. If the

temperature of the air increases, which of the following

parameters will change ?
(a) Displacement amplitude.

(c) Wavelength.
When sound wave is refracted from air to water, which

(b) Frequency.
(d) Time period.

.of the following will remain unchanged ?

(b) Wavelength.
(d) Frequency.

(a) Wave number.
(c) Wave velocity.

The speed of sound in a medium depends on

(a) the elastic property but not on the inertia property
(b) the inertia property but not on the elastic property
(c) the elastic property as well as the inertia property
(d) neither the elastic property nor the inertia property.

. Two sound waves move in the same direction in the

same medium. The pressure amplitudes of the waves
are equal but the wavelength of the first wave is double
the second. Let the average power transmitted across a
cross-section by the first wave be P, and that by the
second wave be P,. Then

(a) P,=P, (b) P, =4P,

(c) P,=2P, (d) P,=4P,.

When two waves with same frequency and constant
phase difference interfere,

(a) there is a gain of energy

(b) there is a loss of energy
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11.

12.

13.
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(c) the energy is redistributed and the distribution
changes with time

(d) the energy is redistributed and the distribution
remains constant in time.

An open organ pipe of length L vibrates in its
fundamental mode. The pressure variation is maximum
(a) at the two ends

(b) at the middle of the pipe

(c) at distances L/4 inside the ends

(d) at distances L/8 inside the ends.

An organ pipe, open at both ends, contains

(a) longitudinal stationary waves

(b) longitudinal travelling waves

(c) transverse stationary waves

(d) transverse travelling waves.

A cylindrical tube, open at both ends, has a fundamental
frequency v. The tube is dipped vertically in water so
that half of its length is inside the water. The new
fundamental frequency is

(a) v4 (b) v/2 (ORY

The phenomenon of beats can take place
(a) for longitudinal waves only

(b) for transverse waves only

(c¢) for both longitudinal and transverse waves

(d) for sound waves only.

A tuning fork of frequency 512 Hz is vibrated with a
sonometer wire and 6 beats per second are heard. The
beat frequency reduces if the tension in the string is

(d) 2v.

14.

15.

16.

slightly increased. The original frequency of vibration of
the string is )

(a) 506 Hz (b) 512 Hz (c) 518 Hz  (d) 524 Haz.
The engine of a train sounds a whistle at frequency v.
The frequency heard by a passenger is

(& >v B<v @ -1 @ =v.
The change in frequency due to Doppler effect does not
depend on

(a) the speed of the source

(b) the speed of the observer

(c) the frequency of the source

(d) separation between the source and the observer.

A small source of sound moves on a circle as shown.-in
figure (16-Ql) and an observer is sitting at O. Let
vy, Vy, V3 be the frequencies heard when the source-is-at
A, B and C respectively.
(@) v;> vy > vq
© vy> vy v

®) vi=vy> v,
@ v,>v3> v,

B

e 0

A

Figure 16-Q1

OBJECTIVE 11

. When you speak to your friend, which of the following

parameters have a unique value in the sound produced ?
(a) Frequency. (b) Wavelength.
(c) Amplitude. (d) Wave velocity.

. An electrically maintained tuning fork vibrates with

constant frequency and constant amplitude. If the
temperature of the surrounding air increases but
pressure remains constant, the sound produced will have
(a) larger wavelength (b) larger frequency

(c) larger velocity (d) larger time period.

. The fundamental frequency of a vibrating organ pipe is

200 Hz.
(a) The first overtone is 400 Hz.
(b) The first overtone may be 400 Hz

(c) The first overtone may be 600 Hz.
(d) 600 Hz is an overtone.

4. A source of sound moves towards an observer.

(a) The frequency of the source is increased.

(b) The velocity of sound in the medium is increased.
(c) The wavelength of sound in the medium towards the
observer is decreased.

(d) The amplitude of vibration of the
increased.

particles is

A listener is at rest with respect to the source of sound.
A wind starts blowing along the line joining the source
and the observer. Which of the following quantities do
not change ?
(a) Frequency.
(c) Wavelength.

(b) Velocity of sound.
(d) Time period.

EXERCISES

A steel tube of length 1'00 m is struck at one end. A
person with his ear close to the other end hears the
sound of the blow twice, one travelling through the body
of the tube and the other through the air in the tube.

Find the time gap between the two hearings. Use the
table in the text for speeds of sound in various
substances.
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.- At a prayer meeting, the disciples sing JAI.RAM JAI-RAM.

The sound amplified by a loudspeaker comes back after
reflection from a building at a distance of 80 m from the
meeting. What maximum time interval can be kept
between one JAI-RAM and the next JAI-RAM so that the
echo does not disturb a listener sitting in the meeting.
Speed of sound in air is 320 m/s.

A man stands before a large wall at a distance of 50'0 m
and claps his hands at regular intervals. Initially, the
interval is large. He gradually reduces the interval and
fixes it at a value when the echo of a clap merges with
the next clap. If he has to clap 10 times during every
3 seconds, find the velocity of sound in air.

A person can hear sound waves in the frequency range
20 Hz to 20 kHz. Find the minimum and the maximum
wavelengths of sound that is audible to the person. The
speed of sound is 360 mys.

Find the minimum and maximum wavelengths of sound
in water that is in the audible range (20-20000 Hz) for
an average human ear. Speed of sound in water

= 1450 m/s.

Sound waves from a loudspeaker spread nearly
uniformly in all directions if the wavelength of the sound
is much larger than the diameter of the loudspeaker.
(a) Calculate the frequency for which the wavelength of
sound in air is ten times the diameter of the speaker if
the diameter is 20 cm. (b) Sound is essentially
transmitted in the forward direction if the wavelength
is much shorter than the diameter of the speaker.
Calculate the frequency at which the wavelength of the
sound is one tenth of the diameter of the speaker
described above. Take the speed of sound to be 340 nys.

. Ultrasonic waves of frequency 4'5 MHz are used to

10.

11

detect tumour in soft tissues. The speed of sound in
tissue is 1'5 km/s and that in air is 340 m/s. Find the
wavelength of this ultrasonic wave in air and in tissue.

The equation of a travelling sound wave is
y=60sin (600 t — 1'8 x) where y is measured in
10 °m, ¢ in second and x in metre. (a) Find the ratio of
the displacement amplitude of the particles to the
wavelength of the wave. (b) Find the ratio of the velocity
amplitude of the particles to the wave speed.

A sound wave of frequency 100 Hz is travelling in air.
The speed of sound in air is 350 m/s. (a) By how much
is the phase changed at a given point in 2'56 ms?
(b) What is the phase difference at a given instant
between two points separated by a distance of 10'0 cm
along the direction of propagation ?

Two point sources of sound are kept at a separation of
10 cm. They vibrate in phase to produce waves of
wavelength 5°0 cm. What would be the phase difference
between the two waves arriving at a point 20 cm from
one source (a) on the line joining the sources and (b) on
the perpendicular bisector of the line joining the sources ?

Calculate the speed of sound in oxygen from the
following data. The mass of 224 litre of oxygen at STP
(T=273K and p=10x10°N/m® is 82g, the molar
heat capacity of oxygen at constant volume is C, =26 R
and that at constant pressure is C, = 3'5 R.

12,
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The speed of sound as measured by a student in the
laboratory on a winter day is 340 m/s when the room
temperature is 17°C. What speed will be measured by
another student repeating the experiment on a day when
the room temperature is 32°C ?

At what temperature will the speed of sound be double
of its value at 0°C ?

The absolute temperature of air in a region linearly
increases from T, to T, in a space of width d. Find the
time taken by a sound wave to go through the region in
terms of T, T,, d and the speed v of sound at 273 K.
Evaluate this time for T, =280K, T, =310K, d=33m
and v = 330 m/s.

Find the change in the volume of 1'0 litre kerosene when
it is subjected to an extra pressure of 2:0x 10° N/m 2
from the following data. Density of kerosene
= 800 kg/m ® and speed of sound in kerosene = 1330 nys.

Calculate the bulk modulus of air from the following
data about a sound wave of wavelength 35 cm travelling
in air. The pressure at a point varies between
(1'0 x 10 ° + 14) Pa and the particles of the air vibrate
in simple harmonic motion of amplitude 5'5 x 10 " m.

A source of sound operates at 2'0 kHz, 20 W emitting
sound uniformly in all directions. The speed of sound in
air is 340 m/s and the density of air is 12 kg/m°.
(a) What is the intensity at a distance of 6°0 m from the
source ? (b) What will be the pressure amplitude at this
point ? (¢) What will be the displacement amplitude at
this point ? )

The intensity of sound from a point source is
10 x 10 ~®* W/m ? at a distance of 5°0 m from the source.
What will be the intensity at a distance of 25 m from
the source ?

The sound level at a point 5'0 m away from a point
source is 40 dB. What will be the level at a point 50 m
away from the source ?

If the intensity of sound is doubled, by how many
decibels does the sound level increase ?

Sound with intensity larger than 120 dB appears painful
to a person. A small speaker delivers 2'0 W of audio
output. How close can the person get to the speaker
without hurting his ears ?

. If the sound level in a room is increased from 50 dB to

60 dB, by what factor is the pressure amplitude
increased ?

The noise level in a class-room in absence of the teacher
is 50 dB when 50 students are present. Assuming that
on the average each student outputs same sound energy
per second, what will be the noise level if the number
of students is increased to 100 ?

. In a Quincke’s experiment the sound detected is changed

from a maximum to a minimum when the sliding tube
is moved through a distance of 2'50 cm. Find the
frequency of sound if the speed of sound in air is
340 nys.

In a Quincke’s experiment, the sound intensity has a
minimum value I at a particular position. As the sliding
tube is pulled out by a distance of 16'5 mm, the intensity
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increases to a maximum of 9 I. Take the speed of sound
in air to be 330 m/s. (a) Find the frequency of the sound
source. (b) Find the ratio of the amplitudes of the. two
waves arriving at the detector assuming that it does not
change much between the positions of minimum
intensity and maximum intensity.

Two audio speakers are kept some distance apart and
are driven by the same amplifier system. A person is
sitting at a place 6°0 m from one of the speakers and
6'4 m from the other. If the sound signal is continuously
varied from 500 Hz to 5000 Hz, what are the frequencies
for which there is a destructive interference at the place
of the listener? Speed of sound in air = 320 m/s.

A source of sound S and a detector D are placed at some
distance from one another. A big cardboard is placed
near the detector and perpendicular to the line SD as
shown in figure (16-E1). It is gradually moved away and
it is found that the intensity changes from a maximum
to a minimum as the board is moved through a distance
of 20 cm. Find the frequency of the sound emitted.
Velocity of sound in air is 336 m/s.

ENNNNANAN

S D

Figure 16-E1

A source S and a detector D are placed at a distance d
apart. A big cardboard is placed at a distance v2d from
the source and the detector as shown in figure (16-E2).
The source emits a wave of wavelength = d/2 which is
received by the detector after reflection from the
cardboard. It is found to be in phase with the direct
wave received from the source. By what minimum
distance should the cardboard be shifted away so that
the reflected wave becomes out of phase with the direct
wave ?

—~2d —

Figure 16-E2

Two stereo speakers are separated by a distance of
2:40 m. A person stands at a distance of 3:20 m directly
in front of one of the speakers as shown in figure (16-E3).
Find the frequencies in the audible range (20-2000 Hz)
for which the listener will hear a minimum sound
intensity. Speed of sound in air = 320 m/s.

F—320m—

( 9

Figure 16-E3
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Two sources of sound, S, and S,, emitting waves of
equal wavelength 20°0 cm, are placed with a separation
of 200 cm between them. A detector can be moved on
a line parallel to S, S, and at a distance of 200 cm from
it. Initially, the detector is equidistant from the two
sources. Assuming that the waves emitted by the sources
are in phase, find the minimum distance through which
the detector should be shifted to detect a minimum .of
sound.

Two speakers S, and S,, driven by the same amplifier,
are placed at y = 1'-0 m and y =-1'0 m (figure 16-E4). The
speakers vibrate in phase at 600 Hz. A man stands at
a point on the X-axis at a very large distance from the
origin and starts moving parallel to the Y-axis. The
speed of sound in air is 330 m/s. (a) At what angle 6
will the intensity of sound drop to a minimum for the
first time ? (b) At what angle will he hear a maximum
of sound intensity for the first time ? (c) If he continues
to walk along the line, how many more maxima can he
hear ?

S1I

o

\

0
———————
x

Figure 16-E4

Three sources of sound S, S, and S; of equal intensity
are placed in a straight line with §,S,=S,S, (figure
16-E5). At a point P, far away from the sources, the
wave coming from S, is 120° ahead in phase of that from
S,. Also, the wave coming from S, is 120° ahead of that
from S,. What would be the resultant intensity of sound
at P?

vo

S S, 'Sy

Figure 16-E5

Two coherent narrow slits emitting sound of wavelength
A in the same phase are placed parallel to each other at
a small separation of 2A. The sound is detected by
moving a detector on the screen X at a distance
D(>> M) from the slit S, as shown in figure (16-E6). Find
the distance x such that the intensity at P is equal to
the intensity at O.

21— IP M
o4
S, S2 |
t D -
Figure 16-E6

Figure (16-E7) shows two coherent sources S, and S,
which emit sound of wavelength A in phase. The
separation between the sources is 3\A. A circular wire of
large radius is placed in such a way that S,S, lies in its
plane and the middle point of S,S, is at the centre of
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the wire. Find the angular positions 8 on the wire for
which constructive interference takes place.

>
-

Figure 16-E7

Two sources of sound S, and S, vibrate at same
frequency and are in phase (figure 16-E8). The intensity
of sound detected at a point P as shown in the figure is
I, . (a) If 0 equals 45°, what will be the intensity of sound
detected at this point if one of the sources is switched
off ? (b) What will be the answer of the previous part if
0=60°7

Figure 16-E8

Find the fundamental, first overtone and second
overtone frequencies of an open organ pipe of length
20 cm. Speed of sound in air is 340 m/s.

A closed organ pipe can vibrate at a minimum frequency
of 500 Hz. Find the length of the tube. Speed of sound
in air = 340 m/s.

In a standing wave pattern in a vibrating air column,
nodes are formed at a distance of 40 cm. If the speed
of sound in air is 328 m/s, what is the frequency of 73
the source ?

The separation between a node and the next antinode
in a vibrating air column is 25 cm. If the speed of sound
in air is 340 m/s, find the frequency of vibration of the
air column.

A cylindrical metal tube has a length of 50 cm and is
open at both ends. Find the frequencies between
1000 Hz and 2000 Hz at which the air column in the
tube can resonate. Speed of sound in air is 340 m/s.

In a resonance column experiment, a tuning fork of
frequency 400 Hz is used. The first resonance is observed
when the air column has a length of 200 cm and the
second resonance is observed when the air column has
a length of 62°0 cm. (a) Find the speed of sound in air.
(b) How much distance above the open end does the
pressure node form ?

The first overtone frequency of a closed organ pipe P, is
equal to the fundamental frequency of an open organ
pipe P, . If the length of the pipe P, is 30 cm, what will
be the length of P, ?

A copper rod of length 10 m is clamped at its middle
point. Find the frequencies between 20 Hz-20,000 Hz at
which standing longitudinal waves can be set up in the
rod. The speed of sound in copper is 3'8 km/s.
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Find the greatest length of an organ pipe open at both
ends that will have its fundamental frequency in the
normal hearing range (20-20,000 Hz). Speed of sound in
air = 340 m/s.

An open organ pipe has a length of 5 cm. (a) Find the
fundamental frequency of vibration of this pipe. (b) What
is the highest harmonic of such a tube that is in the
audible range ? Speed of sound in air is 340 m/s and the
audible range is 20-20,000 Hz.

An electronically driven loudspeaker is placed near the
open end of a resonance column apparatus. The length
of air column in the tube is 80 cm. The frequency of the
loudspeaker can be varied between 20 Hz-2 kHz. Find
the frequencies at which the column will resonate. Speed
of sound in air =320 m/s.

Two successive resonance frequencies -in an open organ
pipe are 1944 Hz and 2592 Hz. Find the length of the
tube. The speed of spund in air is 324 m/s.

A piston is fitted in a cylindrical tube of small cross-
section with the other end of the tube open. The tube
resonates with a tuning fork of frequency 512 Hz. The
piston is gradually pulled out of the tube and it is found
that a second resonance occurs when the piston is pulled
out through a distance of 32'0 cm. Calculate the speed
of sound in the air of the tube.

A U-tube having unequal arm-lengths has water in it.
A tuning fork of frequency 440 Hz can set up the air in
the shorter arm in its fundamental mode of vibration
and the same tuning fork can set up the air in the longer
arm in its first overtone vibration. Find the length of
the air columns. Neglect any end effect and assume that
the speed of sound in air = 330 m/s.

Consider the situation shown in figure (16-E9). The wire
which has a mass of 400 g oscillates in its second
harmonic and sets the air column in the tube into
vibrations in its fundamental mode. Assuming that the
speed of sound in air is 340 m/s, find the tension in the
wire.

40 cm——i
N

s

\-’ \\—,

Figure 16-E9

A 30'0-cm-long wire having a mass of 10°0 g is fixed at
the two ends and is vibrated in its fundamental mode.
A 50°0-cm-long closed organ pipe, placed with its open
end near the wire, is set up into resonance in its
fundamental mode by the vibrating wire. Find the
tension in the wire. Speed of sound in air = 340 m/s.

Show that if the room temperature changes by a small
amount from T to T+ AT, the fundamental frequency of
an organ pipe changes from v to v+ Av, where
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The fundamental frequency of a closed pipe is 293 Hz
when the air in it is at a temperature of 20°C. What
will be its fundamental frequency when the temperature

changes to 22°C ?

A Kundt’s tube apparatus has a copper rod of length
1'0 m clamped at 25 cm from one of the ends. The tube
contains air in which the speed of sound is 340 m/s. The
powder collects in heaps separated by a distance of
5'0 cm. Find the speed of sound waves in copper.

A Kundt’s tube apparatus has a steel rod of length 1:0 m
clamped at the centre. It is vibrated in its fundamental
mode at a frequency of 2600 Hz. The lycopodium powder
dispersed in the tube collects into heaps separated by
65 cm. Calculate the speed of sound in steel and in air.

A source of sound with adjustable frequency produces 2
beats per second with a tuning fork when its frequency
is either 476 Hz or 480 Hz. What is the frequency of the
tuning fork ?

A tuning fork produces 4 beats per second with another
tuning fork of frequency 256 Hz. The first one is now
loaded with a little wax and the beat frequency is found
to increase to 6 per second. What was the original
frequency of the tuning fork ?

Calculate the frequency of beats produced in air when
two sources of sound are activated, one emitting a
wavelength of 32 cm and the other of 32°2 cm. The speed
of sound in air is 350 m/s.

A tuning fork of unknown frequency makes 5 beats per
second with another tuning fork which can cause a
closed organ pipe of length 40 cm to vibrate in its
fundamental mode. The beat frequency decreases when
the first tuning fork is slightly loaded with wax. Find
its original frequency. The speed of sound in air is
320 m/s.

A piano wire A vibrates at a fundamental frequency of
600 Hz. A second identical wire B produces 6 beats per
second with it when the tension in A is slightly
increased. Find the ratio of the tension in A to the
tension in B.

A tuning fork of frequency 256 Hz produces 4 beats per
second with a wire of length 25 c¢cm vibrating in its
fundamental mode. The beat frequency decreases when
the length is slightly shortened. What could be the
minimum length by which the wire be shortened so that
it produces no beats with the tuning fork ?

A traffic policeman standing on a road sounds a whistle
emitting the main frequency of 2:00 kHz. What could be
the appparent frequency heard by a scooter-driver
approaching the policeman at a speed of 360 km/h ?
Speed of sound in air = 340 m/s.

The horn of a car emits sound with a dominant
frequency of 2400 Hz. What will be the apparent
dominant frequency heard by a person standing on the
road in front of the car if the car is approaching at 180
km/h ? Speed of sound in air = 340 m/s.
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A person riding a car moving at 72 km/h sounds a
whistle emitting a wave of frequency 1250 Hz. What
frequency will be heard by another person standing on
the road (a) in front of the car (b) behind the car ? Speed
of sound in air = 340 m/s.

A train approaching a platform at a speed of 54 km/h
sounds a whistle. An observer on the platform finds its
frequency to be 1620 Hz. The train passes the platform
keeping the whistle on and without slowing down. What
frequency will the observer hear after the train has
crossed the platfrom? The speed of sound in air
= 332 m/s.

A bat emitting an ultrasonic wave of frequency
45 x 10 * Hz flies at a speed of 6 m/s between two
parallel walls. Find the two frequencies heard by the bat
and the beat frequency between the two. The speed of
sound is 330 m/s. ‘

A bullet passes past a person at a speed of 220 m/s.
Find the fractional change in the frequency of the
whistling sound heard by the person as the bullet crosses
the person. Speed of sound in air = 330 m/s.

Two electric trains run at the same speed of 72 km/h
along the same track and in the same direction with a
separation of 2'4 km between them. The two trains
simultaneously sound brief whistles. A person is situated
at a perpendicular distance of 500 m from the track and
is equidistant from the two trains at the instant of the
whistling. If both the whistles were at 500 Hz and the
speed of sound in air is 340 m/s, find the frequencies
heard by the person.

A violin player riding on a slow train plays a 440 Hz
note. Another violin player standing near the track plays
the same note. When the two are close by and the train
approaches the person on the ground, he hears 4'0 beats
per second. The speed of sound in air=340 m/s.
(a) Calculate the speed of the train. (b) What beat
frequency is heard by the player in the train ?

Two identical tuning forks vibrating at the same
frequency 256 Hz are kept fixed at some distance apart.
A listener runs between the forks at a speed of 3:0 m/s
so that he approaches one tuning fork and recedes from
the other (figure 16-E10). Find the beat frequency
observed by the listener. Speed of sound in air

=332 m/s.
v - Y

Figure 16-E10

Figure (16-E11) shows a person standing somewhere in
between two identical tuning forks, each vibrating at

V— V—

Figure 16-E11
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512 Hz. If both the tuning forks move towards right at
a speed of 55 m/s, find the number of beats heard by
the listener. Speed of sound in air = 330 m/s.

A small source of sound vibrating at frequency 500 Hz
is rotated in a circle of radius 100/r cm at a constant
angular speed of 5:0 revolutions per second. A listener
situates himself in the plane of the circle. Find the
minimum and the maximum frequency of the sound
observed. Speed of sound in air = 332 m/s.

Two trains are travelling towards cach other both at a
speed of 90 km/h. If one of the trains sounds a whistle
at 500 Hz, what will be the apparent frequency heard
in the other train ? Spced of sound in air = 350 m/s.

A traffic policeman sounds a whistle to stop a car-driver
approaching towards him. The car-driver does not, stop
and takes the plea in court that because of the Doppler
shift, the frequency of the whistle reaching him might
have gone beyond the audible limit of 20 kHz and he
did not hear it. Experiments showed that the whistle
emits a sound with frequency close to 16 kHz. Assuming
that the claim of the driver is true, how fast was he
driving the car ? Take the speed of sound in air to be

330 m/s. Is this speed practical with today’s technology ?-

A car moving at 108 km/h finds another car in front of
it going in the same direction at 72 km/h. The first car
sounds a horn that has a dominant frequency of 800 Hz.
What will be the apparent frequency heard by the driver
in the front car ? Speed of sound in air = 330 m/s.

Two submarines are approaching each other in a calm
sea. The first submarine travels at a spced of 36 km/h
and the other at 54 km/h relative to the water. The first
submarine sends a sound signal (sound waves in water
are also called sonar) at a frequency of 2000 Hz. (a) At
what frequency is this signal received by the second
submarine ? (b) The signal is reflected from the second
submarine. At what frequency is this signal received by
the first submarine. Take the speed of the sound wave
in water to be 1500 m/s.

A small source of sound oscillates in simple harmonic
motion with an amplitude of 17 cm. A detector is placed
along the line of motion of the source. The source emits
a sound of frequency 800 Hz which travels at a speed
of 340 m/s. If the width of the frequency band detected
by the detector is 8 Hz, find the time period of the
source.

A boy riding on his bike is going towards east at a speed -

of 4 V2 m/s. At a certain point he produces a sound pulse
of frequency 1650 Hz that travels in air at a speed of
334 m/s. A second boy stands on the ground 45° south
of east from him. Find the frequency of the pulse as
received by the second boy.

A sound source, fixed at the origin, is continuously
emitting sound at a frequency of 660 Hz. The sound
travels in air at a speed of 330 m/s. A listener is moving
along the line x = 336 m at a constant speed of 26 m/s.
Find the frequency of the sound as observed by the
listener when he is (a) at y=- 140 m, (b) at y =0 and
(c) at y =140 m.
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dominant frequency of 500 Hz. Spced of sound in air is
340 m/s. What frequency will a passenger sitting near
the open window hear ? (b) What frequency will a person
standing necar the track hear whom the train has just
passed ? (¢) A wind starts blowing towards east at a
speed of 36 km/h. Calculate the frequencies heard by the
passenger in the train and by the person standing near
the track.

A boy riding on a Dbicycle going at 12 km/h towards a
vertical wall whistles at his dog on the ground. I\’ the
frequency of the whistle is 1600 Hz and the speed of
sound in air is 330 m/s, find (a) the frequency of the
whistle as received by the wall (b) the frequency of the
rellected whistle as received by the boy.

A person standing on a road sends a sound signal to the
driver of a car going away from him at a speed of
72 km/h. The signal travelling at 330 m/s in air and
having a frequency of 1600 Hz gets reflected from the
body of the car and returns. Find the frequency of the
reflected signal as heard by the person.

A car moves with a spced of 54 km/h towards a cliff.
The horn of the car emits sound of frequency 400 Hz at
a speed of 335 m/s. (a) Find the wavelength of the sound
emitted by the horn in front of the car. (b) Find the
wavelength of the wave reflected from the clilff. (¢) What
frequency does a person sitting in the car hear for the
reflected sound wave ? (d) How many beats does he hear
in 10 scconds between the sound coming directly from
the horn and that coming after the reflection ?

An operator silting in bis base camp sends a sound
signal of frequency 400 Hz. The signal is reflected back
from a car moving towards him. The frequency of the
reflected sound is found to be 410 Hz. Find the speed of
the car. Speed of sound in air = 324 m/s.

Figure (16-E12) shows a source of sound moving along
the X-axis at a speed of 22 m/s continuously emitting a
sound of frequency 20 kHz which travels in air at a
speed of 330 m/s. A listener @ stands on the Y-axis at
a distance of 330 m from the origin. At ¢ = 0, the source
crosses the origin P. (a) When does the sound emitted
from the source at P reach the listener @ ? (b) What will
be the frequency heard by the listener at this instant ?
(¢) Where will the source be at this instant ?

S —_—

330m

Q
Figure 16-E12

A source emitting sound at frequency 4000 Hz, is moving
along the Y-axis with a speed of 22 m/s. A listener is
situated on the ground at the position (660 m, 0). Find
the frequency of the sound received by the listener at
the instant the source crosses the origin. Speed of sound
in air =330 m/s.

A source of sound emitting a 1200 Hz note travels along
a straight line at a speed of 170 m/s. A detector is placed
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at a distance of 200 m from the line of motion of the
source. (a) Find the frequency of sound received by the
detector at the instant when the source gets closest to
it. (b) Find the distance between the source and the
detector at the instant it detects the frequency 1200 Hz.
Velocity of sound in air = 340 m/s.

the sound emitted by the source when it is at the same
height as the centre.

88. A small source of sound S of frequency 500 Hz is
attached to the end of a light string and is whirled in a
vertical circle of radius 1'6 m. The string just remains Figure 16-E13
tight wher the source is at the highest point. (a) An o .
olfserver is located in the same vertical plalee at a large 89. A source emitting a sound of frequency v is placed at a
distance and at the same height as the centre of the large distance from an observer. The source starts
circle (figure 16-E13). The speed of sound in air = 330 moving towards the observer with a uniform acceleration
m/s and g = 10 m/s *. Find the maximum frequency heard a. Find .the frequency hgard . by the observer
by the observer. (b) An observer is situated at a large corresponding to the wave gmltted Jus'.; aftgr the source
distance vertically above the centre of the circle. Find starts. The speed of sound in the medium is v.
the frequencics heard by the observer corresponding to
ANSWERS
OBJECTIVE 1 18. 40x 10" W/m *
L@ 2@ 3@ 4@ 5@ 6@ 19. 20 dB
7. @ 8@ 9.0 10.(@ 1. @ 12 (o) 20. 3 dB
13. (a) 14.(d) 15.(d) 16. (¢) 21. 40 cm
22. V10
23. 53 dB
OBJECTIVE II
24. 34 kHz
i. (d) 2. (a), (c) 3. (b), (c), (@) 95. (a) 50 kHz b) 2
(e 5. (a), (d) 26. 1200 Hz, 2000 Hz, 2800 Hz, 3600 Hz and 4400 Hz
27. 420 Hz
EXERCISES 28. 013 d
1. 275 ms 29. 200(2n+1)Hz wheren=0,1,2, ... 49
2 05 s 30. 126 cm
3. 333 m/s 31. (a) 79 (b) 16° (c) two
4. 18 mm, 18 m 32. zero
5. 725 cm, 725 m 33.V3D
6. (a) 170 Hz (b) 17 kHz 34. 0°,482°,70°5°, 90° and similar points in other quadrants
7.76x10 °m, 33x10™'m 35. () I, /4 (b) I,/4
8.(a)17x10"° () 1'1x 10" 36. 850 Hz, 1700 Hz and 2550 Hz
9. (a) n/2 (b) 2n/35 37. 17 em
10. (a) zero (b) zero 38. 4'1 kHz
11. 310 m/s -39. 340 Hz
12. 349 m/s 40. 1020 Hz, 1360 Hz and 1700 Hz
13. 819°C 41. (a) 336 m/s (b) 1 cm
14 2d @73__ 96 42. 20 cm
"o VT, +NT, 08 43. 19 n kHz where n=1, 2, 3, ..., 10
15. 014 cm”’ 44.85 m
n ) 45. (a) 34 kHz M) 5
16. 1'4x 10° 2
X N/mz 46. 100(2 n + 1) Hz where n=0,1,2,3, ...,9
17. (a) 44 mW/m (b) 6:0 Pa (c) 12x 10" °m 47. 25 cm



48.
49.
50.
51.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.
69.
70.
71.

328 m/s

188 cm, 56°3 cm
11'6 N

347 N

294 Hz

3400 m/s

5200 m/s, 338 m/s
478 Hz

252 Hz

7 per second

205 Hz

1-:02

0-39 cm

'2:06 kHz

2436 Hz
(a) 1328 Hz
1480 Hz

(b) 1181 Hz

4'67 x 10 * Hz, 4'34 x 10 * Hz, 3270 Hz

08

529 Hz, 474 Hz
(a) 11 km/h

46 Hz

175 Hz, may not be able to distinguish

(b) a little less than 4 beats/s

Sound Waves 359

72.
73.

74.
75.
76.
71.
78.
79.
80.

81.
82.
83.

84.
85.
86.
87.
88.

89.

485 Hz and 515 Hz
577 Hz

300 km/h
827 Hz

(a) 2034 Hz
063 s

1670 Hz

(a) 680 Hz (b) 660 Hz

(a) 500 Hz (b) 459 Hz
(c) 500 Hz by the passenger and 458 by the person near
the track

(a) 1616 Hz (b) 1632 Hz -

(b) 2068 Hz

(c) 640 Hz

1417 Hz
(a) 80 cm (b) 80 cm (c) 437 Hz
(d) No beat may be heard
4 m/s
(a) t = 1 second (b) 2°0 kHz (c)atx=22m
4018 Hz
(a) 1600 Hz (b) 224 m
(a) 514 Hz (b) 490 Hz and 511 Hz
2vv
20v-a



SOLUTIONS TO CONCEPTS

CHAPTER - 16
Vair= 230 m/s. Vs =5200 m/s. Here S =7 m
So, t=t1-t, = L—L =2.75x 10 sec = 2.75 ms.
330 5200
Here given S=80m x 2 =160 m.

v =320 m/s

So the maximum time interval will be
t = 5/v =160/320 = 0.5 seconds.

He has to clap 10 times in 3 seconds.

So time interval between two clap = (3/10 second).

So the time taken go the wall = (3/2 x 10) = 3/20 seconds.
=333 m/s.

a) for maximum wavelength n = 20 Hz.

as ocl
nk

b) for minimum wavelength, n = 20 kHz
5 % =360/ (20 x 10°) =18 x 10° m = 18 mm
= x =(v/n) =360/20 =18 m.

a) for minimum wavelength n = 20 KHz

1450

20x10°

b) for maximum wavelength n should be minium
=Vv=nL=>A=v/In=1450/20=72.5m.

According to the question,

a) A=20cmx10=200cm=2m

:>v=nk:>k=[ J=7.25cm.

v =340 m/s

so, n = v/ = 340/2 =170 Hz.

N=v/L=> > 3:'872 =17.000 Hz = 17 KH, (because A =2 cm =2 x 107 m)
X

a) Given V,, =340 m/s, n=4.5x10° Hz

= Ao = (340/4.5) x 10°=7.36 x 10° m.
b) Vissue = 1500 m/s = A, = (1500 / 4.5) x 10° =3.3 x 10~ m.
Here givenr, =6.0 x 10° m
a) Given 2n/A =1.8 = A = (2n/1.8)
So, v _ 8:0x(1.8)x10°m/s _

A 2n

b) Let, velocity amplitude =V,

V = dy/dt = 3600 cos (600 t — 1.8) x 10™° m/s

Here V, = 3600 x 10° m/s

Again, L = 21/1.8 and T = 27/600 = wave speed = v = A/T = 600/1.8 = 1000 / 3 m/s.

3600x3x107°

1.7x10°m

So the ratio of (V,/v) =

1000
a) Here given n =100, v =350 m/s
=Y 30 35
100

In 2.5 ms, the distance travelled by the particle is given by
Ax=350x25x 107

16.1
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10.

11.

12.

13.

14.

So, phase difference ¢ = %x AX =

2n

(350/100)

b) In the second case, Given An =10 cm = 10" m

SO,(I):_

_ 27x10”"
(350/100)

a) Given Ax=10cm, A =5.0cm

2n
= = —xAn=
o N n=

2

T 10=4rn.
5

So phase difference is zero.
b) Zero, as the particle is in same phase because of having same path.
Given thatp = 1.0 x 10° N/m? T=273K,M=32g=32x 10" kg
V =224 litre =22.4 x 10° m®
C/IC,=r=35R/25R=14

-5
=>V= \/E: wa =310 m/s (because p = m/v)
f 32/22.4

V;=330m/s, V, =?
Ti=273+17=290K, T, =272 + 32 =305 K

We know v oc ﬁ

W
W AT

>V,=—"7=

= 340x ,/ =349 m/s.

T,=273
V1 =V

V2—2V1
T2=?

We know that V o «/_ =

So temperature will be (4 x 273) —

V1><\/i
\/?

2 V2

1 1

=2n/35.

The variation of temperature is given by

T=T1+

M-Tp)
d

We know that V o« J_:>

dx

o [273

=dt= —=—x

Vr
273

t-—

_ 4273

\Y T

r dx

273 =819°c.

2 > T,=273x2"=4x273K

\/7 F
=V, —
27 273

o [T+ (T =T)/ d)x]"2

X

\

=T= 2d

T, +
ToT

V273

VT T

d

Putting the given value we get

_ 2x33

V273

330

/280 + /310

=96 ms.

2d

2d T = [_

\

|

-
TZ_T‘I

x350%2.5x1072 =

(m/2).

<«—10cm—— B 10%cm

[«—20cm———

16.2
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15.

16.

17.

18.

19.

We know that v = /K /p

Where K = bulk modulus of elasticity
= K =v? p = (1330)? x 800 N/m?

We know K = F/A
AV /V
5
AV = Pressures _ 2x10
K 1330x1330 x 800

So, AV =0.15 cm®
We know that,
Ap  Pyh
(AV/V) 218,
Where Py = pressure amplitude = Py = 1.0 x 10°
S, = displacement amplitude = Sy = 5.5 x 10° m
g= 14x35:107m _y 4108 Ny
27(5.5)x10™°m
a) Here given V,;, = 340 m/s., Power = E/t=20 W
f=2,000 Hz, p = 1.2 kg/m*
So, intensity | = E/t.A
20 20
4nr?  Axnx6?

Bulk modulus B =

=44 mw/m’ (because r = 6m)

2

b) We know that | = ZP\O/ = Py =1x2pV,;
P Vair

= V2x1.2x340x44x10° = 6.0 N/m?,
c) We know that | = 272S3v?pV  where S, = displacement amplitude

=8y= [———
nzpzpvair

Putting the value we get §; = 1.2 x 10° m.
Here I, =1.0 x 10° Wy/m? ; I, = ?
rr=50m,r,=25m.

We know that | o 12
r

2 _ 2 _ |1r12
= |1|'1 = |2|'2 = |2 = —
r
-8
= 1010 X254 0% 107 wim?,
625

We know that g = 10 log+ (ILJ
0

Ba= 10Ioglli, Bs = 10Iog||£

(o] (o]

= 1a/lg= 10P/10) — |1, = 10Pe/10)

2 2
:IA:%:(@) - 10(BABB):102
IB 7N 5

= —BA1_OBB =2= By —Pg =20
= Ps =40-20 =20 dp.

16.3
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20.

21.

22.

23.

24.

25.

26.

We know that, g = 10 log4g J/lg

According to the questions

Ba =10 log1o (21/l)

= Bg—PBa=101log (2I/1) =10 x 0.3010 = 3 dB.

If sound level = 120 dB, then | = intensity = 1 W/m?

Given that, audio output = 2W

Let the closest distance be x.

So, intensity = (2 / 4nx?) = 1 = x* = (2/21) = x = 0.4 m = 40 cm.
B1=150dB, B, =60 dB

o =107 Wim?, I, = 107° W/m?

(because B = 10 logyg (I/lp), where 1y = 107" W/m?)

Again, /14 = (p2/p1)2 =(10‘6/10‘7) =10 (where p = pressure amplitude).
“ (p2/p1) = V10

Let the intensity of each student be I.

According to the question

501 100 |
Ba= 10Iog1OI—;BB= 10Iog10[ I J
o 0

501 1001
=>Bs—Pa= 10|091o|— - 10'°910[ i j
o 0

= 10Iog(%j:10logm2:3

So, Ba =50+ 3 =53 dB.
Distance between tow maximum to a minimum is given by, A/4 = 2.50 cm
=1=10cm=10"m
We know, V = nx
=>n= v_340_ 3400 Hz = 3.4 kHz.
Ao107

a) According to the data

MA=165mm =i=66mm=66x10°""m

n:X i=5kHZ

A 66x107
b) Iminimum = K(A1 = Ag)” =1 = Ay — A, = 11
Imaximum = K(A1 + Ag)® = 9 = Aq + A; = 31
So, B1*tA2 _3 A A, =21
A+A, 4
So, the ratio amplitudes is 2.
The path difference of the two sound waves is given by
AL=6.4-6.0=04m
The wavelength of either wave = A = v = 320
p p

(2n+ 1A
2

(m/s)

For destructive interference AL = where n is an integers.

2n+1_ 320
x 222

p

= p=n= 320 :8002n+1
04 2
Thus the frequency within the specified range which cause destructive interference are 1200 Hz,

2000 Hz, 2800 Hz, 3600 Hz and 4400 Hz.

or04m=

Hz = (2n + 1) 400 Hz

16.4
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27.

28.

29.

30.

31.

According to the given data
20cm

V =336 m/s, | =x/4
Al4 = distance between maximum and minimum intensity D
=(20cm) => A =80cm S
_ v 336 _ \/
= n = frequency = —=————=420 Hz.
A 80x10

Here given A = d/2
q)\
Initial path difference is given by = 2 [5) +2d? —d

If it is now shifted a distance x then path difference will be

2
=2 f[gj +(\/§d+x)2—d:%(2d+%J

2
(O i 108 158

64 64
= J2d+x=154d=x=154d—-1414d=0.13 d.

As shown in the figure the path differences 2.4 = Ax = 4/(3.2)? +(2.4)* —-3.2
A A
Again, the wavelength of the either sound waves = 320 B
p
We know, destructive interference will be occur

2 2
e (20 (3.2)2 +(2.4)
2

(2n+1) 320 A

=322+ (2472 -(32) =
2 p

Solving we get
—v= 2n+1800 5060049

wheren=1,2,3, ...... 49. (audible region)

According to the data 20em
A =20 cm, S48, =20 cm, BD = 20 cm 5

Let the detector is shifted to left for a distance x for hearing the — .

minimum sound.
So path difference Al = BC — AB .

= (202 + (10 +x)? —/(20)2 + (10 - x)2 B

So the minimum distances hearing for minimum
_ @+ A 20
2 2 2

= (202 + (10 +x)2 —4/(20)% + (10 - x)? = 10 solving we get x = 12.0 cm.

=10cm

Q

Given, F =600 Hz, and v = 330 m/s = A = v/f = 330/600 = 0.55 mm

16.5
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32.

33.

34.

35.

36.

37.

38.

LetOP=D,PQ=y=06=y/R (1)
Now path difference is given by, x = S,Q — S;Q = yd/D
Where d = 2m

[The proof of x = yd/D is discussed in interference of light waves]
a) For minimum intensity, x = (2n + 1)(A/2)
. yd/D = A/2 [for minimum vy, x = A/2]
S ylD=0=A2=0.55/4=0.1375rad = 0.1375 x (57.1)° =7.9°
b) For minimum intensity, x = 2n(\/2)
yd/D =X = y/D=0=A/D=0.55/2=0.275 rad
. 0=16°
c) For more maxima,
yd/D = 2}, 31, 42, ...
= y/D=6=232° 64°, 128°
But since, the maximum value of 6 can be 90°, he will hear two more maximum i.e. at 32° and 64°.

Py & o Py A2

S S, S5 P ]
Because the 3 sources have equal intensity, amplitude are equal 120° -
S0, A=Ay = Ay P
As shown in the figure, amplitude of the resultant = 0 (vector method)
So, the resultant, intensity at B is zero. As
The two sources of sound S and S, vibrate at same phase and frequency. b
Resultant intensity at P = |
a) Let the amplitude of the waves at S; and S, be r'.

When 6 = 45°, path difference = S;P — S,P = 0 (because S{P = S,P)

So, when source is switched off, intensity of sound at P is I,/4. 0 0
b) When 6 = 60°, path difference is also 0. Sy Sz

Similarly it can be proved that, the intensity at P is Iy / 4 when one is switched off.
If V=340 m/s, | =20 cm =20 x 10 m

Fundamental frequency = — = Lz =850 Hz
21 2x20x10~
We know first over tone = 2V __2x340 (for open pipe) = 1750 Hz

21 2x20x1072
Second over tone = 3 (V/21) = 3 x 850 = 2500 Hz.
According to the questions V = 340 m/s, n = 500 Hz
We know that V/4lI (for closed pipe)
340
4 x500
Here given distance between two nodes is = 4. 0 cm,
=A=2x4.0=8cm
We know that v = nA

== m =17 cm.

328
= 82102 4.1 Hz.
V =340 m/s
Distances between two nodes or antinodes
= M4 =25cm

=A=100cm=1m

= n =v/k =340 Hz.

Here given that 1 =50 cm, v = 340 m/s

As it is an open organ pipe, the fundamental frequency f; = (v/21)

= L_z= 340 Hz.
2x50x10

16.6
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39.

40.

41.

42.

43.

44.

45.

So, the harmonies are
f3 =3 x 340 = 1020 Hz
fs =5 % 340 = 1700, fg = 6 x 340 = 2040 Hz

so, the possible frequencies are between 1000 Hz and 2000 Hz are 1020, 1360, 1700.

Here given I, =0.67 m, |, =0.2 m, f =400 Hz
We know that

A=2(,-11) =1 =2(62-20)=84 cm=0.84 m.
So, v=nA =0.84 x 400 = 336 m/s

We know from above that,
li+d=Md=d=7M4-1,=21-20=1cm.
According to the questions

f; first overtone of a closed organ pipe P = 3v/4l = 3xV
4x30
f, fundamental frequency of a open organ pipe P, = %
2
Here given 3V :l: =20 cm
4%x30 2,

.. length of the pipe P, will be 20 cm.
Length of the wire = 1.0 m

For fundamental frequency A/2 = |
=>A=21=2x1=2m

Here given n = 3.8 km/s = 3800 m/s

We know = v =nA =n=3800/2=1.9kH.

So standing frequency between 20 Hz and 20 kHz which will be heard are

=nx1.9kHz wheren=0,1,2, 3, ... 10.
Let the length will be I.

Here given that V = 340 m/s and n = 20 Hz
Here M2 =1= A =2

WeknowV=nx:>I=X= 340 _34
n 2x20 4
a) Heregivenl=5cm =5 x 10 m, v = 340 m/s
n=xzi=3.4KHz
2l 2x5x1072

b) If the fundamental frequency = 3.4 KHz
= then the highest harmonic in the audible range (20 Hz — 20 KHz)
_ 20000

= 5.8 = 5 (integral multiple of 3.4 KHz).
3400

The resonance column apparatus is equivalent to a closed organ pipe.

Here 1=80cm =10 x 102 m; v = 320 m/s

= ng =Vv/4l = L=100 Hz

4x50x1072

So the frequency of the other harmonics are odd multiple of no = (2n + 1) 100 Hz
According to the question, the harmonic should be between 20 Hz and 2 KHz.

Let the length of the resonating column will be = 1
Here V = 320 m/s

(n+1)v nv

Then the two successive resonance frequencies are

(n+1)v

Here given = 2502 ) = % = 1944

%-%ﬂwz— 1944 = 548 cm = 25 cm.

16.7
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46.

47.

48.

49.

50.

51.

Let, the piston resonates at length I; and |,
Here, |1=32cm;v=?,n=512Hz Iy
Now = 512 = v/A I
= v=512x0.64 =328 m/s.

1222722227 (2-h)

Let the length of the longer tube be L, and smaller will be L.

According to the data 440 = % ...(1) (first over tone)
xLa
and 440 = 330 ...(2) (fundamental)
4xL,

solving equation we get L, =56.3 cmand L, = 18.8 cm.
Let ng = frequency of the turning fork, T = tension of the string
L=40cm=04m,m=4g=4x10"kg
So, m = Mass/Unit length = 107> kg/m
1T

Ng= —4/— .
2lVm

So, 2" harmonic 2n = (2/2)VT/m
As it is unison with fundamental frequency of vibration in the air column
340

= 2ng = =85Hz
4 x1

—85=—2_ | T _ 7=852x(0.4)2x 107 = 11.6 Newton.
2x0.4\ 14

Given,m=10g =10 x 1073 kg,1=30cm=0.3m
Let the tension in the string willbe =T
p = mass / unit length = 33 x 107 kg

The fundamental frequency = ng = % T (1)
i
The fundamental frequency of closed pipe
340
= ng=(V/4)———— =170 Hz ..(2
0= () 50 X102 @)
According equations (1) x (2) we get
1 T

170 = > X 3
2x30x10™ 33x10~

= T = 347 Newton.
We know that f oc T
According to the question f + Afoc VAT +T

f+Af At+T
- =

1/2
=1+ A—f: 1+£ = +1A—T+... (neglecting other terms)
f T f T 2T
= AT _(172)AL
f T
We know that the frequency = f, T = temperatures
foc ﬁ

o fi_AT _ 203 _ 293

=
f, JT, B 4295

g 293x4205 o,
V293
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52.

53.

54.

55.

56.

57.

58.

59.

Vieg =2, Vair =340 m/s, L, = 25 x 1072, d, = 5 x 107 metres

-2
e iy, = 34022570 T2 _ 3400 ms.
Va Da 5x10~

a) Heregiven, L, =1.0/2=05m,d,=6.5cm=6.5x102m
As Kundt’s tube apparatus is a closed organ pipe, its fundamental frequency

—n= 4V|_r =V, =2600 x 4 x 0.5 =5200 m/s.

r

V, 2L, _ 5200x6.5x1072
b) —-= SVpgm ——————
V, d, 2x0.5

a
As the tunning fork produces 2 beats with the adjustable frequency the frequency of the tunning fork will
be = n= (476 + 480) /2 = 478.
A tuning fork produces 4 beats with a known tuning fork whose frequency = 256 Hz
So the frequency of unknown tuning fork = either 256 — 4 = 252 or 256 + 4 = 260 Hz
Now as the first one is load its mass/unit length increases. So, its frequency decreases.
As it produces 6 beats now original frequency must be 252 Hz.
260 Hz is not possible as on decreasing the frequency the beats decrease which is not allowed here.

=338 m/s.

Group — | Group — Il

Given V = 350 v = 350

A1 =32cm Ao =32.2cm

=32x10%m =322%x107m

So 14 = frequency = 1093 Hz N2 =350/32.2x 102 = 1086 Hz

So beat frequency = 1093 — 1086 = 7 Hz.
Given length of the closed organ pipe, | = 40 cm =40 x 107 m
Vair = 320

So, its frequency p = V. 30 | 200 Hertz.

41 4x40x1072
As the tuning fork produces 5 beats with the closed pipe, its frequency must be 195 Hz or 205 Hz.
Given that, as it is loaded its frequency decreases.
So, the frequency of tuning fork = 205 Hz.
Here given ng = 600 = 118
21V 14
As the tension increases frequency increases
It is given that 6 beats are produces when tension in A is increases.

So, np = 606 = i E
21V M

na _ 600 _(1/2)y(TB/M) _TB

ng 606 (1/2)/(TA/M) +TA

T

_, V'a _606_, = Taq02,
JTs 600 Ts

Given that, | =25 cm =25 x 10°m

By shortening the wire the frequency increases, [f = (1/21),/(TB/M) ]

As the vibrating wire produces 4 beats with 256 Hz, its frequency must be 252 Hz or 260 Hz.
Its frequency must be 252 Hz, because beat frequency decreases by shortening the wire.

So, 252 = ;2\/? (1)
2x25x107 VM

Let length of the wire will be |, after it is slightly shortened,
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60.

61.

62.

63.

64.

65.

= 256 = LIS ...(2)
2xl; VM
Dividing (1) by (2) we get
-2

E: l4 3|1:252><2><25><‘10 = 02431 m

256 2x25x1072 260
So, it should be shorten by (25 — 24.61) = 0.39 cm.
Let u = velocity of sound; Vm = velocity of the medium; 100 m/s

—_—

v, = velocity of the observer; v, = velocity of the sources. (ﬁf |

U+v, -V
f=|—"—2F (36km/h = 10m/s)
(v +V,, -V, J
using sign conventions in Doppler’s effect,

Vimn=0,u=340m/s,vs=0and v,=-10 m (36 km/h = 10 m/s)

- (M}&KH2= 350/340 x 2 KHz = 2.06 KHz.

34010-0
fl= (MJ f [18 km/h = 5 m/s]
U+Vp, — Vg Lﬁ—‘
& 18km/h = 5m/s

using sign conventions,
340+0-0
340+0-5

RN =

a) Given vg =72 km/hour = 20 m/s, p = 1250

app. Frequency = [ jx 2400 = 2436 Hz.

340+0+0
apparent frequency = ———x 1250 = 1328 H
PP aueneY = 340+0-20 " 2
b) For second case apparent frequency will be = MMZSO =1181 Hz.
340+0-(-20)

Here given, apparent frequency = 1620 Hz
So original frequency of the train is given by

1620 = [332+0+0) . . (1620x317)
332-15 332

So, apparent frequency of the train observed by the observer in

fl = Mjf «[1620x317 1 31—7><1620=1480 Hz.
332+15 332 347

Let, the bat be flying between the walls W, and W..
So it will listen two frequency reflecting from walls W, and W;.

So, apparent frequency, as received by wall W = fw, = fo= 330/324
. L
Therefore, apparent frequency received by the bat from wall W, is given by Wy w2

Fy of wall W, = [ 320+0=(6)} ~_[336) (330
2 330+0+0 2 1330/ \ 324
Similarly the apparent frequency received by the bat from wall W is

fy, = (324/336)f

So the beat frequency heard by the bat will be = 4.47 x 10* = 4.3430 x 10" = 3270 Hz.
Let the frequency of the bullet will be f
Given, u =330 m/s, vs =220 m/s
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66.

67.

68.

69.

70.

. 330
A tf bef =f=| ———=|f=3f
a) Apparent frequency before crossing (330 - 220}

. 330
b) Apparent frequency after crossing =" =| ——— |f=0.6 f
) App quency N9 (530+220J
so, [£]206f_¢,
' 3f
Therefore, fractional change =1 - 0.2 =0.8.

The person will receive, the sound in the directions BA and CA making an angle 6 with the track.

Here, 0 = tan™" (0.5/2.4) = 22°

So the apparent frequency received by the man from train B.

So the velocity of the sources will be ‘v cos 6’ when heard by the observer. §

340 —vcos22°
And the apparent frequency heard but the man from train C,
fr = 340+0+0
340 -vcos22°
Let the velocity of the sources is = v,
a) The beat heard by the standing man = 4
So, frequency = 440 + 4 = 444 Hz or 436 Hz
340+0+0
340 - vy
On solving we get Vs = 3.06 m/s = 11 km/hour.
b) The sitting man will listen less no.of beats than 4.
Here given velocity of the sources vs =0
Velocity of the observer vy = 3 m/s

fr = [ 340+0+0 j500=529Hz

JX 500=476 Hz.

= 440 = [ Jx400

So, the apparent frequency heard by the man = [3:;2 +3

from the approaching tuning form = f’

f" =[(332-3)/332] x 256 = 253.7 Hz.

So, beat produced by them = 258.3 — 253.7 = 4.6 Hz.

According to the data, Vs = 5.5 m/s for each turning fork.

So, the apparent frequency heard from the tuning fork on the left,

fr = ( 330
330-5.5

similarly, apparent frequency from the tunning fork on the right,

fr = [ﬂjxmz: 510 Hz

jx512 =527.36 Hz = 527.5 Hz

330+5.5

So, beats produced 527.5 — 510 = 17.5 Hz.
According to the given data

Radius of the circle = 100/z x 107> m = (1/x) metres; o = 5 rev/sec.

So the linear speed v = or = 5/ = 1.59
So, velocity of the source Vg = 1.59 m/s

Jx 256 =

v cos 6
0.5km
o 0 =]
1.2km 1.2km

B~ %
kbt

e Y
ey

As shown in the figure at the position A the observer will listen maximum

and at the position B it will listen minimum frequency.

So, apparent frequency at A = __ 332 x 500 = 515 Hz
332-1.59
_ 332 _
Apparent frequency at B= —————— x 500 = 485 Hz.
332+1.59
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71.

72.

73.

74.

75.

76.

According to the given data Vs = 90 km/hour = 25 m/sec. — —
Vo = 25 m/sec
So, apparent frequency heard by the observer in train B or A B

350 +25 O O O O OO0 O OO

350-25
Here given fs = 16 x 10° Hz

Apparent frequency f' = 20 x 10° Hz (greater than that value)
Let the velocity of the observer = v,

observer in = [ jx 500 = 577 Hz.

Givenvg =0
S020 x 10% = [ 230+Vo ) 46 x 10°
330 +0
I>(330+V0)= M
16
= Vo= 20X330;16X330 :%m/s=297 km/h

b) This speed is not practically attainable ordinary cars.
According to the questions velocity of car A =V, = 108 km/h = 30 m/s
Vg =72 km/h =20 m/s, f = 800 Hz

So, the apparent frequency heard by the car B is given by, [ >

330p_p20 q y y g y ,_ﬂ:Dd 30m/s .‘lt —_—
ff=| ———|x800=826.9 =827 Hz.

330-30

a) According to the questions, v = 1500 m/s, f = 2000 Hz, vs = 10 m/s, v, = 15 m/s
So, the apparent frequency heard by the submarine B,

1500 +15 A °
= [mj x 2000 = 2034 Hz @—nom 15mis 4—@
Vs Vs

b) Apparent frequency received by submarine A,
_ (1500 +10
- (1500 -15
Given that, r=0.17 m, F = 800 Hz, u = 340 m/s

Frequency band =f; —f, =6 Hz

Where f; and f, correspond to the maximum and minimum apparent frequencies (both will occur at the
mean position because the velocity is maximum).

J x 2034 = 2068 Hz.

Vs
Now, f; = ﬂ f andf, = ﬂ f “«——— 017m
340 - v 340 +vg
———————e¢ —— ¢ — —— —— e D

f1 - f2 =8 A —O> B

1 1 Vs
= 340f - =8

340-v, 340 +vy
2vg 8

= =
3402 -v2 340x800

= 340% - v;* = 68000 v,
Solving for vs we get, v = 1.695 m/s
For SHM, vi = ro = o = (1.695/0.17) = 10 N

So, T=2n/®=n/5=0.63 sec. 4
u=334m/s, v, = 4J§ m/s, vo =0 s
S0, Vs = Vy COS 0 = 442 x (1/+/2) = 4 mis. W < - amis | g
u+0 334
so, the apparent frequency ' = f= 1650 = 1670 Hz. /
PP a y [u—vbcosGJ [334—4)>< E v cos 0
S
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77.

78.

79.

80.

81.

u =330 m/s, Vo =26 m/s
a) Apparent frequency at, y = — 336

v
m = N Xf
[v—usmej

330 140m
= | —— |x660
[330—263in23°}< [ vo 26mss

[because, 6 = tan™" (140/336) = 23°] = 680 Hz.
b) At the point y = 0 the source and listener are on a x-axis so no apparent change L

in frequency is seen. So, f = 660 Hz. 140
c) As shown in the figure 6 = tan™ (140/336) = 23° 0

Here given, = 330 m/s ; v =V sin 23° = 10.6 m/s s 336 i

So,F"= — 660 = 640 Hz.

u+vsin23°

Virain OF Vg = 108 km/h = 30 m/s; u = 340 m/s

a) The frequency by the passenger sitting near the open window is 500 Hz, he is inside the train and
does not hair any relative motion.

b) After the train has passed the apparent frequency heard by a person standing near the track will be,

sofr = [340+0 ) 500 =459 Hz
340130

c) The person inside the source will listen the original frequency of the train.
Here, given V,, =10 m/s

For the person standing near the track ‘ ﬁ: “ X ll

_ UtV +0 500 = 458 Hz. |
+ Vm - (_Vs)
To find out the apparent frequency received by the wall,
a) Vs =12km/h =10/3 = m/s
Vo, =0,u=330m/s

Apparent frequency =

330-10/3

b) The reflected sound from the wall whistles now act as a sources whose frequency is 1616 Hz.
So,u=330m/s, V=0, V,=10/3 m/s
So, the frequency by the man from the wall,

So, the apparent frequency is given by = f' = (&jx 1600 = 1616 Hz K [

= [ 330410731 1616 = 1632 mis.
330
Here given, u = 330 m/s, f = 1600 Hz 20m/s
So, apparent frequency received by the car _f, <f_43:c>_>
. _(u=V, 330-20 _ _
f= f= x1600 Hz ... [V, =20 m/s, Vs = 0]
u-Vg 330

The reflected sound from the car acts as the source for the person.
Here, Vs =-20m/s, V,=0

Sofr=|339=0 | ¢330 310 160= 1417 Hz.
330+ 20 350 330

.. This is the frequency heard by the person from the car.
a) f=400Hz,, u=335m/s

= X\ (v/f) = (335/400) = 0.8 m =80 cm

b) The frequency received and reflected by the wall,

f=|Y=Vo |, ¢-33% 400 [V.=54misandV, = 0]
u_V, 320
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82.

83.

84.

85.

_ 320x335

= X' = (v/f) =0.8m=80cm
335x400
c) The frequency received by the person sitting inside the car from reflected wave,
f= Mfzﬁmoo =467 [Vs=0and V,=-15 m/s]
335-15 320

d) Because, the difference between the original frequency and the apparent frequency from the wall is
very high (437 — 440 = 37 Hz), he will not hear any beats.mm)

u-(V)p 3244V 400 (1)

f=400 Hz, u =324 m/s, ' =
u—(0) 324

for the reflected wave,

fr=a10= Y= 0¢ @ 4_&

u-v
= 410= 524 3244V 440
324-v 324
= 810v =324 x10
=>vV= 32410 _ 4 m/s.
810
f=2kHz, v=330 m/s,u=22m/s s — P
- |
Att =0, the source crosses P
a) Time taken to reach at Q is
S 330 330m
t=—=——=1sec
v 330
b) The frequency heard by the listner is Q

fr= f[i" j
VvV —-ucoso

since, 0 = 90°
f'=2x (v/u) =2KHz.
c) After 1 sec, the source is at 22 m from P towards right.
t=4000 Hz, u=22 m/s
Let ‘t’ be the time taken by the source to reach at ‘O’. Since observer hears the sound at the instant it
crosses the ‘O’, ‘'t’ is also time taken to the sound to reach at P.

. 0Q=utand QP = vt S
Cos 6 = ulv
Velocity of the sound along QP is (u cos ). u=22mis || 0 P
_ 2
f'=f( v-0 ]:f V2:f 2"2 s [0
vV -—ucos0 v—u— Ve —u <— 660m/s—»
v
. . . _ 3302 _ _
Putting the values in the above equation, f' = 4000 x W =4017.8 = 4018 Hz.
a) Given that, f = 1200 Hz, u =170 m/s, L =200 m, v = 340 m/s
From Doppler’s equation (as in problem no.84) (Detector)
2 2
P=f Y| =1200 x —20 - 4600 Hz. P
ve-u 340 -170

b) v = velocity of sound, u = velocity of source L=vt

let, t be the time taken by the sound to reach at D
DO =vt'=L,and S'O = ut’ ut’
t =LV A 0
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S'D = YS'0%+D0O? =, |u —+L2 ——\/u +v2
V

Putting the values in the above equation, we get

sD = 220 1702 + 3402 = 2236 m.

340

86. Given that,r=1.6 m, f=500 Hz, u =330 m/s

87.

a) AtA, velocity of the particle is given by A

Va= frg =\1.6x10 =4m/s Vi .
and at C, vo = 4/5rg =4/5x1.6x10 =8.9m/s B S --e- 9

VB

So, maximum frequency at C, IS ve

po= Y o330 500-513.85Hz.
u-vg 330-8.9

Similarly, maximum frequency at A is given by f, = S 330 (500) =494 Hz.
u

—(-vg) 330+4
b) Velocity at B = ,/3rg =v3x1.6x10 =6.92m/s

So, frequency at B is given by,
fo= —Y xfo—330 500=490Hz vo
U+Vvg 330+6.92
and frequency at D is given by,
o= —9 =330 500 "
u—vg 330-6.92
Let the distance between the source and the observer is ‘X’ (initially)
So, time taken for the first pulse to reach the observer is t; = x/v

and the second pulse starts after T (where, T = 1/v)

and it should travel a distance (x—%aTz) x— % at?

_ 2
Sot, = T4 X-1/2aT ON—{)—H

t2—t1 = T+_—:—:T—__

Putting = T = 1/v, we get
2uv-a

t,—t =
2T 2w?

2
so, frequency heard = 2w (because, f = L
2uv-a t, -t

)

fooohoh b
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