OSCILLATIONS

14. A mass of 1 kg attached to the bottom of a spring has certain frequency of

vibration. What mass is to be added in order to reduce the frequency by half ?
(A) 1 kg (B) 2kg (©) 3kg (D) 4 kg

15. A pendulum suspended from the ceiling of a compartment of a train has periodic
time 2 s. When the train is accelerating at 10 ms2 What will be its time

period when the train retards at 10 m s>
2
(A) 2 s B) 2 s (C) 242 s (D) E S
ANSWERS

1. B) 2. (A 3.D) 4. (C) 5 B 6. (O
7. (C) 8. (A) 9.(C) 10. B) 11. (B) 12. (D)
13. (D) 14. (C) 15. (A)

Answer the following questions in short :

What is the work done by simple pendulum in one complete oscillation ?
What is the periodic time of a pendulum in freely falling lift ?

1
2
3. Write equation for peiodic time of oscillation of the liquid in U-tube.
4. What is an epoch ? In which unit it is measured ?

5

Amplitude of an SHO is 4 cm. At what distance from the equilibrium position,

the kinetic energy and potential energy becomes equal ?

6. What is the SI unit of force constant ?

7. Write the relation between the acceleration amplitude (a), the displacement

amplitude (A) and the angular frequency (®) for SHM.
8. Why does a simple pendulum eventually stop ?

9.  Write expression of the mechanical energy of damped harmonic oscillation for
b << Jkm.

10. Write general form of the second order differential equation for forced oscillation.

Answer the following questions :

Define periodic motion and oscillatory motion. Give proper examples of it.
Deduce an expression for the time period of a simple pendulum.
What are damped oscillations ? What are the factors affecting its motion ?

1
2
3
4. Deduce the relation for the total energy of damped harmonic oscillator.
5. Explain forced oscillations and resonance.

6

Show that for a particle in linear SHM the average KE over a period of

oscillation equals the average PE over the same period.

177
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10.

Obtain the co-ordinates of the points where the KE and PE against displacement
graphs intersect.
What is the nature of acceleration against displacement curve of SHM ? What

is the slope of this curve ?

Periodic time of the particle excluding SHM is T = 2n1,% . Explain why then

the periodic time of a simple pendulum is independent of a mass of the
pendulum ?

What provides the restoring force for simple harmonic oscillator in the following
cases ?

(i) Simple pendulum (ii) Spring (iii) Column of mercury in U-tube.

Solve the following problems :

1.

Obtain the equation for SHM of the Y-projection of the radius vector of the
revolving particle P in case (a) and (b) of Figure 7.22.

Y Y
Pt = 0)
Pt = 0) o0°
60° X
X (@]
(0]
T=3s
T = 1 min
(@) )
Figure 7.22

[Ans. : (@) y = 2 sin(% + ) (b)y=73 cos(%t)]

wla

Three springs are connected to
a mass m = 80 g as shown in 2k
Figure 7.23. What is the

effective spring content and m

periodic time, if k =2 N m™ ? k k

[Ans. : k = 8 Nm™, T = 0.628 s]

Figure 7.23
A spring of length / and force constant k is cut into two parts of length /, and

l,. Here I, = nl,. Obtain force constants k and k, respectively of these parts

in terms of n and k. [Ans. : k, = (1 + %)k, k, = (n +1)k]
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10.

An oscillator of mass 100 g is performing damped oscillations. Its amplitude
becomes half of its initial amplitude after 100 oscillations. If its period is 2 s

find the damping co-efficient. [Ans. : 0.693 dyn s cm™']

Amplitude of an SHO is A. When it is at a distance y from the mean position
of the path of its oscillation, the SHO receives blow in the direction of its
motion which doubles its velocity instantaneously. Find the new amplitude of its

oscillations. [Ans. : |J4A% — 3y2 ]

For an SHM prove that a’T?> + 4n*v* = constant, where a and v are
acceleartion and velocity respectively at any instant. T is periodic time.

A simple pendulum has a length L and a bob of mass m. The bob is oscillating
with amplitude A. Show that the maximum tension (T) in the string is (for

2
small angular displacement). T, == mg[l + (%) :|

Two simple harmonic motions are represented by y, = 10 sin% (12t + 1) and

Y, = 5(sin 31t + /3 cos3mt). Find out the ratio of their amplitudes. What are

A
the time period of two motions ? [Ans. : A—l =1, T1 = T2 = 2 s]
2

3

For a linear harmonic oscillator the force constant is 2 x 10° N/m and total
mechanical energy is 160 J. At some instant of time, its displacement is 0.01
m. Find its potential energy and kinetic energy at this position.
[Ans. : 100 J, 60 J]
For a linear SHM, when the distance of the oscillator from the equilibrium
postion has values y, and y,, the velocities are v and v,. Show that the time
2 2 %
period of oscillation is T = 27‘{%} .
Vim0
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8.1 Introduction

Friends, earlier we have studied that the universe is made
up of matter and radiation. This radiation propagates in the form
of waves. Waves have basic importance in almost every branch
of physics. Light and sound energy also propagate in the form
of waves. Different types of radiant energy emitting from the
sun also reaches us in the form of waves. Music produced from
musical instruments also reaches us in the form of waves.
Communication done through radio, television and mobile is due
to the waves. In 20th century, concept of matter wave was
introduced due to which importance of the waves also increase.

In this chapter we will learn about waves, types of waves,
speed of waves in different medium, reflection of waves,
superposition of waves, beats and Doppler effect.

8.2 Waves

When a particle moves in space it carries the kinetic energy
associated with it. There is another way to transport energy in
which the particle oscillates near its position and yet the energy
reaches too far from it. They transport their associated energy
to the far distance without leaving their position. Sound is
transmitted in air in this manner. When you say ‘Hello’ to your
friend, no material particle is ejected from your lips and reaches
to your friend’s ear. You create some disturbance in the air close
to your lips which propagates as a wave and reaches to ear of
your friend.

To understand clearly the concept of a wave, consider a
long and elastic string with one end fixed to rigid support and
other held by a person. The person pulls on the string keeping it
tight. Here, string is a one dimensional elastic medium. As shown
in Figure 8.1, suppose that A, B, C, ..... I are the particles of a
string. At time ¢ = O all the particles of the medium are in the
equilibrium state. (See Figure 8.1a)

(i) Suppose, at f = 0 a disturbance is produced by the person
in the particle A so that it starts simple periodic motion according
to y = A sinwt. The period of this oscillation is T.

(ii) Because of elastic property of the medium, suppose the
effect of disturbance produced at A is transmitted to particle B
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in time % During this time % , the displacement

of a particle A would be y = Asin(%) (%) _

A
E and particle B is on the verge of starting

its simple periodic oscillation, (See Figure 8.1 b)

(ii1) Now, during an additional time period of
T o LT T -
g that is at 3 + g = 4° the disturbance
produced at A reaches C and at that moment C
is on the verge of starting its oscillation. During

this time T , the displacement of particle A would
T

be y = Asin(%) (Z) = A i.e. Displacement

of A is equal to its amplitude and that of B is

equal to % (See Figure 8.1(c)).

A B C D EF G H T t=

O
(a)
A
2 ;T
0 8
B (b)
A _ 2T
+O t_ 8
¢ ()
4 _ 3T
+Jg [_ 8
P (d)
4T
=
(6] E 8
(e)
_ 3T
o) = 8
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2
_ 6T
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(6]
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(6] - h 8
A
-4 (h)
t =
O .
L)

Wave generation on a string

Figure 8.1

(iv) Thus, due to the disturbance produced
at A, the subsequent particles start oscillations
and transmit the effect of their oscillation to the
subsequent particles and the disturbance
propagates in the medium.

(v) In this way the propagating disturbance

reaches the particle D at ¢ = %, the particle E

at ar and the particle I at time T. At time

T one oscillation of A is completed and the par-
ticle I is just to start its oscillation.

This entire situation is shown in Figure 8.1.
Remember that the particles of the medium were
in the equilibrium position. At time 7 = 0, we
produced a simple periodic disturbance at the
particle A. This disturbance has travelled in the
medium and reached the particle I at time ¢ = T.

(vi) Here, disturbance considered is such that
it produces a simple periodic motion in the par-
ticle A and hence the shape produced in the string
is like a sine curve. If the displacement or oscil-
lation of particle A had been of some other type,
the shape formed in the string would also have
been accordingly of the other type. Thus, the
shape formed in the string gives an idea of
the type of disturbance. For example, if the
free end of the string snappad one, then the shape
formed in string is shown in Figure 8.2, which is
known as a pulse.

Shape formed on the string according to the type
of disturbance

Figure 8.2

As the time elapses this disturbance (or
shape in the string) passes over the particles
J, K, L,... etc. Here, the shape is that of the
sine curve is lying between the particles A and
I at time # = T. This shape proceeds further along
the string and comes between particles I and Q
at time ¢ = 2T as shown in Figure 8.3. During
this time the particles between A and I stop
oscillating and string comes back to its original
position.
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Shape of the string at ¢t = 2T
Figure 8.3

Thus, by producing a disturbance at any
particle in the string, a shape corresponding to
the disturbance is produced and that shape
(without alteration) moves along the string, which
means that the disturbance propagates in the
medium of the string. The motion of the
disturbance in the medium (or in free space)
is called a wave disturbance or generally a
wave.

Remember that here the particles of the
string A, B, C... are not moving as a ‘single unit’
in the medium but they only displace or oscillate
about their equilibrium positions. Thus, wave is
not physical ‘body’ travelling in the medium. As
the effect of disturbance produced in any part of
the medium is being experienced by the
subsequent particles of the medium, the wave is
said to propagate. After the disturbance has
passed through any particle, it comes back
to its equilibrium position.

When the engine of a railway train joins the
coaches, in the beginning the first coach vibrates,
then the second coach and then the third coach
and so on. Thus, the effect of vibration moves
from the first to the last coach. This phenomenon
is the propagation of the wave in the medium
‘made up of railway coaches.’

Wavetrain

In the above discussion, if the particle
continues to oscillate in its simple harmonic
motion, the second waveform generated after the
first one follows it and so on. Thus, a series of
waveform appears to move ahead as a continuous
chain. Such a series of propagating waveform is
called a wave train.

We discussed a situation in which particles
participating in wavemotion are executing a simple
harmonic oscillation, here the wave shape formed
in medium is of the nature of a sine (or equivalent
cosine) curve. Such a wave is called a harmonic
wave.

If the waves are continuously moving ahead
in the medium, they are called travelling or
progressive waves.

8.3 Classification of Waves

(i) Mechanical waves : The waves which
require elastic medium for their transmission are
called mechanical waves. Such a wave
propagates due to the elastic properties of the
medium. For example, waves on a string, ripples
on the water suface, sound waves and seismic
waves. All these waves have the characteristics
that they are governed by Newton’s laws.

(ii) Electromagnetic waves : For the
propagation of electromagnetic waves no material
medium is essential. They can propagate in the
vacuum also. In this types of waves the
disturbance in the electric and magnetic fields that
propagates. Here, instead of particles, the vectors
of the electric and magnetic field intensities are
oscillating.

Light waves, radio waves, microwave,
X-ray etc. are the examples of the
electromagnetic waves. (More information you
will get in Std. 12)

(iii) Matter waves :
associated with moving electrons, protons,
neutrons and other fundamental particles and even
atoms and molecules. These particles constituting
matter, therefore, such waves are called matter
waves. The concept of these types of wave you

Matter waves are

will learn in Std. 12. From the concept of these
waves scientific instruments are developed in
modern technology. The matter waves associated
with electron are employed in the electron
microscope.

In this chapter we will study only the
mechanical waves.

Transverse wave : Waves in which the
oscillations of the particles are in a direction
perpendicular to the direction of wave propagation
is called the transverse wave. The waves along
a string discussed in article 8.2 is an example of
transverse wave. Electromagnetic waves (e.g.
light waves) are also a transverse waves. In such
waves the locations of the maximum displacement
of the particle in one direction are called the
‘crests’ and locations of maximum displacement
in the opposite direction are called ‘trough’.
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These waves propagate through a medium in the
form of crests and troughs.

Longitudinal wave : Waves in which the
oscillations of the particles of medium are along
the direction of wave propagation are called
longitudinal waves. Sound waves propagating
in air are longitudinal. Such waves propagate
through a medium by forming condensations and
rarefaction in the medium. When waves
propagate in medium, the particles at medium
oscillate about their equilibrium position, in the
direction of propagation of waves.

For simplicity, the positions of the particles
of air at some instant of time in case of
longitudinal waves is shown in Figure 8.4.

Speaker

C R C R
(@)

C R C

Variation in density

Speaker

C R C

Change in pressure

(b) by
Density A
or Average
Pressure density/
Distance ensity
Pressure
(©

Longitudinal wave in air
Figure 8.4

When sound waves pass through that region
of air, the air molecules in certain region are
pushed very close to each other during their
oscillations. Hence, both density and pressure of
air increase in such regions. In such region
condensation is said to be formed. In the regions
between consecutive condensations, the air
molecules are found to be quite separated. In
such regions density and pressure of air decreases
and here rarefaction is said to be formed. (See
Figure 8.4)

Thus, during the propagation of sound the
layers of medium perform oscillation about their
mean positions and during this the condensations
and rarefactions are alternatingly formed. As the
effect of such oscillations reaches one layer after
the other, the condensations and rarefactions

propagate further and further in the medium. In
this way the sound propagates in a medium.
During the propagation of sound the pressure in
different region of the medium changes with time
and position. Hence, such waves are also called
the pressure waves.

The direction of the oscillations of the
particles of the medium is perpendicular to the
direction of propagation of transverse waves in
the medium. Hence during the propagation of the
transverse waves every element of the medium
experience shearing strain. But shearing stress is
possible only in solid medium. So, the transverse
waves can propagate in solid medium like string,
wire, rod but they cannot propagate in a fluid
medium.

During the propagation of the longitudinal
waves, the oscillations of the particles of the
medium are in the direction of propagation of the
waves. Hence, compressive strain is produced
during the propagation of these waves. Now,
compressive stress is possible in solids, liquids and
gases. So, the longitudinal waves can propagate
in any medium.

Thus, in a solid medium both types of
mechanical waves, transverse waves and
longitudinal waves can propagate whereas in
a fluid medium only longitudinal waves can
propagate.

[During an earthquake two types of waves,
transverse and longitudinal are produced on the
earth. They are known as S-wave (secondary
wave) and P-wave (primary wave) respectively.
Longitudinal wave (P-wave) is similar to sound
waves produced in the earth’s interior. The speed
of P-wave is approximately 4 — 8 km/s and that of
S-wave is approximately 2 — 5 km/s. In an S-wave,
particles in the earth’s interior vibarate at right angles
to the direction of the wave propagation. By
measuring the time interval between the first arrivals
of P-wave and S-wave, the origin of earthquake
(epicentre) can be determined.

8.4 Amplitude of A Wave, Propagation of
Energy in a Wave, Wavelength And
Frequency

Amplitude of a wave :

Amplitude of wave is the amplitude of
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oscillation of particle of the medium. As shown
in Figure 8.5 amplitude of the wave is A.

Propagation of energy in a wave :

A particle has to be displaced from its mean
position in order to produce a wave. Hence some
work has to be done on the particle. This energy
imparted to the particle will be in the form of
kinetic and potential energy of its oscillations. As
the successive particles experience the
disturbance, this energy is communicated to them.
Thus, energy is propagated in a wave. If the
medium has some internal friction, energy is
dissipated in the form of heat and hence, the
wave weakens on propagation.

Energy passing through a unit area
taken in the direction normal to the
propagation of the wave in one second is
called intensity of wave.

Wave Intensity (I) = Energy / Time

Area
SI unit of intensity of wave is % or Ez
m m

Its dimensional formula is M'L°T 3,

Energy of an oscillatory particle is

1

E = EkAz, hence the intensity of wave is

directly proportional to the square of its amplitude.
(I oc A?).
Wavelength :

The linear distance between any two points
or particles having phase difference of 27w rad is

called the wavelength (A) of the wave. Its SI
unit is m.

crest Q1 A S
A

A
P R

St 4w n 3n 2w Sn o 2 OPhase
) L2 2 (rad)
i trough H
TN

Amplitude and wavelength of a wave
Figure 8.5

As shown in Figure 8.5 the phase difference
of oscillation between particles P and R is
4m — 21 = 21 rad. Hence, the distance between

P and R represent the wavelength (A) of a
wave. From the figure it is clear that phase
difference between consecutive crests or
consecutive trough is 2w rad. Therefore, the
distance between consecutive crests/trough is also
a wavelength of a wave. Same way, in case of
the sound waves the distance between
consecutive condensations or consecutive
rarefactions also represents the wavelength.
Wave number and wave vector :

Number of waves per unit distance is called

wave number (%) The SI unit of wave number
is m™'.

In the wave propagation the particles at
a distance of A has the phase difference of 27
rad. Hence, the particle at a unit distance has

phase difference of % 2% is known as wave

vector or angular wave number or propagation
constant (k).
2n

A

The SI unit of k is rad/m. Its dimensional
formula is M°L™'T?. Wave vector is in the
direction of wave propagation.

Frequency of a wave :

The number of oscillations performed by the
particle of medium in one second is known as
the frequency of oscillation of particle. Frequency
(f) of the wave is just the frequency of oscillation
of the particles of the medium. The number of
the wave passing through point in one second is
called frequency of the wave.

Its SI unit is s™' or Hz (Hertz).

® = 27f is called angular frequenecy of the

wave. T = 7 is the periodic time of the wave.

8.5 Wave Equation

A complete description for a wave
propagation can be obtained if we know
displacements of all the particles of medium
participating in the wave motion at any time. For
this purpose we shall derive the wave equation
for wave in one dimension, which gives
displacement of a particle having coordinate x at
time f. From such an equation, substituting the
appropriate values for x and #, we get the
displacement for any particle at a required time
and thus obtain a description of the wave motion.
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Such an equation is called wave equation.
(Here, we shall discuss wave equation only for
one dimension).

Here we shall obtain an equation for
travelling wave or progressive harmonic waves.
To obtain the wave equation of a wave
propagating in positive x direction, consider
particles of a medium as shown in Figure 8.6.

P Q R S T U V W

Il =

2mx
x=0 A
Wave equation
Figure 8.6
Suppose, at ¢ = 0, simple harmonic oscillations
of the particle P start with zero intial phase i.e.
wave originates at P at time ¢ = 0. The
x-coordinate of the particle P is zero as well as
initial phase is also zero (¢ = 0). The equation
for the displacement of this particle would be,
y = A sinof (8.5.1)
Now when the wave originating at P travels
through a distance x, the medium particle (U)
lying at a distance x from P starts its simple
harmonic motion and the phase of its oscillation
would be less than that of P. Let the phase of
this particle (U) be & less than that of P. Hence
the equation for the displacement of particle at
distance x from P, would be,

y = A sin(wt — 0) (8.5.2)
Let the wavelength of wave be A. We know
that the phase of the particle at a distance A
from P, is less than that of P by 2m. Hence, the
phase of the particle at a distance x from P

would be less than that of P by zikx
_ 2mx
= (8.5.3)
Substituting  in equation (8.5.2)
y=A sin(OJl - 2—775)()
But 277[ =k
oy = A sin(of — kx) (8.5.4)

Here, (0t — kx) is known as the phase of
the wave at distance x from the origin at time 7.
The direction of wave vector k is taken along
the direction of propagation of the wave.

Equation (8.5.4) is the wave equation for the
progressive harmonic wave travelling in the
direction of the increasing value of x. If the wave
is travelling in the direction of decreasing
value of x then wf — kx is replaced by ot +

kx.
y = A sin(of + kx) (8.5.5)

o _ 2n _ 2m .
substituting ® = T and k = 5, in

equation (8.5.4)

y=A sin27c(% ~ %) (8.5.6)

If the velocity of wave is v, then substituting
A = VT in above equation

y=A sinzn(% - viT)

y=A sinznf(t - 1) - L -p ®57

% T
Now,

y=A sin2n€(vt - X)

Ly=A sinz—f(vt -x) (o v=f»A)
(8.5.8)

The above equations (8.5.6), (8.5.7) and
(8.5.8) are the different forms of wave equation
for the progressive harmonic wave.

If particle P is oscillating with initial phase ¢,
then the wave equation (8.5.4) will be as follows :

y = A sin(of — kx + ¢) (8.5.9)
8.6 Wave speed and phase speed

Wave travells a distance A in periodic

time T.
. _ Distance _ A
. wave speed v = TTime - T
But % =
v =fA (8.6.1)
B A(27wf)

271

But, 2nf = ® and 2775 =k

Y= (8.6.2)

>l

So far in the discussion of wave motion we
have seen that amplitude, period of oscillation and
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frequency of oscillation (f) of the particles of
medium are the amplitude, periodic time and
frequency of the wave respectively.

But the velocity of oscillating particle
and velocity of wave are not the same.

Note that, the frequency of the wave is
the property of the source of the wave while
the wavelength is the property of the
medium in which the wave propagates.

In the different mediums the wave speed is
different. Therefore, the wavelength of the wave
is also different in different type of medium. But
in a given medium the wave speed is constant.
Phase Speed

As shown in Figure 8.7 the wave is travelling
in the direction of increasing value of x. The
entire wave pattern is moving a distance Ax in
that direction during the interval Az. As the wave
moves, each point of the moving wave form
(such as point A) retains its displacement.
(Remember that points on the string do not retain
their displacement but point on the wave forms
do). For each point on the wave pattern phase
must be constant. In Figure 8.7 phase at point A
and A' is same.

. ot — kx = constant (8.6.3)

Here, both x and ¢ are changing. As ¢
increases, x must also increase to keep the
ot — kx constant. This confirms that the wave

pattern is moving towards increasing x.

Y Ax
A A

/ t:A'>

t=0
Wave motion

Figure 8.7
Differentiating above equation with respect
to 1.

d ot — k) =
7 (@f = kx) =0

dx _
(D_kdt 0
%—v:% (8.6.4)

Here, v is the phase speed of the wave.

Above equation (8.6.4) is similar to the
equation (8.6.2). So, the wave speed which we
find is the phase-speed of the waves in reality.

Illustration 1 : The frequency of the
radio-waves broadcast by Ahmedabad
Vividhbharati is 96.7 MHz. Find the
wavelength, wave vector and angular
frequency of these waves. Speed of radio

waves in air is 3 x 10% m/s.
Solution :
f=96.7 MHz = 96.7 x 10° Hz
v =23 x 10% m/s
Wave speed, v = fA

v 3% 10°
A= = 967 %100 = 3102m
Wave vector, k = %
_2x3.14
T 3.102
= 2.024 rad/m

Angular frequency, ® = 27f
=2 x 3.14 x 96.7 x 10°
= 6.07 x 10% rad/s

Illustration 2 : The wave equation of a
propagating wave is given by
vy = 0.5sin(x — 60¢) cm. Find, (i) amplitude of
the wave (i7) wave vector (7ii) wavelength (iv)
angular frequency and frequency of wave (v)
periodic time and (vi) wave speed.

Solution : Compare the equation

y = 0.5 sin(x — 60f) = —0.5sin( 60f — x )
with wave equation

y = A sin(ot — kx)

(i) Amplitude of a wave A = —0.5 cm

(ii) wave vector k = 1 rad/cm

(iii) wavelength A = %

2x3.14
= —1 = 6.28 cm

(iv) Angular frequency of a wave
® = 60 rad/s

Now, from ® = 27f, the frequency of wave,

® 60
f: 2—71: = 2)(314 = 955 Hz
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Illustration 3 : How far does sound
travel in air when a tuning fork of frequency
250 Hz completes 50 vibrations ? The speed
of sound in air is 340 m/s.

Solution : Wavelength of the wave produced

from tuning fork A = % = %58 = 1.36 m.

One wavelength is the distance travelled by
the wave in one complete vibration of tuning fork.

". Distance travelled by the sound in 50
vibrations.

=50 x A

=50 x 1.36 = 68 m

Illustration 4 : A stone dropped from the
top of a tower of height 100 m high splashed
into the water of a pond near the tower. When
is the splash heard at the top ? The speed of
sound in air is 340 m/s. At what time the splash
is heared at the top, after it is dropped ?

Solution : Suppose 7, is the time taken by

the stone to reach the surface of water and Z is

the time taken by the splash to reach from water
surface to the top. The splash will be heard at

the top of the tower after time 7 =7, + 1,
Now, time 7, taken by stone to reach water
surface can be determine as follows :
_ 1. .
s =Vl + 2 g1
s =100 m, v, =0, g = 9.8 m/s’
: _ 1 2
. 100 =0 + 2(9.8)tl
1, =452
Now, time 7, taken by the splash to reach
water surface to the top is,

_ _ Distance 100
~ Sound speed ~— 340

Lt=1 41, =452+ 029 = 481 s

Illustration 5 :

t, =029 s

Equation of a one
dimensional propagating wave is,

. - X
y= 581n30n(l 240).

Here, y is in metre and 7 is in second.

(i) Is the particle of medium moving in
positive Y or negative Y direction at the origin at
time f = 0 ? i.e. what will be produced first-
crest or trough ?

(i) Find the displacement, velocity of the
particle and the slope of the wave at 480 m away
from the origin at time 7 = 2 s.

(iii) Find the speed of wave.

Solution :

(i) At x = 0, starting from ¢t = 0, if y
increases in the negative direction then the trough
will be produced and if y increases in the positive
direction then the crest will be produced.

Here, at x = 0, y = 5 sin30nz. Hence,
starting from ¢ = 0, here y increases in the positive
direction. Hence, first a crest will be produced

at the origin.

(i) Displacement at t = 2 s for a particle at
x =480 m

_ M)
240

= 5sin307(0) = 0 m

y = 53in307c(

Velocity of the particle,

dy X )
V= E = 150ncos30n(l 240
_ _ 430
= 150ncos30n(2 240)
= 1501 m/s
Slope of the wave,
dy 5n _L)
E =% cos3OTc(l 240
= —%0053075(2 - %)
__on
-8

(iii) Compare the given equation with,

y = A sin2nf (t - f)
.. Wave speed v = 240 m/s

Here, note that the wave speed and the
magnitude of velocity of the particle taking part
in the wave propagation are not equal.
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8.7 Wave Speed in Medium

8.7.1 Speed of Transverse Wave on
Stretched String :

Earlier we have seen that the particles of
the string come back to their original position after
the disturbance (or wave) has passed through
those particles. In order that particles come back
to their original positions, restoring force and hence
elasticity in medium are essential. Moreover, the
inertia of the medium plays a role in deciding the
displacement of the oscillatory particles. Thus,
the elasticity and intertia of medium are
necessary for the propagation of the
mechanical waves. From these two properties
of medium, the speed of wave in a meduim is
determined.

It is found that the speed of transverse
wave in a medium like a string kept under the
tension, depends on (i) linear mass density (W)
and (ii) tension T in the string.

Here, we will obtain the speed of wave on
a string using dimensioned analysis.

Linear density of a string means mass per
unit length (W) of the string.

Dimensional formula of

[Total mass of string] M
H = [Total length of string] ~ 1!

- MILITO
Dimension of Tension T = M'L!T2

Suppose, wave speed

v=rkpt (8.7.1)
Here, k = dimensionless constant and
[a, b] € R.

Substituting dimensions on both the sides,
MOLI'T—I — [MIL—ITO]a [MlLlT—Z]b
— Ma+b L—LH-b T—2b
Comparing dimensions of both the sides,
a+b=0,—-a+b=1and -2b = -1

'.a:—% andb:%

Substituting value of @ and b in equations
(8.7.1)

SIE

-1
v=kp?3T

From the experimental and other studies,
k=1
, T
V=4 (8.7.2)
Above equation shows that wave speed is
independent of frequency of a wave and

amplitude of a wave.

Illustration 6 : A long wire PQR is made
by joining two wires PQ and QR of equal radii.
The wire PQ has length 4.8 m and mass.
0.06 kg. The wire QR has length 2.56 m and mass
0.2 kg. The wire PQR is under the tension of
80 N. Find the time taken by a wave produced
at the end P to reach the other end R.

Solution :

Mass per unit length for the wire PQ,

_0.06 1 g
MT 728 T80 m

Mass per unit length for the wire QR,
02 _ 10 kg

H27 256 ~ 128 m
Speed of wave in the wire PQ,

yo= L = 80 _ g0 s
! Wy 1
80

Speed of wave in the wire QR,

v2: l: &:3211']/8
VHz ﬁ

.. Time taken by the wave to reach R from
Pr= tl + t2

PQ | QR
Vi V2
48 256
80 32
=0.14 s

Illustration 7 : A uniform rope of length
12 m and mass 6 kg hangs vertically from a
rigid support. A block of mass 2 kg is attached
to the free end of the rope. A transverse pulse
of wavelength 0.06 m is produced at the lower
end of the rope. What is the wavelength of
the pulse when it reaches the top of the
rope ?
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Solution :
7‘2 T,
m, = 6 kg
7‘1 T,
m, = 2 kg
Figure 8.8

As the rope is heavy, its tension will be
different at different points.

mass of rope m, = 6 kg

mass a block m; = 2 kg

Tension at the lower end of rope,
T, =mg=72¢g

Tension of the upper end of rope,
T, = (m1 + mz)g

=(6+2)g=28g
wave speed in a string v = m
T
o=
¢ v =

The frequency of the wave pulse will be the
same everywhere on the rope and U is also the
same throughout the rope as it is uniform.
Therefore,

Ao T

Wavelength of wave at lower end of rope,

Ao [Ty

Wavelength of wave at upper end of rope,

o T

LR AV

A AT
T,
and }“2 = }\41 T
1

Ilustration 8 : The speed of transverse
wave going on a wire having length 50 cm
and mass 5.0 g is 80 m/s. The area of cross-

section of the wire is 1.0 mm? and its Young’s
modulus is 16 x 10" N/m?. Find the extension

of the wire over its natural length.
Solution :

Length of the wire L = 50 cm = 50 x 102 m
mass of wire m = 5g = 5 x 107 kg
cross sectional area of wire
A=1mm’ =1 x 10° m?
Young’s modulus of wire Y = 16 x 10! N/m?
wave speed in a wire v = 80 m/s.
mass per unit length of wire,
5x107°

_m _ —— — _ )
n= L 50 % 102 1 x 107~ kg/m

T
The wave speed in wire v = \/E
.. Tension in wire= T = F = u?
= (1 x 107%) (80)?
=064 N

A

Now, Young’s modulus Y = W
L

.. Extension in the length of wire,

FL
AY

(64)(50 x 1072)
1x107%16x 10
= 0.02 mm

8.7.2 Speed of sound waves (longitudinal
wave) in a medium :

AL=

It is found that the speed of longitudinal
waves like sound waves in a medium depends
on (i) the elastic constant E and (i) density p of
the medium.

Using these facts, we can obtain the speed
of the longitudinal waves using dimensional

analysis as follows.

Wave speed v = kE“p®

Here, k is dimensionless constant and
[a, b] € R.

Now, [E] = M'L7!T 2 [p] = M'LT°

Writing dimensional formula on both the
sides,
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— [MIL—IT—Z](Z [MIL—3T0]b
— Ma+b L—a—3b T—2a
Comparing dimensions on both the sides,
a+b=0,-a-3b=1and 2a =-1

MoLIT!

R § __1
.a—zandb— >
1 1

From the experimental and other studies
k=1,

, E

-V =49p (8.7.3)

The propagation of longitudinal waves in fluid
is in the form of condensations and rarefactions.
In such a situation due to the variation in pressure
of different regions of the medium bulk modulus
(B) is taken as the elastic constant.

B

» (8.7.4)

During the propagation of longitudinal waves
in a linear medium like a rod, the longitudinal
strain is produced. Hence in such a situation
Young’s modulus is taken as the elastic constant.

_ Y
-V =49p (8.7.5)

Table 8.1 gives the speed of sound in various
media.

V=

Table 8.1 Speed of sound in some media
(Only For Information)

Medium Speed (m/s)

Gases

Air (0°C) 331
Air (20°C) 343
Helium 965
Hydrogen 1284
Liquids

Water (0°C) 1402
Water (20°C) 1482
Seawater 1522
Solids

Aluminium 6420
Copper 3560
Steel 5941
Rubber 54

It is clear from the Table (8.1) that although
the densities of liquids and solids are much greater
than those of the gases, the speed of sound in
them is higher. It is because liquids and solids
are less compressible than gases. i.e have much

greater bulk modulus.
Newton’s Formula :

Newton assumed that the process of
propagation of sound in gas (or air) is isothermal.
Hence, the isothermal bulk modulus is to be used
in the equation (8.7.4).

For an isothermal process PV = constant
(Taking T = constant, PV = pRT = constant)

Differentiating with respect to V,
av. dpP

PdV +VdV =0
p_ _ydP _ _dP
s P= VdV = dV/V—BulkmodulusB

Thus, isothermal bulk modulus B = Pressure P.

__dp_|
dVIV

W d —\/E—\/E 8.7.6
.. Wave speed v = o = Ap (8.7.6)

This formula is called Newton’s formula for

(... B —

the speed of sound in air.
Illustration 9 : Obtain the speed of
sound in air at STP using Newton’s formula.

Mass of 1 mole of air = 29.0 x 107 kg.

P =101 x 10° P)
Solution :
STP =224 L =224 x 1073 m?

Volume of 1 mole of air at

Mass
Volume

-3
PT204x107 T 224
.. Speed of sound in air at STP,
P

p

- \/1.01 x10° x 22.4
29.0

Density of air at STP p =

vy =

= 279.3 m/s
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Laplace’s Correction :

The speed of sound according to Newton’s
formula is 279.3 m/s while its experimental value
is 332 m/s at STP. This suggests that there is
some defect in the formula (8.7.6)

Laplace suggested that the temperature
of the region where condensation is formed
increases and that of the region of rarefaction
decreases. Hence, the process of propagation
of sound in a medium cannot be considered
isothermal.

The process of formation of condensation and
rarefaction in the medium is so quick that the
heat produced during the condensation, is absorbed
at the same place during rarefaction before being
dissipated outside. Relatively small thermal
conductivity of gas also helps in not allowing the
heat to be dissipated outside. Thus, the process
of sound propagation in the gas is adiabatic
and not isothermal. Hence, adibatic bulk
modulus of the gas should be used in place of
isothermal bulk modulus.

For an adiabatic process of an ideal gas,

PVY = constant

Where vy is the ratio of two specific heats
C, and C,,.

Differentiating the equation with respect

to V.
P~yVY"+VYd—P—0

dVv
. dap
.YP+V v 0
—dP
= =7P
dv
A
S B =yP
Thus, for an adiabatic process bulk modulus
B=vyP
Using this value of B in equation (8.7.4)
vP
wavespeed v = ? (8.7.7)

For air y is 1.41. Speed of sound comes out
331.6 m/s at STP on taking this value of v. This
agrees very well with the experimental value. To

determine speed of wave in ideal gas Laplace
equation (8.7.7) should use instead of Newton’s
formula.

Various factors affecting speed of sound
waves : The equation of state for 1 mole of
ideal gas is.

PV = RT (u =1 mol)

RT
P= v
yP
Substituting value of P in v = \/;
YyRT
V=V
But, pV = mass of one mole gas =

molecular mass M of gas

. Speed —,/—YRT
©+ Speed v =4[

From this expression it is clear that the speed

(8.7.9)

of sound in a gas is directly proportional to the
square root of its absolute temperature (T).

ie. v o \/T

If pressure (P) of the gas is changed keeping

its temperature constant, E remains constant as

the density p of the gas directly varies as the
pressure P. Therefore, the speed of sound in a
gas does not depend on the pressure of the
gas at constant temperature and constant
humidity.

Density of water vapour is less than the
density of dry air at same pressure. Hence, the
speed of sound increases with increasing

vP
humidity as per v = ?

Illustration 10 : Show that the velocity of
sound in a gas at temperature f is given by,

= (14 53g)

Where, v, is speed of sound in air at 0° C
(t << 273)

Solution : The speed of the wave in gas is
YRT
™

i.e.vocﬁ

If, v, = speed of sound in gas at #° C

0
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v, = speed of sound in gas at 0° C
SV 273 +1
' Vo B 273
(* T(K) = t(°C) + 273)

1
. _ t )2
.vt—v(1+273)

Using binomial expansion and neglecting

higher order terms,

1 t
W:o@+zxfﬁ)

_t
v, = (1+546)

[Note : If the speed of sound in air at
0° C is 332 m/s, than speed at 1° C will be,

v, = (1+%)

332(1 + ﬁ) = 332.61 m/s

Thus, the velocity of sound in air increases
by 332.61 — 332 = 0.61 m/s for every 1° C rise
in temperature.]

Ilustration 11 : If the velocity of sound
in air at 27° C and 76 cm of mercury is 345
m/s. Find the velocity at 127° C and 75 cm of

mercury.

Solution : Remember that there is no effect

of change of pressure on the velocity of sound.

If v, and v, be the velocities of sound at

27° C and 127° C, then we have

T2 273+ 127 \/’
T 273+27
". Speed of sound at 127° C

4 4
v, =V, X \/g:345>< § = 398.4 m/s

2

Illustration 12 : The speed of sound in
dry air at STP is 332 m s™!. Assume air as

composed of 4 part of nitrogen and one part
of oxygen. Calculate speed of sound in oxygen

under similar condition when the density of
oxygen and nitrogen at STP are in the ratio of
16:14.

Total mass

Solution : Density of air = Total volume

_ (Mass of oxygen)+(Mass of nitrogen)
P, = (Volume of oxygen)+(Volume of nitrogen)

B (VX py) +(4V X py)
Pa = V +4V

Py T 4pn
5

p0(1+4><p—Nj
Po

5

14
144
p(+ ><16)
5

= 0.9p,

1 /ﬂ
Speed of sound v ¢ —= (" v = )
\p p

". Speed of sound in oxygen, v, o %
Po

Speed of sound in air v, L

TN

LV, = v, x 09487 =332 x 0.9487

= 0.9487

= |
(=)

= 314.77 m/s

8.8 Superposition Principle and Reflection of
the Wave

So far we have discussed a single wave
propagating on a string. Suppose two persons
holding the string at the two ends snap their hands
once, then two wave pulses will be produced and
move towards each other as shown in figure
8.9(a). The pulses travel at same speed because

the medium is same.
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0.5cm

—0.5cm

Principle of superposition
Figure 8.9

Suppose the maximum displacement of
particle in first wave is 0.5 cm and in second
wave is 0.2 cm. As the two wave approaching
each other, at any instant both the waves will
overlap in some region of the string. Then after
they move with their original shape and in their
original direction. The net maximum displacement
of the particle of string in overlaped region would
be 0.5 cm + 0.3 cm = 0.8 cm.

Suppose the two persons snap the end of
the string such that wave pulse generates at both
the end of the string as shown in Figure 8.9(b).

In the first wave pulse the maximum
displacement of particle is 0.5 cm in upward and
in the other wave pulse the maximum
displacement of particle is 0.5 cm in downward
direction.

When the wave pulses approach each other,
at some instant they overlay on the string and
displacement of all the particles will be 0.5cm +
(—0.5 cm) = 0. However, the velocities of the
particles will not be zero. In this situation, string
becomes straight everywhere than both the wave
pulses will emerge and move in their original
direction.

From the above observation principle of
superposition can be given as follows.

“When a particle of medium comes
under the influence of two or more waves
simultaneously, its net displacement is the
vector sum of displacement that would occur
under the influence of the individual waves.”

Reflection of Waves :

(a) Reflection of waves from a rigid
support :

Suppose a wave propagating in the direction
of decreasing value of x, represented by the
equation y = A sin (of + kx) reaches a point
x = 0, when the wave arrives at the rigid end it
exerts a force on the support (wall). By Newton’s
third law, the support exerts an equal but opposite
reaction force on the string. This reaction force
generates a wave at the support which travels
back along the string in the direction opposite that
of incident wave. This wave is known as

reflected wave.
Incident wave

Reflected wave

Reflection of wave from rigid support
Figure 8.10
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Oscillation of the particle at point x = 0, due
to wave y = A sin(®wf + kx), can be represented
(8.8.1)
But, the support at x = 0 is fixed, the

as, y, = A sinof

displacement at x = O must always be zero.
According to principle of superposition, the
displacement at x = 0 due to reflected wave. It
can be give as,

Y, = —A sinot (8.8.2)

Equation (8.8.2) can be represented as
follows :

y, = Asin(®t + 7) (8.8.3)

This shows that as the wave reflected from
a fixed support, its phase is increased by 7. Thus,
the ‘shape’ of the waveform is inverted on
reflection. i.e. Crest becomes a trough and trough
becomes a crest.

The reflected wave is travelling in the
direction of increasing value of x. So the equation
can be written as,

y, = A sin(0f + T — kx)

.y, = —A sin(of — kx) (8.8.4)

If the incident wave is travelling in the
direction of increasing value of x, then
y; = A sin(wt — kx) (8.8.5)

And equation of reflected wave can be given
as,

y, = —A sin(ot + kx) (8.8.6)

(b) Reflection of waves from a free end :

As shown in Figure 8.11 suppose one end
of a string is tied to a very light ring which can
slide or move without any friction on a vertical
rod. Such an end of the ring is said to be free

end and here, we will understand the reflection
of waves from such a free end.

Incident wave

Reflected wave

Reflection of a wave from a free end

Figure 8.11

Suppose the crest like shape of the wave
produced from the other end of the string reaches
the ring. The ring is then pushed upwards as it is
not fixed. Hence the string tied to the ring is also
pulled up. As a result of this, now, a reflected
wave pulse is generated from this end of the string.
Phase of this reflected waves is equal to the phase
of the incident wave. So, in this situation the shape
is not inverted and a crest is reflected as a crest
and a trough as a trough only. Moreover, during
such a reflection both the waves are
simultaneously present on the ring in same phase
and hence the displacement of the ring on the rod
is twice the amplitude of the incident wave.

From this discussion it is clear that
if the equation of the incident wave is

y; = A sin(wf + kx) then the equation of its
reflected wave from a free end will be

y, = A sin (0f — kx) (8.8.7)

Thus, a travelling wave at a rigid
boundary or a closed end, is reflected with
a phase reversal of m but the reflection at
an open boundary takes place without any
phase change.

8.9 Stationary Waves

When two waves having the same amplitude
and frequency (i.e. wavelength) and travelling in
mutually opposite directions are superposed, the
resultant wave formed loses the property of
propagation and a stationary pattern is created in
the medium. Such a wave is called a stationary

wave.
L

x=0 x=1L
A string fixed at both the ends with
rigid supports
Figure 8.12

To understand stationary waves, consider a
string of length L, kept under a suitable tension,
fixed at its two ends. The harmonic waves
produced in this string will be reflected from rigid
supports repeatedly so that each element of string
is under the influence of “incident” and
“reflected” waves.

Let the wave propagating in the direction of
increasing x be
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y, = A sin(of — kx) (8.9.1)
The reflected wave propagating in the
direction of decreasing x will then be,

y, = —A sin(of + kx) (8.9.2)
According to principle of superposition, the

displacement of a particle of a string is given by,

Y=ty

= A sin(of — kx) — A sin(of + kx)
Now,
.y = —2Acosmt sinkx (see foot note)

= —2A sinkx cosmt (8.9.3)

The functional form of this wave is not of
type flot + kx) which means that it is not a
travelling or progressive wave. Equation (8.9.3)
is an equation of a stationary wave. Energy
does not propagate in this type of a wave
and hence it is named as a stationary wave.

The term ‘cos ®t’ of the equation (8.9.3)
shows that each particle of the string is executing
a simple harmonic motion and their amplitudes
depends upon position x according to 2Asinkx.

Here, amplitudes of all the particles are not same.

The location of particles for which sinkx =
0, have zero amplitude and these points remains
stationary. These points are called ‘Nodes’.

The positions in a stationary wave where
the amplitude always remains zero are called
the ‘Nodes’.

Now sinkx = 0
kx = nmw where n = 1, 2, 3 ...
Cox= AR _ nm
T kT 21;
"3y
. _ ha
X = > (8.9.4)
This shows that the nodes are located at a
: _ A 5 3A ni
distance x = 7 A, 3 e > from the end
x = 0. The distance between the successive
node is %

C+D C-D
Foot note : sinC— sinD = 2 cos ) sin 3

Maximum amplitudes occur at points for
which sinkx = +1. These points are called
“Antinodes”.

The positions in a stationary wave where
the amplitude always remains maximum are
called the ‘Antinodes’.

sinkx = +1
k= (Qn - 1)% where, n = 1, 2, ...

2n-Dn
2k

2n — 1)%

(8.9.5)
A

Thus, the antinodes are located at x = =,

3% 5k from the end x = 0. Distance

4 4
A

between successive antinode is also 5

Distance between a node and an adjacent

antinode is A

4
In Figure 8.13 the antinodes are shown as A
and the nodes are shown as N.
The displacement of string at the end x = 0
and at the end x = L is always zero because the

string is fixed to a rigid suppot at x = L.

. sinkL = 0

kL = nm where n = 1, 2, 3, ......
. 2m . _

- L=nr

) _ 2L

A= (8.9.6)

This equation shows that for a string at given
length L, stationary wave can be formed only
with waves having specific discrete values for

their wave length like 2L, L, 271", %, .....
appropriate to different values of n. Thus, waves
with arbitrary wavelength cannot form stationary

waves on a string of a given length.

The frequency of the standing waves
produced on a string will have corrosponding to
its restricted wavelength. It is given by,

Be i

n

" f,= 57 (from equation 8.9.6) (8.9.7)
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A
A
L=73
@n=1
Fundamental frequency
N
A A
2
2
_ 2
-2
b)yn=2

Second harmonic or first overtone

A N A N A
2
2

3L

=7
c)n=3

Third harmonic or second overtone
Stationary waves on a string

Figure 8.13

o f, = 2 L
n 2L A

Where, v = speed of wave on string = \/g

(8.9.8)

Substituting n = 1 in equation (8.9.7)
v
T
Here, f, is called fandamental frequency
or first harmonic.
Taking n = 2,

2v
f, = ST = 2,

f, is called second harmonic or first
overtone.
Taking n = 3,

3v
fi=31 =¥,

f; is called third harmonic or second
overtone

In this way taking successive integral values
of n, all possible oscillation of the string are

obtained and corresponding frequencies of the
fourth, fifth etc. harmonics are obtained.

Figure 8.13 shows oscillation of string with
first, second and third harmonics. Form figure it
is clear that number of loops produced on the

string is same as value of n.

These oscillations with discrete frequencies
in various harmonics are called the ‘Normal
Modes of Oscillation of a system.

Frequencies appropriate to the different
normal modes of vibrations can be obtained from
the following equation.

ny
fnzi :nf‘]

Here, f, is the frequency of wave produced

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

on a string. It is also called nth harmonic or
(n — Dth overtone. The integer n indicates the

number of loops on the string.

Illustration 13. : The stationary waves
produced in a 60 cm long string tied at both
the ends with rigid support are represented by
y = 4sin (%) cos (96mr). Here, x and y are
in cm and 7 is second. Find out,

(1) position of nodes,

(2) positions of anti-nodes,

(3) maximum displacement of the particle at
X =15 cm

(4) the equation of the component waves.

Solution : Comparing

y = 4sin (%)cos (967tr) with

y = 2Asin (kx) cos (w?),

A=2cm k= %% and ® = 9671 rad/s
But, k = Z}L_n
" ZTR :% = A =30 cm
(1) Positions of nodes
= n_27», where n = 1, 2,...

15 cm, 30 cm, 45 cm
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(The particles at 0 cm and 60 cm are tied
to the rigid supports and hence they are not
considered here.)

(2) Positions of antinodes,
=2n -1 )%,
=7.5 cm, 22.5 cm, 37.5 cm, 52.5 cm

(3) Maximum displacement of the particle at

a distance
X = 2Asin kx

.| X
:4sm(15)

= 4sin(%) (. x=5cm)
_ 3
= 47

=2J§ cm

@) y= 4sin(71t—§) cos (967t

=2 Sin(% + 967Tt) +

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

(mx _
2 s1n(15 967”)

.. Component of waves are

y, = 2sin(% + 96751)cm and,

v, = ZSin(% - 96T[l)cm

Illustration 14 : The equation of a
progressive, harmonic waves travelling
in a medium is given by an equation
y; = Acos (ax + bt); where A, a and b are
positive constants. This wave is reflected from
a rigid support kept at x = 0. The intensity of
the reflected wave is 0.64 times that of the
incident wave.

(a) What are wavelength and frequency of
the incident wave ?

(b) Write the equation of the reflected wave.

(c) Express the resultant wave in the form
of progressive and stationary waves.

Solution :
(a) Incident wave is y, = Acos (ax + bt)

Comparing this equation with the wave-
equation y = Acos (kx + of),

. wave-vector k = a

. 2n
T

A=

2n
a

Angular frequency @ = 2nf = b

. s_ b
'f_2n

(b) Intensity I oc A%, where A = amplitude.
Suppose amplitudes of the incident and the
reflected waves are A and A, respectively and

I, and 1, are their intensities respectively.

L (A’

LA

A I 3 1

Ao 2 |2 2
— | = = (0.64

Al (Il ) ( )

A, =08 A (v A = Amplitude of the
incident wave = A)
Amplitude of the reflected wave
A, =08 A
Equation of the reflected wave
y, = —A, cos (bt — ax)
.y, =—0.8 A cos(bt — ax)
(¢) Resultant wave y =y, +y,
= A cos(bt + ax) — 0.8 A cos(bt — ax)
= 0.8 A [cos(bt + ax) — cos(bt — ax)]
+ 0.2 Acos (bt + ax)
= —1.6 Asin (ax) . sin (bf)
+ 0.2 Acos (bt + ax),
where, stationary wave,
y, = —1.6 Asin (ax) . sin (bf) and

progressive wave Y, = 0.2 Acos (bt + ax)

Illustration 15 : A block is attached to
the free end of a sonometer wire. The wire
has fundamental frequency f, Hz in this
situation. Now the block is immersed in water
and it is found that the wire has a fundamental
frequency f, Hz. When the block is immersed
in some liquid, the fundamental frequency of
the wire is f; Hz. Find the specific gravity of
the material of the block and that of the liquid.
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Solution : The force of buoyancy is different
when the block is in air, in water and in liquid.
So the effective weight is different in these cases.
Hence, tension in the wire is also different and
as a result the frequency is also different for the
wire of same length and same material.

Suppose, the weight of block in air is W, in

water W, and in liquid W,.

1 [T

R m
Here, L and p being constant,
foo JF
T = kf? where, k = constant of
proportionality.
But, tension T = Weight W
oo W o= kf?
. _ Lf2. _ f2 )
W= K5 W, = kLS W, =k
According to Archimedes’ principle,

Fundamental frequency, f =

Specific gravity of block

Weight of block in air
Loss of weight of block in water

I /&
Wi =W, £ -f°

Specific gravity of liquid

Loss of weight of block in liquid
~ Loss of weight of block in water

W -W, KA kY
TW, W, Tk —kf>
) flz _ f32
TR

8.10 Stationary Wave in Pipes

As stationary waves are formed on a string
due to superposition of incident and reflected
transverse waves of definite frequencies,
stationary waves are also formed due to reflection
of longitudinal waves of definite frequencies in
the air column, from the end of a pipe. The flute
trumpet, clarionet etc. are the musical instrument
that are organ pipes in which stationary
longitudinal waves are formed. Such pipes are
of two types : (1) an open pipe in which both
ends are open e.g. flute. (2) a closed pipe in
which one end is closed, e.g. clarionet.

Just as in case of string, a node obtained at
the fixed end, for a closed pipe a node is always

formed at the closed end because longitudinal
waves are reflected from closed end. If the pipe
is narrow compared to the wavelength of wave,
an antinode is formed at the open end (slightly
outside). The situation is slightly complicated for
the reflection of longitudinal waves at the open
end of the pipe.

Stationary Waves in a Closed Pipe :

For stationary waves to be formed in a closed
pipe the wavelength (A) of the wave should be
such that a node is formed at the closed end of
the pipe and an antinode at its open end. In
stationary waves the distances between nodes and
A 3h 5h A
40 4 4
where n = 1, 2, 3,....

antinodes are

Similarly, in general stationary waves is
produced in a pipe of length L for wavelength A
only when,

L=@2n- 1)% (8.10.1)

where n = 1, 2, 3, ...
In a closed pipe the value of possible
wavelengths required for stationary waves are
given by,
_ _4L
n (2n-1)

The frequency of stationary waves in pipe

A

(8.10.2)

will be,

v
fo= 2,
A A A
N
N A
_2 3 _n °
4 =7 T4
N
2
A
n=1 n=2 n=23
(a) (b) (c)

n = 1 Fundamental frequency (first harmonic)
n = 2 Third harmonic (first overtone)
n = 3 Fifth harmonic (second overtone)

Stationary waves in a closed pipe

Figure 8.14
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L fy= @D (8.10.3)
where, v is a speed of wave.

(1) Taking n = 1,
_ v
h=ar
f1 is known as fundamental frequency
or the first harmonic.
(ii) Taking n = 2,

=3t =3% ¢ f =30

f2 is known as third harmonic or first
overtone.
(iii) Similarly for n = 3,

fi= e -n=2 =5

f3 is known as fifth harmonic or second
overtone.
In general, the frequency of n'™ mode of
normal oscillation in closed pipe is given by,

- v _
=(2n - 1,

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

(8.10.4)

Here, fn represents (2n — 1) harmonic or
(n — 1)™ overtone.

Thus, in the closed pipe all the harmonics
are not possible. The harmonics are possible only
for odd multiples of fundamental frequency

( 3fp Sy e ).
[In this reference, equation (8.10.3)

can be written as,
_ _ hy _
f,=nf, = AL where n = 1, 3, 5....

where, f, represent nth harmonic or

2

The frequencies for which stationary waves

( n-l ) th overtone]

are formed are called natural or characteristic
frequencies of the given pipe.

Stationary waves in an open pipe :

In an open pipe, antinodes are formed at both
the ends. We know that in stationary waves

3h  nh

7»,2 ..... >

A
2 b
Where n = 1, 2, 3,.......

Therefore, in an open pipe of length L, the

distances of antinodes are

stationary waves can be produced only of those
wavelength A for which,

_ nh
L=5
So, possible wavelenghts in pipe will be,
A, = 2L (8.10.5)
n

The frequency of a stationary waves in open
pipe will be,

Vv ny
foyx (8.10.6)
nT O, T 2L
where, v is speed of a wave.
° ° ®
A A A
N
N
A
L]
2L
A=2L N A=L 4 5T N
A
[ ]
N
A N
[ ] ° (]
n=1 n=2 n=3
(a) ) (0
Fundamental Second Third
frequency or harmonic harmonic
first (first (second
harmonic overtone) overtone)

Stationary waves in open pipes
Figure 8.15

(i) Substituting n = 1 in equation (8.10.6)

_ v
fi = L (8.10.7)
Here, f1 is called the fundamental
frequency or the first harmonics (See Figure

8.15a) which is double than the fundamental
frequency of a closed pipe. (" f, = ﬁ).

(i1) Taking n = 2,

Jf, is called the second harmonics or
first overtone.

Thus, taking different values of n in equation
(8.10.6) third, fourth ..... harmonics can be
obtained. In general, for an open pipe the nth

harmonic or (n — 1)th overtone,
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=50 =1f, (8.10.8)

where, n = 1, 2, 3....
Thus, all the harmonics (f,, 2f, 3f;....) are

possible for an open pipe.

Thus, in both the types of the pipes there
are normal mode of oscillation for the air columns
of the pipes.

[llustration 16 : If the second overtone
of a closed pipe and third overtone of an open
pipe are same, find the ratio of their lengths.

Solution :

For a closed pipe second overtone means

fifth harmonics. Put n = 5, in following equation,

_ﬂ_S_V
F=3r = 4L

for an open pipe, third overtone means fourth
harmonics. Put n = 4 in following equation,

_nv _ 4v
F=2L = 21,

Now, the frequency is same for both the
pipes.

el B L =5
L, =3 ORL:L,=5:8

Illustration 17
resonance tube resonates with a tuning fork

: Air column of a

of frequency 800 Hz when its lengths is 9.75
cm. If the length of the air column is increased
to 31.25 cm then also it resonates with the
same tuning fork. Find speed of sound in air.

Solution : In the experiment of resonance
tube, the arrangement of a closed pipe is obtained

by immersing one end of a pipe in the water.

When oscillations are produced in the air
column with the help of a tuning fork having
frequency equal to the natural frequency of air
column it oscillates with large amplitude, and large
intense of sound is heard. This is a phenomenon
of resonance.

Here, f= 800 Hz, L, =9.75 cm, L, = 31.25 cm

Resonance tube is a closed pipe. For a
closed pipe the natural frequency is given by

_ -1 2
f=@n-1 -
Taking n = 1 for first resonance,
N
I=aC
1
v
"L =-—
1 4f
Taking n = 2 for second resonance,
_ v 3v
f=@x2=D g~ =30
2 2
. 3v
. L2 = 4f

v _ v

T by
. Speed of sound v = (L, — L)) (2f)
= (31.25 = 9.75) (2 x 800)

= 34400 cm/s

= 344 m/s

8.11 Beats
So far we have applied principle of
superposition to two waves propagating in opposite

v
2f

direction with equal amplitude and equal
frequency. It produces the non-progressive wave
like stationary waves.

Let us now consider two waves having equal
amplitudes and travelling in a medium in the same
direction but having slightly different frequencies.
Now we will apply principle of superposition to
study the oscillation of a particle of a medium.

Wave with
frequency fl

Wave with
frequency

i

Resultant
displacement

€ Period of beat—  Frequency of resultant

1 N
h- 5 Wave (f] zfzj

Beats
Figure 8.16
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Suppose, two harmonic waves superpose at
a particular position in the medium are,

y, = Asin ot = A sin 27f t and

Y, = A sin ®f = Asin 27ft

Here, initial phase of both waves is zero. f,
and f, are the frequency of first wave and second
wave respectively.

Remember that here we are locally observing
the effect of superposition of two waves on any
one particle.

Suppose, at time t, the resultant displacement
of a given particle is y then according to
superposition principle,

Y=yt

= A sin 27tf|f + A sin 27tf 1

-7 i+
Ly = [2Acos2n[%] f] sin 2n(%}t

(8.11.1)
1+ f
y = Alsin 271( = th
or y = A'sin 27 ft (8.11.2)

Above equation shows that the resultant
oscillations of a given particle are the oscillation

h+1

with a frequency f = [ J Here, f is the

average of the two combining frequencies. The
resultant amplitude is,

fl‘fz}

A' = 2Acos 27‘5( 5 (8.11.3)

and it changes periodically with time. Here,
amplitude is a periodic function of time. Its

I 1~ f 2 1
frequency is | — 5 f

Therefore, the period of oscillation is,

T=1l_-_2 (8.11.4)
s

In time period T, the ‘cosine’ function attains

its maximum value and zero twice. Hence, this
function becomes f, — f, times maximum in unit
time. Therefore, the amplitude of oscillations
becomes f, — f, times maximum and f, — f,
times zero in unit time.

D _
Foot Note : sinC + sinD = 2sin(C; jcos [CTDJ

If these waves are sound waves, then
loudness of sound is proportional to the square
of the amplitude (I oc A?), the loudness of sound

also becomes f, — f, times maximum and f, - f,

times zero in unit time.

Thus, phenomenon of the loudness of
sound becoming maximum periodically due
to superposition of two sound waves of equal
amplitude and slightly different frequencies
is called the ‘beats’. The number of beats
in unit time is f, — f,. It is also called
frequency of beat.

Note : In case of sound waves, in order to

hear the beats clearly, f1 — f2 should not exceed
about 6 to 7.

The phenomenon of beats can be
experienced 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.
(By filling one of the prongs of a fork, its
frequency will increase a little) When these two
forks are vibrated and kept side by side, the
listener can recognise the periodic variation of
loudness of resulting sound. Musician tune their
different musical instruments with the help of beat
phenomenon.

Illustration 18 : When two tuning forks
A and B were sounded together, 20 beats were
produced in 8 seconds. After loading one of
the tuning forks with a little wax, they produce
32 beats in 8 seconds. If the unloaded fork
had a frequency of 512 Hz. calculate the
frequency of the other.

Solution : Suppose, tuning fork B is loaded
with wax. Frequency of tuning fork A,

fy =512 Hz

Frequency of tuning fork B, f; = ?

Before loading wax, number of beats per
second,

§2H
—8—.52

. Frequency of B before loading wax
either 512 + 2.5 = 514.5 Hz
or 512 — 2.5 =509.5 Hz
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After loading wax on B,

beats per second = ? = 4 Hz.

Frequency of B after loading is,

either 512 + 4 = 516 Hz

or 512 — 4 = 508 Hz

Since, after loading the wax frequency of a
tuning fork B is lowered. In above calculation
we can see that before loading wax, frequency
of B is 509.5 Hz and after loading it is 508 Hz.

Hence, original frequency of B (i.e. before
loading) will be 509.5 Hz.
8.12 Doppler Effect

Whenever there is a relative motion between
a source of a sound and a listener with respect
to medium in which the waves are propagating,
the frequency of sound experienced by the
listener is different from that which is emitted by
the source. This phenomenon is called Doppler
effect. This effect was discovered by Austrian
physicist Johann Christian Doppler (1803—1853).

The frequency of sound of a whistle of the
train is found to be more than original frequency
and hence its sound appears more shrill (of higher
pitch) when the train is approaching you. When
it is passing by you, the frequency of sound
experienced is same of that of actual sound
emitted, and when the train is receding from you,
the frequency listens lower than actual and sound
appears less shrill than the actual.

To understand Doppler effect, consider, as
shown in Fig. 8.17, a listener moving with velocity

v, and a source of sound moving with a velocity

vy along straight line with respect to stationary
air.

As a convention, the velocities in the direction
from listener to source are considered as positive
and from the source to the listener are considered
as negative. The speed of sound is always
considered positive. With this convention, we will
obtain a general result from which other cases
can be obtained easily.

Moving Listener : Suppose, a listener L

moving with velocity v, towards a stationary

sources S. (See Figure 8.17a) The source emits a

sound wave with frequency f, and wavelength

v
= —. Where, v is the speed of sound wave
S

in air.
L v S
S v
Listener v, ource
L vg=0
A
(@)
7\‘ 1
L s Vs A
v v
VL b 0 o [ a
vT
v ST
®)
Doppler effect
Figure 8.17

These waves are travelling towards the listener.
Hence, the speed of waves travelling towards the

listener, relative to the listener will be v + v, . So
the frequency f; listened by the listener will be,

v+ v

fi=— (8.12.1)

Moving Source and Moving Listener :
Now suppose the source is also moving with

velocity v, in the direction of L to S. (See Figure
8.17 b)
Let the source of sound (S) be at O at time

t =0 and at O'at time f = T. Where, T = 1

Is

is the periodic time of emitted sound.
Now, the distance travelled by the source in
time T will be,

00' = v T
The wave (crest) emitted by the source at

t = 0 will cover the distance VT in time T. From
the figure, Oa = Ob = VT

Now, at time ¢ = T, the source is at O' and
it emits successive wave (crest). The wave
moving towards the listener will be in the region

O'b and the wave moving away from the listener

will be in region O'a.
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The wavelength of the wave moving towards
the listner,

A = Distance betwen successive wave
(crest) in region O'b
= v, T +T

SR A 8.12.3
I 1 - _fs) (8.12.3)

Substituting value of A in equation (8.12.1)

v+ v
fo= oo . s (8.12.3)
or h _ s (8.12.4)
v+, v+og

From the Figure (8.17) it is clear that the

waves in the front of the source (region O'a)
are compressed, hence the wavelength is
decreasing due to motion of the source, while
behind the source (region 0'b) waves are
stretched out hence its wavelength is increasing.
Here, waves are travelling in the same medium
(air), then why their wavelengths are changing ?
Think over it. The relative displacement of source
and wave is responsible for that.

Some Special Cases :

(i) Listener is stationary and source is
moving towards the listener, then according

to the accepted conventions, taking v = —vg and
v, =0 in equation (8.12.3), the frequency listened
by listener,

v

ho= vV — Vg fs

i.e. listener will listen the frequency higher

than the actual frequency (f; > fo).

(ii) Listener is stationary and source is
moving away from the listener, then v, =0
and vg = +vg,

v
v+ vsfS

Frequency listened by listener f; =

This shows that f; < f,. i.e. Listener will
hear the lower frequency than actual frequency.
(iii) Both the source and listener are
approaching each other, then v, = +v, and

v, = —v. Therefore,

S S

v+

L=

In this case, f; > fq

v—vg"S

(iv) Both the source and listener are

moving aways from each other, then
vp=—v and vy = +vg

L f = sk

TILT oy 4y 7S

In this case, f| < fq

In all these cases the medium (air) is
considered stationary. If wind is blowing from the
source to the listener (in the direction of velocity

of sound) with velocity v, the velocity of sound
willbe v + v ~and if the wind is blowing in
opposite direction to the motion of sound waves,
the velocity of sound will be v — v, .

Moreover, it is assumed that the velocities

of the listener and of the source are less than
the velocity of sound.

Illustration 19 : A police siren emits a
wave with frequency 300 Hz. The speed of
sound is 340 m/s. (a) Find the wavelength of
the waves in the air if the police car is at
rest. (b) If the police car is moving at 108
km/h, find the wavelength of the waves in front
and behind the car.

Solution : (a) When the police car is at rest,
Js =300 Hz, v = 340 m/s

Wavelength of the waves emitted from the
siren.

(b) Speed of a police car vy = 108 km/h
= 30 m/s

v+

NOW’fL: v+ vg’S

If the listener is in the region of the front of

the moving car, then v, = 0, and Vg = —Vg

. _ )%
o f;’ront - fS

v_vS



204

PHYSICS

v %

}\'front V= Vg

Js

V- Vs 340 - 30

- }\'front = fs = W =1.033 m
For behind the police car,
v, = 0 and vy = +v¢
%
Jochina = v+ Vg Js
_v+vg 340 +30
kbehind =T T 300 1.233m

Illustration 20 : A SONAR system fixed
in a stationary submarine in the sea operates
at a frequency 40 kHz. An enemy submarine
moves towards the SONAR with a speed of
360 kmh™!. What is the frequency of sound

reflected by the submarine ? The speed of

sound in water is 1450 m s~ .

Solution :fs = 40 kHz, v = 1450 m/s

The frequency of the waves from the
SONAR will undergo a change in frequency in
two steps.

(1) When the waves are moving towards the
enemy’s submarine which is in motion, the

frequency of waves will change. In this case

SONAR is a source (S) and submarine is a
listener (L).

Therefore, Vg = 0 and

360 x 1000
VL:36OKH1/}1=W = 100 m/s
N vty

oW, fi, = v+ Vg < Js
1450 + 100
= 14500 4010
= 42.758 kHz

(i1) The enemy submarine will reflect waves
of frequency 42.758 kHz and will act as a source
of waves, while SONAR will act as a listener

L).
fg = 42.758 kHz, v, =0, v, = —100 m/s
Frequency of reflected wave,

v+

2 vV + Vg

1450 + 0
= 1450 100 X 42758 x 10°

45.92 kHz

Thus the frequency of reflected waves from
submarine, moving towards SONAR is
45.92 kHz.

SUMMARY

1. Waves :

The motion of the disturbance in the medium (or in free space) is
called wave pulse or generally a wave.

2. Amplitude of a wave : Amplitude of oscillation of particles of the medium is

called the amplitude of a wave.

3. Wavelength and frequency : The linear distance between any two points or
particles having phase difference of 27 rad is called the wavelength (A) of the

wave.

Frequency of wave is just the frequency of oscillation of particles of the medium.

Relation between wavelength and frequency :

v=f A= o where, v is the speed of wave in the medium.

k >

4. Mechanical waves : The waves which require elastic medium for their
transmission are called mechanical waves. e.g. sound waves.

5. Transverse and longitudinal waves :

Waves in which the oscillations are in a

direction perpendicular to the direction of wave propagation are called the

transverse wave.
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10.

11.

Waves in which the oscillations of the particles of medium are along the direction
of wave propagation are called longitudinal waves.

Wave Equation : The equation which describe the displacement for any particle
of medium at a required time is called wave equation. Various forms of wave
equations are as follows :

(i) y = A sin (of — kx) (ii) y = A sin (%_%)

(iii) y = A sin 2nf(t - %) (iv) y = A sin 27“@: — X

The above equations are for the wave travelling in the direction of increasing
value of x. If the wave is travelling in the direction of decreasing value of x
then put ‘+’ instead of ‘~’ in above equations.

The elasticity and inertia of the medium are necessary for the propagation of the
mechanical waves.

The speed of the transverse waves in a medium like string kept under tension,

T

u

Vv =

where, T =Tension in the string and L = mass per unit length of the string =

I3

E
Speed of sound waves in elastic medium, v = \/%

where, E = Elastic constant of a medium, p = Density of the medium.

- : : B YP
Speed of longitudinal waves in a fluid, v = p = F
C

where, B = Bulk modulus of a medium y = C—P = 1.41 (for air)
v

y
Speed of longitudinal waves in a linear medium like a rod, v = \/;

where, y = Young modulus, p = Density of a medium

At constant pressure and constant humidity, speed of sound waves in gas is
directly proportional to the square root of its absolute temperature.

v=1/% “ya AT

The speed of sound in a gas does not depend on the pressure variation.

Principle of Superposition : When a particle of medium comes under the
influence of two or more waves simultaneously, its net displacement is the vector
sum of displacement that could occur under the influence of the individual waves.

Stationary Waves : When two waves having same amplitude and frequency
and travelling in mutually opposite directions are superposed the resultant wave
formed loses the property of propagation. Such a wave is called a stationary
wave.

Equation of stationary wave : y = —2 A sinkx cos of

Amplitude of stationary wave : 2 A sin kx
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12.

13.

14.

15.

16.

" : . n\
Position of nodes in stationary wave X, = 2

where, n = 1, 2, 3..... At all these points the amplitude is zero.

Position of antinodes in stationary waves,
_ A _
x,=(@2n - 1)4 where , n =1, 2, 3,....

The amplitude of all these points is 2A.
Frequencies corresponding to different normal modes of vibration in a stretched

string of length L fixed at both the ends are given by,

_nw _ n |T _
fn_ZL_ZL m where n = 1, 2, 3......

In a closed pipe the values of possible wavelengths required for stationary wave

pattern are given by.

n - AL

"= @n -1 and possible frequencies, f, = 2n — 1) AL (2n — 1),

where, n = 1, 2, 3,..... and L = length of pipe.

In a closed pipe only odd harmonics like fl, 3f1’ Sfl, .... are possible.

In an open pipe the values of possible wavelength required for stationary waves

are given by,

Xn = % and possible frequencies, fn = % = nf1 where, n =1, 2, 3, ...... and
L = length of pipe.
In open pipe of the harmonics like f, 2f, 3f, ........ are possible.

Beat : The phenomenon of the loudness of sound becoming maximum periodically
due to superposition of two sound waves of equal amplitude and slightly different

frequencies is called the ‘beats’.
Number of beats produced in unit time = f, — f,

Doppler Effect : Whenever there is a relative motion between a source of
sound and a listener with respect to the medium in which the waves are
propagating the frequency of sound experienced by the listener is different from
that which is emitted by the source. This phenomenon is called Doppler effect.

vEiv
Frequency listened by the listener, f, = vty Js
= Vs

Where, v = velocity of sound, v, = velocity of a listener,

v = velocity of a source, f; = frequency of sound emitted by the source.
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EXERCISES

Choose the correct option from the given options :
1. Mechanical waves carry ........
(A) energy (B) matter
(C) both energy and matter (D) neither energy nor matter.

2. A tuning fork makes 256 vibrations per second in air. When the velocity of
sound is 330 m/s, then wavelength of the wave emitted is .........

(A) 0.56 cm (B) 0.89 m (©) 1.11m (D) 1.29 m

3. When a sound wave of frequency 300 Hz passes through a medium, the
maximum displacement of a particle of the medium is 0.1 cm. The maximum
velocity of the particle is equal to ................

(A) 601 cm/s (B) 301 cm/s (C) 30 cm/s (D) 60 cm/s

1

4. The speed of wave of frequency 500 Hz is 360 m s . The minimum distance

between two particles on it, having phase difference of 60° is .......

(A) 023 m (B) 0.12m (C) 833 m (D) 60 m
5. If the speed of the wave shown y
in the Figure is 330 m/s in the 0.05 m
given medium, then the equation O |
of the wave propagating in the [ *
positive x-direction will be ........ < 0.25m >
Figure 8.18
(A) y = 0.05 sin 21t (4000 ¢ — 12.5x) m
(B) y = 0.05 sin 2w (4000 ¢ — 122.5x) m
(C) y = 0.05 sin 2w (3300 # — 10x) m
(D) y = 0.05 sin 2 (3300 ¢ — 10f) m
6. The equation y = A sin® (kx — of) represents a wave with amplitude ...... and
frequency ........
A o ) )
(A) A, o2 ® 5.7 ©) 2A, 41 D) VA, 77

7. Two pulse travels in mutually

opposite directions in a string with 10cm sem

a speed of 2.5 cm/s as shown in
figure. Initially (at £ = 0) the pulses
are 10 cm apart. What will be the

state of string after two seconds ? Figure 8.19

8. The speed of the component waves of a stationary wave represented by
y = 10 sin (100 7) cos (0.01x) is ............
Where, x and y are in metre and 7 is in second.
(A) 1ms™! (B) 10°m s (C) 10°ms™" (D) 10*ms™!
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The mass of 7 m long string is 0.035 kg. If the tension in the string is 60.5 N,
then the speed of wave on string will be ..................

(A) 77 m s7! (B) 102 m s™! (C) 110ms?' (D) 165 ms™!

If the maximum intensity of the beat produced by the superposition of two
waves is x times the intensity of superposing wave then x = ........

A1 B) 2 © 2 (D) 4

Two waves of wavelengths 2.00 m and 2.02 m superpose with each other to
produce beats in 1 s. If the speed of both waves is the same, their same
speed iS ..cceeveeennne

(A) 400 m/s (B) 402 m/s (C) 404 m/s (D) 406 m/s

The speed of the component waves of a stationary wave is 1200 m/s. If the
distance between consecutive antinode and node is 1 m, then frequency of
standing wave will be .............

(A) 300 Hz (B) 400 Hz (C) 600 Hz (D) 1200 Hz
Suppose the listener and sound source both are approaching each other with
speed of 50 m/s on a straight path. If the v frequency listened by listener is
440 Hz, what is the frequency of the wave produced by the source ? (speed
of wave in air is 340 m/s)

(A) 327 57! (B) 3675 (C) 390 s (D) 591 57"

The fundamental frequency of the air column in a closed pipe is 512 Hz. If
the pipe is open from both the ends, the fundamental frequency will be ........
Hz.

(A) 1024 (B) 512 (C) 256 (D) 128

The air column in a closed pipe experiences first resonance with a tuning fork
of frequency 264 Hz. If the length of the air column in the closed pipe is .....
cm. The speed of the sound in air is 330 m/s.

(A) 31.25 (B) 62.50 (C) 93.75 (D) 125

When the temperature of an ideal gas is increased by 600 K, the velocity of
sound in the gas becomes /3 times the initial velocity in it. The initial tem-
perature of the gas is .....cccccoceeee.

(A) =73 °C (B) 27 °C (C) 127 °C (D) 327 °C

Beats are produced by two waves given by y, = A sin (2000m)f (m) and
Y, = A sin (200871)t (m). The number of beats heard per second is ........

Ao B) 1 € 4 (D) 8
A source of sound is moving towards a stationary listener with 1/10 of the
speed of sound. The ratio of apparent to real frequency is ..........

(A) 10/9 (B) 11/10 (C) (11710 (D) (9/10)*

A transverse wave is described by the equation y = A sin 27 (%—%) For

which wavelength of a wave, maximum particle velocity is two times the wave
velocity ?

A) A = TA B) A =

T % (C) A =7mA (D) A =27A
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20.

The temperature at which speed of sound in air becomes double of its value at
0°C iS ... .

(A) 273 K (B) 546 K (C) 1092 K (D)0 K

1. (A) 2.(D)  3.(A) 4. (B) 5. (C) 6. (B)
7. (C) 8. D)  9.(C) 10. (D) 11.(C) 12. (A)
13. (A)  14. (A) 15. (A) 16. (B) 17. (C) 18. (A)
19. (C)  20. (C)

Answer the following questions in short :

10.

11.
12.

13.

14.

15.

Give the definition of wave intensity and give its SI unit.

What is angular wave number of a wave ?

What is the distance travelled by the progressive wave if its wavelength is A
and frequency is f ?

Which characteristics of a medium are required for the propagation of
mechanical wave ?

What is pressure wave ?

How the wave speed is changing with change in the temperature of a
medium ?

What will be change in the speed of a wave in wire if the tension in wire
increased four times ?

What will be the effect on the speed of a wave if the pressure of the medium
will change ?

The wave equation of a wave is y = 5 sin (0.01x — 2f). Where x and y are
in cm. What is the speed of a wave ?

What will be the change in the phase of a wave, if the wave on the string is
reflected from the rigid support ?

What is the amplitude of node and antinode in a stationary wave ?

What is the distance between consecutive antinode in a stationary wave if the
distance between consecutive node and antinode is 5 cm ?

In a closed pipe fundamental frequency is 300 Hz. What will be the frequency
of second overtone ?

Frequency of the source of sound is 440 Hz. If the relative velocity of source
and listener is zero then which frequency will be listened by a listener ?

What is a beat ?

Answer the following questions :

1.
2.
3.

Explain the classification of the waves. Give the example of each wave.
Explain wavelength, wave number and frequency of a wave.

With the help of dimensional analysis, obtain the expression for the wave speed
propagating in the string kept under tension.

Explain the propagation of sound waves in the air.

Write the Newton’s formula for speed of a wave in air. Expain Laplace
correction in Newton’s formula.
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10.

Obtain the one dimension wave equation y = A sin (of — kx) for the wave
propagating in the direction of increasing value of x.

Write the superposition principle for the waves and explain it.

What are stationary waves ? Obtain the expression for the stationary wave in
case of string fixed at its two ends.

Show that in a closed pipe the harmonics are possible only for odd multiples of
fundamental frequency.

What is Doppler effect ? When the source of sound is stationary and listener
is moving towards the source, obtain the expression for the wavelength of

wave travelling towards the listner.

Solve the following problems :

1.

In case of the progressive harmonic waves, prove that the ratio of the
instantaneous velocity of any particle of the medium to the wave speed is

equal to the negative of the slope of the waveform at that point at that instant.

Two types of waves, transverse (S) and longitudinal (P) are produced in the
earth during an earthquake. The speed of the S wave is approximately
4.0 km/s and that of the P wave is 8.0 km/s. In a seismograph, recording the
earthquake the P wave is recorded 4 min earlier than the S wave. Assuming
that both types of waves travel on straight line, find the distance of the origin
of the quake from the seismograph. [Ans. : Approximately 1920 km]

The amplitude of the progressive harmonic wave is 10 m. During the wave
propagation, the displacement of a particle which is at a distance of 2 m from

the origin is 5 m after 2 s. Another particle which is at 16 m from origin has
displacement of 5./3 m in 8 s. Find the angular frequency and wave vector
of a wave. [Ans. : ® = /8 rad/s, k = m/24 rad/m]
The equation for a wave travelling in x—direction on a string is,
y = 3 sin [(3.14x — (314)¢]. Where x is in cm and t is in second.
(1) Find the maximum velocity of a particle of the string.
(i1) Find the acceleration of a particle at x = 6.0 cm at time = ¢ = 0.11 s.
[Ans. : Maximum velocity = 9.4 m/s, a = 0]
At 0 °C temperature, a source of sound of frequency 250 Hz emits sound
waves of wavelength 1.32 m. What will be the increase in wavelength at
27 °C ? [Ans. : 0.06 m]
At what temperature the hydrogen gas will have the speed of sound waves in
it will be equal to the speed of sound in oxygen at 1200 °C ? The density of
oxygen is 16 times that of hydrogen. [Ans. :—180.9 °C]

The length of a sonometer wire between its fixed ends is 110 cm. Where
should the two bridges S, and S, be placed in between the ends so as to
divide the wire into 3 segments whose fundamental frequencies are f, : f, : f, =
1:2:37? [Ans.:Ll:60cm,L2=300m,L3=200m]
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8.

10.

11.

A wire having a linear mass density 0.05 g/cm is stretched betwen two rigid
supports with a tension of 450 N. The wire resonates at a frequency of 420
Hz. The next higher frequency at which the same wire resonates is 490 Hz.

Find the length of the wire. [Ans. : 2.1 m]

The length of a string is 100 cm. The frequencies of two consecutive harmon-
ics formed on the string are 300 Hz and 400 Hz respectively. The maximum
amplitude is 10 cm when the string oscillates with its fundamental frequency.
Write the equation of the stationary wave in this case.

[Ans. : y = —10sin (178—’6) cos(200m)t (cm)]

Find the difference of apparent frequencies of the sound of a car horn heard
by a stationary listener when the car is moving towards and away from the
listener with a speed 54 km/4. The frequency of sound emitted by the horn is
500 Hz and speed of sound in air is 340 m/s. [Ans. : 44.2 Hz]

The whistle of an engine, approaching a hill with a speed of 10 m/s produces
sound of frequency 660 Hz. Find the frequency experienced by the driver of
the sound reflected from the hill. The speed of sound in air is 340 m/s.

[Ans. : 700 Hz]

Meghnad Saha (1893-1956)

Meghnad Saha was born on October 6, 1893 in Sheoratali, a village in
the District of Dacca (now in Bangladesh). In 1911, he came to Calcutta to
study in Presidency College. He came to be recognised as a scientist of
substance. In 1920, he went to England to prove his theory—equation of
reaction—before the global scientific community. This later became Saha’s Thermo Ionization
Equation. In 1927, Meghnad was elected as a fellow of London’s Royal Society. He invented an
instrument to measure the weight and pressure of solar rays. The lasting memorial to him is the
‘Saha Institute of Nuclear Physics’ founded in 1943 in Calcutta. Saha passed away on

February 16, 1956.
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SOLUTION
| CHAPTER 1 |

Figure
Here the origin is taken on the centre of carbon (C).

r = distance of oxygen from carbon = 1.130 x 107" m,

m,., = mass of oxygen = 16 g mol™!, m_ = mass of carbon = 12 g mol!

O C

1 = distance of carbon from origin = 0, r, = distance of oxygen from origin
=r=1130 x 10'm

LSRR

r =
cm me +my,

- - -
. - mv,+ mv,+ myv
2. Velocity of centre of mass v, = L1 z -2 33

m1+ m, +H’Z3

3. Here for car m = 1000 kg, a, = 4.0 m s, initial speed Vo, = 0ms™

_ _ -2 . 1
Fortruckm2—2000kg,a2—0ms Y —v2—8.0ms

0
After 3 sec, the speed of car v, =V, tat
1

After 3 secs the distance travelled by car d, = volt + %all‘2

The distance travelled by truck in 3 sec. d2 =t (o a,=0)

(a) The distance of centre of mass of the system of car-truck is

B myd, + myd,
eam m;+ m,

b) In one dimension My, = mv + m,v,

Von = m; + m, ( M:ml+m2)
4. At t =0 sec. xlz—15 m, x2:15m
m, = 40 kg, m, = 20 kg
nmx; + msXx,
- Xem my+ m,

As the centre of mass is remaining stationary, x_ = const. Hence find x,

from the values of X, and X, for t = 2,4 ,6 sec. At t = 0, the cat and dog
are at rest.

v, =v,=0=p =p,=0

=p=p +p,=0
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Att=2s

x(2s)—=x(0s) _ Ax _ X (28) = x,0s)
Vi 2s T A 2T 2s

Hence, p,=my, p, =my, and p = P, tp,

Similarly, repeat calculations for t = 4 s and ¢ = 6 s.

5 - g
r
Figure
In figure, the origin is taken at centre of mass.
.. Position of m, from origin = —r, Position of m, from origin = r,
. o m,(=r)+m,r, . -
s r, =0= —m1+m2 Somr = myr,
m I-
1 2
—L = (1)
m2 1
o . . in the d . ml n )
Performing union in the denominator Mmoo, T n ot -
ny
(cr=r +r) .. rzzi{m1 n m2:|
: o . . mEn, ntn oy
Performing union in numerator in equation (1) = = —
m, h Ul
m,
N m 4+ m,
6. Here, the centre of mass of the system made up of three spheres is
- - —
mr,,, +mr, + mr, -
ro= cml cm2 cm3  Where r , = centre of mass of sphere
an m+m+m o
1, etc.
7. Here, the density of sphere of radius R is p. Hence, the mass of original
sphere
4 ;3 .
M=pV=px§nR 6]
3 3 s 3 —_ i 3 11
The mass of small sphere of radius ‘a’ is m = p X 3 na (i)

Hence, the mass of the remaining sphere after removing small sphere of radius
‘a’ from the original sphere of radius ‘R™ is m, = M — m,.

Lom, = %np R® - a¥ (iii)
%

The centre of mass of original sphere r.,, = (0, 0, 0)
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%

The centre of mass of small sphere of radius ‘a’, B = (b, 0, 0)
The remaining sphere has symmetry about X-axis, but no symmetry about
Y and Z axes. Hence, the centre of mass of remaining sphere is, say
BN
rZ = (_x9 Oa O)
The sphere of radius R is made up of small sphere of radius ‘@’ and the

. . . % % %
remaining sphere (without small sphere). Hence, Mr,, = m n + m,r,
. M(, 0, 0) = m (b, 0, 0) + m,(—x, 0, 0). Comparing x co-ordinates

: . -

M@O) =mb —myx .. x = m, b (iv)
Using results (ii) and (iii), we get X.
From the figure, the masses of the three particles, the positions and forces

acting on them during steady positions are

%
m =40 kg, no=(-2.3) m, F = (60N
%
m, = 8.0 kg, o=@ 2) m F, = (12 cos 45°, 12sin 45°) N
- -
m, = 40 kg, B o=(1,-2) m, F, = (14, 0) N
- — -
r_) _mn+mn + s

cm
m; + m2+ nis

— —
According to the Newton’s second law F = Ma,,, , M = m, +m, + m,

. N N — — —
- —
~ F+ E + K =Ma,, R _hE+E+ B
M
%
e = (axcm’ aycm)
Hence the magnitude of acceleration Ia_> I = 4/( )2 + ( )2
g cm!' — axcm aycm

a

xcm

yem
and the direction of acceleration with X-axis is 0 = tan™ ( j = e
From the figure, the centre of mass of the original plate of uniform density ‘p’

%
and radius ‘R’ is r.,, = (0, 0) (1)

Th f f plate of radius X is 1., = (&, 0 2
e centre of mass of plate of radius 5 18 Temy = 0 )

When the plate of radius % is cut from the plate of radius R, the remaining

plate has symmetry about X-axis, but no symmetry about Y-axis. Hence the
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centre of mass of remaining plate must be away from the origin along X-axis

%
as say (=x). .. 1., ,= (=x, 0) 3)
_ . . R -
The original plate is made up plate of radius 2 and remaining plate
M, ron + My 1.,
Fom = 1 Tem + 2 Tem2 4)
M, + M,

2
Where M, = Mass of plate of radius % oM = Tc( ) p

2
M, = Mass of remaining plate = nR*p — M, = nR%*tp — n(%) p

- (3

Where p = Density of plate, # = thickness of plate

=
[

%
Hence, from equation (4) calculate r,,,, .

| CHAPTER 2 |

O+ 0
Using equation 0 = 3 t find @, Substituting ®, in the equation

) P
e:@0t+§at find o.

Substituting values 0 = o + %Oltz find o. Now from O = 5
o

find © and represent © in rotations.(2w rad = 1 rotation)

. (0_(00 . > . .
Using a0 = P find a. Now [ = m r°, using T = la, find 1
2 2
0"+
from 6 = ————2— find 0. Now work = T - 0
20
- - N n
Use [ = F x P, F =4 +6] + 12k and
— N . R
P =my =527 +3; +6k)

gsin0
Linear acceleration for a body rolling down the slope is a = {T
1+ }

R?

Substituting K = R the radius of gyration for hollow cylinder obtain a.

2 2
0" + o
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10.

11.

Moment of inertia of the system I, =1, + I,. I, = Moment of inertia of

the object of 100 kg relative to z axis I,, = moment of inertia of the object

2
of 200 kg relative to z axis. As the distances are relative to z axis,

z coordinate is not taken in to calculation.

_ _ 2
L=1+1 =ma +)) (D
position vectors for the objects of 100 kg and 200 kg are (2, 4, 6) and
(3, 5, 7) respectively.
=1+ L, =100 7+ ), L, =1+ L, =200 (2, + y%)

X 2y
) 1 1 2 2
Substitute in (1)

2 gsin®
Using K = ER for solid sphere in v = 7~ > find v
4K
R
. 1o 1 N
Now using mgh = 5 mv + 210). Calculate rotational kinetic energy.
(3107
Consider Earth as solid sphere and taking its moment of inertia I = %MR2
_2n o 2m |
and ® = T = 24x3600 substitute in L = I® and obtain L.
— 2 . _ 2
I =1.+ Md, sl =1 - Md,

_ 2 _ 2 2
Now 1, —IC+Md2 —Il—Md1 +Md2

I + Md,” — d?)
From the figure the moment of
inertia I of the system about the
axis passing through O.

2 2 2
ma ma ma
I = + + +
2 2 2
2
_m;z + = 2ma?

Moment of inertia of the sphere
about the axis passing through its

centre is 1, = 2MR2

C 5
From the figure moment of inertia
of the system about the axis EF
=1 +L +1;+1I
Using I = I, + Md"”

_ 2up2 1 - 24m2.
I, = $MR% I = MR%



SOLUTIONS

217

12.

13.

14.

_ 2ZMR? 21 = 2MR? 2
I; = SMR? + Ma* I, = SMR? + Ma
L1 = 2MR? + 2MR® + ZMR? + ma® + EZMR® + ma?
5 5 5 5
- 2(%MR2+Ma2)

r1=0,r2:2m,r3:4m,r4:6m,m1=1kg,m2:2kg,m3:3kg,

m, = 4 kg
2 2 2
+ m,r,” + myr,

_ 2
Now, IAB = mr, + myr,

Total kinetic energy = Linear kinetic energy + Rotational kinetic energy

_ 1 - 1
—2mv+2103

2

for disc I = substituting ® =

r
2

g 1 . 1
Total kinetic energy = 5 mv + 2

Rotational kinetic energy = imv

The fraction of total kinetic energy

in the form of rotational kinetic energy

To find moment of inertia of thin
circular ring or circular wire about
an axis passing through its centre
and perpendicular to its plane and
radius of gyration, consider a thin
ring with mass M and radius R as
shown in the figure. Length of the
ring [ that is the circumference of
the ring is 2mR.

Mass per unit length of this ring

Mass of the ring M

A= Length of thering ~— 2R

Mass of the element of the length dx as shown in the figure = A - dx = thdx

If dI is the moment of inertia about the axis ZZ'.

dl

(mass of the element) (perpendicular distance from ZZ' axis)
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_ M,
di = 57 R - dx (1)

For the moment of inertia I of the ring as a whole about axis ZZ' integrate
equation (1) in the interval from x = 0 to x = 2nR.

2R
far - {%R.dx

[o—
I

1 M dx _ M
’ 0 27

I
|
=

I

R[x]oz"R = 2M7TR[2nR -0l 1 =MR> (2

Comparing equation (2) with I = MK?, K?> = R?, Radius of gyration K = R

15. The vector sum of the forces acting on the light rod,

— — — — — — - .

F=F + E, + F, + F o+ F; (F is the resultant force)
— 4),} — A N = A N
F=KJ+FKJ*tTEC)D+EJ+EKE)

%
Now, moment of force F relative to point A = vector sum of the moments
of component forces.

'.F-x=[F1x0]+[F2><x1]—[F3x(x1+x2)]+[F4><(xl+x2+

x3) — [F5 X (x1 +x, + X+ x4)]

X =

| CHAPTER 3 |

1. If two forces become equal at distance x from the centre of the Earth,

GM
GM,m _ s ’ M = Mass of the Earth,
2 2 ‘
x (r—x)

MS = Mass of the sun. r = Distance between the sun and the Earth. From
this find x.

2. M, = Volume x Density = (%“Re3 )(p)

S 8= R 2e = %HGPRE. Hence find g.
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The required centripetal The gravitational force
force for the Earth's on the Earth by
3. circular motion — the Sun
1\/161/'02 GMsMe
e 2
r r
M=
y G

4.  For the circular motion of the satellite,

GM, [GM,
vy = p = 2R, (.r=R,+R, =2R)

4 2
Find Y from this. Now T? = (Gi\t/le jrj. From this find T

5. For circular motion of satellite mv*/r = GM, m/r*

o .1 5, GMm
.. Kinetic energy of satellite 5my™ = ————
2 2r
) -GM,m
But potential energy = ———
’
L i -GM,_m
.. Total energy = kinetic energy + potential energy = B
r
GM,m
. Escape energy =
2r
1., GMm Lo
v, = P From this find v,.
. . . mv2 GMem
6. For the circular motion of the satellite, R~ R 2 =(gm (D)
¢ e
GM, o, 2nR,
(- g= Rez) Sovi=gR,. But v = T
Put this value in equation (1) and find T.
. . . W”’YO2 GMem GME
7. For circular motion of the satellite, = ) SV = R
R, R, e
2GM, v
For the object lying on the surface of the Earth, v, = R . Find o
e e

8. At the given point the total energy = a2 | Y| a2

a d

2G(M, +M,)m
d

.. Escape energy =

2G(M, +M,)m
If the escape velocity is v,, then lmv 2= (M, 2)

S my, p . Hence, find v,
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9. In this special case, the circular motion is governed by,

2
(Centripetal force %j - (Gravitational force (31\/[_”1J

Also put v = % Hence, find T2.

| CHAPTER 4 |
1. Here, weight of wire = tensile force = ldg and breacking stress =
Tensile force d DL = Breaking stress
Area - de - - dg

2. If increase in lengths of AB, BC and CD wires are Al, ., AlBC and AlCD,

find these increments using

_ FL
- AY”

and Displacement of D = Al, . + Al,. + Al .

Al Displacement of B = Al g Displacement of C = Al T Al

BC

3. Centripetal force necessary for circular motion is supplied by restoring force.

_ FL . _ YAAL _ my> _ mo’12
Y= Ap F = 1L and F = L - L compose these two

values of F.

4. Draw EB.D. for both the masses and calculate tension T.

T Al Stress

Here, Stress = A and ;= Y

5. First ditermine Al using Y = _EL_. now use illustration 3.
AAL”

Use U = %Y X stress X strain X volume.
6. Al =1 oc At .. % = ocAt

Now use Y = El. here F is tension. Now find F.

A Ar’

| CHAPTER 5 |

1. Find velocity of water coming out of nozzle using Ajv, = Ay,

1

Now for vertical motion y = Egtz, ¥y = 1 m, for horizontal motion x = vt

2 2
oy L lx | .o 2yvy”
-y =38 ) s P
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Pressure at A = Pressure at B
So(h + 2d)plg + P, =P, + 12d)g Liquid
Now, find p,. 2d

For horizontal flow A

Water

2

1 1
P+ Spv’ =P, + 59"22

1
P - P, = Ep(vQ2 -v)

" Py gth, — h) = %pwam (1*22 — rlz) insert other values to get h,.

Work = TAA = T2n (r} — r?)

1
rhpg
2cos0

2TcosH ) . .
~h = W Use this formula to calculate heights of water in both

the arms. Then find the differences.
_ 2y
N=9 VI (P Py&
Here, constant velocity of bubble is the terminal velocity.

and 8. Use equation given in hint.
AL p ~ 105 Pa

R o
Now for isothermal change P,V = P,' %

Find P,', No P,' — P ' = % take R' = % and calculate P_'.

Find P, usng P, — P, =

| CHAPTER 6 |
— T, C=0215cal g' C°", Q = mCAT

m = 200 g, AT:Tf
Q
AT
(@) 32 g O, =1 mole

. 10g022%=% mole

and HC =

LU= 3 mole
.. - 6
P=3x10°Nm?% T=273+10=283K
From the ideal gas, state equation,
HRT
P
and V, =10 L = 107 m’

PV, = URT, = V, =

Hence, the work done by the gas
W =PV, - V)
(b) As O, is diatomic rigid rotator,
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C =

v R

N [

PV,
pR

and PV, = URT, = T, =
L AE =Cy (T, - T)
(o) AElm =Q-W
. Q=AE_+ W

T
3. Here T2 =300K,M=40 % =04, n=1 - ??, Hence calculate Tl.

Keeping T, = constant, ' = 50% = 0.5, then T," =

From,n' =1 — T , find T
1
4. T, =500K,T,=375K, Q =600k cal

o T, QT L
(i) Efficiency n =1 — T, (ii) Q ~ T = Q= T, *Q

J
Hence network done W = (Q, — Q,) x 4.2 cal

(iii) Heat gained back in heat sink is = Q,
5. T,=27°C=27+ 273 =300 K

ool»—

P,=2atm, u=1mol, ¥ =15, V

(a) For adiabatic process PVY = constant

V Y
. Y
L PNI =P, VI, = Pf—P(Vf)

(b) According to the ideal gas state equation P,V, = uRT,

PV, = URT bV, 1; T,=T Al

. i l_,l, . ,., - -y = :> J— l ——

7V A A f PV,
HR(T; = Ty)

6. For adiabatic process W = 1 . Here the volume decreases, hence,

y —

the work done is negative.

—uR(T; - Tf) HR(Tf - T)
y—1 B y—1

7. According to first law of thermodynamics, .. AE, =Q — W

For closed gas container, the volume is constant = AV =0 .. W =0

PV .. _ . _
AE, = Q = uC,AT = RT C AT (0 PV = uRT, .. p = RT)
) QRT )
. AT = PVC, (For monoatomic gas C,= R)

". Final temperature Tf =T, + AT. For ideal gas P,V, = URT; Pfo = MRTf
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(0 V= V)
P, T T
A _p L
p - T ~FP=P7

2
8. Here, n =1 mol, AT=30C°=30K, Vo T3

2 _1
V= AT3, A = constant, .. dV = A%T 3dT

T+ AT T+ AT
Hence, W = [ PdV = [ %dV«:PV:pRT, S PV=RT p=1)

+
B +J' —5 _ 2R J‘ _2 R [T]T+AT
B -3 T 3 T
T AT3
2

%R[T + AT — T] SoW o= gRAT

9. Here, P=10atm =101 x 10° Nm™> T=300K, p =2 mol, R=8311]
mol™! K™

For diatomic (rigid rotator) gas y = l. According to ideal gas state equation

5
HRT o
PV = uRT, .. V = 5 For adiabatic process, PV' = Constant
uRT Y
. Constant = P P

10. Here T, =300 K, T, = 600 K, T, = 455 K for monoatomic gas f = 3

For 1 mole gas

/RT, /RT, .
E o = — Eo,= 2 and E, , ; = Internal energy at point

JRT,
2

3 =

Process 1 — 2 : Process is isobaric = W1 =0

“Q =AE ,  =E

int> 12 in® 2 Eim’ 1

Process 3 — 1 : Process is isobaric

" AE , , =Q, - W, W, =PdV

1nt’ 31
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11.

12.

But as the volume of the gas is decreasing, W is negative

. W, =-PdV = —uR(T, - T) and AE, - E

int’ 31 in® 1 Eint’ 3

Hence Q, = AE g W,

int’

Q1_Q2 QI_QZ
n=22%=0.22,Q1—Q2=75J,n=Q—1=>Ql=

and Q, =Q, =751
Here Q, = 10,000 J, W = 2000 J, L. = 5.0 x 10* J/g

W
(a) Efficiency of engine M = Q_l’

(b) During each cycle, the heat given into heat sink is Q, = Q, — W,

(c) Let ‘m’ gram gasoline is used during each cycle.

" Ql :mLC Soom = L_Ca
(d) Gasoline used in each cycle = m gram

.. Gasoline used in 25 cycles per second is M = 25 x m gram

. Gasoline used in 1 hour = 60 x 60 x M g/h = ............. kg/h
(e) Power generated by engine in 1 second = Number of cycles per
second x (work done during each cycle)

| CHAPTER 7 |
@T=3s A=2em o="2=2L g-60r=12
.'.y:25in(%t+§)
() T=1minz60s,A:30m,0):%:%—0,4)2_900:_%

C oy = T
SLy=3 cos(30l‘)

K:k+2k+k:8Nm],T:2n\/%:0.628s

Here F = —kl = —k(l, + 1), Also F, = —k [, = —k(l, + l—l).'.kl =(+ l—l) k,
n n

And F, = kL, = ~k(, + 1) - kn + Dk
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10.

£ =100 x 2 =200 s, A(f) = AP

mleOg,A(t)z%,

2 2 2 2 2 2
V= im,/4A =3y, Vo = imw/Al -y Asv, =2 2\[A wew — Y =
2 2
1/A new — Y . AAT — ¥y = A% -yt AT A4 — 4yt oy,
Anew = ‘\’4A2 - 3y2
v = (;)\/A2 — v, a=-0%T= 2—0? a’T? + 415? = 4T°®*A? = Constant.
T — mg cos® = mv*/L .. T = mg cos® + mv*/L

T=T . when cosO = 1 and v is maximum

2

v2mx =2hg=2gL %, VZmax =2hg=2gL( - cos@l),
=2gL (sinze—o) (' sin’0 = —I_COSZO) =2 L ﬁ
2 ' 2 2

[SS]]\e)
w2

v, = 10sin Gt + ) A, =10, 0, =31 =T, =

y, =5 (sin3ms + 3 cos3mt) = A,cosd sin 3nz + A,sing cos 3mt

Y, = A, sin 3t + ), A, = (57 + (533)* = 10

A
2 ¢ And =& =

® 3 A,

) =3n,T2=

PE = %ky2 Total mechanical energy E= K + U ... K=E - U

V) = 601/A2 - )’12 » V) = (’)VAZ - Y22 ’v12 - v22 - COZ(YZZ - y12)

27

T==
()



226 PHYSICS

| CHAPTER 8 |

1. Differentiate wave equation y = A sin (0f — kx) w.r.t ‘¢, the instantaneous

d
velocity of a particle at time ‘# will be, v, = d_)t) = A cos (ot — kx).

Now, wave speed v = w/k

d
Slope of wave at x = d_i = — kAcos (ot — kx)

. Vp dy

From above all three equations, — = ———

v dx
2. Speed of P wave v, = 4 Speed of S wave v, = 4 _
’ p t’ S t+240

(" 4 min = 60 x 4 = 240 s)

By solving these two equations ¢ = 240 s

and find out d.

Now, substitute value of ¢ and Vp in equation Vp =

3. A:10m,x1=2m,t1:2sandy1=5m,x2=16m,t2:8sand
y,=543 m

Now, substitute these values in equation y = a sin (0f, — kx,)

_ T
©-k= 13 (1)

From equation y, = Asin (07, — kx,) you will get,

0)—2k=2—n4 )

Subtracting equation (2) from equation (1)

k = 2—75‘ rad/m, substitute value of k in equation (1), ® = 7/8 rad/s

4. y =3 sin ((3.14)x — (314)¢) differentiate equation w.r.t. ‘t’
dy
V= I (3) (314) cos ( (3.14)x — (314 )

.. Max speed of particle = (3) (314) =94 m s~!. Differentiate above equation
wrt. ‘1.
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a= % = —(3)(314)(314) sin ( (3.14)x — (314)1)

Now put x = 6 cm and ¢ = 0.11 s,
a = — (3) (314)* sin (67w — 117) = (=3) (314)? sin (-57) = 0.

5. T,=0.+273=273K A, =132m T, =27 +273 =300 K, A, = ?

C 3, ST Ve

Substitute the values in above equation, 7\.2 = 1.384 m,
Increase in the wavelength AL = A — A = 0.064 m

6. T,=1200+273 = 1473 K, p, = 16 p_, T,, = ? Now, v, = v,

. [YRT,  |YRTy _ Pu 1
- /pOV ‘1/pHV LTy =T, % o = 1473 X 1o = 9206 K

oo Ty =92.06 — 273 = — 180.94°C

7. Wave speed is same in all parts of the wire as the medium (wire) is same
v =fh =LA = LA
Each section of wire is oscillating with fundamental frequency (f = 2L)
~of, QL) =f,2L) =f, L)), Now, put f, : f, =1:2and f, : f;=1:3
in above equation and determine L,, L, and L.

8. W=005glkm, f, =420 Hz, f, _ =490 Hz, T = 490 N

+ 1

Suppose the wire vibrates at 420 Hz in its nth harmonic and at 490 Hz in its

T
(n + D)th harmonic. According to f = % \/%

_n [T _n+l T
n = 2L u (1) and fn+1_ 2L \/; 2

Taking the ratio,

fn+1 n+l1 .
f— = L n=6 (by putting value of f, and f . )
420 = B [430 900 . p =200 5
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9.

10.

11.

L = 100 cm, f, = 300 Hz, f, _, = 400 Hz, 2A = 10 cm

Now, f —f,=m+1)f —nf, . f, =100 Hz

> n o+ 1

2L L2 m
1 =200 cm, .. k= % = 100 rad/cm

T =
o = 2xf, = 2m(100) rad/s

Equation of stationary wave, y = —10 sin(%x) cos (200m)t cm

v+0
When the car is moving towards the listener, le = ( v — v j J,
S

v+0
When the car is moving away from the listener, sz = (v 5 j /s
S

le_fL2= (v—vvs_v-:vsjfs

Substitute, v = 340 m/s, Vg = 15 m/s and fS = 500 Hz in above equation.

f, — 1, = 442Hz
fy =600 Hz, v = 340 m/s, v, = 10 m s~

When the engine is moving with the speed 10 m s~! towards the hill, we can
consider its image moving in opposite direction. Listener is sitting in the engine
and engine is moving towards the hill. Hence, direction of v, is along L to S

and direction of Vg is from S to L.

' v+ 340 +10
h= V= Vg < Js = 340 -10

x 600 = 700 Hz
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APPENDIX

SINE AND COSINE RULES

0 sin o _ sin B _ sin vy
b c

a

(i) ¢* = a®> + b> — 2 abcos vy
(iii) Exterior angle, 0 = o0 + B

TRIGONOMETRIC IDENTITIES

() sin*0 + cos*® =1 (i) 1 + tan®® = sec’®
(i) 1 + cor?0 = cosec’® (iv) sec’® — tan®® = 1
(v) cosec’® — cot’® = 1 (vi) sin20 = 2sind cosO

(vii) 0520 = cos?0 — sin*0 = 2cos”® — 1 = 1 — 2sin0
(viii) sin(o. + B) = sinacosP + cosasinf

(ix) cos(a + PB) = cosacosP F sinosinf3

o+ B o + P
(x) sina, + sinf3 = 2sin 5 |cos D)
a + B a - B
(xi) coso + cosP = 2cos| T |cos| T 5

a + B a - B
(xii) cosa. — cosP = —2sin( 3 jsin( > ]

Values of sine and cosine for special angles :

0° 30° 45° 60° 90° | 180° | 270° | 360°
function 0 rad % rad % rad % rad % rad | mrad 371! rad | 2nrad
sin 0 % % g 1 0 =l 0
cos 1 g % % 0 =l 0 1
tan 0 % 1 3 © 0 © 0
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Quadratic Formula :

If ax? + bx + ¢ = 0, then, x =

—b+~/b* —4ac

2a
Formulae of Log :
1. 1If log a = x, then a = 10* 2. log(ab) = log(a) + log(b)
3. log( % ) = log(a) — log(b) 4. log(a™) = n log a
5. loga=1 6. In a = log " = 2303 log,,a
Important Expansions :
. . " n(n—Dx*
1. Binomial Expansion (1 + x)" =1 4+ nx + 5 + o x<1
+1)x*
(lix)'"=1¢nx+% ...... x <1
x x°
2. ex=1+x+7+?+ ..... when x < < 1, then ¢ =1 + x
x° x°

3. ln(1+x)=x—7 +T +..0x1 <1

when x << 1, then In(1 + x) = +x.
4. Trigonometric Expansion (0 in radian)

. 3 0° . 0’ 0*
(1)sm9=9—§+§+ ..... (11)cos9=1—5+m+ .....
63 5
iii) tanO = 0 + — + — +.....
(iii) tan 3 15
If O is very small, then sin® ~ 0; cos® ~ 1 and fan® ~ O rad
dy dy
Y dx Y dx
x" nx"! sec x sec X tan X
sin x cos x cosec x —cosec x cot x
" 1
cos X —sin? x Inx <
cot x —cosec’ x tan x sec? x
cos kx —k sin x e er
sin kx k cos x a® a’lna

Working rules of derivatives :

d ) d B
(D a(k) = 0 (where, k is a constant) 2) =1
<y = 2 ~ dy _ dy du
Q) (ky) = k T (where k is a constant)  (4) = dn < dx
_ dy _du v i} dy _dv , du
(5 If y=u + v, then il o (6) If y = uv, then T v

dy dx dx

N Ify= %,then— =

dx v2
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Integrals of Some Standard Functions :

fx) Feo = [£Cx )dx f) Fo = [f( x
n+ 1 n+1
x" + c (ax + b)" 1(ax+b) + c
n+1 a n+1
(n=++1)
1 .
T Inx+ c sin x —cos X + ¢
e e+ c cos X sSin x + ¢
kx l kx 9 _ =
e ke + c sin kx kcosx+c
a* 1
a” —+ cos kx —sin kx + ¢
Ina k
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