Mechanical Wave

The waves which can be produced or propagated only in the material
medium are called mechanical waves.

Speed of Sound Wave in Any Medium

As sound wave needs a material medium for its propagation and medium
must possesses two physical properties: elasticity and inertia, the wave
velocity obviously depends on these properties. Thus the velocity of
sound wave in any medium depends on the elasticity (E) of the medium
and its density (p). Let v is the velocity of the wave, then we have

voc EXpY
or, V =KE*pY i (i)
Where K is a proportionality constant, x and y are indices to be
determined.
Now, the dimensional formula of v =[LT]

The dimensional formula of E = [ML™1 T7]

The dimensional formula of p = [ML™]

From dimensional analysis, from Eq.(2.1), we get
[LT™Y] = [MLET2) [ML3)]Y
Or, [LT—l] - [Mx+y L—X—3yT—2X]
Eqgating the indices of [M], [L] and [T] repectively on both sides ,we get
X+y=0 , —x—3y =1 and -2x=-1

on solving these equations , we get

1 -1
X=5 and y = 5
Substituting these values of x and y in Eq.(i), we get
1
v=KE2p2
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$
or, v=K -
P

From mathematical analysis, we get K = 1 and the velocity of sound

E
becomes , v = \/:
p

Hence , speed of sound in any medium can be generalized as,

__|E__[Elastic factor
V=\/p~ \/Inertial factor
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Speed of Sound in solid

Since solid has different shape and size, it possesses different modulus
of elasticity and the relations for velocity of sound for the solid of
different shapes are different. Also nature of the vibration of the

particles of the medium affects the speed of wave propagation.

(a) Speed of longitudinal wave in solid

In solid rod , the Young’s modulus of elasticity is taken into account.
Hence speed of sound in solid rod is given by,

N
V= -
P

In solid of other shape : For the bulk solid( rather than thin rod), the
bulk modulus (K) and the modulus of rigidity (n) play role for

propagation of sound wave and hence speed of longitudinal wave is
given by,

S

K+§n
p

(b) Speed of transverse wave in solid

The mechanical waves travelling in solids as transverse waves are
called shear-waves and their speed is given as,

V= \/% ,where 1 = modulus of rigidity

Also for the transverse mechanical waves propagating along a string,
their speed is given by the relation,
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N
V= T
v

Speed of Sound in Liquid

In case of liquids, the modulus of rigidity is negligible and the bulk
modulus (K) becomes significant. Hence the speed of sound in liquid is
given by the relation,

N
v="7\ [T
P
Speed of Sound in Air or Gas

Newton's formula
the speed of sound in air is given by,

Where K is the bulk modulus of elasticity and p is the density of the
medium. Newton assumed that when sound or longitudinal wave travels
through air or gas medium, the compression and rarefactions are formed
so slowly that heat which is produced in compression region is readily
lost to the surrounding but at the same time the rarefaction region is
cooled which gains the heat from the surrounding. So the temperature
of the medium remains the same. Hence according to Newton, the
condition is isothermal. He also proved that in this condition, the bulk
modulus of gas is equal to the pressure of the gas.
Let V and P be the volume and pressure of a region of the medium
where compression region is going to be formed. (P + dP) and (V — dV)
are the pressure and volume of that region when compression is
formed at constant temperature.
stress dP VdP .
Kisothermal = strain - —dv - _d—V ............... (ii)
Vv
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At constant temperature, according to Boyle's law
PV = constant
Differentiating both sides, we get

PdV+VdP =
VdP
or, P-——dv

P= K|sothermal

Hence, =\ - KISOthermal \[ S (1)

At NTP, Density of air (p) =1.293 kg/m3
Atmospheric Pressure (P) = 760 mm of Hg =1.013 x 10° N m™

[P j1013x10° 1
“\/p = 1293 =280ms

But this value is less than its experimental value which is about 332
m/sec. This large difference between the theoretical and experimental
value of sound in air at STP cannot be due to experimental error. Later,
Laplace explained satisfactory reason for this discrepancy.
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Laplace's correction

According to Laplace, the compression and rarefaction are formed so
rapidly that neither heat is transferred to the surroundings nor heat is
absorbed from the surrounding in order to obtain equilibrium for short
interval of time. So according to him, the propagation of sound wave
takes place under adiabatic condition. We have the gas equation for an
adiabatic process as

PV’ = constant
Where P, V and y are the pressure of the region which is going to be
compressed, its volume and the ratio of specific heat capacity at
constant pressure to the specific heat capacity at constant volume of
air. Differentiating this equation on both sides, we get
d(PV") =d (constant)
or, YPVLdV+VdP=0

V'dP
or,  YP==\r1gy
—dP VdP
or, YP= d—V = _d—V =K
v

Kadiabatic =Y P
Hence speed of sound in air is given by,

|<adiabatic ﬁ .
v=A\ " _ = veeereeerrennneserneennns (1V)
p p

At NTP, Density of air (p) = 1.293 kg/m?3
Atmospheric Pressure (P) = 760 mm of Hg =1.013 x 10° N m~
v forair=1.4

vP 1.4x 1.013 x 10°
S,V = ; = 1293 =331.5ms?

This value is very close to the experimental value. Hence Eq. (iv),
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derived by Laplace is used to determine the speed of sound in air.

Factors Affecting the Speed of Sound in Gasesor Air

7|

Effect of temperature

If M isthe molar mass of gasand itsvolumeisV, T isitstemperaturein
Kelvin scale, then
PV= RT

Now, we know the velocity of sound ingasis, v = \/Z;)

: M [yPV
Slncepzv, V= YW

Again, PV =RT
_. [YRT
VA M
For agiven mass of air, N S constant

v o AT (inK)

Hence the velocity of sound is directly proportional to the square
root of temperaturein Kelvin scale.
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il. Effect of pressure

we have PV = RT

- RT
-V EN\/'M
YRT

At constant temperature M Is constant for a given gas. Hence the

speed of sound is independent of atmospheric pressure at constant
temperature.

iii. Effect of density of gas
L et us consider two gases having different densities p1 and p2
respectively at the same pressure. If y is same for both gases, the
velocity of sound in these gases are given by

P
V1= i and v, = \/E
P1 p2

. - - H V
Dividing these two equations, we get v_; = \/%
1

VOC\/B

This shows that at constant pressure, the speed of sound in air is
inversely proportional to the square root of density of the gas.

iv. Effect of humidity
The density of water vapour is smaller than that of dry air,and the
presence of moisture in ar reduces the density of air in the
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atmosphere.so, pmois<pdry and as the velocity of sound in the gas is
inversely proportional to the square root of its density, the velocity of
sound in the moist air is greater than in the dry air. Greater the
humidity of air,higher is the velocity of sound.Thus, sound travel
faster inthe air after rain than in the dry day.

v. Effect of wind
Let vy, and vs are the velocity of wind and the velocity Vi
of sound in the given medium, 6 is the angle between b
these two velocities. Then the resultant velocity of
sound in the given direction is given by
V = Vs+Vy COSO.
This shows that the velocity of sound in the given direction increases
when 0 is acute, decreases when 6 is obtuse .

NUMERICAL PROBLEMS

1. A source of sound of frequency 550Hz emits waves of wavelength 60
cm in air at 20°C. What would be the wavelength of sound from the
sourcein air at 0°C?

Ans: 0.58 m

2. What isthe difference between the speed of longitudinal wavesin air at
27°C and at — 13°C? What is the speed of 0°C?

Given, Density air at NTP (p) = 1.293 kg/m?; Pressure (p) = 1.01x10°
N/m?
Ans. 23.96m/sec. 331.1 m/sec

3. At what temperature, the velocity of sound in air is increased by 50%
to that at 27°C?
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10.

Ans. 675K
Ini aresonance air column apparatus, the first and second reasonance
position were observed at
18 cm and 56 cm respectively. The frequencuy of tuning fork used was
480 Hz. Calculate the velocity of sound in air and end correction of the
tube.
Ans. 364.8 m/sec and 0.01 m
Calculate the bulk modulus of aliquid in which longitudinal waves the
frequency of 250 Hz have the wavelength of 8 mif the density of liquid
iS900 kg m3,
Ans: 3.6x10°N/m?
A source of sound produces a note of 512 Hz in air at 17°C with
wavelength 66.5 cm. Find the ratio of molar heat capacities at constant
pressure to constant volume at NTP. Densities of air and mercury at
NTP are 1.293 kg/m?® and 13600 kg/m?3 respectively.
Ans. 1.4

A Source of sound of frequency 512 Hz emits waves of wavelength
64.5 cmin air at 20°C. What would be the velocity of sound at 0°C?
Ans: 318.77m/sec

In astormy day aboy observes alightning flash which isfollowed by a
thunder 3 sec later. How would you estimate the distance of the
lightning strike from the boy. (given velocity of sound on that day =
332m/s, velocity of light ¢ = 3 x 108mV/s)

Ans:. 996 m from boy

When a detonator is exploded on arailway line, an observer standing on
therail 2 km away hears two sounds. What is the time interval between
them? (Y oung's modulus of steel = 2 x 10"Nm, density of steel = 8 x
102 kg nr3, density of air = 1.4 kgm=3, y- for air = 1.4, atmospheric
pressure = 10°Nm2)

Ans. 5.92 Sec
A source of sound of frequency 512 Hz emits waves of wavelength 670
mm in air a 20°C. What is the velocity of sound in air at this
temperature? What would be the wavelength of sound from the source
inair at 0°C?
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Ans: 343.04ms™, 0.65m

1. A man standing at one end of a closed corridor 57 m long blow a short
blast on awhistle. He found that the time from the blast to the sixth echo
was 2 seconds. If the temperature was 17°C, what was the vel ocity of
sound at 0°C?

Ans: 331.8ms*

12. The interval between the flash of lighting and the sound of thunder is 2
seconds, when temperatureis 10°C. How far isthe storm if the velocity
of sound in air at 0°C is 330ms1?

Ans: 672 m

Multiple choice question
1.1f the speed of sound at 0°C is vo, the velocity at 273° C will be

(@) 2vo (b) 0.5vo
(c) 1.4 vo (d) 0.7wvo
2. Keeping temperature constant, if the pressure is increase; the speed of sound in a gas
(a) increases (b) decreases.
()  remains unaffected. (d) cannot be predicted

3. The speed of sound in a medium depends on
(a) its elastic property but not one the inertia property.
(b) itsinertia property but not on the elastic property.
(c) its elastic as well as inertia property.
(d) neither its elastic property nor the inertia property.

4. Two monatomic ideal gases 1 and 2 of molecular masses m; and m; respectively are enclosed in
separate containers kept at the same temperature. The ration of the speed of sound in gas 1 to
that in gas 2 is give by

m m m m;
@ \[m ®\/m O o @

5. The ration of velocity of sound in hydrogen gas (y = 7/5) to helium gas (y = 5/3) at some temperature
is
(@) ~21/5 (b) ~f42/5
() ~7/5 (d) +/34/5

6. The Laplace correction was necessary to Newton's calculation of velocity of sound, because
propagation of sound in a medium is

(a) Isothermal process (b)  Adiabatic process

(c) Isobaric process (d) Isochoric process
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Short Answer Questions

* Velocity of sound in solids is more than that in liquids, why?

* The velocity of sound in solid is generally greater than that in gas at STP.
Why? Give reason.

* When sound waves travel through a medium, does the temperature at
various points remain constant? Explain.

* Why does sound travel faster in metals than in air?

* The speed of sound in humid air is more than that in dry air, why?

* Although the density of solid is high, the velocity of sound is greater in solid,
explain.

* Is it possible that the velocity of sound is greater in solid than that in a gas
at STP? Justify your answer.

* Velocity of sound increases on a cloudy day, why?

* Sound at a distance can be heard distinctly at night than in the day time,
why?

* Explain why the velocity of sound in solids is greater than that in gases,
though the densities of solids are greater than that of gases.

* Why are sounds heard better on a wet day than on a dry day?

* Is velocity of sound more in damp air or in dry air? Explain.

THE END.
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