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ODESSA – 2023
Topic 3. 4h Mechanical waves. Acoustics. Hearing physics.
If any particle is displaced then a disturbance will be produced in the medium which will be handed on from particle to particle till all of them have displacements. 
Now, if the particle performs periodic motion, then other particles of the medium perform the same type of motion with the phase differing regularly from one particle to next. Such a disturbance is called wave motion. 
In a wave motion there is no bodily transfer of the medium through which the wave propagates. What travels forward in the medium is a state of motion. 
Since during the propagation of the wave, the particles of the medium lying in its path are thrown into vibration in succession, obviously the waves pass on energy from one particle to next along their line of travel. 

A transverse wave is one in which the direction of oscillation of the particles of the medium is at right angles to the direction of propagation of the wave. 
A longitudinal wave is one in which the direction of oscillation of the particles of the medium is the same as the direction of propagation of the wave. 
Waves are of three main types:

1. Mechanical waves. These waves ate most familiar; common examples include water waves, sound waves, and seismic waves. All these waves can exist only within a material medium.

2. Electromagnetic waves. These waves you use them constantly; common examples include visible and ultraviolet light, radio and  television waves, microwaves, x-rays. These waves require no material medium to exist. 

3. Matter waves. These waves are associated with electrons, protons, and other fundamental particles, and even atoms and molecules. Because we commonly think of these particles as constituting matter, such waves are called matter waves.
General equation of wave motion
Let a wave move along the direction of  x-axis with velocity v. At any instant t the displacement of a particle, situated at the origin (x = 0), can be represented by the relation
y = f (t),  where  f (t)  is some function of time. 
The wave will reach a point P,  distant x from O, in  x/v  second. Hence at any instant t the displacement y of the particle at P must be the same as the displacement at the origin x/v 
seconds earlier i.e., the equation for wave, travelling along the positive direction of  x-axis is
y = f (t – x/v).                                                

The function f  determines the shape and size of the wave. It is a solution of one dimensional differential equation of wave position (wave equation)
[image: image24.png]


.
The feature of this equation is that the coefficient of derivative on the right hand side represents the square of the wave velocity so that we need not to solve the equation to obtain the velocity of propagation of the wave. 
The most important type of wave is the simple harmonic wave in which the displacement of a particle is a simple harmonic or sinusoidal function of time and distance:

y = A sin ω(t – x/v),                      
where  A is the amplitude,  ω is the angular frequency and the wave velocity is v.
The frequency of the wave is equal to the frequency of the oscillating body, hence the frequency  f  of the wave  
f = ω/2π = 1/T,
where  T  is the period. 

In one vibration (i.e., in period T) the wave moves through a distance equal to wavelength  λ, hence  velocity v 
[image: image2.emf]
The quantity  k is called the angular wave number:
[image: image3.emf]
Its  SI unit is the radian per meter,or the inverse meter. 
Now the alternative form of the equation of wave motion can be written as

y = A sin (ωt – kx)

If  φ is the phase constant, then 
y = A sin (ωt – kx + φ) .
The phase of the wave is the argument of the sine  ωt – kx + φ. 
If a wave is moving in any direction (such a wave is called three dimensional wave), the wave equation can be written as 

[image: image4.emf],                 [image: image5.emf].
One of the solutions of this equation is a three dimensional plane harmonic wave, in which the displacement at time  t  and at a point   r = xi + yj + zk  is given by 

 ψ = A sin (ωt − k x + φ )
where  k = ikx + jky + kkz  is called the angular wave vector. 
The direction of angular wave vector is  the direction of wave motion and its magnitude is  k = 2π/λ, the angular wave number. 
Let us suppose that longitudinal waves are traveling along an elastic solid rod. If  ρ is the density of material of the rod, and the Young’s modulus of its material is given by Y, then the velocity v of the longitudinal waves in the solid rod is given by

[image: image6.emf]
The velocity of transverse waves in a rod depends upon the density and shear modulus G of its material.

When a monochromatic wave (wave of a single frequency or wavelength) travels through a medium, its velocity of advancement in the medium is called ‘wave velocity’. 
For a wave, the ratio of  ω  and  k  is called the phase velocity vp or wave velocity
vp = ω /k
This is the velocity with which a plane of constant phase, given by   (ωt – kx) = const, propagates in the medium, because differentiating with respect to time, we get 
[image: image7.emf]              [image: image8.emf],                  
which is the wave velocity v. In practice, we come across pulses rather than monochromatic 
waves. A pulse consists of a number of waves differing slightly from one another in 
frequency. A superposition of these waves is called a ‘wave packet’ or a ‘wave group’. 
When such a group travels in a dispersive medium, the phase velocities of its different components are different. The observed velocity is, however, the velocity with which the maximum amplitude of the group advances in the medium. This is called the ‘group velocity’. Thus the group velocity is with which the energy in the group is transmitted.
 If a group contains a number of frequency-components in an infinitely small frequency interval, then the expression for the group velocity vg may be written as 
[image: image9.emf] ,     [image: image10.emf].

This is the relation between group velocity vg   and wave velocity v in a dispersive medium (A dispersive medium is one in which the wave velocity is frequency dependent.). 
Usually  dv/dλ  is positive, so that the group velocity  vg <  v. This is called ‘normal dispersion’.  When   dv/dλ   is negative, so that  vg >  v This is anomalous dispersion. 
In a non-dispersive medium  we have dv/dλ = 0, so that vg = v. For light waves in free space the group velocity is same as the wave velocity. 
Sound waves in gases are also non-dispersive. This is a fortunate circumstance. If sounds of different frequencies travelled at different speeds through the air it would result in chaos and aural anguish.
Wave motion conveys energy from one region to another. 
For a sinusoidal mechanical wave, the average power  is proportional to the square of the wave amplitude and the square of the frequency.
Waves on a rod or a string carry energy in just one dimension of space (along the direction of the rod). But other types of waves, including sound waves in air and seismic waves in the body of the earth, carry energy across all three dimensions of space. 

For waves that travel in three dimensions, we define the 
intensity  I  to be the time average rate at which energy is transported by the

wave, per unit area, across a surface perpendicular to the direction of propagation.

That is, intensity I  is average power per unit area. It is measured in watts per square meter  (W/m2). Intensity  I is given by Umov’s equation
I = wvg ,
where  w  energy density, measured in J/m3:   

w= ½ρω2A2.
If waves spread out equally in all directions from a source, the intensity at a distance  r  from the source is inversely proportional to  r2 . This follows directly from energy conservation. If the power output of the source is  Ps,  then the average intensity through a sphere with radius r  and surface area  4π r2  is   

[image: image11.emf]
This relationship is called the inverse-square law for intensity.
Up until now we have been discussing wave as if it were of a single frequency. Almost all waves cannot be described in such simple terms, but can be thought of as the superposition of a variety of pure sine waves each of a different frequency and amplitude. 
An analysis of this waveform is presented in the form of a spectrum, in which the
 amplitudes of the different frequency components are plotted as a function of the frequency:
[image: image12.emf]         [image: image13.emf]
In simple cases there will be a small number of discrete frequency components present, as in our example in which there are four components. These are the resonant frequencies of the wave source. 
The lowest frequency is called the fundamental whereas the other frequency components in the spectrum will be integral multiples of the fundamental and are known as overtones.

Finding this representation for a given waveform is called harmonic analysis. The sum of sinusoidal functions that represents a complex wave is called a Fourier series.
The four different sine curves, with relative amplitudes and frequencies given by the spectrum in figure, add together to reproduce the waveform. In fact, any periodic waveform, no matter how complex, can be represented as the superposition of harmonics according to Fourier’s theorem.

The Doppler effect


The Doppler effect is a change in the observed frequency of a wave when the source or the detector moves relative to the transmitting medium (such as air). 
The Doppler effect holds for any waves sound, electromagnetic waves, including microwaves, radio waves, and visible light. 
Here, however, we shall consider sound waves, and we shall take as a reference frame the body of air through which these waves travel. This means that we shall measure the speeds of a source  S  of sound waves and a detector  D  of those waves relative to that body of air. If the body of air is stationary relative to the ground, the speeds can also be measured relative to the ground. 
We shall assume that  S  and D  move either directly toward or directly away from

each other, at speeds less than the speed of sound.

If either the detector or the source is moving, or both are moving, the emitted

frequency  f  and the detected frequency  f '  are related by

[image: image14.emf]
where  v  is the speed of sound through the air, vD is the detector's speed relative to the air, and vS  is the source's speed relative to the air, the upper signs are used when the relative motion brings the source and detector closer and the lower signs apply when that distance is increasing.
The Doppler effect can be used to measure the velocity of moving objects by aiming a wave at the object and measuring the frequency of the reflected wave. This technique is probably most familiar to you in the form of radar. Police radar uses high-frequency radio waves to detect the velocity of cars on a highway; weathermen use Doppler radar to measure the velocities of clouds to make forecasts. 
Acoustics
The science of sound is known as acoustics.  
The human ear is sensitive to sound waves in the frequency range from about 20 to 20,000 Hz, called the audible range, but we also use the term “sound” for similar waves with frequencies above 20,000 Hz (ultrasonic) and below 20 Hz (infrasonic) the range of human hearing. Neither is perceived by the ear. 

Pitch, loudness and timbre (quality), are some of the terms we use to describe the sounds we hear. Table gives the dependence of  human hearing perceptions on physical quantities.

	Perceptions  
	Physical quantities

	Pitch
	Frequency

	Loudness
	Intensity and Frequency

	Timbre (quality)
	Number and relative intensity of multiple frequencies


Frequency and pitch
The frequency of a sound wave is the primary factor in determining the pitch

of a sound, the quality that lets us classify the sound as “high” or “low.” The higher the 
frequency of a sound, the higher the pitch that a listener will perceive. 
In a sound wave in air, the pressure fluctuates above and below atmospheric pressure  Pa  in a sinusoidal variation with the same frequency as the motions of the air particles.
[image: image15.emf]
Pressure amplitude also plays a role in determining pitch. When a listener compares two sinusoidal sound waves with the same frequency but different pressure amplitudes, the one with the greater pressure amplitude is usually perceived as slightly lower in pitch.
There is, however, no simple mathematical relationship between pitch and frequency.
Intensity and loudness
Sound is a longitudinal traveling wave that carries energy in the form of mechanical oscillations of the medium. 
The acoustic impedance Z  of a medium is given by the product of the mass

density and sound speed for that medium, so

[image: image16.emf]
where  ρ  is the density of the medium (in kg/m3 ) and  v  is the speed of sound through the medium (in m/s). The units for  Z  are therefore  kg/(m2·s) .
For simplicity, we will label the gauge pressure  ΔP = P − Pa   as  ΔP and call it the sound pressure.  The intensity  I  of the wave is proportional to the square of the wave amplitude. In the case of sound, the intensity is given by

[image: image17.emf]

The intensity of sound is related to the power P, generated by the source and the distance r from the source by

       [image: image18.emf]   .

Sound intensities vary over an enormous range. The least intense sound that can be heard by the human ear is called the threshold of hearing and is taken as 10-12 W/m2. The perception of intensity is called loudness. 
As the intensity increases so does the perceived loudness. The most intense sound that the human ear can respond to without harm is called the threshold of pain and is  1 W/m2. 

Sounds that are 10 times more intense do not seem 10 times as loud to the ear. In
 fact, the ear responds nearly logarithmically to sound intensity. 
A useful scale for intensity level is the decibel scale for which the sound intensity level  is given by

 [image: image19.emf]                                                    (11.7)

where  Iref  is a reference intensity, taken as the threshold of hearing (10-12 W/m2).  
Sound intensity levels are expressed in decibels, abbreviated dB. A decibel is 0.1 of a bel, a unit named for Alexander Graham Bell (the inventor of the telephone). The bel is too large for most purposes, and the decibel is the usual unit of sound intensity level.
The scale is chosen so that at  I = Iref  the intensity level is 0 dB, whereas at the threshold of pain,  I = 1012 I0, the intensity level is 120 dB .
At a given frequency, it is possible to discern differences of about 1 dB, and a change of  3 dB is easily noticed.

But loudness is not related to intensity alone. Frequency has a major effect on how loud a sound seems. A unit called a phon is used to express loudness  E   numerically:

E (ph) = k ( f ) I (dB),

where  k ( f ) is function of frequency.
The ear has its maximum sensitivity to frequencies in the range of  2000 to 5000 Hz, so that sounds in this range are perceived as being louder than those at  500 or 10,000 Hz, even when they all have the same intensity. Sounds near the high- and low-frequency extremes of the hearing range seem less loud, because the ear is less sensitive at those frequencies. 
[image: image22.emf]Figure shows the relationship of loudness to intensity level and frequency for persons with normal hearing. 
At a frequency of 1000 Hz, phons are taken to be numerically equal to decibels.
The curved lines are equal-loudness curves. Each curve is labeled with its loudness in phons. 
Any sound along a given curve will be perceived as equally loud by the average person. 

The  0-phon curve represents the threshold of normal hearing. 
We can hear some sounds at intensity levels below  0 dB. The loudness curves all have dips in them between about  2000  and  5000  Hz. These dips mean the ear is most sensitive to frequencies in that range. 
The curves rise at both extremes of the frequency range, indicating that a greater intensity level sound is needed at those frequencies to be perceived to be as loud as at middle frequencies. 
Sounds above 120 phons are painful as well as damaging (threshold of pain).

We do not often utilize full range of hearing. This is particularly true for frequencies above 8000 Hz, which are rare in the environment and are unnecessary for understanding conversation or appreciating music. The shaded region in Figure is the frequency and
 intensity region where most conversational sounds fall.

[image: image23.emf]The curved lines indicate what effect hearing losses of 40 and 60 phons will have. A 40-phon hearing loss at all frequencies still allows a person to understand conversation, although it will seem very quiet. 
A person with a 60-phon loss at all frequencies will hear only the lowest frequencies and will not be able to understand speech unless it is much louder than normal. 
 Female voices are characterized by higher frequencies. The person with a 60-phon hearing impediment may have difficulty  understanding the normal conversation of a woman.
At a constant loudness of 40 phons, one can perceive 1,400 different frequencies.
Also, at a constant frequency of 1,000 Hz one can perceive about 280 different levels of loudness. Consequently, people can perceive almost 1,400×280 = 400,000 different variations of pitch and loudness.
Timbre (quality)

In most cases, the sound wave are highly complex. Each sound has its own characteristic pattern. J. B. J. Fourier, a French mathematician, showed that 

a complex wave pattern can be constructed by adding together a sufficient number of sinusoidal waves at appropriate frequencies and amplitudes.
Therefore, if we know the response of the ear to sinusoidal waves over a broad range of frequencies, we can evaluate the response of the ear to a wave pattern of any complexity. 
We call our perception of these combinations of frequencies and intensities tone quality, or more commonly the timbre.  It is more difficult to correlate timbre perception to physical quantities than it is for loudness or pitch perception. 

Ultrasound

Any sound with a frequency above 20,000 Hz (or 20 kHz)—that is, above the highest audible frequency—is defined to be ultrasound. In practice, it is possible to create ultrasound frequencies up to more than a gigahertz. 
The characteristics of ultrasound are wave properties common to all types of waves. Ultrasound, like any wave, carries energy that can be absorbed by the medium carrying it, producing effects that vary with intensity. 

Cavitation is the creation of vapor cavities in a fluid—the longitudinal vibrations in ultrasound alternatively compress and expand the medium, and at sufficient amplitudes the expansion separates molecules. Most cavitation damage is done when the cavities collapse, producing even greater shock pressures.

Ultrasonic waves are emitted from a transducer, a crystal exhibiting the piezoelectric effect (the expansion and contraction of a substance when a voltage is applied across it, causing a vibration of the crystal). These high-frequency vibrations are transmitted into any substance in contact with the transducer. 

Similarly, if a pressure is applied to the crystal, a voltage is produced which can be recorded. The crystal therefore may acts as both a transmitter and a receiver of sound. 
At the boundary between media of different acoustic impedances, some of the wave energy is reflected and some is transmitted. 
The intensity reflection coefficient  Rrefl   is defined as the ratio of the intensity Ir of the reflected wave relative to intensity Ii the incident wave. This statement can be written mathematically as

[image: image20.emf][image: image21.emf],
where Z1 and Z2 are the acoustic impedances of the two media making up the boundary. 

A reflection coefficient of zero occurs when the acoustic impedances of the two media are the same. An impedance “match” (no reflection) provides an efficient coupling of sound energy from one medium to another. 
The image formed in an ultrasound is made by tracking reflections and mapping the intensity of the reflected sound waves in a two-dimensional plane.

Ultrasound has a tremendous number of applications. The applications of ultrasound in medical diagnostics have produced untold benefits with no known risks. Diagnostic intensities are too low (about 10−2 W/m2 ) to cause thermal damage. More significantly, ultrasound has been in use for several decades and detailed follow-up studies do not show evidence of ill effects, quite unlike the case for X-rays.

An ultrasound speaker doubles as a microphone. Brief bleeps are broadcast, and echoes are recorded from various depths. The time for echoes to return is directly proportional to the distance of the reflector, yielding this information noninvasively.

The speaker-microphone broadcasts a directional beam, sweeping the beam across the area of interest. This is accomplished by having multiple ultrasound sources in the probe’s head, which are phased to interfere constructively in a given, adjustable direction. Echoes are measured as a function of position as well as depth. A computer constructs an image that reveals the shape and density of internal structures.

An ultrasonic image is produced by sweeping the ultrasonic beam across the area of interest. Data are recorded and analyzed in a computer, providing a two-dimensional image. 

Ultrasound today is commonly used in prenatal care. Such imaging can be used to see if the fetus is developing at a normal rate, and help in the determination of serious problems early in the pregnancy. Ultrasound is also in wide use to image the chambers of the heart and the flow of blood within the beating heart, using the Doppler effect (echocardiology).
