Chapter 17-1
Sound Waves
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1. SOUND WAVES

High Pressure Low Pressure
Smax . _Smax '
»® 0 < 00 200y 0 A9 - 0= 0 @
< /‘\L/I4 2,/’2 >

S(x,t) = Syq, cos(kx — wt)

AP = AP, ., sin(kx — wt) o

_ volume stress  AF /A

Bulk modulus: AP = —B A—VV -

~ volume strain AV /V

ds
AP = —B o = Bs, gk sin(kx — wt) , AP, = BSpgxk
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2. SPEED OF SOUND WAVES A

Impulse from the change of volume:

[ = FAt = A(AP)At

AV —Av, At Uy
AP = —B— = —B =p-=
V AvAt %
v v
=4 (B—x) At = AB XAt
1% v

Momentum variation:

Ap = mAv = pVv, = pAvAtv,

Uy B B
I=Ap—>AB7At=pAUAtvx—> —=pv—>v2:——>v=
v P

v = \/ elastic property/inertial property



2. SPEED OF SOUND WAVES

For sound traveling through air, the speed of sound as a function of temperature is
273+T¢

expressed as v = 331 , Where T, is the air temperature in Celsius.

Mmm

Air (0°C) Water 1493 Iron 5950

Oxygen (0°C) 317 Mercury 1450 Aluminum 6420

Helium(0°C) 972 Methyl Alcohol 1143 Copper 5010

Hydrogen(0°C) 1286 Gold 3240
w

B = pv? APpax = BSmaxk = APy = PU°Spaxk = pvzsmax; = PVWSmax



3. INTENSITY OF SOUND WAVES

ds
The energy carried by the sound wave: ~ Power = Fv = (AAP) (E) ,B = pv*

AP = AP, sin(kx — wt) = prws,, 4, sin(kx — wt)

S(x,t) = S;4, cOs(kx — wt)

Power = Apvws,, 4, Sin(kx — wt) (WS, 4, Sin(kx — wt))
2.2

Power = Apvw?sZ,,, sin®(kx — wt)

(Power) gy g = Aprw?spax{sin®(kx — wt)) 4y

1 T
(sin®(kx — wt))gyg = ?f sin®(wt) dt =
0

N =



3. INTENSITY OF SOUND WAVES

(Power) 1
<P0W3r>avg — EApvaS%lax =l = 1 =4 = Epvwzsglax

(Apmax) ’
2pv

APnax = PVWSmax = I =

For a point-source sound wave, the intensity is dependent on the distance and the
power according to

Power Power

area 4172




3. INTENSITY OF SOUND WAVES

Example: The faintest sounds the human ear can hear at a frequency of 1,000 Hz have
an intensity of ~1.00X10-'2 W/m?. Determine the pressure and the displacement

amplitude of the sound. (p = 1.20 %, v = 343 %1)

AP 0)>
I= ( 2";37’6) — APay = 2Ipv = /2 % 1.00 X 10712 x 1.20 X 343 = 2.87 X 1075N /m?
AP 2.87 x 107>
APox = PUOSmax = Smax = ——— = =1.11x 10" m

pvw  1.20 x 343 x (2m x 1000)

Example: A point-source sound wave has a power of 80.0 W. Find the intensity 3 m
away from it.




3. INTENSITY OF SOUND WAVES

Sound level in decibels (dB): B = 10log(1/I,)

I, is 0of 1.00X10-12 W/m?, the reference intensity as well as the threshold of hearing.

g8 o J40 _[s0 ____Je0 70 190

Example Threshold Home, Office, soft Normal Noisy  Heavy fruck,
of hearing library music conversation Office damage

Example: The noisy sound with an intensity of 6.00X10-7 W/m? is delivered to the
students. What is the sound level?

6.00 x 1077
1.00 x 1012

fp = 10log( ) = 57.8dB



4. THE DOPPLER EFFECT

The observer is moving toward the source.

v =v+uv,
!/ !/ !/
v v , v fro v+
f:—’/’{:——)f ——f—>_—
A f % f %
The observer is moving away from the source.
" v—uy,
vV =v—v, > —=
& £ v,

J
The source is moving toward the observer.

vV — v v v v f' v
/1,:/1 —)f’:—,:— —_ — =
% A Av—v, f  v—uy
The source is moving away from the observer.
vV+v ' v
Sy A

v f v+




4. THE DOPPLER EFFECT

Example: A clock radio is sending a sound of frequency 600 Hz when it falls down a
height of 15.0 m. The observer 1s staying at the original place of 15 m 1in height. What
will its frequency be just before the clock radio strikes against the ground? Assume the
speed of sound 1s 343 m/s.

ve =+/2gh =V2x9.8x 15 =17.1m/s

600 f - "= 600 X S 572 H
= — - = =
f=0600—2=00 2 343 + 17.1 ‘
Shock Waves:
vt v
\ N ) 9 sin 6 = -




Physics |
Lecturel7/7-2
Superposition and
Standing Waves

— R ALE
o, 3V RXENE HER EFYIEA




Outline

Superposition & Interference
. Standing Waves
. Standing Waves in Strings Fixed at Both Ends

1.
2
3
4. Standing Waves in Air Columns
5. Beats: Interference in Time

6

. Nonsinusoidal Wave Patterns



1. SUPERPOSITION & INTERFERENCE

2.0
Superposition: y, (x,t) = 300731 Vo, E)=
2.0 2.0
(x=3.0t)2+1  (x+3.0t)%2+1

(x+3.0t)2+1

ytotal(x; t) —

Both waves do not alter or change the travel of each other.

Superposition of wave functions rather than the energy.
y1(x, t) = A sin(k;x — w,t)
v, (x,t) = A, sin(k,x — w,t)
2
Ey y12 (X, t)’ E; x YZZ (X, t)r Etotar X (J’1 (x: t) + V, (X, t))

Eiotar # E1 T+ E;



1. SUPERPOSITION & INTERFERENCE

INSN

. e —phy=ics _ net . e —phyr=zic= _netk
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http://www.e-physics.net/Download/12wave/12wave.htm



1. SUPERPOSITION & INTERFERENCE

Superposition of two sinusoidal waves of the same amplitude, wave length, and frequency:
y,(x,t) = Asin(kx — wt)

y,(x,t) = Asin(kx — wt + ¢)

ye(x,t) = Asin(kx — wt) + Asin(kx — wt + ¢)

ye(x,t) = 2Acos(¢p/2) sin(kx — wt + ¢p/2) > A" = 2A cos(¢p/2)

Phase Phase diff Type of 2f
diff (/1) Interference ; H\=0

fully constructive

21/3 0.33 intfermediate
T 0.5 fully destructive
5m/6 0.42 partially

destructive



1. SUPERPOSITION & INTERFERENCE

Example: Two identical sinusoidal waves, moving in the same direction along a
stretched string, interfere with each other. The amplitude of each wave is 2.8 mm,
and the phase difference between them is 100°. (a) What is the amplitude of the
resultant wave due to the interference of these two waves, and what type of
interference occurse (b) What phase difference, in radius and wavelength, will
give the resultant wave an amplitude of 4.9 mmz¢

A=9.8mm,¢ = 100°
ye(x,t) = 2Acos(¢p/2) sin(kx — wt + ¢p/2) ,A" = 2Acos(¢p/2)
(a) A" =2x9.8xcos(50°) =13 mm
(b) 4.9 =2x9.8xXcos(¢p/2) - cos(¢p/2) = 0.25

¢ = 1500 - 51/12




1. SUPERPOSITION & INTERFERENCE

Interference of sound waves: human audio spectrum is 20-20k Hz, the speed of
sound is 340 m/s, the wavelength of 4k Hz sound is 8.5 cm

Use the path difference to give the phase difference between two waves:

Ar ¢ Ar I |

o =%—>(]§=2n7 ‘))) "\
Ar = nAd 2 constructive interference

Ar = (n -+ %) A = destructive interference




1. SUPERPOSITION & INTERFERENCE

Example: Two identical speakers placed 3.00 m apart are driven by the same oscillator. A
listener is originally at point O, located 8.00 m from the center of the line connecting the
two speakers. The listener then moves to point P, which is a perpendicular distance 0.350
m from O, and she experiences the first minimum in sound intensity. What is the frequency
of the oscillatore (The speed of sound is 343 m/s.)

_ 3B oeon
R ‘

>



2. STANDING WAVES

Two waves propagate in the opposite directions:
yi(x,t) = Asin(kx — wt), Y2(x,t) = Asin(kx + wt)

y:(x,t) = Asin(kx — wt) + Asin(kx + wt) \
ye(x,t) = 2A sin(kx) cos(wt)

2A sin(kx) is maximum when kx = (n + %) T

5% = (n + %) % the position of anfinodes

2A sin(kx) is minimum when kx = nr 1 e «-physics et

X = n%, the position of nodes

http://www.e-physics.net/Download/12wave/12wave.htm



3. STANDING WAVES IN STRINGS

FIXED AT BOTH ENDS

General mathematical form of a standing wave: y(x, t) = A sin(kx) cos(wt)

For standing waves in strings of length L fixed at two ends,

the boundary conditions are:
y(0,t) = Asin(k X 0) cos(wt) =0

y(L,t) = Asin(k X L) cos(wt) = 0 - kL = nm

k1_z»k2 7 K3 _T'
2T 2L
7L=TLT[—>/1=7_)/11=2L»/12_L'/13_ 3’

1L i
P N\ /
=l ST T S S SO VT D T S L B e L
0.2 0.4 086 08 0 i
1

wma.a—phy=ics nat

first harmonic

AL g
/ 7/.‘___ —e . \
> \\\_\
X N A
0.2 0.4 \\E’ /// 0 wmm e -phyr=ics _net
N "
-1} /

secand hagrmonic

¥ e \
2 O\
) A )
0.8 0

02 \N0.4 08/
'\;,/// p

V’rr‘wird harmonic

http://www.e-physics.net/Download/12wave/12wave.htm



3. STANDING WAVES IN STRINGS
FIXED AT BOTH ENDS

Example: A string, tied to a sinusoidal vibrator at P and running over a support at
Q, is stretched by a block of mass m. The separation between P and Qis 1.2 m,
the linear density of the string is 1.6 g/m, and the frequency of the vibrator is
fixed at 120 Hz. The amplitude of the motion at P is small enough for that point
to be considered a node. A node also exists at Q. What mass m allows the

vibrator to set up the fourth harmonic on the string?

_ _ 1.9 _ kg . _
L=12mu=16—=0.0016—,f = 120 Hz ~__>~ Se__-
m m P
fourth harmonic =2 kL = 4m, A = % =§ = (0.60 m

v=fA=120%x0.60 =72m/s

T=v?u=83N=0.85kgw »m=0.85kg




3. STANDING WAVES IN STRINGS
FIXED AT BOTH ENDS

Example: One end of a horizontal string is attached to a vibrating blade, and
the other end passes over a pulley. A sphere of mass 2.00 kg hangs on the end
of the string. The string is vibrating in its sescond harmonic. A container of water
Is raised under the sphere so that the sphere is completely submerged. After
this is done, the string vibrates in its fifth harmonic. What is the radius of the
sphere?¢ . -

v

~ L

- -

T, = 2.00 X 9.8 = 19.6 N I

2L T
do=" =Lon=vi=f22 > Tp = pf2(L)7 ‘ ‘
Y 2L n ) ZL 2
= —— o —_

T' 4 4
_ =— 5T"=314N T,—T' =0Vg =(998)(9.8)—nR3
=257 0 eVg = (998)( )3
R =0.0738m = 7.38 cm




3. STANDING WAVES IN STRINGS
FIXED AT BOTH ENDS

Example: A middle C string on a piano has a fundamental frequency of 262 Hz, and the
A note has a fundamental frequency of 440 Hz. (a) Calculate the frequency of the next
two harmonics of the C string. (b) If the strings for A and C notes are assumed to have
the same mass per unit length and the same length, determine the ratio of tensions in
the two string. (c) In a real piano, the assumption we made in part (b) is only partial true.
The string densities are equal, but the A string is 64% as long as the C string. What is the
ratio of their tensions?

(a) 15" harmonic of the C string: A; = %,fl = % = 262 Hz

2L v

_;fz =—=2f1 = 524 Hz

2"d harmonic: A, = -
= 3f, = 786 Hz

. 2
39 harmonic: A; = 53 =

v
2L/3

(b)T = ,lez — ,Llfzﬂz, cC — 262 HZ,fA = 440 HZ,/‘lC — /’{A =l

T _ () _
- (8] -

2
(C)Ac = 2L, 24 = 2(0.64L) - 14 = (£224)" = 2.82 x (0.64) = 1.16
Tc fclc
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4. STANDING WAVES IN AIR
COLUMNS

Pipes open at both ends: .

2L < >

A L-A
_—— - —_— —_—

1st harmonic: A, = 2L

2"d harmonic: 4, = Z—ZL =L w

. 2L
39 harmonic: A3 = < I

P »
<

Pipes open at one end:
2n—1 41

1t harmonic: A; = 4L

. 4L
2"d harmonic: 1, = >

R 4L
39 harmonic: A3 = =



4. STANDING WAVES IN AIR
COLUMNS

Example: A section of drainage culvert 1.23 m in length makes a howling noise
when the wind blows across its open ends. (a) Determine the frequencies of
the first three harmonics of the culvert if it is cylindrical in shape and open at
both ends. Take v=343 m/s as the speed of sound in air. (b) What are the three
lowest natural frequencies of the culvert if it is blocked at one end?

L=123m,v=343m/s
1st harmonics: f; = 139 Hz
v nv

2L
(a) 4, = 7,fn = fn = oL 2"d harmonics: f, = 279 Hz
n
39 harmonics: f; = 418 Hz

fon = ﬁ = fn = (2n4—Ll)v
1t harmonics: f; = 69.7 Hz
2"d harmonics: f, = 209 Hz
39 harmonics: f; = 349 Hz

(b) Ay = —

" 2n-1’




5. BEATS: INTERFERENCE IN TIME

Tempos generated by interference of waves in time, the wavelength and
the frequency of the two waves have very small differences

M=r >k =k =k, fi—f2 =Af = w1 — wy = 21Af
y1(x,t) = Asin(kx — w4t), y,(x,t) = Asin(kx — w,t)

ye(x,t) = Asin(kx — w,t)+Asin(kx — w-,t)

. _ w1 + Wy W1 — Wy
y:(x,t) = 2Asin (kx — > t) Cos ( = t)

W1 — W
A’:ZACOS( L 2

t) = 24 cos(m(Af)1)

the frequency of beats is Af rather than Af /2

H

/
/
/
/
/
/
/
Y

Bl

N




6. NON-SINUSOIDAL WAVE
PATTERNS

Music of frequency, tone, tempo, ... What about timbre? -
the wave form

The mathematical form of a musical wave — standing wave
y(x,t) = Asin(kx) cos(wt),y(0,t) = y(L.t) =0

KL I T I 2T I RYI4
- ﬁ = = - nun
nmn 1 L ) 2 L ) 3 L )
27X
X .
y1(x,t) = A;sin (T) cos(wt) yo(x,t) = A, sin (T) cos(wt)

3mx
y3(x,t) = A3 sin T) cos(wt), ...

The timbre is dependent on wave form. Let's generate a
new wave form:

X - (2mx _ (4nx ~ (5mx
y(x,t) =| 0.6sin (T) + 0.1sin — 1= 0.2 sin (T> — 0.1sin — cos(wt)




6. NON-SINUSOIDAL WAVE
PATTERNS

Separation of variables: y(x, t) = f(x) cos(wt), wave form: f(x)

The wave form is the superposition of all harmonic waves — a
Fourier series expansion.
(0.0)

flx) = z A, sin (?)
n=1
Orthogonal properties of the harmonics in the range of 0 < x < L

JL sin (nLLx) sin (mztx) dx = ; fL [cos ((n Zrl)nx> — oS ((n +Zn)nx>] dx

(n —m)mx (n + m)mx x:L_O

[(n . ( > (n+m)n ( L >L=0_
L
2

jo i sin (mzrx) sin (mzrx) dx =




6. NON-SINUSOIDAL WAVE
PATTERNS

Example: The wave form f(x) = 1,0 < x < L is composed be a harmonic series

nmx

of sinusoidal waves A, sin (T) please evaluate the amplitudes A4,,.

1=§:Ansin(%),0SxSL
n=1

Use the orthogonal properties:

(0]

fOL 1 X sin (mzrx) dx = Z Al jOL sin ("Lﬂ) sin (mztx) dx

n=

1
% l_ COS (mZCX)]L _ Am% A, = %(1 — (nzl)m)

fx) = 1=EZ(1_;_1)n)sin(n—T),0SxSL

T




EXERCISE

y
A,0<t <~
% . Find out the amplitudes of the Fourier

One period of the square wave is described by y(t) = < -
_A’E <t<T

\
series transformation of the form y(t) = .. (4,, sin(nwt) + B,, cos(nwt)). Show that the Fourier series

expansion is y(t) = X4 z—i sin(nwt).

Check that the period 1s T, the angular frequency is w = Z?n

( T
%) A<t E
2 (4,, sin(nwt) + B,, cos(nwt)) = < 7
n=1 —A,—=—<t<T
L 2

i i
n+m- j sin(nwt) sin(mwt) dt = J cos(nwt) sin(mwt) dt
0 0

T
= j cos(nwt) cos(mwt) dt = 0
0



EXERCISE

y
A,0<t <~
% . Find out the amplitudes of the Fourier

One period of the square wave is described by y(t) = < -
_A’E <t<T

\
series transformation of the form y(t) = .. (4,, sin(nwt) + B,, cos(nwt)). Show that the Fourier series

expansion is y(t) = X4 z—i sin(nwt).

T T T
J sin?(nowt)dt = J cos?(nwt)dt = 2
0 0 X sin(mwt)
0 i
j X sin(mwt) f i T
0 oo ol 40<t<=
Z (4,, sin(nwt) + B,, cos(nwt)) = < T g
n=t —A,5<t<T

T

T > T
j A, sin?(mwt) dt = j Asin(mot) dt + jT —A sin(mwt) dt
0 0 o



EXERCISE

y
A,0<t <~
% . Find out the amplitudes of the Fourier

One period of the square wave is described by y(t) = < -
_A’E <t<T

\
series transformation of the form y(t) = .. (4,, sin(nwt) + B,, cos(nwt)). Show that the Fourier series

expansion is y(t) = X4 z—i sin(nwt).

A 2\ 4 2 \1©°"
= ——|—CoS mTt + ——|cos mTt
(L t=0 e t=T/2

N~

Am

AmZ = it (1 — cos(mm)) + A (cos(2mm) — cos(mm)) A, = 4i (1 — cos(mm))
2 mw mw mT w

A 2 1-1m 2n+1-A4 =
== — \— - = - =
m mn bt T @2n+Dn

o0 44 e 4A
(t) = Z sin((2n + Dwt) = — sin(nwt)
!/ n=0 (Zn + 1)7T ( ) n=1,3,5,... 7T
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