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Mechanical waves:
Transverse waves

Transverse waves
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Mechanical waves:
Transverse waves

A wave is when a system is disturbed from its
equilibrium and the disturbance is moving.

A mechanical wave propagates in a medium.

An electromagnetic wave can propagate without
a medium in vacuum.

Waves transports energy but not matter.
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Mechanical waves:
Transverse waves

Transverse wave: The medium moves
transverse to the wave direction.
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Mechanical waves:
Transverse waves

A sinusoidal fransverse wave is when the waves have a periodic sinus shape.
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Mechanical waves:
Transverse waves

Transversal sinusoidal wave:

Every point on the wave
moves up and down like an

Y
A% . . )
T harmonic oscillator with the
— < period T.
X y 4

Amplitude
t
Wavelength =‘ v \/

“Period | ‘
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Mechanical waves:
Transverse waves

Definitions:
y A: Amplitude (m)
——> T: Period (s)
A""P'““"EI /\ ). Wavelength (m)
X v: Wave speed (m/s) =%/ T
\/ \/ f: Frequency (Hz)=1/T
®: Angular frequency (radians/s) =2 n f

Wavelength | k: Wave number (radians/'m)=2mn/ A
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Mechanical waves:
Longitudinal waves

Longitudinal waves
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Mechanical waves:
Longitudinal waves

Longitudinal wave: The medium moves in the
wave direction.
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Mechanical waves

Longitudinal sinusoidal wave

Velocity of V
propagation ——

OULSTOMIIIN0O00 0 0DoLLTIn

T Dnsplacement

v
X

Amplitude
A

./
> Every point on the wave

< moves sideways like an
‘o harmonic oscillator with the

pousd |

> period T.

-

v
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Mechanical waves:
Longitudinal waves

What is the wavelength (1) for a sinusoidal wave ?

What is the wave speed (v) ?

=A/T

TR W ! W
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Transverse Wave Transverse Wave
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Mechanical waves:
Longitudinal waves

Sound is longitudinal waves in air
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Motion of air molecules Propagation of
sound

associated with sound.
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Mechanical waves: Problem

Problem solving
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Mechanical waves: Problem

Sound waves are longitudinal waves in air. The speed of sound
depends on temperature; at 20°C it is 344 m/s What
1s the wavelength of a sound wave in air at 20°C if the frequency is
262 Hz

- <
"
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Mechanical waves:
The wavefunction

The wavefunction
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Mechanical waves:
The wavefunction

The height of the wave as a The height of the wave as a
function of distance x function of time t
y A y a

VARV, VY,

»

i Wavelength =| “Period i

Wavefunction y(x,1):

Function that describs the height of the wave as a function of
time and distance
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Mechanical waves:
The wavefunction

TN
vavilivay

y(x,t = 0) = Acoskx y(x =0,1) = Acoswt

moidal wave moving

y(x, t) = Acos(kx -~ wt) in +x-direction)

+ if moving in the -x direction
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Mechanical waves:
The wavefunction

(sinusoidal wave moving
= — . g =
W% 1) SosE = o) in +x-direction)

non
- >
NN

Amplitude: A }’

Wavenumber: k = 2Tt/A

Angular frequency: ®=2T/T

=A/T=@2nk)/(@Cr/®) =w/k
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Mechanical waves:
The wavefunction

The wavefunction:

v(x, t) = Acos(kx — wt)

Velocity and acceleration up and down:

ay(x, t .
Uy(% 1) = a1 - wAsin(kx — wt)
82)» X1
ay(x,t) = a(t—z) = —w?Acos(kx — wt) = —w?y(x, 1)
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Mechanical waves:
The wavefunction

Velocity and acceleration up and down:

ay(x 1) :
vy(x 1) = TR wAsin(kx — wt)

v(x, 1) 5 5
ay(x,t) = Y = —wAcos(kx — wt) = —wy(x, 1)

(a) Waveatr = 0 (b) The same wave att = 0 and t = 0.05T

« Acceleration a,, at each point on the string is proportional to displacement y at that point.
= Acceleration is upward where string curves upward, downward where string curves downward.
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Mechanical waves:
The wave equation

The wave equation
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Mechanical waves:
The wave equation

The wavefunction: y(x, t) = Acos(kx — wt)
Velocity and acceleration up and down: The curvature:
ay(x, 1) 2
— — i ‘X — : '-?I
0yl t) at e gl — ) i .‘.!(:2 L —k*Acos(kx — wt) = —k*y(x, 1)
Lo
ay(x, 1) 7 5
ay(x, 1) = P = —wAcos(ky — wt) = —wv(x, 1)
(¥
2 2
d v(r, t)/ot w .

— =y
29(x, t)/dx2 k2

|

ay(x, t Py(x, t
The wave equation: # = %Lz)
dx v dat
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Mechanical waves:
The wave equation

. ay(Xx,
The wave equation: — ;
dx

The wave equation describes also waves that
are not sinusoidal |

It even describes waves that are not periodic |

And waves in three dimensions |
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Mechanical waves: Problem

Problem solving
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Mechanical waves: Problem

Cousin Throckmorton holds one end of the clothesline taut and wig-
gles it up and down sinusoidally with frequency 2.00 Hz and ampli-
tude 0.075 m. The wave speed on the clothesline is v = 12.0 m/s.
At t = 0 Throcky’s end has maximum positive displacement and
1s instantaneously at rest. Assume that no wave bounces back from
the far end. (a) Find the wave amplitude A, angular frequency w,
period 7', wavelength A, and wave number £.

Given in problem: To calculate:
A: Amplitude = 0.075m T: Period=1/£f=035%s
f: Frequency=1/T =2.00 Hz ). Wavelength =v T =6.00 m
v: Wave speed=L/T=12.0 m/s ®: Angular frequency =2 nf=4n

k: Wave number=2n/ L= Yin
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Mechanical waves: Problem

(b) Write a wave
function describing the wave. (¢) Write equations for the displace-
ment, as a function of time, of Throcky’s end of the clothesline and
of a point 3.00 m from that end.

®: Angular frequency =2 nf=4n

k: Wave number=2n/ L= Yn

v(x.t) = Acos(kx-mt) = 0.075cos(*smx - 4mt)
v(0,t) = 0.075cos(-4n t) = 0.075cos(4mn t)
v(3.t) = 0.075cos(n- 4n t) =-0.075cos(4m t)

\>< cos(-x) = cos (x)
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Mechanical waves: Wave speed

Wave speed and
the string
characteristics
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Mechanical waves: Wave speed

-~ W

A W M = O = N oW B B &

Mathematics: derivation

y = x4
dy .-
/// Ix - 2x =4
of-
)(J
4
——
0,5 /1 1,5 2 25 3 35 X The der'iVC(Tion
7z _ . .
7/ V=4x-4 gives the slope

of the tangent.
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Mechanical waves: Wave speed

Goal:

Figure out how the wave speed depends on
the characteristics of the string.

Basic idea:

Look at the forces on a small string
segment and apply Newtons law: F = m a
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Mechanical waves: Wave speed

The wavespeed (V) in a string depend on the string

tension given by the force on the string (F) and the The string to the right of the segment (not
mass per unith length of the string (L). shown) exerts a force F, on the segment.
. . "
For a small string segment (Ax) the massism=pAx "~ F,
There can be a net vertical f,/
For a transverse wave the horisonthal force is zero. force on the segment, but

the net horizontal force is
The ratio of the force in the y-direction to the total zero (the motion is
force is the slope of the string. We can also get the transverse). ;g

slope by taking the derivative of the wavefunction:

d ¥ Equilibrium length of

F, ((',-.\.-) B, (a\,) Fiy  this segment of the string
_1' = — _ —_ = —_ _____ / I
F 09X/ x F X/ x+Ax f 1 k——A x—>!
1
xX+Ax
ay ay The string to the left of the segment (not
F_v = Fl_v + Fz_v =B — Werm shown) exerts a force F| on the segment.
00X/ x+Ax X/ x &
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Mechanical waves: Wave speed

Newtons second law: F=ma and a = the second derivate on time.
ay d\ \ ) Y The string to the right of the segment (not
F=Fl{=—] -
y B/ i (,1- ”2 shown) exerts a force F, on the segment.
dividing by FAx _____'_“ F,
ay ay There can be a net vertical FZy
o = !_l’ 22y force on the segment, but
O/ xtdx i) E(—Z the net horizontal force is
Ax F ot zero (the motion is
transverse). LTS
2 T ' S
n:he." Ax goels T‘; 12_6'"0 Yy _ pay - Equilibrium length of
IS Is equivalent To 5vZ | R aqd ly  this segment of the string
the second derivative on x: ox Far e =
A k——A—>!

ay(x, 1) 1 @v(xt)

The wave equation is: —5 > 5 x a ERE
o v it The string to the left of the segment (not
) 7 shown) exerts a force .";] on the segment.
The wavespeed is then: = \/:
12
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Mechanical waves: Wave speed

The wave speed in a string depends on two things:

F <—— Force (or string trension)
o= o ]—
M <—— String mass per unit length

e Equilibrium | F
String in equilibrium ~— ] e

More generally:

s \/ Restoring force returning the system to equilibrium
Inertia resisting the return to equilibrium
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Mechanical waves: Problem

Problem solving
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Mechanical waves: Problem

One end of a 2.00-kg rope is tied to a support at the top of a mine
shaft 80.0 m deep (Fig. 15.14). The rope is stretched taut by a 20.0-kg
box of rocks attached at the bottom. (a) The geologist at the bottom
of the shaft signals to a colleague at the top by jerking the rope o .
sideways. What is the speed of a transverse wave on the rope? The tension in the rope due to the box is
(b) If a point on the rope is in transverse SHM with f = 2.00 Hz, . _ N

how Il'lll:'])’ cycles of l]lfewavc are there in the rope’s length? =it = (R00Ke)R80m5) = 196N

— 5 L T M rope 2.00 kg
' BT T %00m

and the rope’s linear mass density is

= 0.0250 kg/m

1

Mygpe = 2.00 kg

7]

the wave speed is

[F [ 196N
g e g8k m/s
Vp 0.0250 kg/m

80.0m the wavelength is
. v 885 m/s
=—=———=43m
S 200s
\ There are (80.0 m)/(44.3 m) = 1.81 wavelengths (that is, cycles

of the wave) in the rope.

: y t" v

Memples — 20.0 kg
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Mechanical waves:
Power & Intensity

Power
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Mechanical waves:
Power & Intensity

P=F-0
P(x,t) = Fy(x, 1)

y K v}.(x,r)

(instantaneous rate at which

The power in general: force F does work on a particle)

Wave power (P):

The instantaneous rate at which energy is transfered along the wave.

Unit: Wor J/s

Wave intensity (I):

Average power per unit area through a surface perpendicular to the wave
direction.

Unit: W/m?
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Mechanical waves:
Power & Intensity

P=F-v P(x,t) = E(x, t)v,(x, 1)

The ratio of the force in
the y-direction to the ) Ay(x, 1)
force in the x-direction is Bt ===

the slope of the string:

av(x, 1) av(x, t)

Wave

motion

P(x.1) = K(x, oy(x, 1) = —F ax ot y(x, 1) = A cos(kx — wt)
ay(x, t)
- = —kAsin(kx — wt)
ox
. av(x, t
The wave power : (ar ) ~ wdsingke — wf)

P(x,t) = FkwA?sin?(kx — wt)

Vincent Hedberg - Lunds Universitet
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Mechanical waves:
Power & Intensity

The wave power:

= (o/k

P(x, t) = FkwA?sin®(kx — wt) o \/_ o k o/ \/7

P(x, 1) = VuF o®A%sin®(kx — wt)

Wave power versus time ¢
at coordinate x = 0

Pox "IN/~~~ I\~~~
The maximum wave power:
1
2 2 P = _P X [ a VIR - e = T
max = \/ FO) A av 2 ¥ max
The average wave power: 0 f— ' ' t
|&P iod T’
B, = %\ /#szAz erio %I
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Mechanical waves: Problem

Problem solving
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Mechanical waves

at what maximum rate does
Throcky put energy into the clothesline? That is, what is his maxi-
mum instantaneous power? The linear mass density of the clothes-
line is u = 0.250 kg/m, and Throcky applies tension F = 36.0 N.
(b) What 1s his average power? '

A: Amplitude = 0.075m

f: Frequency =1/T =2.00Hz Solution:

v: Wave speed =% /T =12.0m/s B \/E&A"’-

i ey . = V/(0.250 kg/m)(36.0 N)(4.007 rad/s)*(0.075 m)?
»: Wavelength =v T =6.00m S

o: Angular frequency =2 nf=4n

k: Wave number=2n/L="sn

1 Linear mass density = 0.250 kg'm Py = %Pmax = % (2‘66 W) =133W

F: Tension =36.0 N
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Mechanical waves:
Power & Intensity

Intensity
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Mechanical waves:
Power & Intensity

Wave intensity (I): The rate at which energy is transported by a wave through
a surface perpendicular to the wave direction per unit surface area (average
power per unit area). Unit: W/m?

At distance ry At a greater distance . .

from the source, >, the intensity The m‘rensﬂry ‘rhr‘ough — P

the intensity is /;. I, is less than /;: the a spher‘e with radius rq 1 = 4
", same power is spread 4’77?‘ 1

over a greater area.
- %

If there is no loss of A1rr 1211 = darr 2212

power:
[1 !'22 . .. :
= == (inverse-square law for intensity)
7 '

Source of waves
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Problem solving
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Mechanical waves: Problem

A siren on a tall pole radiates sound waves uniformly in all direc-
tions. At a distance of 15.0 m from the siren, the sound intensity is
0.250 W/m?. At what distance is the intensity 0.010 W/m??

I 1 I 22 ! : ;
7 =3 (inverse-square law for intensity)
2

L 0.250 W/m?
ry = rin/— = (15.0m) > =T750m
I 0.010 W/m

Vincent Hedberg - Lunds Universitet

46




Mechanical waves: Reflections

Reflections
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Mechanical waves: Reflections

Boundary conditions

o /\ _
e S
o e p __f o i
- b o~ [
/ \'\\ I e
. 4 -
._’ — [
-~
I /’/ \' /S N o
4 =
‘/r' o
_.\_‘\.I ' ——
_.//\\
— A }/_‘ — L i
The support provides an opposite force ' _ i
which produces and inverted wave. B Su— = 7 Noa
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Mechanical waves: Reflections

The wavefunction of two waves is typically the
sum of the individual wavefunctions.

Yixd) = pulk 1) T+ Yol 2 0)

This is called the principle of superposition.

This is true if the wave equations for the waves

to the first power).

For example can sinusoidal waves be
superimposed like this because their wave

equation y(x, 1) 1 *v(x, 1)

o

0x v ot?

>

A

>
AN

are linear (they contain the function y(x,t) only /_éa
<
<

—” N

is linear.
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Mechanical waves:
Standing waves

Standing waves
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Mechanical waves:
Standing waves

ﬁ nm
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Mechanical waves:
Standing waves

(@) String is one-half wavelength long. (b) String is one wavelength long. (€) String is one and a half wavelengths long.

(d) String is two wavelengths long. (e) The shape of the string in (b) at two different instants f - V / h

T N = nodes: points at which the
/ sirng never moves
r 3 :
/ A antinodes: points at which
\ o the amplitude of string motion
i 15 greatest
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Mechanical waves:
Standing waves

/\/\/\/\ \/\/\/\/‘ <« vi(x, 1) = —Acos(kx + wt)
— Vo(x, 1) = Acos(kx — wt)

2 JROEERORRORRA

= I\VI\VI\VI\\0\\0\\0\\0\\0

Different times
4. l\\/l\\/l\\/!\\/l\\/!\\/I\\/I\\/I
AAMAMANY

v(x, 1) = yi(x,1) + yo(x, 1) = A[—cos(kx + wt) + cos(kx — wt)]
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Mechanical waves:
Standing waves

Wavefunction from superposition of two waves:
y(x, 1) = yi(x, 1) + yo(x, 1) = A[—cos(kx + wt) + cos(kx — wt)]

cos(a =+ b) = cosacosb + sinasinb

Y(x,t)=A[-cos(kx)cos(wt)+sin(kx)sin(wt) +cos(kx)cos(mt)+sin(kx)sin(wt)]
y(x,t) = yi(x,t) + yo(x,t) = 2Asinkx sinwt

Trigonometrical relationship:

Nodes are given by sin(kx) = O kx = 0, m, 2ar, 3, . .. k = 2m/A
\ T 27w 3w
x=0,?,7 T,
A=v/f
_pA 23
v/ A A
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Mechanical waves:
Standing waves

Wavefunction:
y(x.t) = 2A sin(kx) sin(mt)

Velocity:

vy(x, 1) = @ — vy(x.t) = 2A0m sin(kx) cos(mt)
!

Acceleration:

dvy(x,1)  9%y(x 1 . o
ay(x, t) = yar = );(; ) —> ay(x.t)=-2An? sin(kx) sin(mt)
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Mechanical waves: Problem

Problem solving
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Mechanical waves: Problem

A guitar string lies along the x-axis when in equilibrium. The end of
the string at x = O (the bridge of the guitar) is fixed. A sinusoidal
wave with amplitude A = 0.750 mm = 7.50 X 10 *m and fre-
quency f = 440 Hz, _

travels along the string in the —x-direction at 143 m/s. It is reflected
from the fixed end, and the superposition of the incident and reflected
waves forms a standing wave. (a) Find the equation giving the dis-
placement of a point on the string as a function of position and time.

v(x.t) = 2A sin(kx) sin(mt)

A = 0.750 mm = 7.50 X 10 *m
w = 27f = (2 rad)(440 s71) = 2760 rad/s
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Mechanical waves: Problem

v =143 m/s
f = 440 Hz
(b) Locate the nodes. A=0075m
® = 2760 rad/s
k =19.3 rad/m

The nodesareat X =0, =, == = ...

f=v/A — X=v/f = (143 m/s)/(440 Hz)

the nodes are at x =0, 0.163 m, 0.325 m,
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Mechanical waves: Problem

"%

v =143 m/s
(c) Find the amplitude of the standing wave and f =440 Hz
the maximum transverse velocity and acceleration. A=0.075m
® = 2760 rad/s
k =19.3 rad/m
v(x.t) = 2A sin(kx) sin(mt) Amplitude = 2A = 0.15 m
vy(x.t) = 2Am sin(kx) cos(mt)
Vy(X,)max = 2A0 =4.14 m/s
ay(x.t) = -2An? sin(kx) sin(mt)
ay(X, t)max = 2A0% = 11426 m/s?
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Mechanical waves:
Stringed instrument

Stringed
iInstrument
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Mechanical waves:
Stringed instrument

Instrument with strings of
length L has nodes at both
ends. \ A 27,
L=n; (= 12,35 A, =— (n=1,23,...)
w 2w 3w = -
Nodes when = 0,777 7= -
sin(kx) =0 -~ 2x 32
‘2N Ze
v=A/T=Af Ay = %L fa= —VE where the velocity (v) is the same for all n
y=w/f i
. 1t harmoni
f=v/A B One half wave
n=1 2 g V¥, W
i M=1L =3 =3¢
v 2nd harmonic
fn= nor = i (n=1,2:3,.:.) Two half waves
n=2 lz—_--%—l‘ f2= _Vrz=vLL=2f]
f1, f2, f5... Harmonic frequencies SHE Ty e T ;
f,: Fundamental frequency o hmzha' PO o
f,, f3, f4... Overtones M=FL B= =757
61
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Mechanical waves:
Stringed instrument

f1 =v/2L
N e
LS o=nl"
Uz\/m/ @212 7

Long string: Low frequency
Thick string: Low frequency
Large tension: High frequency

A stringed instrument does not produce only harmonic frequencies
but a superposition of many normal modes.
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Mechanical waves: Problem

Problem solving
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Mechanical waves: Problem

build a bass viol with strings of length 5.00 m between fixed points.
One string, with linear mass density 40.0 g/m, is tuned to a 20.0-Hz
fundamental frequency (the lowest frequency that the human ear
can hear). Calculate (a) the tension of this string

fr=o \F = 4ul’f*= 4(40.0 X 10 kg/m)(5.00m)*(20.0 s ")
ey F L
a = 1600 N
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Mechanical waves: Problem

‘ (b').the frequency f, = 20.0 Hz
and wavelength on the string of the second harmonic

L=5.00m
(c) the u = 40.09/m
frequency and wavelength on the string of the second overtone. F=1600 N
f> = 2f; = 2(20.0Hz) = 40.0 Hz
v
fa=nor=nfi (n=123,...) 2(5.00m
| s 2=%=¥=5.00m

(¢) The second overtone is the “second tone over™ (above) the
fundamental—that is, n = 3. Its frequency and wavelength are

2L
Ay = ? (ﬂ = T2 s ) fa = 3f; = 3(20.0Hz) = 60.0 Hz
2. 2(5.00 m)
3 =—= =333 m
: 3 3
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Mechanical waves: Problem

What are the frequency and wavelength of the sound waves pro- f, = 20.0 Hz
duced in the air when the string in Example 15.7 is vibrating at its L=500m
fundamental frequency? The speed of sound in air at 20°C is 1 = 40.0g/m

344 m/s. F=1600 N

f=f =200Hz

kit — gouna _ 344 m/5

i X - — = 172
. I(sound) = ¢ ™ T 200 Hz o

Vincent Hedberg - Lunds Universitet 66




