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Propagatlon of a Dlsturbance
*Awave is a traveling dlsturbance that transfers energy from one
location to another without transporting matter.
- oyl S0\ O
*In mechanical waves, elements of the medium oscillate about their

equilibrium positions while the wave moves through the medium.
ek ;

*Wave motion is produced by restoring forces between adjacent

elements of the médium. \
% g\ ubejé\yé-)o‘?‘)
*All mechanical waves require:
(1) some source of disturbance J&S\
(2) a medium that can be disturbed and cannot travel in vacuum
- _
(3) some physical mechanism through which elements of the medium

can influence each other

Mechanical wave
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Types of Mechanical Waves ok S
1- Transverse Waves

*In a transverse wave, the displacement of the medium’s

elements is perpendicular to the direction of wave
propagation. GSos>=®

*Examples: waves on retched string, surface water waves
(partially transverse).

=3 £\
*Characterized by crests and troughs.

*Energy travels along the medium while elements move up and
down. —

wowe —

Figure 16.2 A transverse pulse
traveling on a stretched rope. The
direction of motion of any element
P of the rope (blue arrows) is per-
pendicular to the direction of
pr()pugaliun (red arrows).
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2- Longitudinal Waves 7 plomark

*In a longitudinal wave, the displacement of the medium’s elements is parallel to the

direction of wave propagation.
*The wave consists of alternating regions of:
* Compressions (high pressure / high density)
* Rarefactions (low pressure / low density)
Sound waves are longitudinal mechanical waves
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water Sw Face @
3- Combination of Transverse and Longitudinal Motion (Surface Waves): <D

Some waves in nature exhibit a combination of transverse and longitudinal displacements. >

Surface water waves are a common example of this type of wave motion. \s
2
When a water wave travels on the surface of deep water, elements of water at the surface move in nearly circular paths i

Velocity of
propagation

Each element experiences both:

Vertical displacement (transverse motion) '\\ N ‘/"‘

Horizontal displacement (longitudinal motion)

The transverse displacements seen in the figure represent the variations in the vertical position of the water 1[-

elements. The longitud.inal disp$acement.can be.expl.ained as follovys: as the wave passes over the water’s surface, CJ\’\W\ @\@ \/V\o\/\jfs VWONUCS  \w C’\Vcd pwe VY\O\_ fow CSWlap o M@%
water elements at the highest points move in the direction of propagation of the wave, whereas elements at the lowest

points move in the direction opposite to the propagation.
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Periodic Waves

Many waves in nature are periodic, meaning the motion of
the medium’s elements repeats itself at regular time
intervals.

*A periodic wave is produced by a source that vibrates
periodically, creating a repeating disturbance in the

medium.

*To describe periodic wave motion quantitatively, we
focus on a special type of periodic wave.

*The simplest and most important periodic wave is the
sinusoidal wave
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Sinusoidal Waves

N
4
*A sinusoidal wave is a periodic wave whose displacement varies@
with position and time. -
T x 1
*Sinusoidal waves are important because any periodic wave can be

represented as a combination of sinusoidal waves. b

*The general mathematical form of a sinusoidal traveling wave is:
@: Asin(kx — wt + ¢)
— cll - —

*Amplitude (A) represents the maximum displacement of a particle from its
equilibrium position. e —
*The point at which the displacement of the element from its
normal position is highest is called the crest
*The point at which the displacement of the element from its
normal position is lowest is called the trough

Wavelength
Amplitude! A

Crest

Amplitude

Time

It 1 second, freq, = 1 Hz
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The phase constant (¢) is determined uniquely by the position and

velocity of the element.
P

*The wavelength (A) is the distance between two successive points that are
in phase, such as crests or troughs.

*The period (T) is the time interval required for two identical points (such as
the crests) of adjacent waves to pass by a point

v AAYAY

(b)
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*The frequency (f) is the number of crests (or troughs, or any other point on the wave) that pass a

given pointin a unit time interval and is related to the period by: — 0\ &\)\> Ce D) )9A\ > a8
1 —
f=% < _ CHd = L
The most common unit for frequency is second?, or Hertz (Hz). -‘—\ i
The corresponding unit for T is seconds. ' Eerfod
4 =22 )W = 935 _as

The angular wave number k and angular frequency \ N T
w (rad/s) are defined as ™~ 255 -

— As W)

- — ~—

I = 21 B 21 . = 253
=7 w = = nf

The wave speed (v) is given by \J _ />\ F _ ) :. » _ w_

v=f/1=ﬁ
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Sinusoidal Waves on Strings

*WWhen the source vibrates in simple harmonic motion
(SHM), the resulting wave is a sinusoidal wave.

*Each element of the string oscillates vertically in simple
harmonic motion, following the motion of the oscillating
blade.

*Every element of the string can be treated as a simple
harmonic oscillator with the same frequency as the
source.

P

*Although the string elements oscillate in the y-direction,
the wave propagates in the x-direction with speed v.

> This confirms that waves on strings are transverse waves.

Vibrating
blade
e 72
A A
if \ /A
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Example

A sinusoidal wave traveling in the positive x-direction has an amplitude of 15.0 cm, a
wavelength of 40.0 cm, and a frequency of 8.00 Hz. The vertical positm’nm"aﬂ
element of the medium at t =0 and x =0 is also 15.0 cm

(A) Find the wave number k, period T,
angular frequency, and speed v of the wave.

(B) Determine the phase constant ¢ , and

write a general expression for the wave

function
2 277 rad ,l:
=27 = = 0! . —O — -~
k=== ooy = 0157rad/em ¥ = Asin(kx — ot + ) 414‘ = j X =o
1 1
AT 15 =45 Y~ 15 cm

w=2maf=2m(8.00s")) = 50.3rad/s sin(¢) =1> ¢ =mn/2

v=Af= (40.0cm)(8.00s~1) = 320 cm/s y = Asin(kx — wt + 7/2)= A cos(kx — wt)

_2 e
N= Aoxle m A/ <K —w[E +¢/>

)Fz%\-\z l‘) >/:
G too ad K=o

-2
G\'\l@"‘ﬁ [ A — \5 Cwvn = 7'5 XI‘) v )

2>
- K= = ~

A
=

_ 3_51 :F7 )/«.,A vA
4\0>(|JOW d
_l_— o 125 s

p

— W 2DF _23(®) :M
o - B2 o) 3.2 m i
K \5.7

— N = NN =

15 — 15 <m (o -0 +;25>
|15 — 15 2w -5
L _ 5'\\z\¢

(t) — S'\V\i\O) — 9% =

-2 .
’ Y = (lsxb ) Sw(IB7x — 503t +%>
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Example
The string shown in the figure is driven at a frequency of 5.00 Hz. The F’l
amplitude of the motion is 12.0 cm, and the wave speed is 20.0 m/s. L ﬁ
Determine the angular frequency and wave number k for this wave and wa! A ,{f\\\ /}@\
write an expression for the wave function. *%fﬁ‘}‘&(}(ﬁ \ila \\\f
(VARRY j vV V
2 Vibrating
om [ Vel )
0= T =2mf=2m(5.00Hz) = 3l.4rad/s
A ‘ A
FAWAN ,Dif VA
© _ 3l4rad/s \// VAR vV V \
=—= = 1.57rad/m b
v 20.0 m/s P

Because A = 12.0 cm = 0.120 m, we have
y = Asin(kx — ot)

= (0.120 m) sin(1.57x — 31.4¢)

Cji\lo"\s _ [_:__: 5 H~2 ) A = IQ,)(\O mo N = Q.OW\/S

LU= 09F 2950 - b :M

_K:% o~ 2 NF , N

\‘\=i\_5> :_52 —_\ﬂw\éi/:\

JR

¥ =N Sin (ax -l + >

| )/ :Q%qu)_sm(l,w X — 3\.<\JcT
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The wave function can be written as:

y = Asin(kx — wt)

For a given element of the string(fixed %):)

+ The element moves only vertically.

The wave speed
* Its horizontal position remains constant.

v(propagates along the
string )

is different from the
transverse velocity

vy (velocityof a point
onthe string)

The transverse velocity and the transverse acceleration of a string element are: :

dy

w=—

} e
d‘ x = constant at

= —wd cos(kx — wf)

dv, a,
a‘=—j] = —" = — w’Asin(ks — wf)
2 dt |y = constant at -

Partial derivatives are used because the displacement ydepends on both position and time.

The maximum values of the transverse speed and transverse acceleration are simply the absolute values of the
coefficients of the cosine and sine functions:
v}. IIIi!.x = (.DA
Gy, max = w’A
=

X = Gondedt
>/ o —
? hd ) \ CJ Cos — — £
\ = S n©
& 0H: c‘/d_@)SQV\ X-L
>/ — A S\V\CHK——W—B = XCQSX'{:

P°5H’ low +wme

dy ~ D)X CosCRx o)
ot X;ﬁ = _wA CoSC"ﬂX*"UtB

ATy o s\JBvse \E\o(fd’sb

N,

- = U (- SinKx-ub) (-

X =Gnst
- 2 )
« Tvansveso ch,e\waJL o))
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Superposition Waves j
Waves can be combined in the same location in space .To analyze these wave combinations, use the / /x ) \
superposition principle: \—* )/ >{ + % S‘*)OWP"S&‘C"" PYMcipt
o m,ﬁ// M\W .

When two or more traveling waves move through the same medium, the resultant displacement at any

-_—

point is the algebraic sum of the displacements due to the individual waves.

Yresultant = Y1 T Y2 +
A << N
The superposition principle applies only to Li_nw, where wave amplitudes are small compared to

their wavelengths. W—“U’r‘— 6\0/5”‘—

-Individual waves pass through each other without being permanently altered.

- Interference is a direct consequence of the superposition principle. Interference occurs when two or
=il sl st

more waves overlap in the same region of space at the same time.

- Theresulting wave pattern depends on the relative displacements of the overlapping waves.



When the pulses overlap, the

Constructive 1
Princess Nourah Bint Interference i 2\
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@

H H wave function is the sum of
Su perpOSItlon Exam ple 1 the individual wave functions.
=Two pulses are traveling in opposite directions (a). ‘
= The wave function of the pulse moving to the rightis y, and for the one moving e -
to the leftisy, A= D2, E_=F1 5
= i \ When the crests of the two
The pulses have the samwt different shapes. . > /L + Ya, pulses align, the amplitude is
. . .. the sum of the individual
=The displacement of the elements is positive for both. e Lt
*When the waves start to overlap (b), the resultant wave functionisy, +y, \ /

*When crest meets crest (c) the resultant wave has a larger amplitude than either @

bk Y1+ Y2
of the original waves. -

When the pulses no longer

=The two pulses separate (d). overlap, they have not been

= They continue moving in their original directions. permanently affected by the
e . _ interference.
= The shapes of the pulses remain unchanged.
=This type of superposition is called constructive interference. 7\ —
0 — ~—

yo 1

Yiesahtad = 20+ V2 > oY,

AR VANES

a X 2 ></e sodfoech
C OV\SA\T/M:H\I € ‘\\N*GYF; ren&e >/\ + \/7\

>/l—% +\IG ) \/Q\ﬁ. +\)B

>/\ a,\A >/2\ 5\/\0 di \/\OV\/Q
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When the pulses overlap, the —-\—\l e _\/Q (Coje‘d'{%_h\ﬂ’ I'\}\'e v E:Yc’ nce 35
wave function is the sum of
iz the individual wave functions.
Superposition Example 2 p4
*Two pulses traveling in opposite directions. 0O — /y”\/
i) —
*Their displacements are inverted with respect
When the crests of the two
M pulses align, the amplitude is
he diffe b h
=When these pulses overlap, the resultant pulse S
ISy +Y,, j
*This type of superposition is called destructive B e yl;fyz
interference.
When the pulses no longer
Destructive overlap, they haye not been
Interference permanently affected by the
interference.
4 -

d o

_— Ny
——
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Types of Interference, Summary

1- Constructive interference occurs when the

displacements caused by the two pulses are in the same

direction.
rection

The amplitude of the resultant pulse is greater than either
individual pulse. —

2- Destructive interference occurs when the
displacements caused by the two pulses are in opposite
directions.

The amplitude of the resultant pulse is less than either
inﬁvidual pulse. ——

INTERFERENCE

W/\/M’\/\/M
/\f\/b\/\/\/\

W7

CONSTRUCTIVE DESTRUCTIVE

constructive

/
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Superposition of Sinusoidal Waves

Assulmedtwo waves are traveling in the same direction in a linear medium, with the same frequency, wavelength and
amplitude.

The waves differ only in phase: y = Asin (kx — o) y, = Asin (kx — ot + ¢)

Hence, the resultant wave functiony is Y=y ty = A[sin (kx — wt) + sin (kx — wt + ¢)]
X . ((l . b) X ((1 + 1))
sin @ + sin b = 2 cos sin
2 2
b\ . o
y = 2A cos 5 ) sin kx — ot + o l,<

The resultant wave function, y, is also sinusoidal.

,

The resultant wave has the same frequency and wavelength as the original waves.
The amplitude of the resultant wave is 2A cos (¢/2) .
The phase constant of the resultant wave is ¢—/2.

B\ St CKX— w"|’>
= A sm( < x— wt +}Z§b

Vbt = 2+
“HM = 1_/-_\_ SKV\CIAX_W'):B +A$‘\m ({\4)(—03'{: +§Z§>
= B Csinlhaoat) o SinQix-ut +9)
o a
— Stwa +S{v\\o — 2@3(&:’:\0> Siw(@
5 = A (2Cos(B) sin (kxt 1))
— A Cos(8) S - ot +2)

Y

X
\

S (MAx - d)

l’ﬂ)( —uJ_t 4_26 + W —d"\?
= %(KX'\J\:3+¢

e
( Rx-ut +,<§,)
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Sinusoidal Waves with Constructive Interference
Y — A
*When ¢= 0, then cos (¢/2) = 1 N
/Q__>

P ——

*The amplitude of the resultant wave is 2A.

= The crests of the two waves are at the same location in space. >/ _ O\A >/ _ Q /—\ Co_s CQ;VB < C,KX _ ot _\_J%—>

*The waves are everywhere in phase.

=The waves interfere constructively.

(,u\/\om ¢ —_ O

=In general, constructive interference occurs when cos (®/2) =+ 1.
= Thatis, when® =0, 2m, 4, ... rad

= When @ is an eﬁn?nultiae of t ‘ . _ >/ 2/\ CO CGB S\"\C,%)( Jt)

) The individual waves are in phase
)IA A and therefore indistinguishable.
a e Constructive interference: the - 5\’\/\ C /\'X - Vr%
; amplitudes add.
$=0°
=

in Case Cos(/@qB B st uctive

gzﬁ — 0, AN, A 4D (e
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Sinusoidal Waves with Destructive Interference

*When ¢= 7, then cos (#/2) = 0 Y = AN Cosl®D sm(Kx-wbs )

= Also, any odd multiple of 7 o

—Zove  desrwtie derFesmc

= The amplitude of the resultant wave is 0. >/
= See the straight red-brown line in the figure.

= The waves are everywhere out of phase.
= )
= The waves interfere destructively. QS = >, 35, 5% )7

The individual waves are 180° out
of phase.

Destructive interference: the
waves cancel.
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Sinusoidal Waves, General Interference “

L
*When ¢ is other than 0 or an even multiple of 7, the amplitude of the
resultant is between 0 and 2A. -
=The wave functions still add
=The interference is neither constructive nor destructive.

Cosl BN —os(38) =
2

This intermediate result is neither
constructive nor destructive.

|

X0 >0
&

Yook
>/(es »d’ =
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Example

1. Two harmonic waves are described by

¥, =3sin(4x-700r)
y, =3sin (4x-7002)

What is the amplitude of the resultant wave?

In general. the amplitude of the resultant wave when the two waves with
constant phase difference ¢ are superimposed one another is expressed as:
The two wavs are:

y = Asin (kx — wt)  yo = Asin (kx — wt x ¢)

, b\ . ¢
y = 2A cos < | sin kx — ot £ '

A=3,¢=2rad =114.59114.59°

The resultant Amplitude=

) 114.59
2A cos <E> = (2)(3) cos <

) = 3.24m

Vo AN Cos (E\ Sn(Iax— eit +2)

, =

X 1% —

) N = Joo

> >

YQAKOW\ X.&i—%oleﬂ\/éb
by

M > OB Cos (B = 2(ENCos( 1450
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Standing Waves

- X

Assume two waves with the same amplitude, frequency and wavelength, traveling in opposite

directions in a medium.
y = Asin (kx — wt) yy = Asin (kx + 1) 1v >/2 ﬁ SC KX @ 3

The waves combine in accordance with the waves in interference model.

b

HNe — o to LEF‘F

—_—

pA

oy -7

They interfere according to the superposition principle.

=The resultant wave will be:
Y=y + y, = Asin (kx — wt) + Asin (kx + 1)

y = (2A sin kx) cos wt |sin (a £ b) = sin acos b * cos asin b, =
1\7

Kkx ot + I‘<)<—/<{'
=This is the wave function of a standing wave. /
= Thereis noﬁ—a)tterm, and therefore it is%elingwavi ?

=In observing a standing wave, there is no sense of motion in the direction of propagation of

either of the original waves. - st 4 ‘\\,\3 Wowe)) /%vfl') —/QXX/'_ b
= 24t

N/ — in — in \>
=R sinlkx-aty o A s CAx + ot

>/ = Asinchxeat) v A stalKkrad) = A Sin(JAxowt) +sin (hix b))

ves vtk L o
- A(QC%QZ%>SMQ495} o
Y o= 2R sidi0 asled) Thes 15 no JSX
~a—e—— sl

~ L\\N\WDIHLV\J@ Wowe ot Fawelling
« SJT@A'MS W o))
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The amplitude of the vertical oscillation of any element of the string
depends on the horizontal position of the element. Each element
vibrates within the confines of the envelope function 2A sin kx.

Antinode Antinode

Anti-nodes Anti-nodes Anti-nodes Anti-nodes

2A sin kx

=Note the stationary outline that results from the superposition of two identical waves traveling in
opposite directions.

*The amplitude of the simple harmonic motion of a given element is\2A si‘@

= This depends on the location x of the element in the medium.

=Each individual element vibrates aEco.ZK_\ P;eq\pev\c‘\j o} The Tuo wWewes
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=There are three types of amplitudes used in describing waves.
= The amplitude of the individualwaves,i
= Th

itude of the simple harmonic motion of the elements in the medium,
= 2A sin kx

= Agiven element in the standing wave vibrates within the constraints of the envelope function 2 A sin k x
= The amplitude of the standing wave, 2A

———

=A node occurs at a point of zero amplitude.
= These correspond to positions of xwhere, gin kx = ()

A 3 A —
x=0, > Ao <> |7=0 | [T P < Positions of nodes
/

=An antinode occurs at a point of maximum displacement, 2A.
= These correspond to positions of x where,

kx =@, 2w, 37, ...

sin kx = £ 1

T 3w bw
ke = —i———y
22" 2
A 3A 5A _nA = s
X — s v — n=13,5, iti i
L 1 > < Positions of antinodes
_—

°<>|<:l V\\LMJ\Q>\\/_>

W}g’\v\ W0 ae

.75

\y

,

Y es ok

PQS—\'HOV\. &ﬁ Vo dos //\

[ 2
ajr o'd_onA(?)

N = lJ 5) 5)7
4 J

Position oF awki nodes

E ——
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Features of Nodes and Antinodes

u(t,x) displacement

The distance between adjacent_antinodes is equal to A/2.
The distance between adjacent nodes is equal to A/2.
The distance between a node and an adjacent antinode is A/4. o el w o o e s

Antinode Antinode Antinode

!

Node : \\*\\ Node -~ S~ Node . Node

Wavelength i

{b) (d)
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Example

Two waves traveling in opposite directions produce a standing wave. The individual wave functions are
n = 4.0sin (3.0x — 2.00)) —>
j, = 4.0 sin (3.0x + 2.
Yo 4£sm (?)/Ox 2.01) —

. . . . —
where xand y are measured in centimeters and #is in seconds.

’__
(A) Find the amplitude of the simple harmonic motion of the element of the medium located atj]x = 2.3 cm.s

From the equations for the waves, we see that A=4.0 cm, k =3.0 rad/cm, and w =2.0 rad/s.
The resultant standing wave will be:

Resultant amplitude
y = (2A sin kx) cos wt

§= (cos wt = 8.0 sin 3.0x cos 2.0¢

Ymax = (8.0 cm) sin 3.0x|, o3

= (8.0 cm) sin (6.9 rad) = 4.6 cm

a) Xesdjua\— — 2N sin lkx Cos G

/_\W\P\.‘Jr»)& 2N = Kx I X= 23cm

_ Q(A} SKV\(%(QBQ 9«0" C adead v
R4

— g S (6»9 faAB p—

O R«ﬂf{(w\
Rad
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(B) Find the positions of the nodes and antinodes if one end of the string is at x = (.

Find the wavelength of the traveling waves:

[§

21
k= =30rad/cm = A= cm
A 3.0
to find the locations of the nodes: x= ,,,A = n(L cm n=0,1,2,3, ...
2 3'0 b b ’ )
to find the locations of the antinodes: x= ‘ni =In U cn n=198.59 ...
4 6'0 ] b ’ ¢
V\OA@S&B-X = W /| I\ = 6)‘)9\)3
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Homework

1- A sinusoidal wave is described by
y = (0.25 m) sin(0.30x — 401)

where x and y are in meters and ¢ is in seconds. Determine
for this wave the (a) amplitude, (b) angular frequency,
(c) angular wave number, (d) wavelength, (e) wave speed,
and (f) direction of motion.

2-Two waves in one string are described by the wave functions

y = 3.0 cos(4.0x — 1.6%)

and

y9 = 4.0 sin(5.0x — 2.0¢)

where yand xare in centimeters and ¢is in seconds. Find the
superposition of the waves y; + yo at the points (a) x = 1.00,
t=1.00, (b) x=1.00, t=0.500, and (c) x = 0.500, ¢ = 0.
(Remember that the arguments of the trigonometric func-
tions are in radians. )



