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Niels Bohr (1885 1662)

A Danish physicist, Bohr was an oc-
tive participant in the early develop-
ment of quantum mechanics and pro-
vided much of its philosephical
framewaork. During the 1920s and
1930s, Bohe headed the Institute for
Advanced Studies in Copenhagen.
This institute was & magnet for many
of the world's best physicists ond pro-
vided a forum for the exchange of
ideas. When Bohr visited the United
States in 1939 1o attend a scientific
conference, he brought news that the
fission of uranium had been discov-
ered by Hohn and Sirassman in Ber-
lin, The results were the foundafions of
the atomic bomb developed in the
United States during World War Il
Bohr wos awarded the 1922 Nobel
prize for his investigation of the struc-
s and of the radiation em-

Chapter 11 Orbital Motions and the Hydrogen Atom

486.1 6563

4102 4341
——— i(nm)
Figure 11,16 A sinusoidal wave
traveling to the right. Any point on
the wave moves a distance of one
wavelength, A, in a time equal 1o
the period of the wave,

Figure 11.17 A series of spectral
lines for atomic hydrogen. The
prominent lines labeled are part of
the Balmer series.

is depicted in Figure 11.16. The distance between two consecutive crests of the wave
is called the w: A. As the wave travels to the right with speed v, any point
on the wave travels a distance of one wavelength in a time interval of one period,
T (the time for one cycle), so the wave speed is v = A/ T. The inverse of the period,
177, is called the frequency, /, of the wave; it represents the number of cycles per
second. Thus, the speed of the wave is often written as v = AL In this section,
because we shall deal with electromagnetic waves—which travel at the speed of
light, e—the appropriate relation is

c=Af 111.13]

The emission spectrum of hydrogen shown in Figure 11,17 includes four prom-
inent lines that occur at wavelengths of 656.3 nm, 486.1 nm, 434.1 nm, and 410.2
nm. In 1885, Johann Balmer (1825 1898) tound that the wavelengths of these and
less prominent lines can be described by this simple empirical equation:

1 1 1
; = R,,-(; - F) Balmer serics [11.14]

where n may have integral values of 3, 4. 5, . . . , and Ry, is a constant, now called
the Rydberg If the length is in meters, R, has the value

Ry = 1.0973732 X 10" m™!

The first line in the Balmer series, at 656.5 nm, corresponds to n = 3 in Equation
11.14; the line of 486.1 nm corresponds to » = 4; and so on,

In addition to emiting light at specific wavelengths, an element can also absorb
light at specific wavelengths. The speciral lines corresponding to this process form
what is known as an absorption spectrum. An absorption spectrum can be ob-
tained by passing a continuous radiation spectrum (one containing all wavelengths)
through a vapor of the element being analyzed. The absorption spectrum consists
of a series of dark lines superimposed on the otherwise continuous spectrum.

At the beginning of the wentieth century, scientists were perplexed by the
failure of classical physics o expl the characteristics of spectra. Why did atoms
of a given clement emit only certain wavelengths of radiation, so that the emission
spectrum displayed discrete lines? Furthermore, why did the atoms absorb only
those wavelengths that they emitted: In 1913 Bohr provided an explanation of

1L5  Atomic Spectra and the Bohr Theory of Hydrogen

atomic spectra that included some features of the currently accepted theory. Using
the simplest awom, hydrogen, Bohr described a model of what he thought must be
the atom’s structure. His model of the hydrogen atom contains some classical fea-
twires as well as some revolutionary postulates that could not be justified within the
framework of classical physics.” The basic assumptions of the Bohr theory as it
applies to the hydrogen atom are as follows:

1. The electron moves in circular orbits about the proton under the influence
of the Coulomb force of attraction, as in Figure 11,18,

2. Only certain electron orbits are stable. These are orbits in which the hydro-
gen atom does not emit energy in the form of radiation. Hence, the total
energy of the atom remains constant, and classical mechanics can be used
to describe the electron’s motion.

. Radiation is emitted by the hydrogen atom when the electron “jumps” from
a more energetic initial state 1o a lower state. The jump cannot be visualized
or treated classically. In particular, the frequency, [ of the radiation tted
in the jump is refated to the change in the atom’s energy and is indepen-

=

dent of the freq of the el 's orbital The frequency of
the emitted radiation is found from
E—-E=N [11.15]

where E is the energy of the initial state, £ is the mug\ of the final state,
his Planck’s constant (see Section 10.9), and E,
. The size of the allowed electron orbits is determined bt a condition imposed
on the electron’s orbital angular momentum: the allowed orbits are those
for which the clectron’s orbital angular momentum about the nucleus is an
integral multiple of & = Jy

-

mar = nh n=123 ... [11.16]

Using these four assumptions, we can calculate the allowed energy levels and
emission wavelengths of the hydrogen atwom. The elecirical potential energy of the
system shown in Figure 11.18 is given by U, = —k#*/r, where k_is the Coulomb
constant, ¢ is the charge on the electron d ris the electron=proton separation.
Thus, the total energy of the atom, which contains both kinetic and potential energy
terms, is

E=K+U-= [11.17]

force on the ¢ Fu'lmn ke®/7* (Eq. 5.15), must equal the mass times the centripetal

acceleration (a = v*/1) of the electron:

The Bohr model can be applied successfully to such hydrogen ! s singly ion

doubly ionized livhium, but the theary does no properly des ik Je specira

321

* Assumptions of the Bohr
theary

Figure 11,18 Dis

ing Bahr's model of

ram Il'1ll|"w!.lll-
e hvdrogen
atom in which the orbiting elec-
won is allowed w0 be only in spe-
cific orbits of discrete radii.
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121 Simple Harmanic Motion 333

magnetic field vectors; in alternating-current circuits, voltage, current, and electri-

R cal charge vary periodically with time.
Much of the material in this chapter deals with simple harmonic motion. This
special kind of motion occurs when a restoring force acts on a body. In simple

- . i harmaonic motion, an object oscillates between two spatial positions for an indefinite
OSCll],atOI'y Motlon : period of time. In real mechanical systems
present. Such forces reduce the mechanical energy of the system with time, and
the os ons are said 1o be damped. 1f an external driving force is applied, we call
the motion a foreed oscillation

, retarding (frictional) forces are always

12.1 - SIMPLE HARMONIC MOTION
CHAPTER OUTLINE f a force acting on a body varies in time, the acceleration of the body also

changes with time. If this force always acts toward the equilibrium position

12.1 Simple Harmonic Motion i A particle moving along the x axis is said 10 exhibit simple harmonic motion when
o o etk ks bk and focth motion abauk dist position thlis. x, its displacement from equilibrium, varies in time according to the relationship
122 Motion of a Mass Auached 10 The motion is an eﬂmpla of what is called periodic or mﬂm muuon.
a Spring You are most likely familiar with several i u!

12.3 Energy of the Simple
Harmonic Oscillator

12.4 Motion of a Pendulum

12.5 Damped Oscillations

such as the oscillations of a
mass on a spring, the mo-
tion of a pendulum, and
the vibrations of a stringed
musical instrument.  Nu-

x= Acos(wl + ¢) [nz.u

COnsK

where A, w, and ¢ ar s of the motion. In order 1o give physic: ance
1o these constants, it is convenient to plot x as a function of £, as in Figure 12.1,
First. we note that A, called the amplitude of the motion, is simply the maximum

Petitioner Intel Corp., Ex. 1038
[PR2023-00783

Displacement versus time for
simple harmonic motion

(Optional) hibi displacement of the particle in either the positive or negative x direction. The
196 Forced Oscillations s e u' constant @ is called the angular frequency (defined in Eq. 12.4). The constant
i (Optional) ey rotional e : angle discalled the phase constant (or phase angle) and., along with the amplitude
i Pkil':' m‘::"‘"]'“l i“I uuil:l_ A, is determined uniquely by the initial displacement and velocity of the particle.
;’l‘:‘li pe r‘.“fl lA qu‘-! The constants ¢ and A tell us what the displacement and velocity were at time
op pomo iy ( = 0. The quantity (o1 + &) is called the phase of the motion and is useful for
RARTCCC wavu.i = d o comparing the motions of two particles. Note that the function x is periodic and
E:l g -h : ire !' repeats iself each time wi increases by 27 radians, Figure 12,1 Displacement versus
“‘.Tln' ;.“Et A\ . ] ‘l‘hepeﬂod, T, of the motion is the time required for the particle to go through time for a particle undergoing sim-
bY OFTHINIDE & one full excle of its motion. That is, the value of x at time t equals the value of x at ple harmonic motion. The ampli-
time { + T. We can show that the period is given by 7' = 27/w by using the fact tude of the motion is A and the pe-
that the phase increases by 27 radians in a time of T: riod is T
Time exposure of a pendulum, B
which consists of @ small o+ d+dm=wit+T)+d
¥ H :;‘I h.b’;.t Simplifying this expression, we see that w7 = 2m, o
pendulum to undergo one com- o
plete oscillation is called the T==— nz2.z2j * Period
period of its motion, and the @
maximum displocement of the
pendulum from the vertical pa- The inverse of the period is called the frequency of the motion, f The fre-
sition is called the amplitude. quency represents the number of oscillations the particle makes per unit time:
As we shall see in this chopter,
‘the period of its motion for 1 w t
small amplitudes depends only f = o [12.3] *  Frequency
on the length of the pendulum
‘and the value of the free-fall The units of fare cycles per second, or hertz (Hz). Rearranging Equation 12.3 gives
occeloration. [Jomes Stevanson/
5PL/Phole Researchors| 2
i w=2nf=~ [124] + Angular frequency
>
3
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I dw oy d
o= = -ulmru.-.(m + ;}—fﬂ'ﬂ

@

w
= — (400" m/s%)cos (m + —I) the

EXERCISE 1 Using the results to part (b}, determine the
tion of the body at 1 = 1005
BEIm/s;a=279m/s

position, velocity, and accel
Aswer x= -283mi v

Chapter 12 Oscillatory Mation

EXERCISE 2 Determine the maximum speed and the max-
di imum acceleration of the body, Answer  From the gen-

eral expressions for o and a found in part (b), we see that
ximum values of the sine and cosine functions
are unity. Therefore, v varies between = 4.007 m/s, and a
varies between + 4,000 m/s%, Thus, v, = 4.00m m/s and
Oy = 4007 m/s?

x =il
o
(©
v
tla
v=0)

Figure 12.3 A mass anached o a

spring on a friction

=58 track moves

i simple harmonic mot

{a) When the mass i< displaced to
the right of equilibi

placement is positive
eration is negative. (b

Libr

m position, x = i),

ation » but the speed
a maximum. (c) When the dis-

e, the accelera-

EXERCISE 3 A particle moving with simple harmonic motion travels a total disance of
20.0 cm in each cycle of its motion, and its maximum acceleration is 50.0 m/«. Find (a) the
angular frequency of the motion and (b) the maximum speed of the particle.

newer  (a) 316 rad/s (b) L58 m/s

12.2 - MOTION OF A MASS ATTACHED TO A SPRING

Consider a physical system consisting of a mass, m, attached to the end of a spring
where the mass is free (o move on a horizontal track (Fig. 12.3). We know from
at such a system oscillates back and forth if disturbed from the equi-
nless,
an exhibit simple harmonic motion, One experimental arrangement that
clearly demonstrates that such a system exhibits simple harmonic motion is illus-

wated in Fig 2.4. A mass oscillating vertically on a spring has a marking pen
amached 1« the mass is in motion, a sheet of paper is moved horizontally
as shown, and the marking pen traces out a sinusoidal pattern. We can understand
this qualitatively by first recalling that when the mass is displaced a small distance,
x, from equilibrium, the spring exerts a force on i, given by Hooke's law,

Fi=—ke 12.13]

where k is the force con

ant of the spring. We call this a linear restoring force

and always directed woward

because it is linearly proportional to the displacer
the equilibrium position ofpesite the displacement. That is, when the mass is dis-
placed 1o the right in Figure 12.3, xis positive and the restoring force is to the left.
When the mass is displaced to the left of x = 0, then x is negative and the restoring
force is 1o the right

If we apply Newton's second law to the motion of the mass in the x direction,
we get

F,=—kx=ma

2= ——x [12.14]

That is, just as we learned in Section 1
displacement of the mass from equilib
If the mass is displaced a maximum dista
leased from rest, its initial acceleration is = kA /m (that is, the acceleration has its

. the acceleration is proportional to the
wm and is in the opposite direction.
x = A, al some initial time and re-

extreme negative value). When the mass passes through the m;mljlmum position

122 Motion of a Mass Attached to o Spring 337

at, its speed is a maximum. [t then
wel to the left of equilibrium and finally reaches x = — A, at which
time its acceleration is kA/m { ve) and its speed is again zero. Thus,
we see that the mass oscillates between the turning points x = = A. In one full cycle
of its motion it travels a distance of

Let us now describe this motio

x = 0 and its acceleration is zero. At this in

continues ot

that, by defi-

[12.15]

. &
= [12.16] v

Figure 12.4  An experimental ap-
paratus for demonstrating simple
harmonic motion. A pen anached

[2.171 to the oscillating mass traces out 3

on the moving chart

sine w.

T . e : = paper.
‘What we now require is o Equation 12.17 —that is, a function x{(1) L
thar satisfies this second-ore ions 12,17 and
12.7 are equivalent, we see that the solution must be that of simple harmonic
motion:
x(f) = Acos{wf + &)
To see this explicitly, note that if x = A cos(at + @), then
dx d
— = A— cos{wt + ¢) = — wA sin(wt + &)
dt di
d 5 ;
- = —wA — sin{wl + ¢) = —0rA cos{et + &)
di® ot
Comparing the expressions for x and d%x/di®, we see that d*x/di* = — «*x and
Ey 12,17 is satisfied
The following general statement can be made based on the foregoing discus-
sion:
Whenever the force acting on a particle is linearly proportional to the
displacement and in the opposite direction, the particle exhibits simple
harmonic motion.
We shall give additional physical examples in subsequent sections.
Because the period of simple harmonic motion is T = 27/w and the frequency
is the inverse of the period, we can express the period and frequency of the motion
for this mass—spring system as

[12.18] Period of a mass—spring
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Figure 12.13
displacement versus time
damped osci

(b} One e

o

FTT O NAELE

(h)

() Graph of the

Nowe

in
mple of a damped os

cillator is & mass on a spring sub-
mersed in a ligquid

Figure 12.14

Plots of displace

ment versus time for (a) an under

damped oscillaor, (b) a crit

cally damped oscillator, and

an overdamped oscillator

Chapter 12 Oscillatory Motion

12.5 - DAMPED OSCILLATIONS

The oscillatory motions we have considered so far have occurred in the context of
an ideal system—that is, one that oscillates indefinitely under the action of a linear
restoring force. In realistic systems, dissipative forces, such as friction, are present
and retard the motion of the system. As a consequence, the mechanical energy of
the system diminishes in time, and the motion is said 0 be damped.

One common type of drag force, which we discussed in Chapter 5, is propor-
tional 1o the velocity and acts in the direction opposite the motion. This type of
drag is often observed when an object is oscillating in air, for instance. Because the
drag force can be expressed as R = — by, where bis a constant, and the restoring
force exerted on the system is — kx, we can write Newton’s second law as

zf",:—kx“ = ma,

[12.20]
g . de A%
TR

The solution of this equation requires mathematics that may not yet be familiar 1o
your, and so it will simply be stated without proof. When the parameters of the system
mhk, the solution 1o Equation 12.29 s

are such that b <

x= Ae VI con(an + @) (12.30]
where the angular frequency of motion is
: ) [12.31]
" ( 2m ?

This result can be verified by substituting Equation 12.30 into Equation 12,29, Fig-
v

e 12,13 shows the displacement as a function of time in this case. We see that
when the drag force is relatively small, the oscillatory character of the motion
is preserved but the amplitude of vibration decreases in time and the motion
ultimately ceases. This is known as an underdamped oscillator. The dashed blue
lines in Figure 12.13a, which outline the envelope of the oscillatory curve, represent
the exponential factor that appears in Equation 12.30. The exponential factor shows
that the amplitude decays exponentially with time, For motion with a given spring con-
stant and particle mass, the oscill pen more rapidly as the ma
of the drag force approaches the ma value of the restoring fe
ample of a damped harmonic oscillator is a mass immersed in a i
12.13b.

It is convenient to express the angular frequency of vibration of a damped
the form

sl

i e

ce. One ex-
, as in Figure

system (Eq. 12.31) i

o \/‘“" i (ﬁ)

vords, when b = 0, the drag force
1d the system oscillates with its natural frequency, . As the magnitude of
g force increases, the oscillations pidly. When #reaches a
critical value, b, so that b /2m = e,. the system does not oscillate and is said to be

npen more

126 Foreed Oscillations (Optional)

critically damped. In this case it returns w equilibrium in an exponential manner
with time, as m Figure 12.14.

If the medium is highly visc and the parameters meet the condition that
b/2m > ay, the system 15 overdamped. Again, the displaced system does not oscil-
late but simply refurns to its equilibrium position. As the damping increases, the
time it takes the displacement to reach equilibrium also increases, as indicated in
Figure 12.14. In any case, when a drag force is present, the energy of the oscillator
eventually falls to zero. The lost mechanical energy dissipates into thermal energy
in the resistive medium.

12,6 + FORCED OSCILLATIONS

We have scen that the energy of a damped oscllator decreases in time as
of the drag force. It is possible to compensate for this energy loss by apply
external force that does positive work on the system. At any inst oy
put into the system by an applied force that acts in the direcdon of motion of the
oscillator. For example, a child on a swing can be kept in motion by appropriately
timed “pushes.” The amplitude of motion remains constant if the energy input per
cycle of motion exactly equals the energy lost as a result of air drag.

A common example of a forced oscillator is a damped oscillator driven by an
external force that varies periodically, such as F = F cos wt, where @ is the angular
frequency of the force and K is a constant. Adding this driving force 1o the left side
of Equation 12.29 gives

3 dx d=x
Focoswl — b— — kx = m—

12.32
e dt= [15a2)

Again, the solution of this equation s rather lengthy and will not be presented.
However, after a sufficiently long period of time, when the energy input per cycle
equals the energy lost per cycle, a steadystate condition is reached in which the

O

llations proceed with con
solution

ant amplitude, At this time, Equation 12.32 has the

x = Acos(at + ¢)

[12.33]

where

[12.34]

and where w, = Jk

is the angular frequency ol
al point of view, one can argue that in a steady state the oscil

the undamped oscillator

(b= 0). From a physic

lator must have the same angular frequency as il lriving force, and so the so-

lution given by Equation 12.33 is expected
B 1 I

Equation 12.34 shows that the amplitude of 1 ced oscillator

because it is beir iven by an external force. Th e external ag
Naole

mass oscillates at the angular frequency of the din wee, w. For small

the energy necessary 1o overcome the losses duc drag force

the amplitude becomes large when the frequen: [ driving force is near the

0
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13

Wave Motion

into a pond. The disturbance created by a pebble manifests itself as

ripple waves that move outward until they finally reach the shore, If
you were 1o carefully examine the motion of a leaf floating near the point
where the pebble entered the water, you would see that the leal moves up
and down and sideways about its original position, but does not undergo any
net displacement away from or wward the source of the disturbance. The
water wave (the disturbance) moves from one place to another, yet the water is
nol earvied with it.

The world is full of other kinds of waves, including sound waves, waves on
strings, cnnhthumq,mdmmes and mummmhephud
L waves are waves that disturb and prop-
agate through a med.lmn, sound waves, for which air is the medium, and
earthquake waves, for which the Earth's crust is the medium, are two examples
of mechanical waves, Electromagnetic waves are a special class of waves that
do not require a medium in
order to propagate; light
waves and radio waves are
wo familiar examples. In
this chapter we shall con-
fine our autention to the
study of mechanical waves,
deferring our study of elec-
tromagnetic waves to Chap-
ter 24,

The wave concept is ab-
stract. When we observe a
water wave, what we see isa

Mosto{meqqqdﬁocduamaac}dhhtn.wh:nmdsommuip:hblﬂ

Large waves such as this travel B
great distonces over the sur-
foce of the ocean, yet the wa-
ter does not flow with the
‘wave, The crests and troughs
of the wave often form repeti-
five patterns. (Supersiock]

13.1 Threr Waoe Characteristics

rearrangement of the water's surface. Without the water, there would be no wave.
In the case of this or any other mechanical wave, what we interpret as a wave cor-
responds to the disturbance of a medium, Therefore, we can consider a mech: al
wave to be the motion of a disturbance. This motion is not 1o be confused with
the motion of the particles that make up the medium. In general, we describe
mechanical wave motion by specifying the positions of all particles of the disturbed
medium as a function of time.

13.1 + THREE WAVE CHARACTERISTICS

All mechanical waves require (1) some source of disturbance, (2) a medium that
can be disturbed, and (3) some physical mechanisin through which particles of the
medium can influence each other. All waves carry energy and momentum, but the
amount of energy transmitted through a medium and the mechanism responsible
for the energy ransport differ from case 1o case. For instance, the power of ocean
waves during a storm is much greater than the power of sound waves generated by
a musical instrument.

Three physical characteristics are important in describing waves: wavelength,
frequency, and wave speed. One wavelength is the minimum distance between
any two yohm on a wave that behave identically —for example, adjacent crests
or adjacent roughs. Figure 13.1a shows displacement versus position for a sinusoi-
dal wave at a specific time. The symbol A (Greek lambida) is used to denote wave-
length.

Most waves are periodic. The frequency of such waves is the rate at which
the disturbance repeats itself. The period of the wave is the minimum time it
takes the disturbance to repeat itself and is equal to the inverse of the frequency.
Figure 13.1b shows displacement versus time for a sinusoidal wave at a fixed posi-
tion, where the period is the ume between idenucal displacements of a point on
the wave.

Waves travel, or frapagate, with a specific speed, which depends on the prop-
erties of the medium being disturbed. For instance, sound waves travel through air
at 20°C with a speed of about 343 m/s, whereas the speed of sound in most solids
is higher than 343 m/s.

Thinking Physics 1

Why is it important 10 be quiet in avalanche couniry? In the movie On Her Majesty's
Secret Sevvice { United Artists, 19€ Bond, who is escaping
on skis, by firing a gun and causing an avalanche. Why did this happen?

+the bad guys try 10 5t

Reasoning The essence of a wave is the propagation of a disturbance through a me-

dium. An impulsive sound, like the gunshot in the Jan
acoustical disturbance that propagates through the air and can impact a ledge of snow
that is just ready 1o break free to begi
in 1916 du

avalanche ¢

s Bond movie, can cause an

an avalanche, Such a disastrous event occurred

World War I, when Austrian soledic o Alps were smothered by an

aused by cannon fire
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{a)

Figure 13.1 (a) The wavelength A
of a wave is the distance between
adjacent crests or adjacent roughs,
{b) The period T of a wave is the
time it takes the wave 1o travel one
wavelength
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Pulse traveling to the right =

Pulse traveling to the left *

Phase speed *

of the wave pulse doesn’t change with time, we can represent the displacement y
for all later times, measured in a stationary frame with the origin at 0, as

3= flx—vf) [13.1]

In the same way, if the wave pulse travels to the lefi, the displacement of the
string is

y=fix+ ui) 113.2]

The displacement y, sometimes called the wave function, depends on the two
variables x and L For this reason, it is often written y(x, ), which is read "y as a
function of x and " It is important to understand the meaning of y.

Consider a point, F, on the string, identified by a particular value of its coor-
dinates. As the wave pulse passes through F, the y coordinate of this point increases,
reaches a maximum, and then decreases to zero. The wave function y(x, 1)

P the y dis of any point P at any time ¢, Furthermore, if 1 is
fixed, then the wave function y as a function of x, sometimes called the waveform,
defines a curve representing the actual shape of the pulse at that time. This is
equivalent to a snapshot of the pulse at time L

For a pulse that moves without changing its shape, the velocity of the pulse is
the same as the velocity of any point along the pulse, such as the crest. To find the
velocity of the pulse, we can calculate how far the crest moves horizontally in a short
time and then divide that distance by the time interval, In order o follow the motion
of the crest, some particular value, say x,, must be substituted for x = ot in Equation
13.1. (The v % is called the argument of the function 3.) Regardless of how x
and ! change individually, we must require that x — vl = x; in order 1o stay with
the crest. This equation, therefore, represents the motion of the crest. At t = 0, the
crest is at x = x, after an interval of 41, the crest is at x = x, + v dl. Therefore, in
the time di the crest has moved a distance of dx = (x, + v df) — x, = v dt. Clearly,

the wave speed, often called the phase speed, is

'3
pm— [13.3]
dt

not be confused with the fransverse velocity
of a particle in the medium (which is ays perpendicular o the wave velocity).
The phase velocity is the same at any p long the pulse.

The following example illustrates how a specific wave function is used w de-
scribe the s aveling wave pi

The wave velocity, or phase velocily, musi

n

n of a

Example 13.1 A Pulse Moving to the Right

A wave pulse moving to the right along the x axis is repre- Solution First, note that this function is of the form y =

sented by the wave function

fix — wf). By inspection, we see that the speed of the wave is
v = 3.0 am/s. Furthermore, the wave amplitude (the maxi-

W = ———— mil ue of y) is given by A = 2.0 em. The location of the
(e=3007 +1 peak of the pulse oceurs at the value of x for which the de-

where x and y are measured in centimeters and ¢ is in sec- nominator is a minimum, that is, where (x — 3.00 = 0.
onds. Let us plot the waveform at (=0, (= 105, and ¢t = times t=0, 1= 1.0s, and ¢ = s, the wave function ex-

20s,

pressions are

Y 0y =

(%, 1.0) = ————— att=10s
ik N+ 1

(%20} = ———=—— att=20s
¥ (x— 600 + 1

We can now use these expressions o plot the w

versus xat these times. For example, let us evaluate y(x 0) at that the wa

ylem) ylem)

alem)

ylem)
28}
15
Figure 1.7 (Example 13.1) Graphs of the function
sl
3x, 0 = 2/[(x— 3% + 1], (a) £=0, (b) £ = I 5, and £
() =25 0.5}

ati=10 50, 0) =

Likewise, y(1.0, 0) = L0 cm
o A continuation of this pr

the waveform shown in Figure 13.7a. In a similar mann
one obtains the graphs of y(x 1.0) and y(x
e function Figures 13.7b and 13.7¢, respectively. These snapshots show

= 1.6 cm

¥2.0,0) = .40 em, and so on.
for other values of x yields

), shown in

pulse moves 1 the right without changing its
x=0.50 om: shape and has a constant speed of 3.0 cm/s.

xicm)

— S c0/

=(cm)

13.4 - SINUSOIDAL TRAVELING WAVES

In this section we introduce an important periodic waveform known as a sinusoidal
wave (Fig. 13.8). The red curve represents a snapshor of a sinusoidal traveling wave

at £ = 0, and the blue curve represe
t = ), the displacement of the curve can be written

ts a snapshot of the wave at some later £ At

9o
v A sin ( x| 115.4]
\ A

where the amplitude, A,

as usual, represents the ximum value of the displa

ment, and A is the wavelength as defined in F b.1a. Thus, we see that the
displacement repeats itself when x is increase w integral multiple of A. If
the wave moves o the right with a phase spe the wave function at some
later tis

Petitioner Intel Corp., Ex. 1038
[PR2023-00783



Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




135  Supeposition and Interfererice of Waves 371
370 Chapter 13 Wave Motion

13.5 « SUPERPOSITION AND INTERFERENCE OF WAVES

Many interesting wave phenomena in nature cannot be described by a single mov-
ing pulse. Instead, one must analyze complex waveforms in terms of a combination
of many traveling waves. To analyze such wave combinations, one can make use of

the superposition principle, which states that

Li i LTy if two or more traveling waves are moving through a medium, the resultant
G Pl function at any point is the sum of the wave functions of the individual
tion : wave V por 5

Pe e waves.

This rather striking property is exhibited by many waves in nature. Waves that obey
this principle are called linear waves, and they are generally characterized by small
amplitudes, Waves that violate the superposition principle are called nonlinear waves
and are often characterized by large amplitudes. In this book, we shall deal only
with linear waves.

One consequence of the superposition principle is that two traveling waves
can pass through each other without being d yed or even altered. For in-
stance, when two pebbles are thrown into a pond, the expanding circular surface
waves do not destroy each other. In fact, the ripples pass through each other. The
complex pattern that is observed can be viewed as two independent sets of expand-
ing circles. Likewise, when sound waves from two sources move through air, they

Figure 13.12  (Lgjt) Two wave pulses traveling in opposite directions with displacements that
e are inverted relative o each other. When the two overlap as in (c). their displacements subiract
— from cach other.  (Right) Photograph of superposition of symmetric pulses traveling in op-
Dy » posite directions, where one s inverted relative o the other.  (Photo, Edwontion Develogaent Goner,
() Newton, Mass.)
also can pass through each other. The sound one hears at a given point is the
h*hk resultant of both disturbances.
(b} A simple pictorial representation of the superposition principle is obtained by
considering two pulses traveling in opposite directions on a siretched string, as in
i Figure 13.11. The wave function for the pulse moving to the right is 3, and the
y t! wave function for the pulse moving to the left is y,. The pulses have the same speed
e 4 » — but different shapes. Each pulse is assumed to be symmetric (although this is not
(ch a necessary condition), and in both cases the vertical displacements of the string
— are taken o be positive. When the waves begin o overlap (Fig. 13.11h), the resulting
,F—-‘\ e complex waveform is given by y, + 3. When the crests of the pulses exactly coincide
_.__n__”f/;" vy e __r%,‘ (Fig. 13.11c), the resulting waveform, y, + y,, is symmetric. The two pulses finally

separate and continue moving in th 1
the final waveforms remain unchanged, as if the
Figure 13.11 (Left) Two wave pulses raveling on a streiched string in opposite directions pass combination of separate waves in the same re
through each other. When the pul

original di s (Fig. 13.11d). Note that

+ pulses had never met! The

idy (e)

o space to produce a resultant

overlap, as in (b) :

d (c), the net disy wave is called interference.

For the two pulses shown in Figure 13.11, the tical displacements caused by
the pulses are in the same direction, and so the 1

String e

Is the sum of the displace

outwa
nents produced by each pulse. Because each pulse pro- o

duces positive displacements of the str

we refer o their superposition as cnstruclioe imferfer-
ence.  (Right} Photograph of superposition of two equal and ssmmetric pulse:
site directions on a stretched spring.  (Phods, Edu

vaveform (when the pulses pr
overlap) exhibits a displacement greater than of the individual pulses. Now I

eling in oppo-

i Phevseds

men! Corler, Newto 25 |

Petitioner Intel Corp., Ex. 1038
[PR2023-00783



Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




I F \
[a T
\ H N I ——
h \ o/
X R
5o i
=

Figure 15.23  An observer O mow-
ing with a speed v, woward a sta-
ticmary point source S hears a fre-
quency J° that is greater than the
source frequency.

“I love hearing that lonesome wail
of the wrain whistle as the magni-
tude of the frequency of the wave
changes due 10 the Doppler
elfect.”

Frequency heard with *
observer and source in motion

Chapter 13 Wave Motion
The Doppler eﬂ'euforelectrumagncucwavesumdmpohmmdarmwmm
measure the speeds of motor vehicles. Lik s use the effect (o de-
termine the relative motions of stars, galaxies, md other celestial objects,

First, let us consider the case where the observer O is moving with a speed of
vp and the sound source § is stationary, as in Figure 13.23. For simplicity, we shall
assume that the air is stationary and that the observer moves directly toward the
source (considered as a point source), We shall take the frequency of the source
to be f, the wavelength to be A, and the speed of sound 1o be v. A stationary observer
would detect fvibrations each second, where f= /A, (That is, when the source
and observer are both at rest, the observed frequency must equal the rue frequency
of the source.) However, the observer moving toward the source with the speed
g receives an additional number of vibrations per second, equal to vy/A. Hence,
the frequency the observer hears, [’ is increased: ' = v/A + vg/A. Because
A = w/f, we can express ' as

f'= f(Luvé) (Observer moving toward source) [13.25]

Now consider the situation in which the source moves with a speed of vy relative
to the medium, and the observer is at rest, If the source moves directly toward
observer A in Figure 13.244, the wave fronts seen by the observer are closer o each
other than they would be if the source were at rest. As a result, the wavelength A’
measured by observer A is shorter than the true wavelength A of the source. During
each vibration, with a duration of T (the period), the source moves a distance of
v = vy/ [ Therefore, the wavelength is shortened by this amount, and the observed
wavelength has the shorter value A" = A — vg/f Because A = v//, the frequency
heard by observer A is

4 v
= Al = f(r.- v ) (source moving toward observer) [15.26]
=¥

That is, the frequency is increased when the source moves toward the observer. In a
similar manner, if the source moves away from observer B at rest, the sign of vgis
reversed in Equation 13.26.

Finally, if both the source and the observer are in motion, one finds the fol-
lowing general formula for the observed frequency:

f'=r(:§—:':)

[13.27]

In this expression, the upper signs (+ v, and — vy) refer to motion of the one foward
the other, and the lower signs (— v, and + w3) refer to motion of one away from the
other.

When working with any Doppler effect problem, a convenient rule to remem-
ber concerning signs is the following: The word feward is associated with an increase
in the observed frequency. The words away from are associated with a decrease in the
observed frequency.

13.10

The Dappier Effect 381

Ohserven B

Figure 13.24 (a) A source S moving with a speed v, toward 1 stationary observer A and away
from a stationary observer B. Observer A hears an increased frequency, and observer B hears a

decreased frequency. (b) The Doppler effect i
tional Develapment Center, Newton, Mass, )

(Comrtesy Edurar

ater observed in a ripple ank

Thinking Physics 6

Suppose you place your sterco speakers far apart and run past them from nght o left,
ar left to right. If you mu igh and have excellent pitch discrimination
may notice that the music that is plaving seems to be out of tune when vou are between
the speakers. Why?

Reasoning When you are between the speakers, you are running away from one of
them and toward the other, Thus, there is a Doppler shift downward for i}
from the speaker behind you and a Doppler shift upward for the sound
speaker ahead of you. As a result, the sound from the two speakers will not be &

A calculation shows that a world-class sprint runner could run fast enough 1o generate
about a semitone difference in the sound from the two speakers,
CONCEPTUAL PROBLEM 4
Suppaose the wind blows. Does this cause a Doppler effect for an observer listening to a sound
moving through the air? I3 it like a moving source or a moving ohserver?
CONCEPTUAL PROBLEM 5
You are driving woward a cliff and vou honk your horn. Is there a Doppler shift of the sound

whien you hear the echo? Is it like a moving source or mi bserver? What if the reflection

oceurs not from a cliff but from the forward edge of a o alien spacecraft which is moving

toward you as you driver
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388 Chapter 13

ANSWERS TO CONCEPTUAL PROBLEMS

Wave Motion

\ pulse in a long line of people is longitudinal, since the
movement of people is parallel 10 the direction of propaga-
tion of the pulse. The speed is determined by the reaction
time of the people and the speed with which they can move,
once a space opens up. There is also a psychological factor,
in that people will not want to fill a space that opens up in
front of them too quickly, so as not to intimidate the person
in front of them. The “wave™ at a staci is transverse, since
the fans stand up vertically, as the wave sweeps past them
horizontally. The speed of this pulse depends on the limits
of the fans’ abilities to rise and sit rapidly, and on psycho-
logical factors associated with the anticipation of seeing the
prulse approach the observer's location

. Both the radio wave and the sound wave have the same wave-

length. The speed of propagation for electromagnetic waves,
however, is much higher than the speed of sound, so the
frequency of the radio wave is much higher than that of the
sound wave. Audible sound frequencies range from about
15 Hz wo 15 000 Hz, while radio frequencies are in kiloherte
for AM radio and megaherte for FM,

3. A wave on a massless string would have an infinite speed of
propagation because its linear mass density is zero,
Wind can change a Doppler shift. Both s, and w4 in our
equation must be interpreted as speeds of observer and
souree relative to air. If source and observer are moving rel-
ative to each other, the observer will hear one shifted fre-
quency in stll air and a different shifted frequency if wind
is blowing. However, if source and observer are at rest rela-
tive to cach other, there is no shift when wind blows past.

5. The echo is Doppler shifted, and the shift is like both a mov-
ing source and a moving observer. The sound which leaves
your horn in the forward direction is Doppler shified o a
higher frequency, because it is coming from a moving
source, As the sound reflects back and comes toward you,
you are a moving observer, so there is u second Doppler shift
1o an even higher frequency. If the sound reflects from the
spacecraft moving toward you, there is another moving
source shifi 1o an even higher frequency. The reflecting sur-
face of the spacecralt acts as a moving source.

i

14

Superposition and
Standing Waves

ADM important aspect of waves is their combined effect when two or more
A:ra\ﬂ in the same medinm. For instance, what happens to a string when
a wave traveling toward a fixed end is reflected back on iself
In a lincar medinm—that is, one in which the restoring force of the
medium is proportional to the displacement of the medium—one can apply
the principle of superposition 10 ob the resultant disturbance. This prin-
ciple can be applied 1o many tpes of waves under certain conditions, includ-
ing waves on strings, sound waves, surface water waves, and electromagnetic
waves, The superposition principle states that the nert displacement of any
part of the disturbed medium equals the vector sum of the displacements
caused by the individual waves. In Chapter 13, the term interference was uscd
to describe the effect produced by combining two waves that are moving simul-
tancously through a medium.
This chapter is concerned with the superposition principle as it applies
1o sinusoidal waves. If the si-

nusoidal waves that com-

Photograph of standing waves
on a vibrating handbell. The
photograph was taken using o
technique called time-average
holographic interferometry.
Such a hologram consists of
millions of superimposed holo-
grams, but this hologram em-
phasizes the two positions of
maximum deflection of the vi-
brating bell. The pattern re-
corded here occurred at o fre-
quency of 2684 Hz, but other
patterns are observed ot lower
and higher frequencies.

resy of Prafossar The
Northern lilinois

D

ersify)

14

5 Beat

Superposition and
Interference of Sinusoidal
Waves

-y

2 Standing Waves

Natural Frequencies in a
Stretched String

Standing Waves in Air
Columns

Interference in Time

{Oprie

Complex Waves (Optional)

389
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=40 cmand k=

¥ = {24, sin kx)cos wi = [ (8.0 cm)sin 3.0x]cos e

Thus, the maximum displacement of the motion at the po-

sition x = 2.3 ex

Sonan

= (8.0 cm}sin(6.9 rad) =

(b} Find the positions of the nodes and antinodes.

) vad /em:

Chapter 14

Superpasition and Standing Wauies

Selufion Because k = 2m/A = 8 rad/cm, we see that A =
27/3 em. Therefore, from Equation 14.4 we find thar the
antinodes are located at

- S

and from Equation 145 we find that the nodes are located

A "
r=ns= n(;)cm

= (8.0 cm)sin 3.0x] a5 at

4.6 cm

m=12%...)

14.3 + NATURAL FREQUENCIES IN A STRETCHED STRING
Consider a string that has a length of L and is fixed at bath ends, as in Figure 14.6.
Standing waves are set up in the string by a continuous superposition of waves
incident on 1 reflected from b s, The string has 4 number of natural pat-
terns of vibration, called normal modes. Fach of these modes has a characterist
10y; the frequencies are easily caleulated.

st, note that the ends of the siring must be nodes, because these points are
fixed. If the

iTs

ng is displaced at its midpoint and released, all modes that do not
have a node at the center point are excited. Consider the normal mode in which
the center of the string is an antinode (Fig. 14.6b). For this nal mode, the
length of the string equals A/2 (the distance between nodes):

L=A/2 or A=2L

The next normal mode, of wavelength A, (Fig. 14.6¢), occurs when the length of
the string equals one wavelength, that is, when A, = 1. The third n I mode

(Fig. 14.6d) corresponds to the case in which the length equals 34/2; therefore,

Multiflash photographs of standing wave pat
terns in-a oord driven by a vibrator at the left
end. The single loop pattern at the top left
represents the fundamental (n = 1), the wo
ern it the right represents the sec

e (0= 2}, and the three

the lower left represents the third

a, Finalamen

-

14.3 Natural Frequencies in a Siretched String

e — 1 — e
(a)
A
N N
-
[
m=1 L= _l’i_‘
(L]
Figure 14.6 (a) A string of length L fixed at bath ends. The normal modes of vibration form a

harmonic series: (b) the fundamental frequency, or first harmonic; (o) the second harmonic
and {d) the third harmenic

Ay = 2L/3. In general, the wavelengths of the various normal modes can be con-
veniently expressed as

2L
A, =— (n=1, ] [14.6]
n
where the index n refers to the nth mode of vibration. The natural frequencies

associated with these modes are obtained from the

lationship /= v/A, where the
wave speed, v, is the same for all frequencies. Using Equation 14.6, we find that
the frequencies of the normal modes are

v "

P

=129 ..:.) [14.7]

f,=

Because /g (Eq. 13.19), where F is the tension in the string and p is its
mass per umnit le
(sometmes called harmonics) as

n i
f=57 #

The lowest frequency, corresponding to n = 1, is called the fundamental fre-
quency, [;. and is

th, we can express the nawral frequencies of a stretched siring

[14.8]

=128 )

1
E e 8
h 2LN 149)
It is clear that the frequencies of the remain wiles are mtegral multiples
of the fundamental frequency—that s, 2, 3f,, 4f 0 on, These higher nawral
frequencies, together with the fundamental free . form a harmonic series.
The fundamental, f;, is the first harmonic; the quency = 2f is the second
harmonic; the frequency £, is the nth harmonic

397

Wavelengths of normal modes

Frequencies of normal modes
as functions of wave speed
and lengith of string

Frequencies of normal modes
as functions of string tension
and linear mass densily

Fundamental frequency of a
taut string
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Chapter 14 Superposition and Standing Waves

Photographs of standing waves, As one end of the rope s m
a

produce fixed patterns.  (Phote, Education Develspmment Conter, Newton, Mas. )

ool from side 1o side with increasing

frequency, s with more and more loops are formed; only certain definite frequencies will

amner. Because we re-

We can obtain the foregoing results in an alternative
quire that the string be fixed at x = 0 and v = [, the wave function y(x, f) given by
Equation 14.3 t be zero at these points for all times. That is, the boundary con-
ditions require that y(0, f) = 0 and (L ¢) = ]
{2A sin kxjcos @i, the first condition, ¥(0, 1 = 0, is amtomatically satisfied because
sin kx = 0 at x = 0. To meet the second condition, L, ©y = 0, we require that
sin kL = 0, This condition is satisfied when the angle kL equals an integral multiple
of & (180°). Th allowed values of kare!

kL= nw i, B S R | [14.10]
Because k, = 2mw/A,, we find that
2m oL
(—).r =nw o A, =—
A, "

which is identical to Equation 14.6.

When a siretched string is distorted 10 a shape that corresponds to any one of
its harmonics, after being released it will vibrate at the frequency of that harmonic.
However, if the string is plucked or bowed, the resuliing vibration will include

cs, including the fundamenial. In effect, the string

frequencies of various harmo

1l case in which no wave exists (k = ()

We exe # = 0, beeause this corresponds o the i

14.3  Natural Frequencies in a Stretched St

“selects” the normalmode frequencies when disturbed by a nonl i distur-
bance (for example, a finger plucking it).

Figure 14.7 shows a stretched string vibrating with its first and second harmon-
ics simultaneously. In this figure, the combined vibration is the superposition of
the two vibrations shown in Figures 14.6b and 14.6¢c. The larger loop corresponds
to the fundamental frequency of vibration, f;, and the smaller loops correspond to
the second harmonic, f. In general, the resulting motion. or displacement, of the
string can be described by a superposition of the various harmonic wave functions,
with different frequencies and amplitudes. Hence, the sound that one hears cor-
responds to a complex waveform associated with these modes of vibration. (We
shall return to this point in Section 14.6.)

The frequency of a stringed instrument can be changed either by varying the
strings’ tension, F, or by changing their length, L. For example, the tension in the
strings of guitars and violins is adjusted by a screw mechanism or by turning pegs
on the neck of the instrument. As the tension increases, the frequencies of the
normal modes increase according to Equation 14.8. Once the instrument is
“tuned,” the player varies the frequency by moving his or her fingers along the
neck, thereby changing the length of the vibrating portion of the string. As this
length is reduced, the frequency increases, because the normal-mode frequencies
are inversely proportional to (vibrating) string length

CONCEPTUAL PROBLEM 2
o e ————_——

Gaitarists sometimes play a “harmonic,” by lightly touching a string at the exact center and
plucking the string. The result is a clear note one octave higher than the fundamental of the

string, even though the string is not pressed to the fingerboard. Why does this happen?

CONCEPTUAL PROBLEM 3
e S —-—

An archer shoots an arrow from a bow. Does the string of the bow exhibit standing waves
afier the amrow leaves? If so, and if the bow is perfectly symmetric so that the arrow leaves
from the center of the string, what harmonics are excited?

| Example 14.3 Give Me a C Note

399

Figure 14.7 Muliiple exposures
of a string vibrating simultaneously
in its first and second harmonics.

| A middle C string of the C-major scale on a piano has a fun- Solution Using Equation 14.8 for the wo strings vibrating at
|  damemal frequency of 262 Hz, and the A note has a funda- their fundamental frequencies gives
mental frequency of 440 Hz. (a) Caleulate the frequencies of
the next two harmonics of the C siring. and fic
Solufion Because s = 262 Hz, we can use Equations 148 FIF:
and 14.9 to find the frequencies £ and f;: hathe = NE/Fe
Fo/Fe= (fia/hio)® = (440/962)° = 282
k=2
{€) In a real piano, the assumption we made in (b} is only
h= 3 T8E6 He half 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?
() If the strings for the A and C notes are assumed o
have the same mass per unit length and the same length Vhe = Lo/ LONEYFe = (100/64) Fy/F,
determine the ratio of tensions in the wo string F./F, (0.64)% (440,/262)* 1
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412 Chapter 14

(Problem 37)

rimba plavers in Mexico Gity,  (Murvay Grombogh

5. A speaker at the front of & room and an identical speaker
at the vear of the room are being driven by the same oscil-
( ar 456 Hz, A student walks at a uniform rate of
1.50 m /s along the length of the room. How many beats
does the student hear per second?
|Two wrain whistles have identical frequencies of 180 Ha.
When ane train is at rest in the station sounding its whistle,
a bear frequency of 200 Hz is heard from a moving ©
What two possible speeds and directions can the mov

train have?
Jane waits on a
from the same d

Iroad platform, while two trains approach

ection al equal speeds of 800 m/s. Both

ing whistles (which have the same fre-
quency), and one w somne distance behind the other
Alter the first rain passes Janc, but before the sec
passes her, she hears beats of frequency 4.00 Hz, What is the
frequency of the train whistles?

41, A string (mass = 4.80 g, length =
RO N), fixed at both ends, viby

trains are bl

ol train

2.00 m, and tensic

erated by this vibrating string?
42, A pipe that is open @t both ends has a fundamental fre-
quency of 300 He when the speed of sound in air is
333 m/s. (a) What is the length of the pipe
frequency of the second harmonic when the temperan

of the air is increased so that the speed of sound in the pipe
is 344 m/s?
. A string with a mass of 8.00 g and a length of 5.00 m has
one end attached to a wall: the other end is draped over a
ng mass of 4.00 kg. If the
string is plucked, what is the fundamental frequency of

pulléy and attached to o hang

vibration®

I[n a major chord on the physical-pitch musical scale, the

frequencies are in the ratios 415:6: 8. A set of pipes, closed

at one end, are to be cut so that when sounded in their

1

Superposition and Standing Waves

fundamental mode, they will sound out a major chord.
(a) What is the ratio of the lengths of the pipes? (b) What
length pipes are needed if the lowest frequency of the chord
is 256 Her (c) What are the frequencies of this chord?

Two wires are welded wgether, The wires are of the same
material. but one is twice the diameter of the other one.
They are subjected to a ension of 4.60 N. The thin wire has
a length of 40.0 cm and a linear mass density of 2,00 g/m.

ades are present with the node between

the weld. (a) What is the frequency of
vibration? (b) How long is the thick wire?

4. Two identical strings, each fixed at both ends, are arranged
near each other. If string A stars oscillating in its funda-
mental mode, it is observed that string £ will begin vibrating
in its third (n = 3) namral mode. Determine the ratio of
the tension of siring B w the wension of string A

[17]A standing wave is set up in a string of variable length and
tension by a vibrator of variable frequency. When the vibra-
tor has a frequency f using a string of length L and tension
f, there are wantinodes set up in the string. (a) If the length
of the string is doubled, by what factor should the frequency
be changed w0 get the same nunmiber of antinodes? (b) If
the frequency and length are held constant, what tension
will produce » + 1 antinodes? (c) If the frequency is tripled
and the length halved, by whan factor should the tension be
changed 1o get twice as many antinodes?

15, Radlar detects the speed of a car, using the Doppler shift of
microwaves that are reflected off the moving car, by beating
the recemved wave with the ransmitted wave and measuring
the difference, The Doppler shift for microwaves is

- \/’m
i % e

where f, is the iransmined frequency, cis the speed of light
(3 % 10° m/s}, and vis the relative speed of the two objects.
(a) Show that the wave that reflects back to the source has
a frequency

(e+1)

"lr— )

1=k

(b} Show that the expression for the beat frequency of the
microwaves may he written as f, = 2u/A. (Because the beat
frequency is much smaller than the transmined frequency,
use the approximaton [+ f = 2f.) (c) What bear fre-
quency is measured for a speed of 0.0 m/s (67 mph) if the
microwaves have a frequency of 10.0 GHz? (1 GHz =
10" Hz.) (d)} 1f the beat frequency measurement is ac
o * 5 Hz, how accur he velocity measuremen

e i

djacent natural frequencies of an ongan pipe are
=d 1o be 0.550 kHz and 0,650 kHz, calculaie the
fundamental frequency and length of this pipe. (Use v =

340 m/s.)

50 A 0.0100 kg and 2.00-m-ong wire is fixed at both

Unsaoers ts Comeefiual Problems 413
w) = 3.0 rad/s, by = 20 rad/m, ks = 1.0 rad/m, and
& = 0. View the associated graph. (b) Repeat part

vibrates in its simplest mode under tension 200 N. When :
uning fork is placed near the wire, a beat freg
5,00 Hz is heard. (a) What is the frequency (
of the wming fork? (b) What should the tension in the wi
be 10 make the beats disappear?
51. The wave function for a standing wave is given in Equation
14.3 as y = 24 sin ke cos et (a) Rewrite this wave fun
in terme of the wavelength A and wavespeed v of the wave
{b) Write the wave function of the simplest standing-wave
vibration of a stretched siring of length L (c) Write the
wave function for the second harmonic. (d) Generalize
these results and write the wave function for the ath reso-

6, 7, 8,9, and 10. Examine the graph
phs

frequency, wavelength, and am-

(a) with k;, = 3,

for each case. Expl pearance of ©

Three waves with the sa
plitude are raveling in the same direction. Each differs in
phase such that (dy— &) = (dy — du) = Ad. Modify
Spreadsheet 141 w0 add the three
time { Calculate the resultant wave function at (=
00, 1.0 s, and 20 x Use = Ay = (050 m

wives at some fixed

=y = ay =2

| (]
Choose &d = w/6. View the associated graph. Repeat for
different values of Ad,

rad/s, and k hy = 1.0 rad/m

nance vibration., 55. Write a spreadsheet or computer program to add two trav-
eling waves of different frequencies:
B3 Spreadsheet Problems W= cos 2R =y cos 2wl
S1. Spreadsheet 14.1 adds two traveling waves at some fixed If the two frequencies are close o each other, beats will be
time £ The resultant wave function is produced. Does your program show the beats? From your
Ok A i = g ) numerical results, how dnr\l!\r beat frequency relate 1o the
1 Frequencies of the two waves?
+ Aa sin(hyx = el + @) S, The Fourer theorem states that any periodic wave of fre-
Add two waves traveling in opposite directions having the quency [ no mater how complicaed, be expressed as
ne wavelengths, the same phases, and the same speeds, a sum of even or odd harmonic functions. That is,
(@) Use 4 = As=010m, o = —au = 30 rad/s, ¢, = :
=0, and & = ky = 20 rad/m. View the associated yii : A, sininowt + ¢ )
graph. Choose different values of 116 see the time evolution ks
of the resultant wave function. Do you get standing waves? where w = 2af is the fundamental angular frequency
(b) Repeat part (a) using A; = 0,10 m, 4, = 0.20 m. (2) Use A4y = LA, = 1/2. 1/5,
52, Use Spreadsheet 14.1 to add wo waveling waves that dif- &,'s are zero, (b) 1 LW=1,A=1
fer only in phase. (a) Choose A, = A, = 010m, w, = on. All the even A,'s and all the é,'s are
oy =25 rad/s, b =k = l0rd/m. & =0, and &, = sheet or computer pro 1 that will calculate this sum. You
0, m, , and . View the associated graphs. For should design yvour spreadsheet or program so that the
which lo you get constructive mterference: number of terms in the sum can be casily specified. Start
Destructive imterferen (b) Repeat part (a) using As with just the first term (# = 1). Then rerun the calculation
020 m. with more terms in the sum (n = 2, 3, 4 - 20). Plot the
53. Use Spreadshect 14.] w0 add two traveling waves with sum so that one or two periods are displayed. Note how the
wavelengths. (1) Choose A, =010 m waveform builds up as more terms are added.
ANSWERS TO CONCEPTUAL PROBLEMS
L. At the instant at which there is no displacement of the str teger multiples of the second harmonic, which is one octave

the string is still moving. Thus, the energy is stored at
instant completely as kinetic energy of the string,
2. At the center of the siring, there is 3 node for the seconi
1s well as for every even-numbered harmonic. By
nger at the center and plucking, the guianst
any harmonic that does not have

harmon

placing the
is elimina

that point, which is all of the odd harmonics. The

monics can vibrate relatively freely with the finger o

ter becanse they exhibit no displacement at thar pe

resuli is a sound with a mixture of frequencies 1 re in

i

higher than the fundamental.

The bow string is pulled away from equilibriur

similar 1o the way that a guitar string is pulled an

when it is plucked. Thus, stnding waves will be

the bow string. If the arrow leaves from the exaci

the siring, then a series of odd har I

Even harmonics will not be excit v

at the point where the string exhibits its ¢ i

ment

A change in temperam | change in the speet
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of sound and, therefore, in the fund | freq . The
speed of sound for audible frequencies in the open atmo-
sphere is only a function of temperature, and does not de-
pend on the pressure. Thus, there will be no effect on the
fundamental frequency of variations in atmospheric pres-
sure.

. When the bottles are struck, standing wave vibrations are
established in the glass material of the botides. The frequen-
cies of these vibrations are determined by the tension in the
glass and the mass loading of the glass material. As the water
level rises, there is more mass loading, since the glass is in
contact with the water. This increased mass loading de-
creases the frequency. On the other hand, blowing into a

bottle blishes a wave vib in the air cavity

&

414 Chapter 14 Superposition and Standing Wauves

above the water. As the water level rises, the length of this
«cavity decreases, and the frequency rises.

. If you take the gum out of your mouth and stick it to one of

the tines of the mystery wning fork, it will lower its fre-
quency, due to the mass loading of the gum. Now, when the
wwo forks are played together, the beat frequency will be dif-
ferent. If the beat frequency is lower, then the forks are
closer together in frequency, so the mystery fork must be
higher in frequency than the standard. If the beat frequency
is higher, the frequencies are farther apart, and the mystery
fork must have had a lower frequency. This argument as-
sumes that the piece of gum is small enough that the fre-
quency shift for the fork is less than 4 Hz

15

Fluid Mechanics

or gaseous. Everyday experience tells us that a solid has a definite

volume and shape. A brick maintains its familiar shape and size day
in and day out. We also know that aliquid has a definite volume but no definite
shape. Finally, an unconfined gas has neither defini | nor defini
shape. These definitions help us to picture the states of matter, but they are
somewhat artificial. For example, asphalt and plastics are normally considered
solids, but over long periods of time they tend to flow like liquids. Likewise,
mast substances can be a solid, liquid, or gas (or combinations of these),
depending on the temperature and pressure. In general, the time it takes a
particular substance to change its shape in response 1o an external force de-
termines whether we treat the substance as a solid, liquid, or gas.

A fluid is a collection
of molecules that are ran-
domly arranged and held
together by weak cohesive
torces and forces exerted by
the walls of a container,
Both liquids and gases are
fluids. In our treatment of
the mechanics of fluids, we
shall see that no new physi-
cal principles are needed to

Maluris normally classified as being in one of three states: solid, liquid,

A scuba diver plays with an
octopus in Poor Knights lslond,
Mew Zealand. As the diver de-
scends to greater depths, the
water pressure increases
above atn m‘. pressure,
and the internal pressure of the
bedy alse increases accord-
ingly te maintain equilibrium.
Seuba divers have been able to
wwrim ot depths of more than
1000 #. (Dol Torckler /Tony
Stone Images)

CHAPTER OUTLINE

15.1 Pressure

15.2 Variation of Pressure with
Depth

153 Pressure Measuremenis

15.4 Buoyant Forces and
Archimedes’ Principle

15.5 Fluid Dynamics

15,6 Sweamlines and the Equation
of Continuity

15.7 Bernoulli’s Principle

15.8 Other Applications of
Bernoulli's Principle
(Optional)
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Figure 15.1 The force of the
fluid on a submerged object at any
point is perpendicular to the sur-
face of the object. The force of the
fluid on the walls of the container
is perpendicular to the walls at all
points.

Figure 15.2 A simple device for

measuring pressure in a fluid

Chapter 15 Fluid Mechanics

explain such effects as the buoyant force on a submerged object and the dynamic
lift on an airplane wing. First, we consider 4 fluid at rest and derive an expression
for the pressure exerted by the fluid as a function of its density and depth, We then
treat fluids in motion, an area of study called fluid dynamics. A fluid in motion can
be described by a model in which certain simplifying assumptions are made. We
use this model to analyze some situations of practical importance. An underlying
principle known as the Bernoulli principle enables us to determine relationships
between the pressure, density, and velocity at every point in a fluid.

15.1 - PRESSURE

The study of fluid mechanics involves the density of a substance, defined as its mass
per unit volume. For this reason, Table 15.1 lists the densities of various substances.
These values vary slightly with temperature, because the volume of a substance is
temperature dependent (as we shall see in Chapter 16). Note that under standard
conditions (0°C and atmospheric pressure) the densities of gases are about 1,/1000
the densities of solids and liquids. This difference implies thar the average molec-
ular spacing in a gas under these conditions is about ten times greater in each
dimension than in a solid or liquid.

Fluids do not sustain shearing stresses, and thus the only stress that can exist
on an ohject submerged in a fluid is one that tends to compress the object. The
force exerted by the fluid on the object is always perpendicular to the surfaces of
the object, as shown in Figure 15.1.

The pressure at a specific point in a fluid can be measured with the device
pictured in Figure 15.2. The device consists of an evacuated cylinder enclosing a
light piston connected to a spring. As the device is submerged in a fluid, the fluid
presses down on the top of the piston and compresses the spring until the inward
foree of the fluid is balanced by the outward force of the spring. The fluid pressure
can be measured directly if the spring is calibrated in advance. This is accomplished
by applying a known force to the spring to compress it a given distance.

TABLE 15.1 Densities of Some Common Substances

Substance o (kg/m'P Substance p (kg/m’y
Ice 0917 X 10° Water 1.00 x 107
Aluminum 2.70 x 10° Sea water 1.03 x 10*
Iron 7.86 x 10° Ethy! alcohol 0.806 x 10°
Copper 892 % 10* Benzene 0.879 x 10°
Silver 10.5 % 10° Mercury 13.6 % 10°
Lead 11.3 x 108 Air 1.29
Gold 19.3 x 10° Oxygen 143
Platinum 21.4 X 10 Hydrogen 899 x 102
Glycerine 1.26 % 10° Helium 1,79 X 107!

* All values are at standard pheric pressure and temp & (STP) —that is, atmospheric
pressure and 0°C. To convert to grams per cubic centimeter, multiply by 10°%

15.1 Pressure

If Fis the magnitude of the normal force on the piston and A is the surface
area of the piston, then the pressure, P, of the fluid at the level o which
the device has been submerged is defined as the ratio of force 1o area:

P

-

[15.1]

To define the pressure at a specific point, consider a fluid acting on the device
shown in Figure 15.2. If the normal force exerted by the fluid is F over a ace
element of area 8A that contains the point in question, then the pressure at that
point is

F dF
P=1

T Dok 15.2
e BA . dA z5.7]

As we see in the next section, the pressure in a fluid varies with depth. Therefore,
to get the total force on a flat wall of a container, we have to integrate Equation
15.2 over the surface

Because pressure is force per unit area, it has units of N/m?* in the SI system.
Another name for the SI unit of pressure is pascal (Pa)

1Pa=1N/m? [15.53]

Thinking Physics 1

The daring physics professor, after a long lecture, stretches out for a nap on a bed of
nails, as in the photograph. How is this possible?

Reasoning If you try to support your entire weight on a single nail, the pressure on
your body is your weight divided by the very small area of the nail. This pressure is
sufficiently large to penetrate the skin. However, if you distribute your weight over
several hundred nails, as the professor is doing, the pressure is considerably reduced
because the area that supports your weight is the total area of all nails in contact with
your body. (Note that lving on a bed of nails is much more comforiable than sitting
on a bed of nails. Standing on the bed of nails without shoes is not recommended. )

417

Snowshoes prevent the person

from sinking into the soft snow be-
cause the person’s weight is spread
over a larger area, which reduces
the pressure on the snow's surface.
(Earl Young/FPG)

(Thinking Physics 1) (fim Lehman)
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Chapter 15

CONCEPTUAL PROBLEM 2
et e Rt

Fluid Mechanics

(Conceptul Problem 2)  (Henry Leop)

A typical silo on a farm has many bands wrapped around its perimeter as shown in the
photograph. Why is the spacing between successive bands smaller at the lower portions of

the silo?

Example 15.1 The Car Lift

In a car lift used in a service station, compressed air exerts a
force on a small piston of circular crossse

dius of 5.00 co

. This pressure is transm

Solution Be

air is transm;

ed undiminished throughout the fluid, we have

A w(5.00 X 1072 m)*
F (“)"" e LA o -
e/ " w(150 % 10°? m)*
148 % 10* N

The air pressure that will produce this force s

F 148 x 10* N

= 1.88 % 10° Pa
Ay (500 % 10

This press twice pheric pressure.

The input work (the work done by F,) is equal to the
output work (the work done by F,). so that energy is con-
served.

Example 15.2 The Force on a Dam

Water as filled to a he
1 Determine the res

H behind a dam of width w (Fig.
Itant force on the dam.

Reasoning We cannot calculate the force on the dam by
simply multiplying the

pressure varies with depth

1 times the pressure, because the

I'he problem can be solved by
finding the force df on a narrow horizontal strip at depth A
and then integrating the expression 1o find the total force on

Solution The pressure a
the shaded portion is

he depth 4 beneath the surface at

P=pgh=pg(H - 3)

(We have left out
both sides of the dam.) Using Equ
on the shaded surip of area dA = w dy to be

atmospheric pressure because it acts on

ation 15.2, we find the force

daF =

PdA = pg(H — y)w dy

153

Pressure Measuremenis

The

Figure 15.5.

EXERCISE 2

wwer bogh

Figure 15,5 (Example 15.2) The total force on a dam must
be obtained from the expression F = [ P dA, where dA is the
area of the dark sirip.

the total force on the dam is

H
F= J’ PdA = I pElH — Yiwdy =
{

Note that because the pressure increases with depth, the dam

is designed so that its thickness increases with depth, as in

Use the fact that the pressure increases line-

arly with depth to find the average pressure on the dam

ee Dam if the water

EXERCISE 3 What is the hydrostatic force on the back of Grand (
in the reservoir is 150 m deep and the width of the dam is 1200 m?
132X 10V N

EXERCISE 4

In some pliaces, the Greenland ice sheet is 1.0 ki thick. Estimate the pressure
on the ground undermneath the ice (g, = 920 kg/m"). 1

9 X 10* Pa

15.3 : PRESSURE MEASUREMENTS
One simple device for measuring pressure is the open-tube manometer illustrated
in Figure 15.6a. One end of a Ushaped wbe containing a liquid is open 1o the
nd the other end is connected to a system of unknown pressure P
that

atmosphere,
The difference in pressure P— B, is equal 1o pgh Therefore, we sce
P = F, + pgh. The pressure Pis called the absolute pressure, and the difference
P — P, is called the gauge pressure, For example, the pressure you measure in
vour bicycle tire i Ige pressure.

Another instrument used 10 measure pressure is the common barometer, in-
vented by Evangelista Torricelli (1608-1647). A long tube closed at one end is
filled with mercwry and then inverted into a dish of mercury (Fig. 15.6b). The

essure can be taken as zero.

closed end of the tube s nearly a vacuum, so
Therefore, it follows that P,

1w density of the mercury and
h is the height of the mercury column. One atmosphere (F; = 1 atm) of Pressure

Puggh, where py, is
is defined to be the pressure equivalent of a column of mercury that is exactly
0.7600 m in height at 0°C, with g
has a density of 13.595 % 10° kg /s*; therefore

980665 m /s, At

this temperature, mercury

Fy = pyggh = (13595 X 107 kg /m*) (920665 m /s?) (0.7600 m)

10° Pa

Figure 15.6 Two device
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Figure 15.10  An illustration of streamline flow around an autome-
hile in a test wind tunnel. The streamlines in the airflow are made visi-
ble by smoke particles.  {Andy Sacks/Tony Sione Images)

Properties of an ideal fluid *

2

Figure 15.12 This diagram repre-

sents a set of stream

nes (blue
linesk. A partcle at P follows one

« mlines, and its veloc-
sireamline at
each point along its path,

Figure 15.11 Turbulent flow: The tip of a rotating blade
(the dark region at the top) forms a vortex in air that is
being heated by an aleohol lamp (the wick is at the bot-
tom). Note the air turbulence on both sides of the rotating
blade.  (Kim Vandiver and Harold Fdgerton, Palm Press, Ine.)

Because the motion of a real fluid is complex and not yet fully understood, we
make some simplifying assumptions in our approach. As we shall see, many features
af real fuids in motion can be understood by considering the behavior of an ideal
fluid. In our model, we make the following four assumptions:

|. Nonviscous fluid. In a nonviscous fluid, internal friction is neglected. An
object moving through the fluid experiences no viscous force.

2. Incompressible fluid, The density of an incompressible fluid is assumed
to remain constant because it does not change due to a change in pressure
on the fluid.

3. Steady flow. In steady flow, we assume that the velocity of the fluid at each
point remains constant in time,

4. Irrotational flow. Fluid flow is irrotational if there is no angular momen-
wm of the (luid about any point. If a small wheel placed anywhere in the
fluid does not rotate about the wheel's center of mass, the flow is irrotational.
(If the wheel were to rotate, as it would if turbulence were present, the flow
would be rotational.)

The first two assumptions are properties of our ideal fluid. The last two are descrip-
tions of the way that the fluid flows.

15.6 - STREAMLINES AND THE EQUATION OF CONTINUITY

The path taken by a fluid particle under steady flow is called a streamline. The
velocity of the fluid particle is always tangent to the suea

line, as shown in Fi

15.12. No two streamlines can cross each other, for if they did, a fluid particle could
move either way at the crossover point and then the flow would not be sieady. A

15.7 Bernoulli's Principle

set of streamlines, as shown in Figure 15,12, forms what is called a tube of floe. Note
that fluid particles cannot flow inwo or out of the sides of this tbe, because if they
did, the streamlines would be crossing each other.

Consider an ideal fluid flowing through a pipe of nonuniform size, as in Figure
15.13. The particles in the fluid move along the sreamlines in steady low. Ac all
points the velocity of any particle is tangent to the streamline along which it moves.

In a small time interval, Ay, the fluid at the bottom end of the pipe move
distance Ax, = v, At If A, is the crosssectional area in this region, then the mass
contained in the shaded region is Amy = pA; Ax; = pAjv; At In a similar way, the
fluid that moves through the upper end of the pipe in the time Af has a mass
Am, = pAsvy At However, hecause nass is conserved and because the flow is steady,
the mass that crosses A, in a time 3¢ must equal the mass that erosses Ay in a time
At That is, Amy; = Amg, or pAyyy = pA Because the density is common to both
sides of this expression, we get

Ay = Asiw = constant [15.7]

This expression, called the equation of continuity, siys that the product of the
area and the fluid speed at all points along the pipe is a constant. Therefore,
the speed is high where the tube is constricted and low where the tube is wide. The
product Aw, which has the dimensions of volume /time, is called the volume flow
rate, The condition Av = constant is equivalent to the fact that the amount of
fluid that enters one end of the tube in a given time interval equals the amount
leaving in the same time interval, assuming no leaks.

Example 15.4 Filling a Water Bucket

Figure 15.13 A fluid moving with
streamline flow through a pipe of
varying crosssectional area. The
volume of fuid fowing through A,
in a ime interval ¢ must equial
the volume Aowing through A, in
the same time interval. Therefore
A1 = Ay

* Equation of continuity

A water hose 2.00 cm in diameter is used o Bl a 2000iter . 200 ¥ 1 cm?
bucket. 1f it takes 1.00 min to fill the bucket, what is the speed Al e
vat which the water leaves the hose® (11 10* cm?
’ 2 20.0 % 107 cm
Solution The cross-sectional area of the hose is e ———— 106 cm /s
{7 cm?) (60,0 5)
d* 2,008
A=wri= o= ::( . )um-’ = wem®
EXERCISE 6 If the diameter of the hose is reduced 1o 1.00
According to the data given, the fow rate al o em, what will the speed of the water be as it leaves the hose
20.0 liters/ min. Equating this to the product Aw gives assuming the same flow rate? \ 124 em /s
15.7 + BERNOULLI'S PRINCIPLE
As i fluid moves through a pipe of varying cross-section and elevation, the pressure
changes along the pipe. In 1738 the Swiss physicist Daniel Bermoulli first derived
an expression that relates the pressure to Huid speed and elevation
Consider the flow of an ideal fluid through a nonuniform pipe in a time, At
as illustrated in Figure 15.14. The force on the lower end of the fluid is P, A, w
P is the pressure in section 1. The work done by this force is W, F,Ax
PiAy Axy = Py AV, where AV is the volume of secton 1) In a similar manner, the
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