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Preface

These problems are for fun. | never meant them to be taken
too seriously. Some you will find easy enough to answer.
Others are enormously difficult, and grown men and women
make their livings trying to answer them. But even these
tough ones are for fun. | am not so interested in how many
you can answer as | am in getting you to worry over them.

What | mainly want to show here is that physics is not some-
thing that has to be done in a physics building. Physics and
physics problems are in the real, everyday world that we live,
work, love, and die in. And | hope that this book will capture
you enough that you begin to find your own flying circus of
physics in your own world. If you start thinking about phys-
ics when you are cooking, flying, or just lazing next to a
stream, then | will feel the book was worthwhile. Please let me
know what physics you do find, along with any corrections or
comments on the book.* However, please take all this as being
just for fun.

Jearl Walker

My grandmother’s house
Aledo, Texas, 1977

*Physics Department, Cleveland State University, Cleveland, Ohio 44115.
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vibration coupled oscillations oscillations
friction shearing
resonance 1'3
Two-headed drum vibrations 1.5
1.1 Whistling sand

Squealing chalk

Why does a piece of chalk produce
a hideous squeal if you hold it in-
correctly? Why does the orienta-
tion of the chalk matter, and what
determines the pitch you hear?

Why do squeaky doors squeak?
Why do tires squeal on a car that
is drag racing from a dead stop?

1 through 3*,

resonance

vibration

friction

1.2

A finger on the wine glass

Why does a wine glass sing when
you draw a wet finger around its
edge? What exactly excites the
glass, and why should the finger be
wet and greaseless? What deter-
mines the pitch? Is the vibration
of the rim longitudinal or trans-
verse? Finally, why does the

wine show an antinode** in its
vibrational pattern 45° behind your
finger?

124, p. 154.

Exceptionally good references: Weather
(a journal), Jones (82), Bragg (159).
*The numbers foilowing the problems
refer to the bibliography at the end of
the book.

**An antinode is where the vibrational
motion is maximum,

If a two-headed drum, such as the
Indian tom-tom, is struck on one
head, both heads will oscillate
although they may not both be
oscillating at any given instant.
Apparently the oscillation is fed
from one to the other, and each
periodically almost ceases to move.
Why does this happen? Wouldn't
you have guessed that the mem-
branes would oscillate in sympathy?
What determines the frequency
with which the energy is fed back
and forth?

124, p. 149; 126, p. 474.

In various parts of the world, such
as on some English beaches, there
are sands that whistle when they
are walked on. A scraping sound
seems plausible, but I can’t imagine
what would cause a whistle. Do
the sand grains have some unique
shape so that the sand resonates?

81, p. 145, 144, Chapter 17,
145, p. 140; 146 through 150;
1483.

oscillations

shearing

harmonic motion

1.4

Bass pressed into records

If I turn down the volume on my
record player and just listen to the
sound coming directly from the
stylus, I can hear high frequencies
whenever they occur in the music,
but there is almost no bass. Am-
plifiers take this weaker bass into
account and amplify the low fre-
quencies much more than the
high. Is there any practical reason
for reducing the strength of the
bass pressed into records?

143.

1.6

Booming sand dunes

Even more curious is the
“booming’’ occasionally heard
from sand dunes. Suddenly,

in the quiet of the desert, a dune
begins to boom so furiously that
one might have to shout to be
heard by his companions. The
clue to this may lie in the ac-
companying avalanche on the
leeward (downwind) side of the
dune. Then again, there is nothing
unusual about such avalanches for
that is precisely how the dune it-
self flows across the desert floor.
Under some conditions could one
of these avalanches cause a large
vibration of the sand and thus
produce the booming?

144, Chapter 17; 146, 150.
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vibration

string vibration

standing waves

1.7
Chladni figures

Chladni figures are made with a
metal disc supported at its center
and sprinkled with sand. Asa
bowstring is drawn across an edge,
the sand jumps into some geomet-
ric design on the plate (Figure
1.7). Why? Nothing to it, you
say? It is just simple standing
waves set up on the plate by the
bowing? Well, then tell me why,

using the same bowing motion,
you get one design with sand and
another design with a finer dust?
You can even mix them up before-
hand; they'll separate into their
own designs as you bow the plate.

81, pp. 129-131, 82, pp. 172-
180; 124, pp. 61-62; 127, pp.
172-176; 128, pp. 130-131;
130 through 138, 139, p. 207;
141, pp. 178-190; 142, pp. 88-
91, 1529; 1551.

Figure 1.7
Bowing a plate to get Chladni figures. (Some of these may require the
support of the plate in places other than the center.)

l .s
Pickin’ the banjo and fingering the
harp

Why does the banjo produce a
twangy sound and the harp a soft
mellow sound? One difference
between the two instruments is
that the banjo is plucked with

a pick but the harp is plucked with
a finger. How does this make

a difference?

82, pp. 283 ff: 128, pp. 92-93;
145, p. 89.

string vibration

resonance

1.9

String telephone

How does the string telephone that
you played with as a child work?
How does the pitch heard in the
receiving can depend on the tight-
ness and density of the string and
the size of the can? Approximately
how much more energy is transmit-
ted with the string telephone than
without it?

82, pp. 103-104.

string vibration

friction

1.10

Bowing a violin

Plucking a string, as a guitar
player does, seems a straightfor-
ward way to excite vibrations in it.
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But how does the apparently
smooth motion of bowing excite
the vibrations of a violin string?
Does the sound’s pitch depend on
the pressure or speed of the bowing?

82, pp. 219-221, 291-300; 124,
pp. 98 ff; 126, pp. 453-456; 127,
pp. 101-103; 128, pp. 93-94;
145, pp. 89-99; 151, pp. 90-93;
152, pp. 167-170; 153; 1552,

Figu ’5‘110\

string vibration

1.11
Plucking a rubber band

If you tighten a guitar string, you
raise its pitch. What happens if
you do the same with a rubber
band stretched between thumb
and forefinger? Does its pitch
change when it is stretched
farther? No, the pitch remains
fairly unchanged; or, if it does
change, it becomes lower rather
than higher. Why is there a dif-
ference between rubber bands and
guitar strings?

154, 155, pp. 186-187.

vibration

stress

phase change

phase change

1.12

The sounds of boiling water

When I heat water for coffee, the
sound of the water tells me when
it has begun to boil. First there is
a hissing that grows and then dies
out as a harsher sound takes over.
Just as the water begins really to
boil, the sound becomes softer.
Can you explain these sounds,
especially the softening as the
water begins to boil?

157: 158, p. 295; 159, pp. 88-
89; 160, p. 168.

1.14

Walking in the snow

Sometimes snow crackles when
you walk in it, but only when the
temperature is far enough below
freezing. What causes the noise,
and why does its production
depend on the temperature? At
approximately what temperature
will the snow begin to crackle?

164, p. 440; 165, p. 144, 166.

absorption

vibration

1.13

Murmuring brook

At some time in your life you've
probably spent a sunny afternoon
lying in the grass, listening to

the murmur of a brook. Why do
brooks murmur? Why do water-
falls and cataracts roar?

What is responsible for the
spritely sound of a just-opened
soft drink? Look into a clear
soft drink and try correlating

the noise with the creation, move- .

ment, or bursting of the bubbles.

145, p. 140; 159, pp. 129-130;
161 through 163.

1.15

Silence after a snowfall

Why is it so quiet just after a snow-
fall? There aren’t as many people
and cars outside as usual, but that
alone doesn’t explain such quiet-
ness. Where does the energy of
the outdoor noise go? Why does
the snow have to be fresh?

A similar sound reduction occurs
in freshly dug snow tunnels in
Antarctic expeditions: the
speakers must shout to be heard
if they are more than 15 feet
apart. Again, what happens to
the sound energy?

165, p. 134; 167.
1.16

Ripping cloth

Why is it that when you tear a
piece of cloth faster, the pitch of
the ripping is higher?
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Figure 1.18
“Listen. There it is again. ‘Snap, crackle, pop.””’

1.17

Knuckle cracking

What makes the cracking sound
when you crack your knuckles?
Why must you wait a while before
you can get that cracking again?

168.

1.18

Snap, crackle, and pop

Why exactly do Rice Krispies*
go “snap, crackle, and pop” when
you pour in the milk?

1.19

Noise of melting ice

Plop an ice cube or two into your
favorite drink, and you’ll hear
first a cracking and then a
“frying” sound. What causes these
noises? Actually, not all ice will

*A breakfast cereal from the Kellogg
Company.

produce the “frying” sound. Why
is that?

Icebergs melting in their south-
ward drift also make frying noises
that can be heard by submarine
and ship crews. The sound is called
“bergy seltzer.”

169.

propagation

1.21

Voice pitch and helium

When people inhale helium gas,
why doues the pitch of their voices
increase?

One should be very, very
cautious in inhaling helium. One
can suffocate with the helium
while feeling no discomfort be-
cause there is no carbon dioxide
accumulation in the lungs. Never,
never inhale hydrogen or pure
oxygen. Hydrogen is explosive
and oxygen supports burning.
Even a spark from your clothes
can lead to death.

170,p. 219; 171, pp. 16-17.

speed of sound

acoustic conduction

1.20

An ear to the ground

Why did Indian scouts in the old
Westerns fall to their knees and
press their ears against the ground
to detect distant, and unseen,
riders? If they could hear the
distant pounding of hooves
through the ground, why couldn’t
they hear it through the air?

124, p. 21.

1.22
Tapping coffee cup

As you stir instant cream or in-
stant coffee into a cup of water,
tap the side with your spoon. The
pitch of the tapping changes
radically as the powder is added
and then during the stirring. Why?

Tap the side of a glass of beer
as the head goes down. Again, the
pitch changes. Why?

You may have a tendency to
answer that the foam or the powder
damp the oscillations caused by
the tapping, but even if that is true,
would that change the pitch or
only the amplitude?

159, p. 158, 173.
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speed of sound
and temperature

interference

1.23

Orchestra warmup and pitch
changes

Why does the pitch of the wind
instruments increase as an orchestra
warms up? Why does the pitch of
the string instruments decrease?

124, pp. 49-50; 126, p. 498,
172.

interference

1.24
Bending to the ground to hear an
airplane

| have read that if | put my head
close to the ground while listening
to an airplane fly by, the pitch of
the airplane’s noise may seem to
increase. Similarly, if | stand by

a wall near a waterfall, | may hear,
in addition to the normal sound
of the waterfall, a softer back-
ground sound. The closer | stand
to the wall, the higher the pitch of
the extra sound. In either case,
why would | hear a sound

whose pitch depends on the near-
ness of my ear to the solid struc-
ture?

82, pp. 98-100; 145, p. 59, 174
through 180.

waveguides

1.25

Culvert whistlers

Stand in front of a long concrete
culvert and clap you hands sharply.
You will hear not only the echo

of your clap, but also a ‘‘zroom,"”
which starts at a high pitch and
drops to a low pitch within a
fraction of a second.* What’s
responsible for the ““zroom’’?

181, 182

1.26

Music hall acoustics

Why are concert halls generally
narrow with high ceilings? If
echoes are undesirable shouldn’t
the walls and ceiling be close to
the listener? That way the
listener will not be able to distin-
guish the direct sound from the
reflected sound. What is the
minimum time difference between
two sounds that the listener can,
in fact, distinguish? Why does

a hall full of people sound much
better than an empty hall?

If echoes are to be eliminated,
why aren’t the walls and ceilings
covered with material that will
absorb the sound? Granted that
the hall’s beauty might be de-
stroyed, it still appears that halls
are designed so as not to elimin-
ate all sound reflections. In fact,
the walls and ceilings may be

*Crawford (181) has described these as
being analogous to atmospheric whistlers
(see Prob. 6.31).

covered with nooks and cran-
nies that reflect the sound in
every which way. On the other
hand, a hall with no reflections
is said to be acoustically dead.

124, Chapter 13; 127, pp. 531-
540; 128, Chapter 10; 142,
Chapter 14, 145, pp. 279-293;
152, Chapter 9; 158, pp. 609-
616; 170, pp. 265-266; 171,

pp. 44-50; 183, pp. 123-180;
184, Chapter 14, 185, Chapter
11, 186, Chapter 8; 187, pp.
291-300; 188 through 195; 1528.

reflection

focusing

1.27

Acoustics of a confessional

Some rooms are especially noted
for their strange acoustics; some
even provide a focusing of the
sound. Such focusing was ap-
parently used in the “Ear of
Dionysius” in the dungeons of
Syracuse where the acoustics
somehow fed words and even
whispers of the prisoners into a
concealed tube to be heard by the
tyrant.

For an example in recent times,
the dome covering the old Hall of
Representatives in the Capitol
building (Washington, D.C.) would
reflect even a whisper from one
side of the chamber in such a way
that it would be audible on the
opposite side. More than once
this was rumored to have em-
barrassed representatives whispering
party secrets to their colleagues.

The Cathedral of Girgenti in
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Sicily provided even more severe

embarassment. Its shape is that of

an ellipsoid of revolution, so the:
sound produced at one focus of
the ellipsoid is nearly as loud at
the other focus. Soon after it was
built one focus was unknowingly
chosen for the position of the
confessional.

The focus was discovered by

accident, and for some time

the person who discovered

it took pleasure in hearing,

and in bringing his friends

to hear, utterances in-

tended for the priest

alone. One day, it is said,

his own wife occupied

the penitential stool, and

both he and his friends were

thus made acquainted with

secrets which were the

reverse of amusing to one

of the party (141).

139,p. 194, 141, p. 48, 197,
Chapter 11.

1.29

Silent zones of an explosion

During World War |l it was often
noticed that as one would drive
toward a distant artillery piece,
the roar of its fire would disap-
pear at certain distances (Figure
1.29). Why were there such
silent zones?

Sound travel over large distances

is also curious. For example,

Figure 1.29

during World War | people on the
English shore could hear gunfire
from installations in France. What
conditions permit such an enormous
sound range?

150; 165, pp. 135 ff; 187, p. 137;
214, p. 2; 215, pp. 23-25; 216;
217, pp. 9-14; 218, 219, pp.
291-293; 313, pp. 71 ff.

propagation

refraction

1.28

Sound travel on a cool day

Why does sound travel farther on a
cool day than on a warm day? This

is especially noticeable over calm
water or a frozen lake. The range
of sounds in the desert, on the
other hand, may be noticeably
limited.

81, pp. 34-35, 82, p. 107;
124,p. 17; 127, pp. 322-325;
142, pp. 117-118; 185, pp.

309-311; 186, pp. 66-67, 187,
p. 137, 207, pp. 50-52; 209,
pp. 24-25; 210, p. 600; 211,
pp. 474-475; 212; 213, pp. 49-
52,

a higher pitch than that of the
initial sound. Also, why does a
high-pitched sound usually pro-
duce a louder, more distinct
echo than a low-pitched sound?
How close to the reflecting

reflection

Rayleigh scattering

1.30

Echoes

I am sure you can explain echoes— |

they are reflections of the sound
waves by some distant object,
right? Then explain why some
echoes return to the speaker with

wall can you stand and still hear
an echo?

81,p. 31,82, pp. 86-87; 127,
pp. 311-313; 142, p. 132; 164,
p. 426; 182; 198, pp. 147-154;
206.
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Rayleigh waves

intensity and distance

reflection

1.31

The mysterious whispering gallery

It was Rayleigh who first explained
the mysterious whispering gallery
in the dome of London’s St. Paul’s
Cathedral. In this large gallery
there is a peculiar audibility for
whispers. For instance, if a friend
were to whisper to the wall some-
where around the gallery, you
would be able to hear his whisper
no matter where you might stand
along the gallery (Figure 1.31a).
Strangely enough, you will hear
him better the more he faces the
wall and the closer he is to it.

Is this just a straightforward re-
flection and focusing problem?
Rayleigh made a large model of
the gallery to find out. He placed
a birdcall at one point along the
model gallery and a flame at
another point. When sound waves
from the birdcall impinged on the
flame, the flame would flare, and
so the flame was his sound detec-
tor. You are probably tempted
to draw the sound rays shown in
Figure 1.31b. But before you

Figure 1.31b

Rayleigh’s model of whispering
gallery. Birdcall causes flame to
flare,

Figure 1.31a
Cutaway view of whispering
gallery.

|

Figure 1.31c

With thin screen placed near the
wall, birdcall cannot make flame
flare.

put too much faith in them, sup-
pose a narrow screen were to be
placed at some intermediate point
along the inside perimeter of the
metal sheet (as shown in Figure
1.31¢, but exactly where along

the perimeter doesn’t matter). If
your idea about the rays is correct,
the flame should still flare be-
cause the screen is out of the way,
right? Well, as a matter of fact,
when Rayleigh inserted a screen,
the flame did not flare. The
screen must somehow have blocked
the sound waves. But how? After
all, it was only a narrow screen
placed seemingly well out of the
way of the sound rays. This result
gave Rayleigh a clue to the nature
of the whispering gallery.

81, pp. 32-33; 82, pp. 87-92;
127, pp. 315-316; 198, pp. 126-
129; 199 through 205.
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interference

reflection

1.32

Musical echoes

What causes the musical echo you
can sometimes hear when you
make a noise near a fence or a
flight of stairs? Can you calculate
the pitch of the echo?

81,p. 32, 127, pp. 313-314;
145, p. 13; 164, pp. 426-427;
182; 206, 207, pp. 47-48; 208.

Rayleigh waves

turbulence

refraction

1.33

Tornado sounds

My grandmother could always
forecast a tornado by the

deathly silence that would sud-
denly fall before the appearance

of the tornado. Why the silence?
When the twister hit, there would
be a deafening roar much like a

jet plane’s. Why the roar? Finally,
there are reports that in the
tornado’s center it is, again, deathly
quiet. Can this be true? Wouldn't
you hear at least the furious de-
struction taking place outside the
center?

165, pp. 144-145; 223, pp. 67,
83, 224 through 226.

1.34
Echo Bridge

The whispering gallery effect may
be responsible for some of the
sounds you can hear beneath a
bridge arch. If you stand near the
wall of such an arch (Figure 1.34)
and whisper faintly, you will hear
two echoes; a loud handclap will

yield many echoes. Can you ac-
count for these echoes? They can
result either from normal reflec-
tions off the water or from the
whispering gallery effect, or from
both.

82,p. 87; 202; 203.

Figure 1.34
Echo bridge.
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refraction

1.35

Sound travel in wind

Why is it easier to hear a distant
friend yell if you are downwind
rather than upwind? Is it because,
as is commonly thought, there is a
greater attenuation in the upwind
direction?

81, pp. 33-34; 82, pp. 107-
108, 124, pp. 17-18; 127,

pp. 322-325; 142, pp. 119-
121, 185, pp. 11-13, 311, 186,
pp. 66-67; 187,p. 137; 207,
pp. 52-53; 210, pp. 599-600;
212, 213, pp. 52-55; 222,

the people ascribe the sounds to

the gods. In other places, how-
ever, they are now probably dis-
missed as sonic booms.

One is tempted to identify these
mysterious sounds as distant
thunder, but thunder is normally
not heard at distances greater
than 15 miles*. Besides, these
sounds are heard on clear days.

Can you think of other possible
explanations?

164, p. 442; 227, 1611, Section
GS.

*See Prob. 1.38

diffraction

propagation

1.36

Brontides

Throughout history there have
been tales of mysterious sounds
from the sky, rumblings, and short
cracklings when the sky is per-
fectly clear and there are no
obvious noise sources. These
noises —called brontides, mist-
poeffers, or Barisal guns —are
heard virtually everywhere: over
flatland, over water, and in the
mountains. In a study of 200
Dutch mistpoeffers it was found
that the sound came most often
in the morning and afternoon, less
often at noon, and hardly ever
during the night. In some places
they are far from rare. For ex-
ample, near the Bay of Bengal
they are heard so frequently that

1.37
Shadowing a seagull’s cry

For an example of quiet “shadows”

behind objects, let me offer the

following story (see Figure 1.37).
In the spring the seagulls resort
in large numbers to the moss
to lay their eggs and when the
young birds are able to fly,
the air is filled with their
shrill screams. There is a road
at a little distance from the
nests and by the side of the
road there is sometimes a row
of stacks of peat. The length
of one of these stacks is many
times as great as the wave-

length of the scream of the
birds and consequently a good
sound shadow is formed. Op-
posite the gap between two
stacks the sound is unpleasant-
ly loud; opposite the stack it-
self there is almost complete
silence, and the change from
sound to silence is quite sud-
den (234).

Would there be a quiet region if

seagulls cried in a deep voice rather

than their shrill one?

128, p. 18: 234, p. 103.

Figure 1.37
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refraction

diffraction

1.38

Lightning without thunder

Often a lightning stroke appears
unaccompanied by thunder. In
fact, thunder is rarely heard beyond
about 15 miles from the lightning
flash. Why? Is 15 miles really such
a great distance for sound to travel?
No, artillery fire and explosions
can certainly be heard beyond 15
miles. Why not thunder as well?

82,pp. 114-116; 142, p. 118;
164, pp. 441-442; 219, pp. 304-
305; 220, p. 196; 221.

1.40

Cracking a door against the noise

If | close my door, which leads

to a very noisy hall, my room is
kept quiet. 1f | open the door
wide, though, it is hard to think
with all the noise. How about
cracking the door just a little?
That certainly should be almost
the same as closing it all the way.
Yet, | try it and discover the noise
to be almost as bad as with the
door wide open. Why does even a
small crack make such a dispro-
portionate difference in the noise
level of my room?

128,p. 19, 165, p. 177.

141
Feedback ringing

There was an era in rock and roll
when feedback was used extensive-
ly to give a psychedelic quality to
the music. A guitar player would
play facing into his own speaker,
and the speaker output would be
picked up and reamplified by his
electric guitar. That same type of
ringing can be heard if a radio
announcer holds a radio tuned to
his own station near his micro-
phone. In either case what causes
the ringing?

refraction

1.39

Submarine lurking in the shadows

Though sonar systems are powerful
enough to detect submarines at

very large distances, they are usually
limited to only several thousand
meters (in the tropics to even less
than that). Consider, for example,

L e
Figure 1.39

a sonar unit and a sub at about the
same depth (Figure 1.39). For
some reason other than just absorp-
tion, sound radiated toward the sub
never reaches it; the sub is said to
be in a shadow area and won'’t be

detected. What causes those
shadows?

171, pp. 86-89; 185, p. 235;
217, pp. 16-19; 228, pp. 376-
379, 229 through 232.

Buoy

-
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diffraction

1.42

Foghorns

Foghorns should be designed to
spread their sound over a wide
horizontal field, wasting as little

even if the whisper is as loud as
his normal voice?

159, pp. 85-86; 198, p. 127;
237, p. 188, 238, pp. 47-48;
239, p. 220.

as possible upward. Doesn'’t it

resonance

seem strange, then, that rectangu-
lar foghorns are oriented with

the long sides of their openings
vertical (Figure 1.42). Isn't that
orientation precisely the wrong
one?

142, pp. 124-125; 145, p.
167; 159, pp. 1569-160, 235,
bp. 78-79; 236.

e

Figure 1.42

diffraction

1.43

Whispering around a head

You can hear a friend’s normal
voice reasonably well whether he
is facing you or turned away.
Why is it that you can hear his
whisper only if he is facing you,

1.44

End effects on open-ended pipes

Why is there an antinode of air
movement (and a node of pres-
sure) at each end of an open pipe
when standing sound waves are
set up inside? Since there is a
node at a closed end, there should
be an antinode at an open end,
right? Can you actually show
why there is an antinode there?
As a matter of fact, the antinode
is not precisely at the open end,
and where it really is depends on
several parameters of the pipe
(width, for example). Will this
departure from simple theory
effect the practical use of pipes
in such things as organs?

82, pp. 136-139; 126, pp.
493-496; 127, pp. 181-182;
145, pp. 163-165; 240; 241.

resonant oscillation

1.45

Getting sick from infrasound

Infrasound (sound of a subaudible
frequency) can make you nauseous
and dizzy. . . it can even kill you.
Now that its danger is being re-

cognized, infrasound is being dis-
covered in many common set-
tings: near aircraft, in cars at high
speeds, near ocean surfs, in thunder-
storms, and near tornados, for
example. It may even warn
animals and some especially sensi-
tive people of an impending
earthquake. Why does infrasound
affect people and animals this
way? In particular, how can it
cause such things as internal
bleeding?

171, pp. 139-147; 1489
through 1491; 15634 through
1536.

vibration

cavitation

resonance

1.46
Noisy water pipes

Why do the pipes sometimes groan
and grumble when I turn on and
off my water faucet? Why doesn’t
it happen all the time? Where
exactly does the noise originate:
in the faucet, the pipe immediate-
ly behind it, or a turn in the pipe
somewhere down the line? Why is
there rumbling only with certain
flow rates? Finally, why can the
problem be alleviated by adding a
vertical pipe of trapped air to the
water pipe?

183, p. 46; 251, 252.
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vortex motion cavitation
1.48

Figure 1.47a

The dust is left in piles and ripples when the rod is stroked.

1.47
Piles and ripples of a Kundt tube

The Kundt tube has long been a
simple demonstration of acoustic
standing waves, but can you really
explain how it works? It consists
of a long glass tube containing
some light powder (cork dust or
lycopodium powder, for example).
The tube is corked at one end

and sealed at the other with a
brass rod (Figure 1.47a). When
the rod is stroked with a rosin-
coated chamois, not only does the
rod squeal, but also the dust in the
tube collects in periodic piles along
the tube. Standing sound waves
must do this to the dust, but how?
Moreover, if one of the piles of

Pouring water from a bottle

As water is poured from a bottle,
the pitch of the pouring noise
decreases. As water is poured back
in, the opposite change in pitch
occurs. Why?

resonance

Figure 1.47b

1.49

Seashell roar
What causes the ocean roar that
you hear in a seashell?

82, pp. 196-197; 141, pp. 253-
254, 150; 238, pp. 57-58, 65.

With a loudspeaker as an exciter,

resonance

thin discs of dust form across the
tube’s cross section.

vibration

powder is examined closely, it is
found to contain a series of ripples.
If standing waves make the piles,
what makes the ripples?

If the rod is replaced by a pure
tone loudspeaker, discs form in
between the piles (Figure 1.47b).
Each disc resembles a very thin
barrier extending across the tube.
What generates them?

82, pp. 208-214,; 124, pp. 113-
114, 127, pp. 188-191, 255-258,
472, 128, pp. 22-23; 130; 141,
pp. 244-253; 145, pp. 220-222;
207, pp. 151-156; 243 through
250, 1517.

1.50
Talking and whispering

What determines the pitch of your
voice? Why are women’s voices
higher than men’s? Many young
men go through a stage in which
their voices change. What causes
that? How do you switch from a
normal voice to a whisper?

81,pp. 113-114, 124, pp. 75-77,
132-136; 127, pp. 207-211,; 141,
pp. 238-244, 142, pp. 179-181,
145, pp. 254-255; 151, pp. 175-
177; 238, Chapter 7; 239;

253, p. 387; 254.
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1.51

Shower singing

Why does your singing sound so
much richer and fuller in the
shower (Figure 1.51)?

1.52

A shattering singer

Champagne glasses can be shattered
by opera singers who sing at some

high pitch with great power. Why
does the glass shatter, and why

must a particular pitch be sung?
Why does it take several seconds
before the glass shatters?

1.53

Howling wind

Monster movies always have a
howling wind as a background

sound to the sinister deeds of the
monster. How does wind howl?

150, 164, pp. 442-443.

resonance

Bernoulli effect

1.54

Twirl-a-tune

A musical toy called “Twirl-a-
tune’ ™ is a surprisingly simple
toy: it's nothing but a flexible,
corrugated plastic tube made
much like a vacuum cleaner hose
and open at both ends. When
held by one end and whirled about
(Figure 1.54), it produces a
musical tone. At higher speeds,
you get higher pitched tones; the
transition from pitch to pitch is
not smooth but takes place in
jumps. A gathering of many
twirlers can produce quite a

Figure 1.51

- -

Figure 1.54
Twirl-a-tune.

sound, and the fairies in a partic-
ular English presentation of

A Midsummer Night’s Dream even
gave a chorus of such twirling
tubes to enhance their magic
(1588). How are the tones made,
and why are the pitch changes
discrete?

The tendency will be to dismiss
the questions by pointing to the
standard textbook example of
sound resonance in open-ended
pipes. But here you will first have
to understand why there is any
sound at all and why the sound’s
frequency range depends on the
whirling speed. Also, you should
figure out which way the air moves
through the tube. Only then can
you use the textbook explanation
of why only certain frequencies
will be stored and built up inside
the tube.

Will the centrifugal force on the
tube affect the frequency of the
sound?

1588.

* Avalon Industries, Inc., 95 Lorimer
St., Brooklyn, New York 11206; see
Ref. 1588 for other trade names.
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vortex formation feedback

1.55 1.56
Whistling wires The whistling teapot

Why do telephone wires whistle
in the wind? Why did the aeo-
lian harps of ancient Greece sing
when left in the wind? In partic-
ular, do the wires or strings them-
selves have to move in order to
produce the sound? If they
move, do they move in the plane
of the wind or perpendicular to
it? What determines the pitch you
hear?

Suppose you were to simulate
the wind whistling through tele-
phone wires by waving a fork with
long, thin prongs. Which way
would you wave it, in the plane of
the prongs or perpendicular to that
plane? Try it both ways.

What causes the sighing of trees
in winter and the murmur of an
entire forest? Do all trees sigh at
the same pitch?

82, pp. 304-313; 124, pp. 114-
116; 126, pp. 480-482; 127,

pp. 218-220; 142, p. 215; 145,
pp. 149-152; 150; 155, pp. 188-
189; 164, pp. 443-448; 165,

p. 144, 207, pp. 156-157; 2586,
pp. 126-128; 257, pp. 123-130;
258 through 261.

Other types of whistles use an
obstruction in the way of the air
stream. For example, an edge
tone can be produced by direct-
ing an air stream onto a wedge
(Figure 1.56a). Similarly, a

ring tone is made by placing a ring
in the stream path (Figure 1.56b).
The most familiar of all is the
common teapot whistle that has

a hole in the stream’s way and
that produces what is called a
hole tone (Figure 1.56c¢). In each
example the whistling sound de-
pends on the obstructing object,
but how? What really produces the
whistling you hear when your tea-
pot boils?

124, pp. 116 ff; 126, pp. 482-485;
127, pp. 220-223; 142, p. 216;
145, pp. 169-174; 151, pp. 95-
97; 257, pp. 130-138; 258; 263
through 269.

Figure 1.56a
Edge-tone setup.

i .

Figure 1.56b
Ring-tone setup.

Figure 1.56¢
Hole-tone setup.

resonance

sound from vortices

1.57

Blowing on a Coke bottle

Making a Coke bottle hum by
blowing across its opening is an
example of still another type of
whistle. Not only is there an ob-
struction, the edge of the bottle,
but there is also a cavity adjacent
to the obstruction. Flutes, record-
ers, and organ pipes are other

examples of the same kind of
whistle.

Why do such devices produce
particular frequencies? In other
words, how do the fingering of
holes on the cavity (as in the case
of the flute) and the change of air
pressure across the obstruction
determine the different frequenc-
ies that can be made? In the case
of the Coke bottle, does the
bottle’s mouth size affect the
frequency? How about shape?
Suppose | partially fill a bottle

16 The flying circus of physics




with water, excite it with tuning
forks to find its resonant frequency,
and then tilt the bottle. The in-
ternal shape changes, of course,

but does the resonant frequency?

142,p. 163; 151, pp. 95-97;
159, pp. 74-75; 170, pp. 218-
219, 258, 310, 1553.

resonance

1.58

Police whistle

How does an American police
whistle work? As above, there is
an edge across which air is blown
and there is an adjacent cavity.
There is also a small ball in that
cavity. What does the ball do for
the whistling? Why won't the
whistle work underwater?

258.

1.59
Whistling through your lips

Finally we come to the most
common whistle of them all,
although perhaps the most difficult
to explain: whistling through your
lips. What’s responsible for this
sound? Can you whistle under-
water?

82; 258.
1.60
Gramophone horns

Remember the old gramophones
with their cranks and big horns?

Why did they have horns? Did the
horns concentrate sound in a cer-
tain direction? Why did they use
an expanding horn and not just a
straight tube? The point was that
if the sound box’s diaphragm
coupled directly to the room’s air
without the intervening horn,
there was poor sound emission.
What can an expanding horn do in
coupling the sound box with the
air?

124, pp. 212-214, 186, pp. 208-
209.

vibration

acoustic impedance

power

1.62

Sizes of woofers and tweeters

Why is the woofer (low frequency
speaker) so much larger than the
tweeter (high frequency speaker)
in most hi-fi systems?

128, p. 148, 187, pp. 272-273,
280, 228, pp. 174-175.

sound from vortices

1.61

Vortex whistle

The vortex whistle (Figure 1.61)
produces sound when you blow
through a tube that juts out from
around cavity. Apparently vor-
tices are set up in the cavity and,
when they emerge from a central
hole, a whistling sound is made.
Unlike the common ‘‘police
whistle,” the vortex whistle pro-

duces a frequency that depends
on the pressure with which the
whistle is blown. Hence, by vary-
ing the pressure, you can play
tunes on it. What produces the
whistling sound, and why does
the frequency depend on the pres-
sure?

258; 262.

Figure 1.61
Vortex whistle (after Bernard Vonnegut, J. Acoustical Soc. Amer.,
26, 18 (1954).
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spherical and plane waves

intensity versus range

impedance

1.63

The cheerleading horn

How does a cheerleader’s horn
make the yell louder in one direc-
tion? Do multiple reflections in-
side the horn limit the direction
of spreading? This may seem
reasonable, but considering the
size of the horn compared to

the wavelengths of the sound,
how can there possibly be such

a concentrating effect due to in-
ternal reflections? So, again,
why is the yell louder in the direc-
tion of the horn?

127, pp. 205-207; 142,p. 111,
145, pp. 239-240; 159, pp. 12-
13: 213, p. 47; 235, p. 78; 242.

400-402; 128, pp. 31-32, 56-
59; 151, pp. 117-120; 152, pp.
105-108; 170, pp. 40-42; 184,
pp. 403-406; 209, pp. 179-
187; 228, pp. 2563-256; 237,
pp. 66-68; 256, pp. 231-245;
270, pp. 129-133; 271, pp. 50-
52-272, Chapter 7, pp. 411-
413; 273 through 279.

Doppler shift

combination tones

nonlinear response

1.64

Bass from small speakers

Isn’t it surprising that telephones,
high fidelity earphones, and small
transistor radios can reproduce

bass (see Prob. 162)? The speakers
in them are so small, yet one does
hear bass from them. The horns

on early gramophones shouldn’t
have been able to handle low
frequencies either. In both cases,
why is bass heard?

82, pp. 256-261; 124, pp. 29-
32,84-87, 165,214, 127, pp.

1.65

Screams of race cars artillery
shells

Why does the pitch of a race

car’s scream change as the car
speeds past you? Surely the noise
thrown forward is no different
from that thrown backward.

On the battlefield men can
predict the danger of an incoming
shell by the scream it makes.

Not only do they listen for the
change in loudness but also the
pitch and its change. What does
the pitch tell them?

128,p. 19.

thus finding the distance to a
reflecting object? Does it detect
the Doppler shift (frequency shift)
if either it or the object is moving?
Or does it locate the object by
triangulation of the return sound,
much as we perceive depth with
binocular vision? Maybe it is
even more complicated because
some bats chirp, that is, each sound
pulse sweeps from about 20 kHz
down to 15 kHz. How can such a
chirp be used to extract more in-
formation about the object?

What is the smallest insect that
a bat can detect using a constant
frequency pulse of 20 kHz?

142, pp. 3563-354,; 280 through
284, 1493 through 1497.

Brownian motion

hearing

Doppler shift

ranging

1.66

Bat sonar

To find their way and to locate
insects, most bats emit a high fre-
quency sound and then detect the
echo. What does a bat actually
do with the echo? Does it emit
a sound pulse and time its return,

1.67

Hearing Brownian motion

Hearing involves detection of air
pressure variations, right? Well,
the air next to the eardrum is con-
tinually fluctuating in pressure.
How large are those fluctuations on
the ear drum, and are they large
enough to be heard? If they are,
then why don’t you hear them?
Shouldn’t there be a continuous
roar in your ears?

311.
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acoustic power shock wave hearing

signal-to- noise ratio

1.69 1.70
1.68 V-2 rocket sounds Cocktail party effect

When the cops stop the party .

If you were being fired on with How can you distinguish the
Some cocktail parties are quiet; artillery shells, you would first words of one person Wi?en there is
others are loud. Can you roughly hear the shell’s scream, then its a lot of }:.Jackgtound noise? If you
calculate the critical number of explosion, and finally the roar of tape a friend talking to you at a
guests beyond which the party be- the gun. But in the V-2 rocket loud party, it’s likely that 01? tape
comes loud? You might take the attacks on Lpndon during World you won’t be able to hear him at
transition point as when the back- War 11, the first two sounds came all, much less understand the

in reverse sequence: first the words. Why the difference?

ground noise on your listener be-

explosion, and slightly later the
comes as great as your volume on

rocket’s whine, Why the difference? 171, p. 62; 238, pp. 15-16; 286.

him.

SupPose the guests are called to 142, p. 153. . .
attention by the hostess, and then, acoustic conduction
afterwards, allowed to resume their hearing
conversations. About how much
time will pass before the party be- 1.71
comes loud again? o .

Taping your voice

285.

If you‘ve ever taped your own
voice, you were probably sur-
prised by how thin it sounded
hragouc MKE when you played it back. Other
HEAR THE . .
un»e\mms‘ people recorded their voice and
their playbacks sounded fine to
you. But yours. . .it just wasn't

right. What was wrong?

3712.
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[From Konishi (Ref. 1554) after Steven and Newman (Ref. 1555).]

1.72

Fixing the direction of a sound

Since you have two ears instead
of one, you can locate the direc-
tion of a sound as well as just hear
the sound. If you were to plot
your ability to fix the direction of
a pure tone versus the frequency
of that tone, you would find that
your ability is reasonably constant

with frequency except in the re-
gion of 2 to 4 kHz (Figure 1.72).
Why does your ability get worse
in that particular region, whereas
it is better for both higher and
lower frequency tones?

1554, 1555.

1.74

Sounds of thunder

When I was little my mother told
me that thunder had something to
do with lightning. How is thunder
produced, and why does it last for
such a relatively long time? Must
it always boom? I've read that if
you stand within 100 yards of the
lightning flash you first hear a
click, then a crack (as in a whip
crack), and finally the rumbling.
What causes the click and the
crack? If you’re a little further
away you’ll hear a swish instead
of the sharp click? Why a swish?

82, pp. 114-116; 220, Chapter 6,
pp. 195-199; 299, pp. 124-127;
300, pp. 162-163; 301, pp. 66-
67; 302 through 305; 1617.

sound propagation

attenuation

shock waves

refraction

1.73

Sonic booms

What causes the sonic booms
produced by supersonic aircraft?
Is the boom produced only when
the plane first breaks the sound
barriex? Does it depend on the
engine noise? Sometimes you
hear not just one boom but two
right in succession. Why two?

Why not always two? Does the
boom depend on the aircraft’s
altitude? Does it matter if the
plane is climbing, diving, or
turning? Under some circum-
stances the aircraft may generate

a “superboom”—an especially in-
tense shock wave. Under other
conditions a boom will be made by
the plane but will never reach the

ground. What probably happens to

it?

288 through 298.

1.75

Hearing aurora and frozen words

Is it possible to hear aurora*?
There have been reports of
cracklings or swishings (sounding
like “burning grass and spray”’)
coordinated with changes in the
light intensity of aurora. While

it is hard to imagine how sound
made at such a high altitude (above
70 km) could reach an observer on
the ground with any appreciable
power simply because of the at-
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tenuation over such a large distance, |shock waves
recently an explanation along
this line was proposed: electrons 1.76
from the aurora would excite
what are called plasma acoustic
waves that would create normal During the fighting near the
acoustic waves. Regardless of the Siegfried Line in World War 11,
actual mechanism, however, could |y g, troops spotted dark shadows

Dark shadows on clouds

you hear a sound made so high? crossing over white cirrus clouds.
What exactly happens to the These shadows were arcs whose
acoustic power when the sound centers lay on the German side,
travels downward through the supposedly being caused by the
atmosphere? heavy artillery. Why were these

Another interesting explanation |shadows produced? Would you
has been that “What one hears is expect the shadows to come
one’s own breath that freezes in singly or always in pairs? Finally,

the cold air” (Figure 1.75). When |was the cloud background necessary?

the air is calm and very cold, can ] 308
you actually hear the collision of 142, p. 154; 306 through :

ice crystals formed from your
breath? If this is ever possible, how 1.77
cold must it be? Whip crack
7506 through 1511; 1532. What makes the sound when a whip
*See Prob. 6.30. is cracked? Try to support any
guess with rough numbers.

82, p. 30; 159, p. 184, 288;
309.

Figure 1.75
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Linear kinematics
and dynamics

2.1 10 2.22

force equation of motion

displacement  energy

velocity momentum

acceleration

cross section

flux

2.1

Run or walk in the rain

Should you run or walk when

you have to cross the street in the
rain without an umbrella? Running
means spending less time in the
rain, but, on the other hand, since
you are running into some rain,
you might end up wetter than if
you had walked. Try to do a rough
calculation, taking your body as a
rectangular object. Using such a
model, can you tell if your answer
(whether to run or walk) depends
on whether the rain is falling ver-
tically or at a slant?

2.2
Catching a fly ball

If in baseball a highly hit ball—a
“high fly’”’—is knocked to your
part of the outfield, there are two
things you could do. You could
dash over to the correct place and
wait to catch the ball, If you do,
I'll ask you how you guessed where
the ball was to come down. Or,
you might run over at a more or

less constant speed, arriving just in
time to make the catch. In that
case I'll ask you how you deter-
mined the correct running speed.
Experience helps, of course, but
you must also have an intuitive
feel for the physics involved in the
ball’s flight. What tips you off as
to where to go and how fast to
run?

2.3
Running a yellow light

Every driver will occasionally have
to make a quick decision whether
or not to stop at a yellow light.
His intuition about this has been
built up by many tests and some
mistakes, but a calculation might
reveal some situations where
intuition will not help.

For some given light duration
and intersection size, what com-
binations of initial speed and
distance require you to stop (or
run a red light)? What range of
speed and distance would allow
you to make it through in time?
Notice that for a certain range of
these parameters you can choose
either to stop or not. But there
is also a range in which you can
do neither in time, in which case
you may be in a lot of trouble.

123.

24

Getting the bat there in time

To make a hard line drive you must
get the bat into the proper position
for the collision with the thrown
ball. How much error can you
stand, both in the vertical direc-
tion and in time, and still be able
to get the hit? For example,

would it be all right if your timing
is off by some small amount such
as 0.01 second?

4.

Exceptionally good reference:
Crabtree (36).
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Turn or stop

It is hard to find any physics of a
more real-world nature than that
which involves your own death.
For example, suppose you suddenly
find yourself driving toward a
brick wall on the far side of a
T-intersection (Figure 2.5). What
should you do? Use your brakes
fully, without skidding, while
steering straight ahead? Turn at
full speed? Or turn while applying
your brakes as well as you can?
Consider this question in parts.
First, assume you can stop the car
in time by braking and steering
straight. Would turning instead
also save you? Right now you’ll
probably want to think about this
with ideal conditions. Later you
can throw in the possibllity of a
skid, differences in road handling

between front and rear tires, and
brake fade. What if the straight-
ahead option won’t stop you in
time? Should you bother turning,
or are you doomed to an early
death?

If you were to find a large object
in the road, would it be better to
attempt a head-on stop or to try to
steer around it? Of course, the
answer will depend on the object’s
size.

Don’t answer quickly in any of
these cases, for even though you
may be very experienced, your
intuition may be wrong. If it is
wrong, the question becomes far
more relevant.

122,

Figure 2.5
Turn or stop for the brick wall?

2.6

The secret of the golf swing

How should you swing a golf
club in order to impart maximum
speed to the ball? While many
golfers might prefer to keep the
problem in the realm of the eso-
teric, we should be able to con-
sider it using some physics. What
should the initial backswing angle
be? When should you relax your
wrists? Should the club, arms,
and ball be along a straight line
when contact with the ball is

| made?

5,6, 1613.

momentum transfer

center of mass motion

2.7

Jumping beans

Why do jumping beans jump?
There they are, lying quietly in
your hand, when suddenly,

every few seconds, they jump into
the air. Can you convince a friend
they violate conservation of mo-
mentum?

7,8 9,p. 238.

2.8

Jumping

How high can you jump? Can you
calculate the height? Would you
be able to jump higher if your legs
were longer? s there any initial
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orientation or way of swinging the
arms that would increase your
jump?

How far can you jump? Some
athletes bicycle their legs as they
fly through the air; does this
really help? At what angle is it
best to leave the ground? At the
angle (45°) that maximizes the
range of a projectile?

Why do pole vaulters and broad
jumpers charge forward for the
jump but high jumpers approach
the jump much slower? Shouldn’t
all three obtain the maximum
possible speed before they leave
the ground?

Can you jump as high or as far on
a seacoast beach as you canon a
mountain? [f the height above sea
level makes a difference, some
caution should be exercised in com-
paring record jumps at various
altitudes.

10 through 13.

29

Throwing the Babe a slow one

Pitchers sometimes threw Babe
Ruth slow balls because they
thought it would be harder for
him to hit a home run if the ball
were moving slower when struck.
Does this belief have any physi-
cal basis?

14, p. 274.

impulse elasticity
collisions
2.12
2.10 Softballs and hardballs
Karate punch

In karate classes I was taught to
terminate a punch, kick, or edge-
of-hand chop several centimeters
inside my opponent’s body. This
is different from normal street
fighting where there is much
follow through. Which technique
will produce more damage?
Through a rough calculation, can
you show the feasibility of a karate
fighter breaking a wooden board,
a brick, or a human bone with a
punch?

1632.

2.11

Hammers

Should a sculptor use a heavy
hammer or a light one on his
chisel? Which hammer should be
used to drive a nail? When would
an elastic collision (that is, one
with a full rebound of the hammer)
be more desirable than an inelastic
collision? Consider something on
a grander scale, a piledriver, for
example: should the piledriver be
heavy or light compared to the
pile? A guess is easy to make, but
a calculation should back it up.

15, 16, pp. 396-399.

Should you hit a hardball and a
softball differently? In particular,
should there be more follow
through for one than for the other?

4.

2.13
Heavy bats

Why do home-run hitters prefer
heavy bats? It seems it would

be harder to give the heavy bat a
large final speed and hence harder
to hit the ball very far. Should you
use the heavy bat for a bunt? Con-
sidering the range of weight normal-
ly used, does the bat’s weight

really make much difference?

4.

center of mass motion

2.14

Jerking chair

A body’s center of mass moves
only if an external force is applied,
but you can get to the other side
of the room in a chair without
letting your feet touch the floor.
If all your twistings and contor-
tions are internal forces, what
provides the external force?

The walrus speaks of classical mechanics
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power pressure
energy force
2.15 2.17

Click beetle's somersault

If you poke a click beetle lying on
its back, it throws itself into the
air, as high as 25 cm, with a notice-
able click. That in itself is trifling,
you say? But the beetle, without
using his legs, hurls himself up-
ward with an initial acceleration

of 400 g and then rotates his body
to land on his legs. 400 g! Even

more surprising is that the power
needed for this is 100 times the
direct power output of any
muscle. How does the beetle
produce such an enormous power
output? How frequently can he
perform this amazing feat, and
what physically determines the
frequency?

21, 1485, 1531.

weight

momentum transfer

Balanced hourglasses.
Sand in bottom of each.

{

Figure 2.16
The weight of an hourglass.

2.16

The weight of time

Does the weight of an hourglass
depend on whether the sand is

flowing (Figure 2.16)? If some
of the sand is in free fall, won’t

If you tip over an hourglass,
does it weigh less?

the weight of the hourglass be
less?

17.

Pressure regulator

Have you ever used a pressure
cooker? Mine has a solid cylinder
on top of the lid that somehow
regulates the pressure. There are
three different size holes drilled
into the side of the cylinder, and |
pick the pressure by placing the ap-
propriate hole over the hollow stem
extending from the pan (Figure
2.17). How does it work? The
pan’s steam must lift the same
cylinder no matter which hole |
pick. Why do | get different pres-
sures by using different holes?

Figure 2.17
Pressure regulator.
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elasticity Friction
2.19 through 2.22
2.18 2.19
The superball as a deadly weapon Locking brakes

If a small superball,* which is a
very elastic rubber ball, is dropped
immediately after a large one as
shown in Figure 2.18qa, the small
ball will be shot back up into the
air after the two balls strike the
floor. If the mass of the small
ball is appropriately chosen, the
other ball will completely stop at
the floor and the smaller ball will
rebound to about nine times its
original height.

Try this as well: drop a large
superball, a small superball, and a
ping-pong ball as shown in Figure
2.18b. If the balls are appropriate-
ly chosen, the ping-pong may
reach almost 50 times its original
height.

18 through 20.

*® Wham-0O Manufacturing Company,
San Gabriel, California; similar balls are
sold under other brand names.

If you must stop your car in a
hurry, should you slam on the
brakes and lock them?

2.20

Wide slicks on cars

If you had to decide between
regular-width tires with no treads
and wide tires with no treads (both
are called slicks), which would you
choose for better braking ability?
In drag racing wide slicks are
preferred for the rear tires. Why?

work

power

2.21

Friction in drag racing

In drag races there are two mea-
surements of interest: the final
speed and the total elapsed time
on a quarter-mile course. To
help gain traction, a sticky fluid
is poured under the rear wheels
before the ‘‘go” light, but ap-
parently the track’s friction really
affects only the elapsed time and
has little influence on the final
speed. Why?

22

Figure 2.18
Rebounds of several superballs
dropped simultaneously.
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Figure 2.22

Sliding your index fingers under a yardstick

2.22

Sliding stick across fingers

Hold a yardstick horizontally on
your index fingers and slide your
fingers together smoothly (Figure

2.22). Does the stick slide smoothly 23 24, pp. 83-84

over your fingers? No, it slides

angular and linear
momentum conservation

action-reaction

first on one finger and then on the
other, and so on. Why does the
sliding change back and forth?

Rational kinematics
and dynamics
2.23 through 2.55

friction

torques

angular motion angular momentum

torque rotational energy

moment of inertia

2.23

Accelerating and braking in a turn

Why is it unwise for you to do any
significant braking when your car
is in a turn? For example, suppose
that while in the curve you decide
you are taking it a bit too fast.
What happens if you apply the
brakes too hard?

Race drivers accelerate as they
are leaving a curve, not while
they are in it. Why?

29,30, p. 8.

2.24

Starting a car

There is much debate about how to
start a stick-shift car on a slippery
road. Some claim you should have
the car in low gear; others swear
you must put it in high. Why does
the gear you use matter at all?

What is needed to get the car mov- [

ing? Why must the initial speed be
small? What advantages would

any one gear have over the others?
You'll have to explain how the
torque applied to the wheel de-
pends on the gear and decide

when you need more or less torque.

28.

2.25

Left on the ice

For a mean trick, your friends
desert you in the middle of a
large frozen pond. The ice is so
very slippery that you can’t walk
off in a big huff, or even crawl off
in a small one. How can you get
off the ice?

Now let us suppose you were
first placed on your back. After
lying there for a while, your back
is frozen to the bone and you want
to turn over. How do you do it on
such slippery ice?

They could have been meaner.
They could have stood you up and
tied you to a pole fixed in the ice
(Figure 2.25). How could you turn
yourself about that pole if they

| —

Figure 2.25
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had left your hands free? The pole
is too slippery to use, and the ice
is too slick to turn with your feet.
How then do you turn around to
face the other way?

9,p. 238.

collision

impulses

linear kinematics

precession

center of gravity

2.26

Turning a car, bike, and train

How do you turn a bicycle? How,
exactly, do you initiate the turn?
On a motorcycle you turn by
leaning the bike and not by turn-
ing the handle bars. Why the dif-
ference?

When a train goes around a curve
it leans because the roadbed is
banked to prevent the centrifugal
force from derailing the train. Will
the leaning also affect the turning
asin the motorcycle case? Try a
rough, back-of-the-envelope cal-
culation to see. Whether or not
the effect is significant or even real,
the outside rail on a curve is often
elevated.

Finally, do you have a similar
consideration in turning high speed
cars, such as the Formula 1 race
cars?

16, pp. 5635-536, 24, pp. 156-

157; 35, 36, pp. 43-44,; 37, pp.
146-147; 38, pp. 89-93; 1612.

2.27

Pool shots

How do you set up a “‘follow shot’”’
(the cue ball follows after the ball
with which it has collided) or a
“draw shot”’ (cue ball returns after
the collision). | thought thatif a
moving object hits a stationary ob-
ject of the same mass, the first
object stops.

A massé shot is one in which the
cue ball describes a parabolic path
(Figure 2.27a). (These shots are
usually outlawed in most pool
halls for a missed massé shot will
rip up the table cover.) How
must the cue ball be hit to bring
this about and why, in detail, does
it happen?

Why is the cushion higher than
the center of the balls (Figure
2.27b)? Wouldn’t you get better
rebounds if the cushion were at
the center’s height?

How can English be used in a
cushion shot?

14, pp. 143-146; 24, pp. 158-
161, 250-251, 25; 26, pp. 183-
186, 27, pp. 139-143, 268-274,
290-301.

@

Figure 2.27a
Masse shot.

Figure 2.27b
Height of cushion.
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Figure 2.28

Superball tricks (after drawings copyrighted 1970 by Wham-O Manufacturing Co., used with permission).

2.28
Superball tricks

One of the most significant
advances made by our technolog-
ical society is the Superball ™.
Because of its high elasticity it can

perform some rather amazing tricks.

Several are shown in Figure 2.28.

Figure out how you set up each
trick and explain how they work.

31, 32.
*® Wham-0O Manufacturing Company,
San Gabriel, California; similar balls are
sold under other brand names.

stability

mechanical efficiency

2.29
Bike design

Why is a modern bicycle designed
the way it is? In the past there
has been a great variety of designs
(Figure 2.29a). Some, for
example, had radically different
wheel sizes, and some had the
pedals attached to the front wheel.
Is the modern bike more efficient
or more stable than its predeces-
sors?

Why does the modern bike have
a curved front wheel fork? Would
the bike be more or less stable
with the other possible fork de-

Design used '

Other designs to be considered :

signs shown in Figure 2.296?

35,39, 41, 42, Vol. Il, Chapter
6,43

Figure 2.29b

Figure 2.29a
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resonant driving force

2.30
Hula-Hoop

The Hula-Hoop* is a plastic hoop
that can be kept rotating about
your waist by an appropriate cir-
cular motion of your hips (Figure
2.30). The toy was first popular
in the 1950s, but similar hoops
rotated about the arm or leg have
been used for toys and in dances
for a long time. The American
Indians, for example, used them
in some types of hoop dances.
Think about what it takes to
keep a Hula-Hoop up and going.
You throw it around your waist
and then trap it with your driving
hula motion. Should the initial
speed you give it be more than the
speed at which you are going to
trap it? How do you drive it
around? Is the hoop’s motion in
phase with yours? What is the
minimum speed you can use?

34.

Figure 2.30

Hula-Hoop.

*® Wham-0O Manufacturing Company,
San Gabriel, California.

driven rotational motion

THE SATURDAY EVENING POST

Figure 2.31
“Nobody likes to fall, Rocco—but

2.32

Cowboy rope tricks

How does a cowboy keep his lasso
up and spinning? What minimum
speed must he maintain in order to
keep the lasso horizontal? Vertical?

33 120.

this is ruining our image.”> The
Saturday Evening Post.

moment of inertia

stability
stability
torques
2.33
Spinning a book
2.31 pinning
Keeping a bike upright

How do you keep your balance on
a bicycle? When you sense a fall,
do you steer into the fall and there-
by right the bike? Or does the
bike itself do most of the stabiliz-
ing? It must at least contribute
some stability because if it is
pushed off riderless it will stay up
for almost 20 seconds.

How do you balance and steer
the bike when you ride without
using your hands? Suppose you
stand next to the bike and you
lean the bike to the right. Which
way does the front wheel turn and
why?

24, pp. 156-157; 35; 36, pp. 43-
44, 37, pp. 146-147; 38, pp. 89-
93, 42, Vol. 11, Chapter 6; 43; 44,
pp. 122-123.

If you hold it closed with a rubber
band, you can toss this book into
the air spinning about any of the
three axes shown in Figure 2.33.
The motion about two of the axes
is a simple, stable rotation. The
rotation about the third axis,
however, is much more complicated,
no matter how carefully you throw
the book. (See Figure 2.33.) Try
it. What causes that uncontrollable
wobbling about the third axis?

44,p. 115,

Figure 2.33
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energy conservation

moment of inertia

collision stability
2.34 2.37
Fiddlesticks Car in icy skid

Fiddlesticks* is a remarkably simple increase as the ring falls? In fact,

yet fascinating toy. It consists of a
plastic ring (of relatively large inner
diameter) on a stick. Once the
ring is sent spinning by a flick of
your fingers, the stick is held ver-
tically. The ring begins to drop
(slower than you would expect),
and as it comes down the stick,
the ring spins faster and falls

even slower (Figure 2.34). By in-
verting the stick just before the
ring reaches the lower end of the
stick, the process can be repeated
indefinitely. Why does the spin

Figure 2.34

why doesn’t the ring just fall
with the full gravitational ac-
celeration?

Now use two rings at once. Not
only is this more spectacular, but
a curious thing often happens.
The top ring may be dropping
faster than the lower ring and thus
may run into the lower ring. If
this occurs, the rings bounce
apart, the upper ring rising (Figure
2.34). Why?

*® Funfair Products, Inc., New York,
N.Y. 10016.

If your car starts to skid on an

icy road, are you supposed to
straighten it out by turning the
front wheels in the direction in
which you want to move or in the
direction of the skid? Why?

46.

2.38

Tire balancing

If your tire is balanced statically
with a simple bubble leveler, will
it still be balanced when it’s
spinning? Can you get both static
and dynamic balancing with a
single balancing weight added to
the rim? How about two?

47.

torque

moment of inertia

torques

center of gravity

2.35

Eskimo roll

How does a kayaker right an
overturned kayak without ever
leaving the cockpit?

45; 1563.

2.36

Large diameter tires

Will large diameter tires really
make your car go faster?

2.39

Tearing toilet paper

Why, on some toilet paper dispens-
ers, can | get a long piece of toilet
paper without tearing if the roll is
fat, but when the roll has been
nearly used up, the paper inevita-
bly breaks too soon, giving only
short pieces? Why is just the op-
posite true for other dispensers?
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torques

angular momentum

2.40
Skipping rocks
How does a stone skip across the being fired upon. So, the RAF against the wall and made it
water? If you skip a stone across developed a bomb (cylindrical, crawl downwards until it

hard-packed, wet sand, the marks  with a length of about 5 feet and exploded, on a hydro-
in the sand provide a record of the  a slightly smaller diameter) which  static fuse set for 30 feet

stone’s flight. You’ll find the was given a backspin around its below surface, still clinging
first bounce is short (several inches), length of about 500 rpm in the to the dam. It was a beauti-
the next is long (several feet), and  plane’s bomb bay before it was fully simple idea for position-
this sequence repeats itself over and released over the target (Figure ing a bomb weighing almost
over until the stone comes to rest 2.400). 10,000 1bs to within a few
(Figure 2.40a). Why does it follow When it hit the water, the feet. %

this pattern? bomb skimmed like a stone, 48- 49; 1486.

During World War II the skipping bouncing in shorter and

rock effect was used by the British i il it hi
shorter jumps until it hit *From The Royal Air Force in World

in the bombing of German dams. i in-

. cpps g the dam itself. T.hen’ n War 11, edited by Gavin Lyall, copyright
It is very difficult to drop a bomb stead of rebounding away, © 1968 by Gavin Lyall. Published by
on a dam, especially when you are the back-spin forced it William Morrow and Company, Inc.

Figure 2.40a
Path of skipping rock on sand.

Figure 2.40b
The skipping-rock bomb.
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torque

orbits

torques

angular momentum

torques

angular momentum conservation

241

Car differential

When your car takes a turn, the
outside wheels must move faster
than the inside wheels. Since
there is an inside and an outside
wheel on each axle, how is this
turning accomplished?

24, pp. 254-255; 52, pp. 500-501.

angular momentum

moment of inertia

2.42

Racing car engine mount

Some of the European racing cars
have their engines mounted in the
centers of the cars, rather than in
the fronts or rears. The racing
circuits in Europe are really just
streets and therefore have lots

of fast turns. Considering the
torque needed to turn a car,

what advantages does a
center-mounted engine have

over the conventionally mounted
engine in this situation?

center of gravity

stability

243
Tightrope walk

How does a tightrope walker keep
his balance? Why does a long bar
help?

2.44

Carnival bottle swing

There’s an old carnival sideshow
trick involving hitting a bottle
with a pendulum suspended
directly above it (Figure 2.44).
To show your skill, you must
start the pendulum so that it
misses the bottle on the forward
swing and then hits it on the
return swing. The barker, of
course, won'’t let you throw the
pendulum over the top. Still,
this trick shouldn’t be too hard,
should it? With a few tries you
should find the arc needed to win
the prize. Well, try it, and then
worry about why it doesn’t work
and then about what would make
it work.

53, p. 184.

Figure 2.44
Swing the ball so as to hit the
bottle on the return swing.

2.45

Falling cat

It is common knowledge that if
you drop a cat upside down it will
land on its feet; even tailless cats
show this mysterious ability to
right themselves. Now, if there is
no external torque the cat’s angular
momentum must be constant. /s
the angular momentum constant
during the fall? If so, how does

the cat turn itself through a full
180°? If the angular momentum

is not conserved then somewhere,
somehow, there must be a torque
on the cat. But where? References
36 and 54 contain photographs

of a cat turning over, and they are
clear enough to provide an explana-
tion.

9, p. 238; 36, pp. 56-57, 54,
55.

2.46

Ski turns

A ski turn can be a set of rather
complicated twists and gyrations
but consider the several simple
elements of such a turn.

The Austrian turn requires a
sinking of the whole body, followed
by a powerful upward thrust and a
rotation of the upper part of the
body. The lower part, and hence
the skis, rotate the opposite way
as a result. Why? For a given
upper-body rotation, how much
does the lower body turn?
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The normal skiing stance gives a
straight skiing path, but a shift of
one’s body either forward or back-
ward on the skis will force a turn.
Why and which direction of
shifting gives which sense of turn?

If the skis are edged (the ski’s
uphill edge is held into the snow so
that the ski is at an angle to the
snow’s surface), turns are also
caused by a shifting of weight, but
the sense of turn is opposite to
that in the normal-stance case.
Why is that, and again, what forces
the turn?

55; 1525,

247
Yo-yo

Can you tell me why a yo-yo comes
back up? How about the sleeping
yo-yo in which the yo-yo is thrown
down and spins at the end of the
string until it returns when you

give the string a slight jerk. If the
sleeping yo-yo touches the floor,

it will walk along the floor—this is
“walking the dog.”’

As an even better trick, put the
yo-yo to sleep, take the string off
your finger and hold it between
your thumb and index finger. Now
give that hand a slap. As soon as
the yo-yo starts to climb back up,
let go of the string. The yo-yo
will charge up the loose string,
neatly winding it up. Dazzle your
friends by catching the yo-yo in
your coat pocket when the string
is wound up.

24, pp. 246-247; 56.

248

Slapping the mat in judo

When you‘ve been thrown in judo,
slapping the floor with your arm
at the moment of impact will pre-
vent injury in the fall. How does
it work? The effect is probably
partly psychological, but | know
that for the most part it is real.
When | was taking lessons, | was
always hurt when | missed the
slap or when my timing was off.
When | slapped the mat properly,
my discomfort was only mild.

center of gravity

torques

stability

angular momentum

torques

stability

2.49
Bullet spin and drift

Why are bullets given a spin as
they travel down the rifle barrel?
The rifle, in fact, derives its name
from the rifling—the spiral grooves
in the bore—that impart this spin.
If the bullet is given a counter-
clockwise spin as seen from the
rear, it will drift to the left of the
target. A clockwise spin will cause
a drift to the right. Why? Can you
calculate, roughly, the amount of
drift for small and large guns?

16, pp. 536-537; 26, pp. 154-
155, 36, pp. 53, 140-144, 37,
pp. 148 ff, 274 ff: 38, pp. 117-
119,40, pp. 440-441, 64, pp.

393-394.

Figure 2.50
Leaving a leaning tower for a
librarian.

2.50

The leaning tower of books

If you want to construct a stack of
books leaning to the side as much
as possible (Figure 2.50), what is
the best way to stack them?
Would you put the edge of one
book over the center of the lower
book?

57 through 59, 1559.
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forces in a rotating frame

angular momentum

center of gravity

stress and strain

2.51

Falling chimneys

When a tall chimney falls, it

usually breaks in two at some point
along its length. Why doesn’t it

fall in one piece? Where do you
think the break will occur? Will
the chimney bend towards or away
from the ground after the break
(Figure 2.51a)? You can check
your answer by toppling a tall stack
of children’s blocks and seeing

which way the stack curves as it
falls.

If the chimney does not break,
something even stranger may occur:
the base of the chimney may hop
into the air during the fall (Figure
2.51b). How can it do this,
seemingly against gravity?

9, pp. 124-125; 60 through 63.

.'l.’l'.'l'.’l'.'l'.'l'.'l.'l'.’l'.'l'.'l'.'l'.il'.il'.il'il'

(a) Which way will a chimney break?

Figure 2.51

(b) If it doesn't break, it may hop up.

forces in a rotating frame

2.52
The Falkland Islands battle and Big
Bertha

During World War |, there was a
famous British-German naval fight
near Falkland Islands (about 50°S
latitude) in which the British shots,
while well aimed, were mysteriously
landing about a hundred yards to
the left'of the German ships. The

British gun sights were not faulty,
for they had been set very precisely
back in England. During the
German shelling of Paris in the
same war, a huge artillery piece
called Big Bertha would pump
shells into the city from 70 miles
away. |f normal aiming procedure
has been employed, Big Bertha's
shots would have missed their
mark by -almost a mile. What was
happening to the shells?

68 through 72; 1488.

253

Beer’s law of river erosion

Why does the right bank of a river
in the northern hemisphere suffer
more erosion, on the average, than
the left bank?

24,p. 164, 72, 73.

2.54

A new twist on the twirling ice
skater

The twirling ice skater has long
been used as an example of the
conservation of angular momentum.
When she pulls her arms in, she
spins faster due to the conserva-
tion of angular momentum (there
are no external torques).

This is all true, of course, but I
would like to explain the speeding
up in terms of forces because
force arguments are more acces-
sible to the imagination than
angular momentum arguments.
What is the force that speeds up
her spinning?

74.
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airfoil theory

angular motion

2.55

Boomerangs

Returning boomerangs are designed
to be thrown great distances and to
return to the thrower. Australian
natives have thrown them as far as
100 yards and to heights of 150
feet with five complete circles.
The nonreturning type, which is
more practical for hunting, can be
thrown as far as 180 yards.

The ordinary boomerang is
shaped like a bent banana. Is
it essential that the boomerang
have this particular shape? Can one
make a returning boomerang in
the shape of an X or a Y? Most

Figure 2.55
Boomerang path.

e e
— ———

boomerangs are designed to be
thrown with the right hand. What
is the difference between left-
and right-handed boomerangs?
Why does a boomerang (of any
shape) return? Why does it loop
around in its path (see Figure
2.55)? Finally, how does the
path depend on the boomerang’s
orientation as it leaves the
thrower’s hand?

26, pp. 1563-154,; 37, pp. 291-
296, 65 through 67; 1564.

—_—
—_——

Periodic motion

(2.56 through 2.68)

angular momentum

torques

potential and kinetic energy

center of gravity

2.56

Swinging

When you swing, you must pump
first to gain height and then just
to keep going. How does pump-
ing work? How do you pump if
you want to start to swing from
rest? Do you pump differently
when you are sitting and standing?
Is it possible to turn a complete
circle on a well-oiled swing, or is
there some limit to the height you
can reach? You might want to
consider a swing hung on rigid
bars as well as on chain or rope.
How much work do you do in
pumping from rest to some maxi-
mum height?

9,p. 239; 26, pp. 245-246; 42,
Vol. |, pp. 179-181, 75
through 80.

oscillations

resonance

2.57

Soldiers marching across footbridge

In 1831 cavalry troops were travers-
ing a suspension bridge near
Manchester, England, by marching
in time to the bridge’s swing. The
bridge collapsed. Ever since then,
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troops have been ordered to break
step when crossing such bridges.
What is the common explanation
for the danger, and is the danger
real? Make rough calculations if
you can.

81, pp. 59-60; 82, pp. 193-194;
1571.

resonant oscillations

2.59

Road corrugation

A road that is initially flat may
develop a bump, and soon there-
after ripples appear down the
road. In fact, the ripple itself
seems to propagate slowly along
the pavement. Thus many un-
paved roads and even some black-
tops and concrete roads look like
washboards, especially after a

rain leaves the depressions filled
with water.

A similar pattern has been ob-
served on trolley car and railroad
tracks. A train passing over such
corrugation makes so much noise
that the tracks are called “roaring
rails.” Skiers may also find a wash-
board surface on their ski trails.
What causes such corrugation?
What determines its periodicity?
Can you predict the periodicity
by simulating the effect in a sand-
box with a hand-held wheel?

89.

torques, angular momentum

energy change, resonant oscillations

2.58

Incense swing™

Pilgrims to Santiago de Campostella, pumped by about six men (see

Spain, visit the shrine of St. James
to burn incense. The incense and
charcoal are held in a large silver
brazier hung from the ceiling.

The brazier is set swinging with a
small amplitude, and then it is

Figure 2.58) until it is swinging
through 180°. The swinging makes
the charcoal burn energetically for
the pilgrims. The pumping is the
interesting part: they do it by
shortening the rope by about a

o e e e e e —

Figure 2.58

meter each time it passes through
the vertical; they release the same
amount of rope when the container
reaches its maximum height. How
does this shortening and lengthening
of the rope increase the amplitude?

*H. Pomerance, personal communication.
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coupled harmonic motion

pendulum motion

coupled harmonic motion

2.60
A ship’s antiroll tank

A ship’s rolling is normally just
unsettling, but if the waves strike
the ship at its resonant frequency,
the rolling can be very dangerous.
Consequently, some ships have
carried tanks partially filled with
water to diminish the danger
(Figure 2.60). Such a tank had
carefully chosen dimensions so
that the resonant frequency of
the water it held matched that of
the ship. But isn’t there some-
thing wrong? Since the resonant
conditions were matched, how
could the tank have managed to
stop the resonant buildup of

the ship’s rolling?

44, p. 270; 88, pp. 202-203.

Figure 2.60
The antiroll water tank in a ship,
as shown in cross section.

stability

Figure 2.61

If the plate is oscillated vertically
fast enough, the pendulm won’t
fall over.

2.61

Inverted pendulum, unicycle riders

Suppose you inverted a penduium
and tried to stand it on its end. It
would be unstable and would fall
over at the slightest disturbance.
But if the pendulum were made
to oscillate up and down fast
enough (Figure 2.61), it would be
stable even against small distur-
bances. A unicycle rider accom-
plishes the same thing, except that
he uses a horizontal oscillation to
stabilize himself. Why is there
more stability in the oscillating
cases? What determines the
oscillation frequencies needed to
gain such stability? Rather than
use equations entirely, can you
explain the inverted pendulum
physically?

83 through 87; 795.

2.62

Spring pendulum

You are already familiar with
springs and pendulums, but have
you considered putting them
together by suspending the pen-
dulum bob on a spring? If you
choose the spring and the bob
appropriately you will have a
remarkable example of sym-
pathetic oscillation. Just as

you would expect, a vertical

pull sets up vertical oscillations;
but soon the vertical motion

dies away, and the bob begins

to swing like a pendulum (Figure
2.62). After a short time itis
again oscillating vertically. Some-
how the energy of the system
moves back and forth between
the two oscillatory modes and
continues to do so as long as there
is energy left in the system. How
must you chocse the bob’s mass
and the spring’s mass and length
to obtain this oscillation exchange?
Why does the exchange take place
at all? With what beat frequency
does the bob switch from mode to
mode?

Figure 2.62
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coupled pendulum motion

2.63

The bell that wouldn't ring

There’s no sense in putting up a
bell refusing to ring, but that’s what
was done at the Cathedral of
Cologne. The pendulum frequencies
of the bell and its clapper were so
unfortunately chosen that the bell
and clapper swung in phase, and of
course the bell won't ring that way.
Under what conditions will the
pendulum motions be so matched?
And when it does happen, what
can you do about it, short of
throwing the bell out of the belfry?

16, pp. 409-413; 37, p. 148.
\

ThaoN
Figure 2.63

“It dings when it should dong.”

though they keep very good time
if fastened down securely. If hung
free on a chain by its stem (Figure
2.64), the watch will gradually
begin to swing and may gain or
lose up to 10 or 15 minutes a day.
Why does it swing, and why does
the timekeeping get messed up?
Finally, why do some watches gain
time while others lose time?

16, pp. 420-424; 24, pp. 114-
117,42, Vol. 11, pp. 85-87,
190; 90.

shorter the waterfall. In fact, the
product of the frequency and the
height of the waterfall is always
one fourth the speed of sound in
water. Why should the frequency
have anything to do with the water-
fall’s height, and why in the world
should their product be one-fourth
the speed of sound?

g1.

impulse

vibrational modes

2.66
Stinging hands from hitting the ball

Sometimes when you’re batting a
ball, your hands may get a good,
healthy sting. The sting is related
to what part of the bat hits the

ball. Not only can such a collision
cause a sting, but also it makes it
much more likely the bat will break.
Why are there such points on the
bat, and where are they?

coupled harmonic motion

2.64

Swinging watches

Once hung on a chain, free to
swing, should a pocket watch
change its timekeeping rate?
Many pocket watches do, even

Figure 2.64 4.
Swinging pocket watch.
vibration
resonance vibration
standing waves

2.67

2.65

Earth vibrations near waterfalls

Waterfalls pound the earth so hard
that you can feel the vibration in
the ground from a considerable
distance. For most waterfalls one
frequency of vibration is dominant,
and the frequency is higher, the

The archer’s paradox

No matter how well an arrow is
aimed, when it is loosed and the
feathered end is passing the bow
grip, it will deviate considerably
from the line to the target, perhaps
as much as 7° (Figure 2.67). The
archer’s paradox is that a well-
aimed arrow will still strike the
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Top view

Figure 2.67
Once the arrow is loosed, it
doesn’t point toward the target.

target. How can this be? First
of all, why is there a deviation
and second, given the fact of the
deviation, why does the arrow
then hit the target?

High-speed photographs of the
arrow show that the last time
the arrow touches the bow’s stock
is when it is first loosed. It
does not touch the stock even as
the feathered end passes. If that's
true, how does the arrow find its
way to the target?

92.

vibrations

driven rotation phase

2.68

Magic windmill

A fascinating toy which you can
easily build yourself is the rotor
on a notched stick (Figure 2.680a).
One stick has notches along its
length and a small propeller on the
end (on a straight pin jammed into
the stick). The second stick is
used to stroke the notches. Hold-
ing your forefinger on the far side
of the notched stick and your
thumb on the near side, run the
stroking the stick back and forth
notches, as shown. Asyou are
stroking, let your forefinger press
against the notched stick (Figure
2.68a). The propeller will turn
in one direction. Now loosen
your forefinger and let your
thumb press against the stick,
stroking the stick back and forth
all the while. The propeller will
turn in the opposite direction.
When you’re showing this to
the uninitiated, you can slyly
shift from the forefinger to the
thumb and make a great mystery
of the change of direction of the

Figure 2.68

Magic windmill. (After R. W. Leonard, Am. J. Phys., 5, 175 (1937).

spin. The number of lies you can
feed someone about why the rotor
reverses is almost unlimited—I like
to attribute it to a variation in
cosmic ray intensity.

The first question you should ask
yourself is why the rotor turns at
all. Next comes the bigger mystery
of why the spin sense depends on
which side of the stick you press.

If you want something flashier,
put four rotors on the stick (Figure
2.68b). All four will turn in the
same direction, so there’s nothing
essentially different about this.
Another design, which is more dif-
ficult to explain, has two rotors
mounted one behind the other
(Figure 2.68c). Something strange
does happen in this case. You can
make both rotors turn to the left
or both to the right or, best of all,
you can make one go in one direc-
tion and the other in the opposite
direction.

93 through 96, 1487.
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Gyroscopic motion
(2.60 through 2.73)

torque precession

angular momentum

2.69

Personalities of tops

Why does a spinning top stay up?
Can you explain it using only
force arguments, without invoking
torque and angular momentum?
The top stays up against gravity;
hence, there must be a vertical
force. What produces that force?
Can you also explain the personal-
ities of individual tops? Some
“sleep,” that is, remain vertical;
others precess (Figure 2.69) like
mad. Some are always steady in
their motion; others are worri-
some before finally settling down
to a steady motion. Some die long,
lingering deaths; others depart
rapidly. How do you account for
these varied temperaments?

36, 37, Chapter 1.

Figure 2.69
In precessing, the top’s axis
itself rotates about the vertical.

k/

Figure 2.70
2.70

Diabolos

The diabolo, an ancient toy, is a
spool made of two cones stuck
together, which is spun by means
of a string whose ends are tied to
sticks (Figure 2.70). Spinning is
initiated by first lowering the right
hand, smoothly drawing it back
up and thus spinning the diabolo,
then quickly dropping that hand
again and repeating the process
until sufficient spin has been
given the diabolo.

Why is the diabolo so much
more stable when spinning? Even
then, you may have to make cor-
rections. For instance, suppose
the near end begins to dip. What
should be done with the sticks to
make the spool horizontal again?
Or suppose that you want the
spool to turn to your left. What
must you do with the sticks?

36, pp. 40-41, 120-121,
37, pp. 458-459.

2.71
Spinning eggs

In times of doubt, you can
distinguish a hard-boiled egg from
a raw one by spinning them. The
cooked egg will stand on end and
the raw one will not. Why?
Another way to tell if an egg is raw
or cooked is to spin it, stop it with
your finger, and quickly release it
(Figure 2.71). A cooked egg will
sit still, but a raw one will begin
to turn again. Again, why?

36, pp. 5-6, 51, 155,,37, pp.
16-17, 264-272; 108, 109,
pp. 39,57, 110,p. 123.

Figure 2.71
Testing for a fresh egg.

2.72

The rebellious celts

Some of the stone instruments
made by primitive men in England
display curious personalities when
they are spun on a table. These
stones, called celts, are generally
ellipsoidal in shape. When you
spin them about the vertical axis
some behave as you would guess,
but others act normally only
when spun in one direction about
the vertical (Figure 2.72a). If you
spin them in the other sense, the
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Figure 2.72a.

Spinning celt.

rebellious stones will slow to a
stop, rock for a few seconds, and
then spin in their preferred direc-
tion. Some stones demand one
direction, others demand the op-
posite.

If you tap one of these stones
on an end, say at point A in
Figure 2.72b, it will rock for a
while. But soon the rocking
ceases, and the stone begins to
rotate about the vertical axis.

Try to make some wooden celts
displaying this rebellious nature.
What causes such personalities?

2.73
Tippy tops

There is a kind of top that really
knocks me out—it is part of a
sphere with a stem in place of the
missing section (Figure 2.73).
Given a spin on its spherical

side, it will quickly turn over and
spin on the stem, the heavier side
thus rising against gravity. Why
does it rise? What forces the top
up? Isn’t it completely contrary
to your intuition that the spin-
ning top is so unstable in the ini-

Initial orientation

tial orientation and so much stabler
in the final one?

The same behavior can be seen
with high school and college rings
having a smooth stone. Foot-
balls and hard-boiled eggs will
also raise themselves up on their
points when spun in similar
fashion.

36, pp. 5-6, 51, 155; 97
through 108, 109, pp. 39-57.

Final orientation

Top turns upside down

Figure 2.73

26, pp. 204-205; 36, pp. 7,
54, 37, pp. 363-366.

Gravitation
(2.74 through 2.79)

gravity kinetic and potential energy

orbits

torques

moment of inertia

Figure 2.72b.
Celt initially set rocking at
A begins to spin.

2.74

Seeing only one side of moon

Why do we see only one side of
the moon? Because the moon
turns on its own axis at such a
rate that as it orbits the earth it
always presents the same face to
us. But is this pure chance?

26, pp. 369 ff; 111.

2.75

Spy satellites over Moscow

The United States would like to see
what Russia is up to, so we put up
spy satellites with long-range
cameras. We would really like to
have a permanent satellite stay
directly over Moscow 24 hours
aday. Why don‘t we? Why, in-
stead, do we put up a series of
satellites whose times over Moscow
overlap?
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2.76
Moon trip figure 8

When the astronauts go to the
moon, why is their path (earth-
moon-earth) essentially a figure

Figure 2.76

8 (Figure 2.76) instead of an el-
lipse? In particular, does the
figure-8 path require less energy?

2.77

Earth and sun pull on moon

How large do you think the sun’s
pull on the moon is, compared to
the earth’s pull? Well, after all,
the sun doesn’t steal our moon
away, so the earth must be
pulling harder, right? That's
satisfying, but unfortunately it
isn't true. The sun pulls more
than twice as hard as the earth.
So why don’t we lose the moon?

117.

2.78
Making a map of India

| have read it is difficult to survey
India because the plumb line one
uses in surveying is pulled north-
ward to the Himalayas and thus
does not hang toward the earth’s
center. Is this true? How large do
you think the effect is, and is it
large enough to influence large-
scale surveying?

13118, 119.

2.79
Air drag speeds up satellite

Artificial satellites don’t orbit the
earth forever. Eventually the
earth’s atmosphere, thin as it may
be up there, will bring them down.
But did you know the linear speed
of a satellite in a nearly circular
orbit will increase because of the
air drag? The satellite will experi-
ence an acceleration forward along
its path, and the accelerations’s mag-
nitude will be the same as if the air
drag were turned around and were
pushing the satellite along. How
can that be?

112 through 116.
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Heat fantasies and
other cheap thrills

of the night




Pressure
(3.1 through 3.9)

Boyle's law partial pressure

atmospheric and water pressure

3.1

The well-built stewardess

LOS ANGELES (AP)—What
happens to a stewardess wearing
an inflatable bra when the cabin
of her jet plane is depressurized?

Just what you’re thinking,
Herman. Inflation.

As Los Angeles Times columnist
Matt Weinstock told it Friday, this
set of potentially explosive cir-
cumstances occurred recently on a
Los Angeles-bound flight. He
gallantly withheld the identity of
girl and airline.

“When she had, ahem, expanded
to about size 46,” Weinstock wrote,
“she frantically sought a solution.
Somehow she found a woman
passenger who had a small hatpin
and stabbed herself strategically.

““However, another passenger,

a man of foreign descent, mis-
understood. He thought she was
trying to commit hara-kiri the
hard way. He grappled*with her
trying to prevent her from
punching the hatpin in her chest.

““Order was quickly restored, but
laughter still is echoing along the
the airlines.”

Weinstock says it really happened.

Exceptionally good reference: Chem-
ical Principles Exemplified,”” edited and
written by R. C. Plumb, monthly in J.
Chem. Ed.

Good thing they don’t make
these bras puncture-proof.
. . .Associated Press

Can you calculate the stewardess’s
pectoral measurements as a func-
tion of altitude?

3.2

Making cakes at high altitudes

Why does the recipe for a cake
change when you do the baking
above 3500 feet? The side of the
cake mix box calls for more flour,
more water, and a higher baking
temperature when the mix is

used at altitudes greater than
3500 feet.

316, pp. 184-186.

3.4

Wells and storms

My grandmother claims that during
storms her water well is easier to
pump but the water may be unfit
to drink because of an increase in
suspended matter. This happens,
she says, whether the storm brings
rain or not. Others have noticed
that artesian wells generally in-
crease in strength during storms,
again regardless of the rain. Why
would these wells respond to
storms? Might there be an op-
posite effect in which a normally
freely flowing well is stopped?

318, p. 143.

elasticity

surface tension

pressure

humidity

3.5

3.3

The Swiss cottage barometer

One of my grandmother’s most
fascinating possessions is her Swiss
cottage barometer. She explains
that when the pressure falls, a little
man comes out of the cottage to
warn of a coming storm. During
fair weather a little woman

comes out instead. How does this
cottage barometer work, and does
it actually measure the barometric
pressure? | notice that when |
place it in the bathroom it pre-
dicts bad weather far more often.
Why the increase in frequency?

317, p. 201, 318, p. 209.

One balloon blowing up another
balloon

Blow up two identical balloons,
one more than the other. Take
care that air doesn’t leak until
you've joined the two balloons by a
short length of tubing as shown in
Figure 3.5. What will they do
when they are joined? Does the
smaller balloon expand at the ex-
pense of the larger one? Intuition

Figure 3.5
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may say yes, but actually the op-
posite happens: the smaller bal-
loon shrinks and the larger balloon
expands. Why? The same phenom-
enon occurs with soap bubbles.

See Boys's soap bubble book (322).

321, 322, pp. 56-57.

3.7

Emergency ascent

Suppose that while scuba diving

at some great depth, say 100 feet,
you had to make an emergency
ascent without additional air. One
lungful has to be enough for you to
reach the surface, or you’ll die.
How would you do it? (This is not

Boyle's law

partial pressure

3.6

Champagne recompression

When a tunnel under London’s
Thames River had been completed
and the two shafts had been joined,
the local politicians celebrated

the event at the tunnel’s bottom.

In the tunnel they unfortunately
found the champagne flat and life-
less. When they returned to the
surface, however, “the wine popped

in their stomachs, distended their
vests, and all but frothed from
their ears [ Figure 3.6]. One digni-
tary had to be rushed back into
the depths to undergo champagne
recompression >’ (314). What
happened to the politicians?

314, 315.

_L T —
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Figure 3.6

The danger of subterranean champagne.

really just an academic question, for
submarine crews are trained to make|
such emergency escapes.) Would
you continuously release air as you
ascend, or keep it all in? Well,
although it may seem unreasonable,
you had better release air or you
won’t make it. In fact, novice
scuba divers practicing in swimming
pools are occasionally killed because
they neglect to exhale when prac-
ticing emergency ascents. Why?

It is said the urge to take another
breath stems from the partial pres-
sure of the CO, in your lungs, not
the volume of the CO,. Researchers
conclude from this that the most
dangerous and crucial point in your
ascent will be at some intermediate
point and not near the surface.

Once you pass the crucial point,
the urge to take another breath will
relax considerably. Why is this?
What is the crucial depth? How
fast should you swim to the sur-
face? Can you swim too fast?

If you can, then what’s a reason-
able rate?

325 through 328.

3.8

Blow-holes

You'd probably imagine that caves
are full of stagnant air. Some are,
but at the entrances of some, called
“blow-holes” by spelunkers, a
fierce wind blows constantly. Why
is that? Even stranger are the
breathing caves where the air blows
in for a moment and then out al-
ternately. What drives the air back
and forth?

318, pp. 143-144, 319; 320.
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3.9

Decompression schedule

stop is: near the surface where
the diver is almost at atmospheric
pressure, near the bottom, or at
some intermediate point? I
would have eliminated the first
choice immediately, but the
decompression schedule in
Figure 3.9 contradicts me: the
longest stops are near the sur-
face. Why should that be? What
is the deepest dive you can take
without having to wait around
on the way up?

In deep-sea-diving ascents there
is always the serious threat of
“bends,” in which bubbles form
from the nitrogen dissolved in
the tissue during the dive. This
can be not only painful but

also paralyzing and even fatal.
Consequently, the ascent is
made slowly enough that the
nitrogen is disposed of without
bubble formation. You have seen
this in movies: the diver stops at
various depths in his ascent.

Where do you think the longest 323324

120 ...
100 !
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40
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Figure 3.9
Decompression schedule as recommended by the U.S. Navy for

a one-hour dive at 200 feet. Dashed line indicates the sea-level
pressure. [After H. Schenck, Jr., Amer. J. Phys., 21, 277 (1953).]

Thermal expansion

& contraction
3.10 through 3.15

3.10

Hot water turning itself off

When I turn on the hot water in
my sink, the water’s flow rate
slowly decreases and the flow may
even stop. The cold water won't
do that, so why does the hot
water behave so badly? Why does
it do that only when I've first
turned it on and not the second
time, after I've turned it up?

thermal expansion

3.11
Bursting pipes

Why do water pipes burst in winter?
If the only thing that occurs is the
freezing of water next to the pipe
walls, then there shouldn’t be any
great strain on the pipe and hence
the pipe shouldn’t burst. Besides,
the bursting usually occurs away
from the point where the water

is frozen. So, again, what causes
the burst? Is there any real ad-
vantage in letting outside taps
drip all winter as some people

do? Finally, is there any

truth to the common idea

that hot water pipes burst far
more often than cold water pipes?

253, pp. 136-137; 338, pp.
35-36; 339.
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Figure 3.12
3.12

Fever thermometer

When you take your temperature,
the heat of your mouth makes the
mercury expand. Why doesn’t the
mercury level fall as soon as you
remove the thermometer from
your mouth? It doesn’t, because
a constriction in the tube prevents
it from falling (Figure 3.12). But
why? After all, during the expan-
sion the mercury passed through
the constriction. Why won't it

do the same during the contrac-
tion?

Why does the reading drop for
a moment if you stick the
thermometer into hot water?
(Don’t overheat the thermometer
so that it breaks.)

160, p. 114, 317, pp. 117-118,
129; 329, p. 50; 330, p. 41, 331,
p. 6.

3.14
Watch speed

Since metal expands when it’s
heated and a watch spring is metal-
lic, wouldn’t you think that a
watch would run at different speeds
in cold and in warm weather?

9,p. 82,160, p. 125; 317, p.
129,329, p. 43; 330, p. 90;
331, p. 23.

buoyancy

nonlinear oscillations

3.15

U-tube oscillations

If a U-tube of water is heated and
cooled as shown in Figure 3.15,
the water will begin to oscillate
from one side to the other. (There
must be open reserviors with the

3.13
Heating a rubber band

Stretch an uninflated balloon and
then touch it to your face. It
feels warm. Now let it contract to
its normal size. It feels cool. Why?
If you heat a rubber band it con-
tracts. Why is its behavior precisely
opposite that of metal? What’s
different about its structure? Figure
3.13 shows a rubber-band engine
based on this property. The spokes
of the wheel are rubber and hence
will shrink when heated. The wheel
turns because of the shift in the
center of gravity.

155, p. 244, 332, Vol. 1, p. 44-1,
333 through 337.

Figure 3.13

A rubber-band heat engine.
(Reprinted by special permission
from Feynman, et al., The
Feynman Lectures on Physics,
Vol. 1, 1963, Addison-Wesley,
Reading, Mass.)

: Cooled

Warmed

| Figure 3.15

The water will oscillate from side
to side if the tube is heated and
cooled as shown. [After P.

Welander, Tellus, 9, 419 (1957).]
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air-water surface area larger than a
critical size.) The change in water
levels can be a millimeter or so, and
the period of the oscillations can
range from about 20 seconds to 4
hours depending, in part, on the
cross-sectional area of the U-tube.
Doesn’t the symmetry of the situa-
tion make it seem curious that

the water oscillates? What first
starts the oscillation and what
parameters determine its period?

340.

adiabatic process

3.16
Bike pump heating up

Why does the valve on a bicycle
pump get hot when you're
pumping up a tire? Is it because
of friction from the air being
forced through the valve? Well,
perhaps, but if you use a gas
station’s compressed air supply,
the valve usually doesn’t get hot.

341.

condensation

3.17
West-slope hill growth

Why is it that in the United States
there is often more vegetation on
the westward slopes of hills and
mountains than on the eastward
slopes? You may even find extreme
cases where the east side is bar-

ren though the west side has thick
growth.

adiabatic processes

360, pp. 162-165.

3.18
The Chinook and going mad

The Chinook is a warm, dry wind
that blows down from the
Rockies into such places as Denver
(Figure 3.18). It can be up to
50°F above the ambient tempera-
ture and may reach speeds as
high as 80 mph. The mystery is
how a warm wind could come
down off a co/d mountain. Be-
sides, warm air should rise,
shouldn’t it? Legend says the
warmth comes from the ghosts
of Indians buried in the moun-
tains.

Chinook-like winds are by no
means confined to the Denver
area. In Switzerland this wind
is called the foehn; in Ceylon,
the kachchan; in South Africa,
the berg wind; in Southern Califor-
nia, the Santa Ana; and in other

places, other names. They all
share the properties of being dry
and warm.

They also share a very con-
troversial feature, namely, it is
said that they drive men and
animals mad. When these winds
blow, crime rates increase, rape
and murder are more frequent,
there are more traffic accidents,
and people just act generally more
irrational. This could be an old
wives tale, or there could be
some truth in it. How could dry,
warm winds affect a man physio-
logically? |s there any physical
reason for the irrational behavior?

164, pp. 217-218; 343, p. 348;
344, pp. 94-98; 345 through
358.

Figure 3.18

The Chinook wind blowing down off the Rockies.
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adiabatic process

adiabatic process

condensation

radiation absorption

buoyancy

3.19
Coke fog

Have you ever noticed the thin fog
that gathers at the mouth of a
chilled champagne or soda bottle
just after it’s been opened (Figure
3.19)? What causes the fog?

I¢ e
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Figure 3.19

Fog at mouth of freshly opened,
chilled champagne bottle.

3.20

Convertible cooling effect

On a hot day you’re in luck if you’ve
got a friend with a convertible.
Driving down the road with a good
breeze always does the trick against
the heat. You feel cooler but a
thermometer should read the

same with or without a breeze,
shouldn’t it? Try it. With a ther-
mometer in the back seat, measure
the temperature when the car is
parked and when it is moving.

You’ll probably find that the
thermometer reads about 1/2°C
lower when the car is moving. Why?

359.

3.21
Death Valley

Death Valley is both the lowest
point on the American continent
and the hottest place in the
world. Temperatures there may
be as high as 120°F for several
days straight, and once a tempera-
ture of 134°F was recorded.

Isn’t there something physically
wrong in its being so hot if it is

so low? Since hot air rises and

cold air sinks, and since the
valley is surrounded by mountains

with cold air on their tops,
shouldn’t the valley be a relatively
cool place?

223, p. 200.

adiabatic process

adiabatic process

3.23

Holding a cloud together

What holds a cloud together? Or,
on partially cloudy days why are
some parts of the sky cloudy and
others not? Wouldn’t you expect
a more uniform distribution of the
clouds over the sky?

363, pp. 44-67; 365.

3.24

Mushroom clouds

Why do ground-level nuclear and
other large explosions leave mush-
room clouds?

371, pp. 202-203; 372 373.

condensation

cloud genesis

latent heat

stability

radiation

buoyancy

3.22

Mountain top coldness

Why are mountain tops cold? Isn't
the solar heat per unit area on a

mountain about the same as at sea
level? And shouldn’t cold air sink?

3.25

Holes in the clouds

Mysterious circular holes have oc-
casionally been observed in other-
wise uniform cloud banks. The
feeling is that these holes, which
are usually quite large, are not just
random arrangements of the clouds.
Suggestions as to their cause have
ranged from burning meteors to
accidental or intentional cloud
seeding. How exactly could any
of these explanations account for
such holes?

362, p. 91; 374 through 379.
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cloud genesis

condensation

Figure 3.26a
Two types of mountain peak clouds.

3.26

Mountain clouds

If you have ever lived near moun-
tains you may have noticed the
stationary clouds often found over (Figure 3.260). What determines
mountain peaks. Two are shown the spatial periodicity of these

in Figure 3.26a. What causes these clouds?

formations? The wavelike series of

a peak is even more intriguing

Figure 3.26b
Wavelike clouds associated with a mountain peak.

clouds that sometimes occurs near

164, pp. 301-303; 360, pp. 86-
88; 361, pp. 14-21, 39, 362,
pp. 64-73; 363, pp. 75-82; 364,
pp. 229 ff; 365 through 370.

shock wave

absorption

condensation

buoyancy

3.27
Spherical cloud of A-bomb blast

In some circumstances, a nuclear
blast is accompanied by a thin,
spherical cloud (Figure 3.27).
What causes these clouds? How
fast do they expand? Will they

significantly reduce the radiation
produced by the explosion?

219, pp. 311-312; 371, pp.
34 ff.

Thin,
3 expanding

cloud

Figure 3.27

condensation

evaporation

3.28

Burning off clouds

When there were low-hanging clouds
on an early summer morning, my
grandmother would often say

the sun would ‘‘burn them off’’ and
the day would be sunny. Since they
did often disappear later in the
morning, I figured she was right and
that the sunlight absorbed by the
clouds indeed ‘“‘burned them off."”
Was I correct?

363, p. 76, 364, pp. 273-274.
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3.29

Mamma

What causes the breastlike cloud
structure called mamma (Figure
3.29)? In particular, why are there
sometimes bright gaps between

the mammae?

362, pp. 54-56.

Figure 3.29
Mamma cloud formation.

3.31

Breath condensation

Why does your breath condense
on the window pane on a cold
day? More specifically, what
actually causes the water mole-
cules to form into a drop? Why
did those water drops condense
in those particular places on the
glass. . .what was so special about
those places?

Why does a hot piece of toast
leave moisture on a plate?

388, pp. 428 ff; 389.

bubble nucleation

3.33

Salt water bubbles

Why are more bubbles produced
when salt water is poured into
salt water than when fresh water
is poured into fresh water?

390.

condensation

adiabatic process

vortices

buoyancy

condensation

3.30

Cause of fog

London’s fogs have diminished in
intensity in the last decade partial-
ly because there was a reduction in
the use of open coal burning.
What has open coal burning got to
do with fogs? In general, what
causes fogs?

388, pp. 480-510.

3.32

Contrails and distrails

Why do contrails often form behind
airplanes? Why aren’t they always
produced? If you look closely you
may see that a contrail actually con-
sists of two or more streams that
eventually diffuse and become in-
distinguishable. Why is there more
than one stream at first? Why is
there a clear gap between the air-
plane and the leading edge of the
contrail? What’s responsible for
the bursting and blooming of
contrails that makes them look

Figure 3.32

like strung popcorn (Figure 3.32).

You may be fortunate enough
to see both a contrail and its
shadow on underlying clouds. But
the distrail, a dark line left by an
airplane flying through a cloud, is
even more interesting. How does
an airplane make that kind of
trail?

362, pp. 120-129; 364, pp. 73-
74,; 380 through 387; 1537.

Side view of contrail that has burst to a popcorn appearance.
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Bernoulli's principle

3.34
Fireplace draft

In a good fireplace the smoke goes
up the chimney rather than out
into the room, even if the fire is
not directly beneath the hole. What
causes this draft, and why is it
better the taller the chimney?

Why is the draft better on a windy
day? Finally, why do some
chimneys puff (Figure 3.34)?

44, p. 188; 318, pp. 225-230;
364, pp. 216-217; 391, pp. 111-
112, 392, pp. 108-112; 393; 394.

A FELLOW DOESH'T MIND
BUYING SOMETHING
TANGIBLE .

——
.- 815

Py

By permission of John Hart. Field Enterprises

Figure 3.34

buoyancy

Puffing chimney.

turbulent eddies

buoyancy

3.35

Open-air fires

Many communities that still allow
open-air fires forbid them during
the daylight hours. Why would it
matter whether the fires are during
the day or evening?

3.36

Cigarette smoke stream

Why does cigarette smoke suddenly
form swirls after rising smoothly
for several centimeters (Figure
3.36)?

399, pp. 175-176, 400.

Figure 3.36
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3.39
3.37 Freezing water

Stack plumes

You would think an indus-

trial stack plume would rise
vertically or, if there is a wind,
would rise at some angle. Yet
the plume shapes shown in
Figure 3.37a are often seen in

a uniform horizontal wind. What
causes these shapes? The last
one with the peculiar periodicity
is especially interesting. Why do
some bent-over plumes split
sideways downwind from the
stack (Figure 3.37p)?

364, pp. 207-212; 395
through 398.

Figure 3.37b
Top view of a bent-over plume
that has been split sideways.

WIND
(uniform and of reasonable speed)

Figure 3.37a

[After Bierly and Hewson, J.
Appl. Meteorology, 1, 383 (1962),
permission granted by authors
and the American Meteorological
Society.]

Why does water normally
freeze at 0°C? What is so special
about that particular tempera-
ture? Under some circumstances
liquid water can exist at subzero
temperatures; for example, water
drops at temperatures as low as
—30°C have been found in clouds.
What must be done to make such
supercooled water?

Can ice be heated above 0°C
without melting?

338, 389, 402 through 404.

freezing

latent heat

evaporation

ice crystal growth

capillarity

radiation absorption

3.38

Shades of ice coverings

If you observe a distant ice
covering on a North Alaskan
lake or river when it begins to
melt in the late spring, large
parts of the ice will look dark
and other parts will look white.
A walk across the ice can quickly

(and painfully) teach you that
the dark ice is weaker and should
be avoided. Why is the ice light
and dark, and why are the dark
areas weaker?

338, pp. 120-126; 376.

3.40

Freezing hot and cold water

In cold regions like Canada or
Iceland, it is common knowledge
that water left outside will freeze
faster if it is originally hot. While
this may seem completely wrong
to you, it is not just an old wives’
tale, for even Francis Bacon
noticed it. Try putting warm and
cool water in various containers
either outside on a freezing night
or in your freezer. If in any of
your tests the warm water freezes
first, then you’ll have to explain
why.

405 through 411.
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thunderstorm thermodynamics

density change with temperature
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Area in which thunderstorms
occur in 10,000 km?

0
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Figure 3.41

12
Hours, GMT

(After D. J. Malan, Physics of Lightning, English Universities Press, Ltd.)

341

Worldwide thunderstorm activity

If you plot the worldwide thunder-
storm activity versus Greenwich
Mean Time (GMT). you get a curve
that has a maximum at 7 P.M.
London time and a minimum at

4 A.M. London time (Figure 3.41).
In other words, when it is 7 P.M.

in London, the earth is experiencing

the greatest amount of thunder-
storm activity. Is any time depen-
dence plausible? Is there any
physical basis for this particular
dependence?

219, pp. 123-124, 300, pp.
109-111; 332, Vol. I, Chapter
9, 388, p. 445, 401.

convection

insulation

heat conduction

may result in very painful injury.

3.42

Getting stuck by the cold

If you touch a cold piece of metal
such as a metal ice tray fresh from
the freezer, your hand may stick
to the metal. Be careful if you
actually try this experiment, for
you can lose the skin that sticks to
the metal. Have water running in
your sink and, immediately after
touching the ice tray, dunk your

finger and the tray under the water.

Do not lick the tray, as some
unknowing children do, for that

Why does your finger stick to
the tray? How cold must the
metal be for this sticking to
happen?

3.44

Pond freeze

Why does the top of a pond freeze
before the middle and long before
the bottom? (There’s more than
one reason.) If this weren’t so,
there would be virtually no fresh-
water fish outside the tropics.

In areas where water transporta-
tion is necessary, the formation
of ice can be prevented by bubbling
air up from pipes laid on the bot-
tom of the lake or river. If ice is
already present, the bubbles will
even melt the ice although it may
take four or five days to do it.
How do the bubbles clear a river
or lake in this way?

158, p. 288; 403; 412, pp. 495-
496,413, p. 139, 414, pp. 4-6,
58-61.

conduction

phase change

latent heat

3.43
Wrapping ice

Why does ice keep frozen longer
if it is wrapped in a wet piece of
paper?

160, p. 166.

3.45
Skiing

What allows skis to glide over
snow? Is it the same as the mech-
anism involved in ice skating?
Could you ski on other frozen
substances or is snow (water)
unigue? Can it get too cold to
ski? Why are skis waxed? Finally,
why do ebonite skis slide much
better than metal ones?

421, p. 393, 422 through 424.
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3.46

Ice skating

When you are ice skating, why do
your skates slide along the ice
surface? If you can, explain the
physics involved with practical
numbers. Obviously it can get too
warm to skate. Can it get too cold?

Is the ice that is found in very cold
places, such as Greenland, slippery?
Could you skate in a similar way
on other frozen materials such as
carbon dioxide (dry ice)? Suppose
you had to walk across ice and you
could choose between a patch of
smooth ice and a patch of rough
ice. Would you find one more
slippery than the other?

166; 321, p. 274, 414, pp. 111-
113:418,p. 129,419, 420.

conduction

phase change

3.48
Making a snowball

Why can’t you make a snowball if
the temperature is very low? What
holds a snowball together, anyway?
Approximately what is the lowest
temperature at which you can still
make a reasonably good snowball?

166.

adiabatic compression

pressure and phase change

3.47

Snow avalanche

How can sudden warmings and

mechanical vibrations trigger

snow avalanches? Why do many

avalanches occur at sunset when

there is a general cooling rather

than a warming? There are

even claims that a skier’s shadow

may be enough to set off an

avalanche. Why would this happen?
In a dry snow avalanche a huge

e

AW

Figure 3.47

cloud of snow particles precedes
the slide, crashing down the
mountain side at speeds up to 200
miles per hour with enough force
to destroy large trees and move
steel bridges. According to one
story about a skier caught in

one of these snow slides (Figure
3.47), the skier and the slide
reached the opposite slope with

such speed that the trapped air
was compressed and warmed and
thus partially melted the snow.
Within several minutes, how-

ever, the snow had refrozen,

and when the rescue team reached
the still-living skier, they had to
saw him out.

415 through 417.
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3.49

Snow tires and sand for ice

Sand and studded snow tires are
both commonly used in winter
driving on icy streets. Why is

it that neither does you much
good if the temperature is below
zero? For that matter, why do
they help for temperatures above
zero?

166.

freezing point

3.50

Salting ice

When my grandmother makes home-
made ice cream, she packs ice
around the ice cream container,
and then she salts the ice. Why does
she add the salt? In a similar vein,
why is salt put on icy roads? To
both these questions you’ll proba-
bly answer, ‘‘to lower the freezing
point.” Yes, but how does salt
lower the freezing point? If the
day is very cold, the salt won’t im-
prove the road contions. What is
the lowest temperature at which
it will still do some good?

How cold would it have to be for
a body of salt water to freeze
over?

413, pp. 187-188; 414, pp. 3-4,
12-15, 47-48.

3.51

Antifreeze coolant

Why does a mixture of antifreeze
and water freeze at a lower tem-
perature than pure water? How
does the antifireeze also provide
protection against overheating
in the summer? If antifreeze is
so good in these respects, then
why don’t you completely fill
the radiator with it and forget
about the water? (Most anti-
freeze manufacturers suggest
the mixture should not exceed
about 50% antifreeze.)

330, pp. 227-228.

latent heat

3.52

Feeling cool while wet

Why do you feel cool when you
first step out of a shower or a

pool? Try to estimate your rate
of heat loss. (One parameter now
used to measure such a cooling ef-
fect in a wind is the windchill fac-
tor.)

Why are hosptial patients some-
times given methyl alchohol rub-
downs to soothe them? Why not
just use water?

When | was young and on vaca-
tion with my family, we kept a
canvas water bag on our car'’s front
fender. Though the day may have
been hot, the water in the bag was
always cool. Why was that? Can
you calculate the temperature of
the water for some given situation
(air temperature, humidity, car
speed)?

158, p. 324, 427, p. 64, 428;
429.

freezing point

3.53

Carburetor icing

On some days, even when the tem-
perature outside is as high as 40°F,
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my carburetor will ice up and cause
my car to stall. Figure 3.53 shows
the throttle plate being frozen in
place, thereby stopping the air
flow to the engine. What causes
this icing? Is this more likely on
adry or on a humid day? Can it
happen when the outside tem-
perature is below freezing?

426.

Air intake

Main
jet

Figure 3.53
Carburetor icing.

is pulled up onto shore and out

of the water, the desalting is
speeded up, especially if this

is done during the warm spring

and summer months. Why does
the salinity decrease with time
and, in particular, why does it
decrease faster in the warm months
when there should be more evapora-
tion and a resulting /ncrease in
salinity?

338, pp. 95-97; 414, pp. 26-
28, 425.

latent heat boil faster in a covered pan?
diffusion
3 54 convection
Eating polar ice latent heat
Eskimos know that newly frozen 3.56

sea ice is much too salty to eat
or to melt for drinking but sea
ice several years old is fine. They
have also found that if the ice

latent heat

3.55

A pan top for boiling water

If you boil a pan of water for
spaghetti, why does the boil

if she opens the oven door wide
and then closes it just before she
turns on the heat. If this is true,
then explain it.

160, p. 174.

latent heat

3.57

Water tub saving the vegetables

My grandmother puts a large pot
of water in the cellar near her
vegetables to protect them from
frost. Why would the presence of
the water help protect the
vegetables?

160, p. 161,329, p. 70; 438.

latent heat

come much faster if the lid is

left on? Well, there is less heat
loss, right? But what does

that really mean? Is there less
convection or less infrared radia-
tion? When the lid is on, isn’t the
lid itself nearly at the boiling tem-
perature? Hence, won't there be
nearly as much radiation and con-
vection above it as above an open
pan? If so, why does the water

Briefly opening oven

My grandmother claims that on
humid days her oven heats up faster

3.58

Icehouse orientation

Before the refrigerator was in-
vented, people in northern climates
would store winter ice in icehouses
for use in the summer. Among the
features required of a good icehouse
was proper orientation: its door-
way had to face towards the east
so the morning sun would eli-
minate the damp air. But this also
meant the sun would warm the
icehouse more than if it faced
north or south, and so the damp-
ness must have been far more un-
desirable than the extra warming.
Why was that?

439.
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3.59

Heating meat with a ‘‘Sizzle Stik”’

How can you get a roast to cook
faster? Well, you can stick a

metal rod into it as is commonly
done in baking potatoes. Since
heat is then conducted into the
meat’s interior quicker than
directly through the meat, the
meat cooks much faster. There is
a device called the ““Sizzle Stik’’*,
however, which abandons the metal
rod in favor of a hollow metal

tube containing a wick from end to
end and some water (Figure 3.59).
It is claimed that heat conduction
is 1000 times better than with

the solid tube, and indeed, cooking
times may be cut in half. But
how? Why would a hollow tube
like this be better than a solid
one? And why is there water and
a wick in the hollow tube?

430 through 432.

Figure 3.59
Sizzle Stick * in roast. (After
drawing by Horizon Industries.)

*® Horizon Industries, Lancaster, Penn-
sylvania 17601, U.S.A.

pressure and phase change

latent heat

3.60

The highest mountain

On the earth why aren’t there

any mountains significantly higher
than Mt. Everest, say, ten times
higher? (Nix Olympica on Mars is
over twice as high as Mt. Everest.)
If there is some limit to mountain
heights, then what determines it,
and approximately what is the
limit?

440.

Yubana, or boiling water ordeal,
of the Japanese Shinto following.
In the Yubana, the performer

approached a huge caldron

filled with boiling water and

suddenly thrust two clumps

of bamboo twigs into the

liquid, flinging it high and

showering it all about his

head, shoulders and arms.

As the water reached the

fire below the caldron, it

produced great clouds of

steam, which subsided

only when the caldron

was almost empty. The

performer was then seen

quite unharmed by the

ordeal, proving the
* mighty power of Shinto.*
Boiling water would have burned
the performer’s skin, of course, so
there must have been some trick.
Hence, you should not try this
experiment yourself. Would it
have helped if the Shintoist timed
his ritual so that his feat came soon
after boiling commenced? What
was the water temperature then?

449.

*From Master Magicians by Walter
Gibson, Copyright © 1966 by Walter
Gibson. Reprinted by permission of
Doubleday & Company, Inc.

phase change

conduction

latent heat

bubble formation

3.61

The boiling water ordeal

One of the most fascinating
examples of Oriental magic is the

3.62

Boiling point of water

What does it really mean to say that
a pan of water is boiling? One
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hundred degrees centigrade is the
commonly accepted boiling point
of water at an atmospheric pres-
sure of one atmosphere. How can
any one temperature like this be
called the boiling point? Why can
water sometimes be heated above
100°C without boiling (still at a
pressure of one atmosphere)?
Finally, why is it claimed that
once water has reached 100°C any
additional heat input will not raise
the water’s temperature but will
only increase the evaporation rate?
Why can’t the water beneath the
surface get hotter than 100°C with
an additional heat input?

441.

ideal gas law

vapor pressure

latent heat

phase change

evaporation rate

3.63

A puddle’s salt ring

When salt has been used to deice a
sidewalk, why is it left behind in
rings around the puddles as the
puddles evaporate? The same thing
can be seen on a larger scale in
the white edges around lakes in
dry areas. You can even see it

in your own kitchen by saturating
a glass of hot water with salt and
then letting the solution set for a
month. Afterwards, both the
inside and outside surfaces of

the glass will be coated with salt.
Why is salt left on the outside of
the glass?

360, pp. 21-23; 458.

3.64
Dunking bird

The dunking bird, which is
probably the most popular of all
physics toys, is a glass bird that
rocks back and forth and “drinks”
from a glass of water (Figure
3.64a). You start the motion by
wetting the head, after which the
bird slowly begins to oscillate and
eventually dunks its head into the
water. The bird then rights itself
and repeats the cycle without
further assistance. As long as it
keeps getting its head wet, it will
continue to bob up and down.
What makes it go?

Perhaps the dunking bird is a
solution to next century’s power
needs. Just imagine—we erect a
huge bird just off California, and
as it continuously dunks its head
into the ocean, it provides the
entire West Coast with energy.

Felt or
feathers
on head

Figure 3.64a
Dunking bird.

This might lead to a dunking-bird
cult, however, and we would all
end up paying tribute by dunking
in unison three times to the west
each morning (Figure 3.64b), so
maybe we’d better just forget it.

433 through 437; 1457.

Figure 3.64b
The dunking-bird cult,
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3.65
Dancing drops on hot skillet

If water drops are sprinkled onto
adry, hot skillet, the drops will
dance and skim along the skillet’s
surface. Why don’t the drops
evaporate immediately? What
makes them skim along? Sur-
prisingly enough, the drops will
disappear faster if the skillet is
cooler. Why is that?

Examine a skimming drop
closely and you will find it
assumes a variety of odd shapes.

Figure 3.65

The drop is actually vibrating

but since your eye cannot follow
the motion that quickly, you see

a composite shape. To catch it

in various vibrating states, use a
stroboscope or a high-speed
camera. In Figure 3.65 some of
the fundamental shapes are sketch-
ed. Why do the drops vibrate?

165, p. 234, 160, pp. 171-172;
330, p. 254, 442 through 446.

[After N. J. Holter and W. R. Glasscock, J. Acoustical

Soc. Amer., 24, 682 (1952).]

convection

Figure 3.66
Artificial geyser. (E. Taylor after
F. I. Boley.)

3.66

Geysers

What causes the eruptions of
geysers and, in Old Faithful’s
case, what is responsible for the
periodicity of the eruptions?
Could their energy source be
simple heat conduction through
the surrounding rock, or is a
faster heat supply needed?

Suppose you were to make an
artificial geyser with a continuous
heat source as shown in Figure 3.66.
How deep should you make the
tube, how much power should you
provide for the heating, how often
would it erupt, and how high would
the water jump?

450 through 452.
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3.67

Percolator

How does my plain old, non-
electric coffee percolator work?
For example, must the central
stem be relatively small? And, is

ture when the pot begins to perk?
253, pp. 110-111, 1533.

all of the water at boiling tempera-

latent heat

3.68

Single-pipe radiators
While most steam radiators have

there is one system in which there
is only a single pipe (Figure 3.68).
As if that were not strange enough,
it is said that the steam and return-
ing water in that single pipe are at
the same temperature. How could
they be at the same temperature

if the radiator is heating the room?
Where does the radiated heat come
from?

318, pp. 6-8; 418, p. 143.

Figure 3.68

two pipes (one inlet and one outlet),

3.69

Licking a red-hot steel bar

Though fire walking has long been
associated with Far East mysticism,
there have recently been some
scientific investigations into the
feat and even a fire-walking dis-
play before thousands of people

at a soccer match halftime. Even
more amazing than the fire walkers,
however, are those people who

can briefly plunge their hands into
molten metal and touch and lick (!)
red-hot steel bars without the
slightest injury. You may suspect
deceit is involved, but the feat can

:| actually be explained with good
i | physics. Although | have dipped

my fingers into molten lead with-
out harm, you should not try these

experiments yourself, for they are
dangerous and can result in a very
bad burn. Figure 3.69 shows that
even good physics won’t save an
overconfident scientist.

Suppose a professional showman
were to lick a red-hot steel bar.
What might guard his tongue not
only from a very serious burn, but
indeed from any burn at all? Why
should he use only extremely hot
metal? |s there any danger in less
hot metal? In fire walking is there
any optimum speed with which to
walk? In particular, can a fire
walker walk too fast?

330, pp. 254-255; 447; 448.
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3.70
Banging radiator pipes

What causes the hammerlike
pounding of steam radiators?

253, p. 155, 318, pp. 9, 15; 453,
p. 319.

thermal absorption

radiation

3.71
Wrapping food with aluminum
foil

Ordinary kitchen aluminum foil

has one shiny side and one dull side.
Does it really matter which finish

is on the outside when the foil is
wrapped around something to be
cooked, as a baked potato for
example? Which finish should be
outside when the wrapped material
is to be frozen, and again does it
really make a difference?

3.72

Old incandescent bulb

Why does an incandescent bulb be-
come gray as it becomes old? Does
it become uniformly gray, or is
one side preferred?

3.73

How hot is red hot?

Probably you know that an ob-
ject sufficiently heated will become
incandescent. A red-hot poker

in the fire is a common example.
Can you estimate the temperature
at which an object, let’s say, the
poker, first becomes visibly in-
candescent? Does it matter if the
poker is black iron or shiny steel?

1583.

Figure 3.74
Refrigerator as an air
conditioner.

3.74

Cool room with refrigerator

Once, on a very hot day, I tried to
cool my dorm room by leaving my
refrigerator door open (Figure
3.74). How much did I cool my
room that way?
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3.75
Black pie pans

Why are the bottoms of some
frozen pie pans painted black?

If you make a pie yourself and
you want the bottom crust
browned, why should you use a
thermal glass pan rather than a
metal one? If you have to use a
metal one, why should it have a
dull finish, instead of a nice shiny
one? You may very well already
know why in principle, but does
it really matter in fact? Try some
simple experimerts to see.

radiation

3.76

Archimedes’s death ray

During the Roman attack of Syra-
cuse about 214 B.C., the Greek
scientist Archimedes supposedly
saved his town by burning the
Roman fleet with sunlight directed
by mirrors located on the shore.
Presumably, many soldiers simul-
taneously reflected the sun’s
image onto each ship in turn, and
each ship was set on fire.
Considering that Archimedes,
did not have very large mirrors,
would such a feat be possible? Can
you estimate how many mirrors,

3.77

Toy putt-putt boat

The putt-putt boat (Figure 3.77)
has an unbelievable means of pro-
pulsion. Two pipes join a top sec-
tion, the boiler, to the boat’s rear.
When the water-filled boiler is
heated by a candle, the steam that
is produced forces water out of the
pipes and thus drives the boat for-
ward. The boat should stop when
the boiler runs out of water, but

Figure 3.77

actually more water is sucked into
the boiler through the pipes, and
the process repeats itself. Thus,
the boat putt-putts its way along.
Why is water sucked up? When

it is sucked up, why doesn’t the
boat move backward as far as it
had previously moved forward?

454 through 457.

Cutaway view of putt-putt boat. [After I. Finnie and R. L. Curl,

Amer, J. Phys., 31, 289 (1963).]

let’s say, one meter square, would
be needed to set aflame dark wood
100 meters away within less than
a minute? Should those mirrors
be curved or flat if the target dis-
tance is variable? If they are flat,
how large is the image of the sun
on the wood? Finally, could
Archimedes have destroyed the
Roman fleet in this manner?

1574 through 1580; 1615; 1616.

conduction

specific heat

3.78

Feeling cold objects

Shouldn’t all objects at the same
temperature feel like they are at
the same temperature? You aren’t
reluctant to put your clothes on
when they are at a room tempera-
ture of about 70°F, but how about
sitting down naked in a dry bathtub
at the same temperature? What's
the difference?

462, p. 76.
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Figure 3.79

“It’s not the heat or the humidity,
it’s this damn 100% wool, fully
lined burnoose.”

thermal conduction

and absorption

3.80

Cast-iron cookery

There is an ancient kitchen mys-
tique about cooking in cast-iron

pots and pans as opposed to steel
ones. Cooks, from the gourmet to
the occasional, swear there is less
sticking and better, more uniform
cooking with the cast iron pot.

Is there any physical basis to that
claim?

radiation

heating

flux

thermal conductivity

radiation

convection

phase change

3.79
White clothes in the tropics

Why do people wear white clothes
in the tropics (if, in fact, they do)?
Supposedly it keeps them cooler.
Is that a real and measurable effect?
If they have light skin, does white
clothing make any difference?
Does the sun heat you primarily
with ultraviolet, visible, or in-
frared light? How does white
clothing respond to each of these
frequency ranges? How much of
the heating is from direct sun-
light, and how much is from the
environment? Finally, if you’re
traversing a desert, should you
wear white clothing or gonude?

344, pp. 58-59; 459 through
461.

3.81

The season lag

Why exactly is it cold in winter and
warm in summer? Is it because the
earth is closest to the sun in sum-
mer and furthest away in winter?
No, actually just the opposite is
true (Figure 3.81).

Predict which months should be
the coldest and which should be the
warmest. You will probably pick,
if your explanation is the common
one, the months of November,
December, and January for the
coldest and May, June, and July

Figure 3.81

Earth’s orbit around sun (not to scale).

for the warmest. However, the
weather records and your own
experience tell you that the
coldest months are December,
January, and February and the
warmest are June, July, and
Auqust. As my grandmother
says, ‘‘When the days get longer,
the cold gets stronger.” Why
does the weather lag your
prediction by one month?

388,p. 7.
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temperature

kinetic theory

radiation

3.82

Temperature of space walk

What is the temperature of the space

Fred Hoyle's excellent science
fiction book, The Black Cloud
(470).

219, pp. 1563-154,; 388, p. 22;
466, pp. 33-34,; 467 through
469; 1544, 1545.

where an astronaut is space walking?

conduction
If he held up a thermometer, what -
would it read? convection
radiation
radiation 3.84
Why do you feel cold?
3.83 If you stood naked out in a field
Greenhouse

A greenhouse is somehow de-
signed to keep plants in a warm
environment. How does it do
this? Does it have special glass or
will any glass material do?

A controversial application of
the greenhouse principle is in
predicting the results of our
atmospheric pollution. For ex-
ample, a catastrophic warming
of the earth might be caused by
a high altitude, supersonic trans-
port system. Why is this feared,
and how could the more general
pollution of the atmosphere lead
to a runaway greenhouse effect?
The subject is, of course, very
complicated. In fact, some claim
that the pollution will not bring
a warming, but instead will lead
to a cooling of the earth and
possibly even another ice age.
An intriguing account of the
effects of clouds on the solar
light input to the earth is in

on a cold winter day, why would
you feel cold? For instance, is
your body heat escaping to the
air by heat conduction? Why
would a fur coat make you feel
warmer? Wouldn’t it conduct
heat too?

While indoors on a cold day,
stand facing a large window and

then turn the opposite way. Most

Figure 3.84
“He was streaking.”

likely your face will feel cooler in
the first position. Why is that?
After all, the air temperature
doesn’t change suddenly as you
turn around.

In the movie 2001: A Space
Odessey an astronaut space
walked without a spacesuit for a
few seconds. (The author, Arthur
C. Clarke, believes this could be
done without harm to the astro-
naut.) During such a walk in deep
space, would the man have a sensa-
tion of cold?

How is it that some people can
adapt to very cold working condi-
tions? Some people, in fact, court
an adverse, cold environment for
religious reasons or to prove their
stoic nature. An extreme case of
adaptation was discovered by
Charles Darwin when he found the
Yahgan Indians of South America
living in temperatures near 0°C
with little more than a fur cape
draped over their shoulders. What

physically changes in the body’s
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response to the cold to allow such
adaptation?

Finally, when you do get very
cold, why do you shiver?

253, pp. 140-142; 344, Chapter
4,5:412,p. 498 428; 459, 460;
463 through 465.

heat loss

3.85

Wrapping steam pipes

Exposed steam pipes are often
covered with asbestos to minimize
heat loss, and so we might conclude
that asbestos is a poorer conductor
of heat than the room air. Other-
wise why would anyone pay for
asbestos insulation? But, as a mat-
ter of fact, asbestos is a better

heat conductor than air. Why then
is it used to cover pipes, if that
seems precisely the wrong thing to
do?

253, p. 74.

convection

3.86

Thunderstorm wind direction

“You don’t need a weather-

man

To know which way the wind

blows"”

. ---Bob Dylan,

Subterranean Homesick Blues.*
When a thunderstorm is a few miles
away and coming toward you, does
the wind blow toward or away from

the storm? Most likely you'll find
that it changes direction as the
storm gets closer. Why should it
do that?

300, p. 4,362, p. 47, 363, pp.
105-106.

*© 1965 M. Witmark & Sons, all rights
reserved. Used by permission of Warner
Bros. Music.

convection

3.88

Insect plumes over trees

There have been many observa-
tions of dark plumes forming
over tree tops near sunset (Figure
3.88). Though the plumes look
like smoke, closer inspection re-

convection

3.87

Silvery waves from your finger

Sprinkle a small amount of
aluminum powder into a squat

jar of wood alcohol, screw on the
top and put the jar in the refrigera-
tor. Once it has cooled, remove it,
and place your finger against the
side of the jar. Silvery waves form
and quickly spread away from your

Figure 3.87
Waves spread from your finger across the alcohol. (From ‘“The Amateur
Scientist” by C. L. Stong. Copyright © 1967 by Scientific American,

Inc. All rights reserved.)

finger (Figure 3.87). What gener-
ates the waves? (The powder
serves merely to make them
visible.) What would happen if
instead you pressed an ice cube
to the jar’s side while the jar and
alcohol are at room temperature?

472.
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Figure 3.88

Insect plumes over trees.
[After J. H. Wiersma, Science,
152, 387 (April 15, 1966),
Copyright 1966 by the American
Association for the Advancement
of Science).]

veals they are actually thick
swarms of insects, usually mos-
quitos, that have gathered above
the trees. The columns are ver-
tical and well defined and may
even suggest a small fire in the
tree. They have also been seen
over TV antennas and church
steeples. In fact, there is even a
story about a fire department
rushing out to fight a church

fire only to find that the plume
above the steeple was insects and
not smoke. Why are these in-
sect plumes formed?

473 through 480.

convection

phase change

3.89

Shrimp plumes and Ferris wheel
rides

Shallow water brine shrimp as-
cending in large numbers also take
on the appearance of a plume
(Figure 3.89). These plumes, which
may be as large as several cubic
meters, are always found over
stones on the bottom. What’s more,
they are never found over shady
stones, but only over those stones
that enjoy some sunlight. In spite
of this, however, the shrimp plumes
frequently lean away from the sun.
The questions to be asked about
this are obvious. Why do the
shrimp ascend in such large con-
centrations only over sunlit stones?
If the sunlight is desirable, then
why do the plumes frequently lean
away from the sun?

A shrimp in the plume is carried
up to the surface of the water,
where it separates itself from the
plume and swims back to the
bottom. Why are the shrimp then
drawn back to the plume to con-
tinue their Ferris wheel ride?

481.

e
L %“0\\%
one

Figure 3.89

latent heat

human heat transfer

3.90

Heat stroke

If you ever mowed the lawn in the
middle of summer as | used to do
in Texas, you've probably wonder-
ed how your body stays as cool

as it does. A significant amount
of thermal energy is generated in-
side your body, up to 1400 kcal
per hour during heavy physical
exercise, and if that heat is not
disposed of somehow, your

body temperature could rise as
much as 30°F per hour. Of
course, that would soon be fatal.
How is the heat dissipated? Can
you trace the path by which it is
lost?

Mowing the lawn in the midday
on a once-a-week basis was
miserable, for | always got heat
exhaustion, yet there are people
who do this daily without ill ef-
fects. Somehow the body be-
comes accustomed to working
in the heat. What exactly happens?
The heat is generated at the same
rate internally, so the dissipation
mechanism must somehow change.

High temperatures in Texas were
usually bearable because the
humidity was so low. Why is it so
much more uncomfortable in places
with high humidity?

344, pp. 57-59, 482.
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cooling convection
conduction conduction
thermal radiation radiation
latent heat
3.91
3.93

Cooling a coffee

Suppose you have just made a hot
cup of coffee, but you've still got
5 minutes until class. |f you want
to bring your coffee to class as hot
as possible, should you put the
cream in now or just before class?
When should you add the sugar?
When should you stir it and for
how long? If you don’t want to
stir it, should you leave the

spoon in? Does it matter whether
the spoon is plastic or metal?
Would your answer be different

if cream were black instead of
white? Does your answer depend
on the color of your cup? Make
numbers for your arguments if
you can.

transport and

temperature

3.92

Polaroid color development

If you take a color Polaroid picture
on a cold day, you must develop

it in a metal plate previously warm-
ed by your body. If you don't,
the colors will be off balance, be-
cause when the dyes are cold, they
will not reach the positive in the
proper amount of time. Why does
the temperature affect the transit
time of the dyes that way?

497.

Heat islands

Why is the temperature in a city
higher than that in the surrounding
countryside by 5 or 10 degrees
(Figure 3.93)? In addition to there
being more heat producers in the
city, how is the temperature dif-
ference affected by a city’s tall

perature distribution of a city,
whether large or small, find a
“heat island” concentrated near
the city’s center. Temperatures
are lower as one moves away
from the heat island, toward the
suburbs and countryside. One

buildings, expanses of rock and con- consequence of this is that spring-

crete, quick rain drainage and snow

removal, dust concentrations, fre-

quency of smog and fog, etc.?
Meteorologists who map the tem-

time blooming of flowers should
begin sooner near the city’s center.

344, pp. 78-81; 483 through 493.
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Figure 3.93
Heat island of a city.

v

kinetic theory

ideal gas law

3.94
Total kinetic energy in a heated
room

A stove will warm the airin a
room. Will it also increase the
air’s total thermal energy? (The
thermal energy is kinetic energy

of the air molecules.) Well, the
air’s thermal energy certainly
depends on its temperature,

and since the air is being warmed,
the total thermal energy will be
increased. That sounds correct,
but one discussion of this claims
that the total energy will not
change. How can that be?

343, pp. 40-41,; 494 through
496.
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radiation

3.95

Smudge pots in the orchard

Why does a fruit grower put
smudge pots in his orchard over-
night when he fears a frost?
Since the pots are placed so far
apart, they surely can’t provide
much heat to warm the fruit.
What's the point then? Does
the grower ever use them during
the day?

330, p. 398, 471, p. 130.

conduction

convection

3.96

A warm blanket of snow

Why is there less danger of crop
damage on a sudden cold day if
there is a good snow cover on the
crops?

160, p. 183,413, p. 205.

may ignite clothing, paper,

dry wood, and other simi-

larly combustible materials

at distances up to 15 Kkilo-

meters, and present capabil-

ities make it necessary to

scale this range upward

by an order of magnitude.

The resulting fire storm

would in many populated

areas “‘escalate’ until

destruction of life and

property would be virtual-

ly total (219).
But if you are more than several
kilometers from the blast site there
is sufficient time (up to 3 seconds)
to fall behind an obstacle for pro-
tection. First of all, how exactly
does the blast cause fires several
kilometers from ground zero?
Second, why does this fire danger
come at such a relatively long
time after the explosion begins?

219, pp. 307-310.

3.99

Snowflake symmetry

Why are snowflakes six-sided (hexa-
gons or six-pointed stars), and why
are the six arms exactly alike? How
does one arm know what its neigh-
bors are doing as the snowflake
forms?

388, pp. 449-453; 404, 499
through 506.

surface tension

wetting

crystal genesis

Wien's law

atmospheric transmission

3.97

Fires from A-bombs

Of the multiple dangers to
life which nuclear explosions
present, . . . the resulting
setting of innumerable fires
is perhaps the worst. A
single one-megaton bomb

3.98

Crowing crystals

Why does it take small particles,
perhaps impurities, to start crys-
tals growing in a supersaturated

solution?

498.

3.100

Two attractive Cheerios

If two fresh Cheerios™ are placed
near each other while floating on
milk, they will rapidly pull
together. What force causes that
attraction? Is it possible to get
the Cheerios to repel each other
for a suitably chosen liquid on
which they are floated?

*An O-shaped breakfast cereal from
General Mills, Inc.

capillarity

3.101

Cultivating farmland

Why are farmlands in semiarid
regions frequently cultivated (the
top soil is plowed and broken up
into a loose texture)? If a foot-
print is left undisturbed in cultivat-
ed soil, the soil inside the footprint
will become hard and dry. Why

is that?

158, pp. 141-142.
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surface tension

wetting

3.102

Wall curvatures of a liquid surface

Some liquids have surfaces that
turn up near a glass wall; others
turn down. Why do they do this?
What force pulls them up or
down? What is the fundamental
difference (on a microscopic or
atomic scale) between those

that slope up and those that slope
down? Can you calculate what
surface shape is expected?

Some liquid drops will remain
drops after being placed on a flat
glass surface. What prevents them
from spreading out? What is the
fundamental difference between
such a nonwetting liquid and a
wetting one? Finally, what is the
nonwetting drop’s shape when it
is sitting on the surface?

Suppose a nonwetting liquid is

Figure 3.102
Which way does the nonwetting
liquid curve?

in a small trough as shown in
Figure 3.102. Which shape do
you expect? Or is either pos-
sible, depending on the trough’s
angle? If the latter, at what angle
is the liquid flat?

51, pp. 127-128; 321, 507
through 571.

osmotic pressure

atmospheric pressure

negative pressure

3.103

Rising sap in trees

How does sap rise in trees, especial-
ly in very tall ones (some redwoods
are 360 feet high)? Certainly there
is a pressure difference between
crown and roots, but why? Does
the tree act like a suction pump?

If so, then shouldn’t all tree
heights be limited to 33 feet since
that is supposedly the maximum
height of a suction pump? Some
other mechanism must be involved.

512 through 519.

top of the columns. Strangely
enough, when the columns form,
the ground itself is unfrozen and
usually wet. What makes these
columns grow? If the temperature
is low enough to cause freezing,
shouldn’t there be ice on the
ground? Finally, what will limit

a column’s height?

338, p. 133, 521.

capillarity

osmotic pressure

freezing water

osmotic pressure

capillarity

freezing

3.104

Ice columns growing in ground

Have you ever seen columns of
ice growing out of the ground,
perhaps about 1%z inches high?
Upon close inspection you may
find bits of soil and pebbles on

3.105

Growing stones in the garden

If you have ever taken care of a
garden, you may be aware of the
annual crop of stones that must be
cleared from the garden each spring.
Though some regions don’t have
this problem, others, New England
for example, have an abundant
stone crop. Robert Frost’s
“Mending Wall”’ is about such a
crop of stones.

The stones obviously migrate up-
ward from the rock bed below the
soil, but why? The stones, after
all, are denser than soil and should
gradually move down, not up.
What’s forcing those stones up?

A simple simulation of this stone
migration, suitable for the class-

room lab, is given in Bowley and
Burghardt (522).

403, 522 through 526.
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osmotic pressure

capillary and

capillarity

freezing

osmotic forces

3.106

Winter buckling of roads

“‘Something there is that

doesn’t love a wall,

That sends the frozen-ground-

swell under it

And spills the upper boulders

in the sun”

---Robert Frost, ‘“Mending

Wall”™*
If you have ever lived in the north
you might have seen pavement
develop bumps (on blacktops)
or cracks (in concrete) or even
become tilted during the winter
(Figure 3.106). These bumps
can sometimes be as high as a
foot. What could cause this?
My first guess would be that
water underneath the pavement

expanded in freezing, but it
would require so much water
to make these large bumps
that such an explanation is
hard to accept. So, what does
cause the bumps?

338, pp. 131-133; 403, 520.

*From ""Mending Wall"’ from The
Poetry of Robert Frost edited by
Edward Connery Lathem. Copyright
1930, 1939, © 1969 by Holt, Rinehart
and Winston, Inc. Copyright © 1958
by Robert Frost. Copyright © 1967 by
Lesley Frost Ballantine. Reprinted by
permission of Holt, Rinehart and
Winston, Inc., the Estate of Robert
Frost, and Jonathan Cape Limited.

Figure 3.106
Buckling of road in the winter.

3.107

Shorting out a masonry wall

Masonry walls usually become
damp, especially near the ground.
One way to prevent this is to
ground the wall electrically by
running a wire from the wall to

a metal stake in the ground
(Figure 3.107). No batteries or
other such power source are

Figure 3.107
Drying a masonry wall by
electrically grounding it.

used, only a simple metal stake
and wire. How would shorting
out the wall in this way prevent
moisture in the wall?

527.

surface tension

3.108
Soap bubbles

What keeps a soap bubble together?
Is it really spherical? What is the
pressure inside the bubble? Does

a bubble go up or down in air?
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Is there any part of the surface
that is most likely to burst first?

322; 528 through 532, 533,
pp. 139 ff.

capillarity

combustion

surface tension

buoyancy

3.109

Inverted soap bubbles

Inverted soap bubbles—where the
water and air have traded places—
can easily be made by carefully
pouring soapy water into a dish of
water from a height of a few
millimeters. If you pour slowly,
drops skim across the water surface.
If you pour a bit faster, a drop may
penetrate the water and remain
there with a shell of air trapped
around it, thus forming an inverse
soap bubble (Figure 3.109).

Will these soap bubbles show
colors as normal ones do? Will they
have uniformly thick shells? Will
the bubbles go up or down in the
water dish? Finally, do you think
there will be continuous evapora-
tion from the inner drop into the
air shell, eventually leading to,a
collapse?

534, 1608.

Figure 3.109

3.110
A candle’s flickering death

Why do many candles, especially
small ones, flicker and pop in the
last moments before burning out?
What determines the frequency of
the flickering?

535.

thermal conduction

combustion

3.111

Dust explosion

One of my most delightful under-
graduate tricks was to replace a
friend’s overhead light bulb with
a short wire and a bag with some
flour in it. The wire almost com-
pleted the circuit so that there
was a spark when the light
switch was thrown. Just before
the victim appeared, I shook the
bag to fill it with floating flour
dust. Got the picture? My
friend turned on his light, there
was a spark, and the dust exploded,
neatly covering his entire room
with a layer of flour. Such dust
explosions are very serious prob-
lems in some industries where
static electricity builds up in a
room full of dust. In either case,
why does a spark cause an explo-
sion of the floating dust?

536, pp. 383-384, 537 through
539,

Figure 3.112

3.112

Davy mine lamps

The open flame miner’s lamp is
very dangerous if the miner en-
counters explosive gases. The
danger can be avoided, however,
if a fine mesh screen is placed
over the flame holder as shown

in Figure 3.112. The screen cer-
tainly can’t prevent the explosive
gas from reaching the flame, but it
nevertheless prevents the explosion.
How?

110,p. 171, 155, p. 232, 413, p.
205; 541, pp. 74-75; 542.
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stress

stress

desiccation

freezing

3.113
Mud polygons and drying cracks

You have frequently seen cracks
in dried mud, but have you ever
wondered why the cracks form

or tried to explain their polygonal
appearance? Sometimes the edges
of the polygon will curl up, per-
haps even so far that a tube
develops, separates from the sur-
face, and rolls away.

Ever since airplanes and aerial
photography came into prom-
inent use, giant polygons have been
seen in the dry desert basin bottoms
that have periodically had water.
By giant I mean the widths
of the polygons can be up to 300
meters and a fresh fissure may be
as much as a meter wide and five
meters deep.

Why do the cracks and tubes
form? If the ground cracks into
polygons, is there any reason to
believe, as some authors have
argued, that the polygons tend to
be pentagons or hexagons? In other
words, is there any preferential
angle at which two cracks will
intersect?

543 through 551.

3.114

Thermal ground cracks

Mud cracks are not the only type
of patterned ground you can find.
For example, polygonal cracks are
found in the permanently frozen
ground of the arctic and subarctic
regions. What causes the cracking
in this case? Is there any pre-
ferred angle between cracks at
intersections?

438; 552 through 556.

Figure 3,116
“Now, in the second law of
thermodynamics..”

entropy

freezing

colloidal suspension

3.115

Stone nets

As a final example of patterns in
the ground, stone nets—circles
and polygons of sorted stones
(Figure 3.115)—should be men-
tioned. What brings the stones
from a random distribution into
such geometric shapes?

556 through 558.

Figure 3,115
Naturally occurring circles of
stones.

3.116
Life and the Second Law

“As you stay in a given

place, things and people

go to pieces around you.”

---Celine

In thermodynamics one learns that
entropy, which is a measure of
disorder in a system, always in-
creases in an irreversible process
(the so-called Second Law of
Thermodynamics). What about
birth and life? Isn’t the creation
and growth of a human being a
violation of this rule, for in that
process, doesn’t order increase?
Isn’t the rule also violated by
the evolution of all animals over
millions of years?*

559 through 562.

*A similar problem, whether or not
quantum mechanics can explain life, is
covered in Mehra (1569).
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Hydrostatics
(4.1 through 4.14)

fluid pressure buoyancy

Pascal’s law Archimedes’ law

4.1
Holding back the North Sea

Remember the story of the Dutch
boy who saved his town by
thrusting his finger into a hole he
discovered in the dike? How did
he do it? How could one little
boy hold against the pressure

of the whole North Sea?

418, p. 68.

4.2

Breathing through air tube

To what depth can you breathe
through a simple air tube while
swimming under water? What
determines the limiting depth?

563.

4.3

Measuring blood pressure

Why do doctors always measure
blood pressure on your arm at a
height about even with the heart?
Couldn’t they just as well measure
it on the leg?

412, p. 191.

Exceptionally good references: Craw-
ford’s Waves (170) is the best example
of real-world physics in a major text-
book | have found. See also Tricker
(399), Scorer (364), Lodge (923), and
Schaefer (830).

1.4

Last lock in Panama

A ship is waiting patiently in the
last lock of the Panama Canal as
the water level is lowered. When
enough drainage has taken place,
the gate begins to swing open
toward the ocean, and the lock
director engages the machinery to
finish opening it. The ship then
begins to move out to sea with-
out the aid of a tugboat and with-
out using its own power. What
forces it seaward?

564.

4.5

Panama Canal ocean levels

You may already know about the
difference in ocean levels at the
two ends of the Panama Canal.
During the dry season the dif-
ference is small, but during the
rainy season it can be as much

as 30 centimeters. Why aren’t
the ocean levels the same?

565.

4.6

Hourglass’s bouyancy

If an hourglass is floating in a
narrow tube of water as shown in
Figure 4.6, will it float again if

the tube is inverted? The sand that
was initially in the lower part of
the hourglass is now pouring down
from the upper part. The weight
and volume of the hourglass are
the same, however, so the hourglass

.

Figure 4.6

When the tube of water is turned
over, why doesn’t the hourglass
float up? (From “Mathematical
Games’ by Martin Gardner.
Copyright © 1966 by Scientific
American, Inc. All rights reserved.)

should float back up to the top.
Instead, it stays at the bottom of
the tube until the sand has

poured into the lower section.
Why? Does the buoyancy of the
hourglass really depend on whether
the sand is in the lower or upper
section?

566.

4.7

Boat sinking in pool

There is a famous problem about
throwing a stone from a boat into
the swimming pool where the
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boat is floating. When the stone
is thrown from the boat, does the
water level rise, fall, or remain
unchanged? This problem was
asked of George Gamow, Robert
Oppenheimer, and Felix Bloch,
all excellent physicists, and to
their embarrassment, they all
answered incorrectly.

What happens to the water
level if a hole is made in the
bottom of the boat and the boat
sinks? If the water level changes,
when does the change begin? In
particular, does it begin to change
when water first enters the boat?

567.
4.8

Coiled water hose

If you try to pour water into a

coiled hose, as shown in Figure
4.8, no water will come out the

other end. Indeed, surprisingly
little water will even enter the
hose. Why?

566.

Figure 4.9
[After L. E. Dodd, Amer. J. Phys.,

Figure 4.8

(From “Mathemeotical Games”

by Martin Gardner. Copyright

© 1966 by Scientific American,
Inc. All rights reserved.)

23, 113 (1955).]

4.9
Floating ship in dry dock

When a ship is put into dry dock,
the water is removed as the dock
is made smaller (Figure 4.9). What
is the minimum depth of water
under, say, a two-ton ship that
will still support the ship?

567; 568.

4.10

Submarine stability

How does a submarine ascend
and descend? How does it re-
main submerged at a fixed depth?
Shouldn’t changes in the water
density at the submarine’s depth
make the submarine unstable?
Sure, small corrections for the
changes could be made, but

such corrections are impractical.
Besides, if quiet conditions are
essential to avoid detection, then
constant corrections are certainly
forbidden.

Fortunately, there are many
depths in the sea where a sub-
marine is stable against the sea’s
perturbations. What is peculiar
about those regions, which are
called thermoclines?

570.

4.11

Floating bar orientation

Does a long, square bar float on a
side or tilted over on an edge
(Figure 4.11)? Even if you find
the answer obvious, try floating
several long square bars in a variety
of liquids and then classify your
results according to the relative
density of the bar and liquid.

Is your intuition correct?

569.

Figure 4.11
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4.12

Fish ascent, descent

Do fish ascend and descend the
same way as submarines? Do they
compress and expand their swim
bladder to change depth? This may
be a common explanation, but it
isn’t correct because a fish has no
muscular control over its swim
bladder. So how do they do it?
Although fish can’t survive rapid
depth changes (in trawling, cod
and hake are dead when pulled to
the surface because of this), they
can live at tremendous depths.
For example, fish at 15,000 feet
withstand a pressure of 7000
pounds per square inch. What
provides the resistance to such pres-
sure?

571.

end. Whether the inverted ar-
rangement is stable or not depends
on how much water is in the tube
but probably not in any way you
would have guessed. If the tube

is nearly full or nearly empty, it is
stable when inverted with the
cardboard. But if it is about half
full, the water falls out every time.
Why?

572.

4.14
Floating bodies

Why do drowning victims first
sink and then, after a few
days, float to the surface?

buoyancy

stability

molecular and thermal diffusion

gravity waves

Rayleigh-Taylor instability

air pressure

surface tension

4.13

Inverted water glass

Place a piece of cardboard over
the mouth of a glass of water.
(The glass does not have to be full.)
Invert the glass, holding the card-
board in place. Now remove your
hand from the cardboard—it
stays in place and, therefore, the
water stays in the glass. Why?
Try the same thing with a long
glass tube (about 60 centimeters
long and 3 or 4 centimeters in
diameter) that is sealed at one

4.15

Stability of an inverted glass of
water

If the cardboard used in Problem
4.13 were to disappear suddenly
with the water glass inverted, why
would the water fall out? Yes, |
know gravity will pull the water
down, but how does the falling
start? Isn’t the water surface ini-
tially stable? Isnt it precisely the
same forces holding it up against
gravity? Once you decide why the
falling begins, can you figure out
how long it will take to empty
the glass?

574 through 579.

4.16

The perpetual salt fountain

Tropical and subtropical oceans
have warm, salty water near the
surface and cooler, less salty
water below. A seemingly perpe-
tual fountain may be made by
dropping a tube to the bottom,
and pumping water to the surface.
The pump can then be removed,
and the fountain will continue
itself (Figure 4.16). What keeps
the fountain going? Is it truly
perpetual?

580, pp. 44-45; 581, 5682; 1546.

\!
a

-

Figure 4.16
Perpetual salt fountain in the
ocean.
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buoyancy

stability

nonlinear system

molecular and thermal diffusion

Rayleigh instability

4.17
Salt fingers

You can see a phenomenon related
to the salt fountain in your
kitchen by half filling an aquarium
with cold, fresh water and then
adding (carefully, without mixing)
a solution of warm, dyed salt
water on top. (The dye is only
meant to be a tracer.) Immediate-
ly fingers of the upper solution
extend into the underlying fresh
water, making the boundary area
translucent (Figure 4.17). You
can see the fingers without the
temperature difference if you
pour a sugar water solution over

a salt water solution. (Again, use
a dye for a tracer.) What initiates
the finger growth, and why are
the fingers so stable?

582 through 590.

Warm,
dyed
salt
water

Cold,
fresh
water

\&

Figure 4.17
Salt fingers (exaggerated scale).

Figure 4.18

4.18

Salt oscillator

If you take an ordinary tin can,
punch a pinhole in the bottom, fill
it with saturated salt water, and
partially immerse it in a container

flow down through the hole, then
fresh water will flow up, and so on
(Figure 4.18). This oscillation
may continue for as long as four

of fresh water, will the two solutions days, with an oscillation period

eventually mix? Well, yes, they

of about four seconds. Why is

will, but in a surprising way. (Color there such an oscillatory exchange

one of the solutions with a dye so

of fluid, and what determines the

you can see which is which.) There petiod?

will be an alternating exchange of

591.
solutions, that is, salt water will
Bernoulli Effect
(4.19 through 4.40) 4.20

4.19

Narrowing of falling water stream

Why does a smoothly flowing
stream of water from your faucet
narrow as it falls? Is there some
force squeezing it together? Can
you calculate the change in the
stream’s diameter as a function of
the distance from the faucet?

Beachball in an air stream

To catch the attention of cus-
tomers, vacuum cleaner salesmen
will sometimes reverse the air flow
in a cleaner and then balance a
beach ball in the exhaust jet (Figure
4.20). The ball is quite stable

and can be held in place with

the air jet at a considerable angle.
Even a good slap will not be
enough to release it from the

jet. Why is it so stable? Will the
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Figure 4.20

ball spin in any particular direc-
tion?

211, p. 155, 399, pp. 102-103;
592, p. 60; 593.

14.21
Toy with suspended ball

A toy, “a-Blow-Go’'*, uses this
suspension trick also. You
balance a light ball by blowing
through a small side tube, as
shown in Figure 4.21. With a
long, hard blow, the ball is lifted
until it is pulled into the top of the
tube and shot back to its original
position. The point of the game
is to circulate the ball this way
as many times as possible within
one breath. (My record is five

Figure 4.21

By blowing through the side
tube, you make the ball circulate
through the main tube.

complete circuits.) What makes
the suspended ball stable, and what
makes the ball enter the top tube?

Norstar Corp., Bronx, New York

momentum transfer

wetting

Figure 4.22

Ball suspended in water jet.
4.22

Ball balanced on a water jet

In another similar trick, a ball is
balanced on a vertical water jet
(Figure 4.22). Occasionally the
ball may sit still for several seconds,
but usually it wavers and bobs.
Why doesn’t the wavering cause it
to fly out of the jet? What holds

it in? Does this really involve the
same physics as the beach ball
problem?

To be honest, the ball does some-
times escape the jet, but in the
course of its fall, it reenters the jet
and is returned to its former posi-
tion. It will even do thisin a

vacuum. What entices the ball back
into the stream like this?*

595.

*For yet another suspension but with
photons instead of air or water, see
Prob. 5.104.

4.23
Egg pulled up by water

Let a faucet pour onto an egg
floating in a glass of water (Figure
4.23). For flow rates above some
critical value, the egg will rise as
if it were attracted to the falling
water. Why, and what determines
the critical flow rate?

3

=
-

Figure 4.23
Egg pulled upward by water stream.
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wetting

4.24

Spoon in a faucet stream

If you hold a light spoon round
side upward in a stream of water
as shown in Figure 4.24, the spoon
seems to be glued to the stream.
You can move your fingers several
inches away, putting the spoon

at a considerable angle, and the
spoon will still refuse to leave

the stream. The falling water
should, by all rights, push the
spoon away, not attract it. What
causes this?

592, p. 60, 595, 596.

Figure 4.24
The spoon is kept in place by the
water stream.

4.25

Water tube spray guns

If you put one end of a tube into
water and blow across the open end
(Figure 4.25), you can force water
up the tube. With a strong blow

=

Figure 4.25
Water is lifted up the tube by the
air blown across the tube.

across a short tube, you can soak
your friends. The aerosol can is a
more practical application: pres-
surized air blows across a narrow
container of the material to be
sprayed. How do such spray
guns and cans work?

597.

4.26

Passing trains

When high-speed trains pass each
other, they must slow down or
their windows will be broken.
Why? Will the windows be pushed
into the train or sucked out? Will
this happen if the trains are travel-
ing in the same direction? If you
stand near a high-speed train, will

you be pulled toward or pushed
away from the tracks . .. or both?

599 through 602.

4.27

Ventilator tops and prairie dog
holes

Why is the draft through a ventila-
tor pipe improved if the top of the
pipe is surrounded with a cone
(Figure 4.27a)? Similarly, why is

i

£

Figure 4.27a
Ventilator pipe with cone top.

the ventilation inside a prairie dog
tunnel improved if the entrances are
surrounded by high, conical mounds
(Figure 4.27b)?

139, pp. 179-180; 598.

Figure 4.27b
Prairie dog hole with high
mound.
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pressure

4.28

Insects rupturing on windshields

Are insects squashed directly on
the windshield of fast moving cars,
or do they rupture in the air and
then splatter on the windshield?

If the latter is the case, then what

Do You WANT THIS
WITH OR WITHOUT
THE BUG SCREENT

)
ﬁc///; ﬁ\

Figure 4.28

causes the rupture? You may be
tempted to blame the insect’s

fate on turbulence, but is there
really that much turbulence? Why
doesn’t the strong, deflected wind

Sjce

W Ik,

1

(By permission of John Hart. Field Enterprises.)

stream carry the bugs safely over
the car? (Figure 4.28 shows one
way to avoid the bugs.)

364, pp. 12-13.

THIs IS
MORTIFYING.

eddy formation

4.29
Flapping flags

Why does wind, even a uniform
wind, make flags flap? What
determines the frequency of the
flapping?

124,p. 115,453, p. 51.

Bernoulli effect

momeritum transfer

4.30

Wings and fans on racing cars

Racing cars have gone through a
great many changes over the years,
some obvious, some subtle. One
of the best developments was the

addition of a horizontal wing above
the rear of the car. When a car
with such a wing entered a curve,
the driver would tilt the wing for-
ward. Upon leaving the curve, the
wing was leveled again. This wing
and its adjustments proved very
useful in keeping a car on the road
in turns, hence allowing much
higher speeds there. Were it not
for the danger of broken wings
resulting in uncontrollable cars
on the tracks, these movable wings
would still be in use. But safety
forced the racers to fix their wings
in place. In either case, movable
or fixed wing, how would a wing
help in keeping the car on the
road?

One of the strangest versions of
a racing car has been the Chaparral
2J, which was built by Jim Hall
who also pioneered the movable

wing. The Chaparral 2J had two
large fans in its rear designed to
pull air beneath the car, through
the fans, and out the rear. Skirts
were built along the bottom sides
of the car, hugging the road, so as
to tunnel the air beneath the car.
Again, Hall greatly increased the
speed of his cars by increasing
the traction. But how? Why would
air tunneled beneath the car and
out the rear increase traction?
Can you estimate the resulting in-
crease in traction and speed?

1581.
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momentum transfer

4.31
Lifting an airplane
“How does an airplane gain lift?”
is a standard physics question,
and the standard answer involves
Bernoulli’s principle, but is that
the only, or even the major,
factor? If the wings are shaped
(as is in Figure 4.31) to produce
a Bernoulli effect, then how do
airplanes fly upside down?

The crucial point of the standard
argument is that the air moves
faster over the wing than under
the wing, and this means, because
of Bernoulli’s principle, there
is greater air pressure beneath the
wing. Hence there is lift. Why
does the air move faster over
the top? Well, the two streams
of air moving below and above the
wing must cross the wing in the
same amount of time. The air
moving above has a greater dis-
tance to travel and thus moves
faster. Here the standard argument
stops. But why must the upper air
traverse the wing in the same time

as the lower air?  This is rarely
explained. As a matter of fact,

the top and bottom streams have

unequal traversal times. So,

why does the wing have lift?
593, 603 through 605,

Figure 4.31
Cross section of airplane wing.

4.32

Pulling out of nose dive

Suppose a plane stalls and goes into
a nose dive. Why must the pilot
wait until he reaches a high speed,
higher than his normal cruising
speed, before he attempts to pull
out of the dive?

603.

4.33

Sailing into the wind

It’s not difficult to see how a sailing
boat can be pushed along with the
wind, or at some angle to it, as
long as that angle is not too large.
But not only can sail boats travel
90° to the wind, they can even

sail into the wind at an angle of
45° or more. In this case the

wind will obviously oppose the
motion of the boat, right? So what
does push the boat when it sails
windward? Disregarding water
currents, what angle will give

the fastest boat speed?

611 through 613.

4.34

Frisbee

What keeps a Frisbee* aloft? Must
it be spinning? It apparently
doesn’t have to be a disc, because
Frisbee rings work almost as well.

*® Wham-0 Manufacturing Company,
San Gabriel, California.
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4.35

Manpowered flight

Is it possible for a man to fly under
his own power (Figure 4.35)? The
question is an old one but far from
dead. It now seems that present
attempts to design manpowered
aircraft will eventually lead to a
working model.

Some of the problems in design-
ing the aircraft are how much
power can a man produce, and
how much is needed for flight?
How large should the wings be?
Should they flap? Is the lift
improved if you stay close to
the ground?

606 through 610; 1518, 1519.

Figure 4.35
Man in glorious flight.

Figure 4.36
Top spin on golf ball causes it to roll forward.

4.36
Golf ball top spin

is this really a wise thing to do?

36, pp. 53, 138-139, 399, pp.
103-104,; 593, 616 through
621, 1484.

To gain distance, some golfers will
give a top spin to their ball so that
it will roll farther after it has hit
the ground (Figure 4.36). Con-
sidering the ball’s total trajectory,

4.37

Flettner’s strange ship

In 1925 a most unusual ship crossed cylinder to an airplane’s wing.
the Atlantic propelled by two large, How would such a cylinder pro-
vertical rotating cylinders (Figure vide lift for the airplane?

4.37). How did those rotating cyl- 110, p. 22: 155, p. 117; 399,

. . . "

inders drive the ship forvYard‘. p. 105; 453, pp. 71-72; 615;
In a more modern application, 623

NASA has used the same principle ’

by adding a horizontal rotating

Figure 4.37
Flettner’s ship propelled by two rotating cylinders.
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Figure 4.38
Strong winds through building.

4.38
Winds through a building

In one type of modern building
design, the floors are hung like
bridges between two solid walls
and the ground level area is left
open (Figure 4.38). This is an at-
tractive design, but inconvenient in
windy regions. For example, when
the spring winds blew through one
such building at MIT, wind speeds
up to 100 miles per hour were
measured, certainly much higher
than elsewhere on the campus.
(Students and junior faculty alike
were bowled over by the wind;
only full professors could with-
stand the gale.) What causes this
enhancement of wind speed?

614.

4.39
Curve, drop, and knuckle balls

Can baseball pitchers really throw
curve balls, drop balls, and knuckle
balls? If they can, then explain
how each is thrown. Does a curve
ball break continuously or sud-
denly? Does a drop ball suddenly
drop? And does a knuckle ball
actually dance, as batters claim?
How far will a major league
pitcher’s curve ball deviate from a
straight line by the time it

crosses home plate?

36, pp. 53, 138-139; 211, p.
156, 593, 615 through 622.
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4.40

Curves with smooth balls

A smooth ball should not curve
since, unlike a baseball, it has no
rough surface with which to ““grab’””
the air. You can nonetheless throw
a curve with a smooth ball, but it
will curve in precisely the opposite
direction as will a baseball. Why?

593; 619 through 622,

Waves
(4.41 through 4.59)

wave speed (group and phase)

superposition refraction
interference dispersion
reflection

Bernoulli effect

flow around obstacle

driven oscillator

4.41

Building waves

How are periodic water waves
built up by random gusts of wind
that play along a water surface?
Is the wind drag across the surface
more important than vertical dis-
turbances? Is there a minimum
wind speed required to maintain
the water waves? Do the waves
provide a feedback to the wind
flow to build up the waves even
further?

399, pp. 141-147; 580, pp. 133-
136, 624, 625.

wave interference

4.42

Monster ocean waves

There are many stories about ships
at sea suddenly encountering in-
credibly large waves. For example,
a wave 100 feet high was seen by a
cargo vessel captain in 1956 off
Cape Hatteras, and there were
reports of 80 foot waves in the
North Pacific in 1921. In 1933 a
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wave estimated at 112 feet high
was seen by the U.S.S. Ramapo
in the North Pacific. Imagine
standing on the bridge beneath a
wave 112 feet high!

Why do these waves suddenly ap-
pear and then disappear? If they
are somehow caused by storms,
then shouldn’t there be more than
one large wave? Could they be
caused by a sudden underwater
earthquake? (Can such earth-
quake waves be detected by a ship
at sea?)

399, p. 138, 626, pp. 48-49;
627, 628; 629, pp. 53-60.

gravity and capillary waves

wave velocities

light scattering

4.43
Whitecaps

Why exactly do whitecaps form on

the ocean and other bodies of water,

and why are they white? In a
moderate wind, why do they often
appear in succession, each forming
downwave of the previous one with
a time interval of a few seconds
between appearances?

390, 630, 631.

4.45

Whirligig beetle waves

When a whirligig beetle skims
quickly along the surface of the
water, why does it make pro-
nounced waves in front of itself,
but in back barely visible waves
or none at all (Figure 4.45a)?

If it skims slowly, there are no
waves, front or back. Why? A
boat doesn't do this; it always
makes waves to the rear. What is
so different about a skimming
water beetle?

Figure 4.45a
Whirligig beetle waves.

A similar asymmetry is present
in the wave pattern around a
narrow obstacle in a moving
stream: the waves upstream have
a much smaller wavelength than
those downstream (Figure 4.45b).
What causes the asymmetry, and
what determines the wavelengths
in the two cases?

633, 634.

Figure 4.45b

Waves around stick in moving
stream. [Both figures after V. A.
Tucker, Physics Teacher, 9, 10
(1971).]

wakes

Bernoulli effect

4.44
Boat speed and hydroplaning

What determines the practical
speed limit of boats, ducks, and

other things larger than insects?

If the limitation is friction from
the water, then why does a

longer boat generally have a
higher maximum speed? Wouldn’t
a longer boat feel more friction
and hence have a lower maximum
speed?

Why can a hydroplane go much
faster than a normal boat of similar
length? It is, as you know, partially
lifted out of the water. How is the
lifting accomplished, and how does
it permit such high speeds?

632; 633.
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nonlinear wave

dispersion

interference

Figure 4.46
Ship waves as seen from above. [After H. D. Keith, Am. J.
Phys., 25, 466 (1957)].

4.46

Ship waves

If you ever have a chance to fly
over ships moving in deep water
examine their wave patterns.
Notice the disturbed areas are
always V-shaped with the same
angle (38° 56'). As one writer
put it, the V shape is present
“whether the moving object is a
duck or a battleship’” (760).
Why is that?

Inside the disturbed area, the
pattern gets more complicated
(Figure 4.46). Can you explain the

’

origin of the two types of wave
crests that are present? Are they
also the same for a duck and a
battleship?

How does the pattern change in
shallow water? First, can you ex-
plain what “‘shallow’’ means? Shal-
low compared to what?

51, pp. 200-203; 399, Chapter
17; 635, Chapter 8; 636
through 640.

4.47

Edge waves

While investigating water waves,
Faraday discovered a very curious
form of wave produced by a simple,
horizontally oscillating plate
slightly immersed in a water basin
(Figure 4.47a). Ignoring wave re-
flections from the basin’s sides,
I would have guessed that only com-
mon, plane waves would be made.
However, when the oscillating
plate was immersed about 1/6 inch,
he saw the following:

Elevations, waves or crispa-

tions immediately formed

but of a peculiar character.

Those passing from the sur-

face of the plate over the

water to the sides of the

basin were hardly [visible],

but apparently permanent

elevations formed, begin-

ning at the plate and pro-

jecting directly out from

it to the extent of 1/3 or

-

Figure 4.47a
Plate oscillating in water.
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Figure 4.47b
Edge waves on the oscillating
plate, as seen from above.

1/2 an inch or more, like

the teeth of a very short

coarse comb [Figure

4.47b] (643).
Faraday also noticed these
strange waves had half the fre-
quency of the vibrating plate.
Now how can a vibrating plate
possibly set up standing waves
whose crests are perpendicular
to the plate?*

641 through 646.

*To see the edge-wave theory used to
discuss rip currents on ocean beaches,
see Refs. 647 through 651 and Ref.
1818.

shallow water waves

shallow water waves

refraction

4.48

Swing of waves to shore

When ocean waves reach the shore,
why are they approximately parallel
to the shoreline? Surely the waves
originally come from a variety of
directions.

360, p. 28; 399, pp. 95-96; 628;
635, pp. 133-136.

Bernoulli effect wave speed
41.49
Surf skimmer 4.50
Surfing

You can surf, in a sense, on

water only one or two inches deep
by riding a wooden disc skimming
along the shallow surf (Figure
4.49). 1f you leap on it when it
has sufficient speed, you may be
carried 20 feet or more. What
holds you up during such a ride,
and why does this support disap-
pear when the disc slows down?
Why do longer boards travel
farther? Shouldn’t a longer

board provide more friction and
hence stop sooner?

6;26,u pp. 152- 156,' 653.
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Figure 4.49

What rushes you to shore when
you're surfing? Are you pushed
by the wave, or are you continously
falling downhill? Why are the
best waves to ride those on the
verge of breaking, and why is
most surfing done in waters over
gently sloping beaches? Why is
the surfing position on the wave
front relatively stable? Isa

surfer more stable on a long board
than on a short board?

626, 652, pp. 80-81.

buoyancy

wakes

4.51

Bow-riding porpoises

Porpoises are often seen riding
motionlessly a few feet beneath
the water surface near a ship bow.
They make no swimming motions
at all, so they somehow gain their
propulsion from the ship itself.
The technique must be well
developed, for a porpoise can ride
for more than an hour with little
or no effort and can remain sta-
tionary, flip over on a side, or
even slowly revolve around its body
axis. There may even be two or
three layers of the porpoises, all
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bow riding together. What actually
carries the porpoises along?

A similar case is related by
Jacques Cousteau in one of his
underwater books (660). Sharks
are often accompanied by small
“pilot fish” that, according to
legend, guide the shark. Cousteau
saw one such pilot fish, a very
small one, directly in front of
the shark’s head, somehow being
propelled along by the shark it-
self. That was a precarious posi-
tion indeed! How was the pilot
fish pushed, and why was his
position so stable?

654 through 660.

gravity

noninertial forces

static and harmonic

theories of tides

4.52

Ocean tides

What causes the ocean tides? You
may be satisfied in answering that
the tides are driven by the gravita-
tional attraction of the moon and
sun, but let me ask a few more
questions.

Does the water bulge on the
moon side of the earth because
the moon pulls the water vertically
away from the earth? If it does,
that seems strange because
isn’t the water’s attraction for the
earth much, much greater than its
attraction for the moon?

If the earth’s seas are pulled
to the moon and the resulting
bulge in the ocean is the high tide,

tide when the moon is directly
overhead? For some reason, there

Figure 4.52
Two tides on the earth
{exaggerated,of course).

then why are there two high tides
aday? The earth turns once a day,
and hence each point on the earth’s
surface should face the moon only
once a day. Therefore, shouldn’t
there be just one high tide a day?
However, since there are two high
tides a day, the water on the

earth should have two bulges, one
of them being away from the
moon (Figure 4.52). How do you
explain the second bulge?

Some seas, (the South China
Sea, the Persian Gulf, the Gulf of
Mexico, and the Gulf of Thailand,
for example) have only one high

4.53

Tides: sun versus moon

Which provides the stronger
driving force on the tides, the
moon or the sun? If you make
arough calculation to see, would
you compare the direct gravita-
tional pulls of the moon and sun
on a piece of the earth’s water?
If you do, you’ll find that the
sun is the dominant body.

Why are there spring tides,
which are the larger than average
tides near the times of new and
full moons, and neap tides, which
are the lower than average tides
near the first and third quarters
of the moon?

399, pp. 15-16; 661, pp. 156-
159; 662, pp. 32-33; 663, pp.
23-24, 35 ff; 664, pp. 189-
192, 668.

angular momentum

conservation

tide a day. Why don’t they have
two? Still other places, such as
the Indian Ocean, have alternating
diurnal and semidiurnal tides.
Again, why?

Finally, why isn't there a high

is always a lag.

111,399, pp. 3-14, 661, Chapter
5, pp. 149-181,; 662, pp. 26-32,
40 ff; 663, Chapter 4, pp. 11-55;
664, pp. 177, 179, 188 ff; 665,
pp. 195 ff; 667 through 669,
1589.

4.54

Tidal friction effects

As a tidal current flows across
the ocean bottom, energy is lost
to frictional heating. One con-
sequence of this energy loss is
that the earth’s rotation slows,
and the day gets longer.

Does the energy loss have any
further effects? A system cannot
have a change in its total angular
momentum unless there’s an out-
side torque. There is no such out-
side torque on the earth-moon
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system, but we’ve got an earth with
a decreasing spin. How then is the
total angular momentum to be con-
served?

Will this go on forever? Will
the earth’s day continue to get
longer? Will there be any change
in the apparent motion of the
moon? One prediction is that
some day the moon may travel
backwards across the sky.

111,661, Chapters 16, 17,
663, Chapter 11,672, 673.

shock fronts

water waves

wave speed

resonance

4.55

Seiches

Water in a lake often sloshes back
and forth just as it does in a small
rectangular trough. The residents
around Lake Geneva long ago
noticed this sloshing (called a
seiche), which can reach three

feet in amplitude, but they didn’t
understand what determined its
periodicity or even what caused

it. What does determine the
sloshing frequency in a rectangular
basin? What periodicity do you
predict for Lake Geneva (average
depth about 150 meters and
length about 60 kilometers)?
Finally, what makes the lake slosh?

170, pp. 45-46; 580, pp. 138-
140; 635, pp. 423-426; 661,
Chapter 2; 662, pp. 62-65; 663,
pp. 7-8; 664, pp. 272-273.

4.56
Tidal bores

In most rivers emptying into

the sea, the tidal rise is calm,
perhaps even imperceptible.

But in others the rise becomes so
rapid that an almost vertical wall
of water, a bore, races up the
river with great force (Figure
4.56). The English rivers Severn
and Trent and the Canadian river
Petitcodiac experience these water
walls. The bore of the Amazon
is an awesome sight, being a mile
wide at places and up to 16 feet
high, sweeping upstream at 12
knots. The most striking of them
all, however, is the bore of the
Chinese Tsien-Tang-Kiang,

which has risen as high as 25
feet. The Chinese skillfully use
the bore to float their junks
upstream, ignoring the danger
and the helter-skelter ride. Why
do these bores form, and why
don’t all sea coast rivers have
them? Does their speed depend
on their height or the depth of
the river?

399, pp. 33-66; 635 pp. 320,
326-333, 351 ff; 661,

Chapter 3, 662, pp. 97-98; 663,
pp. 8, 120-125; 664, pp. 320-
321, 674 through 676.

Figure 4.56
Tidal bore racing up river.

The madness of stirring tea 91




resonance

wave flow

water waves

4.57
Bay of Fundy tide

Why does the Bay of Fundy in
Nova Scotia (Figure 4.57) have the
world’s largest tidal range (the
change in water height due to the
tides)? In some places the range
is so large that men fish by erecting
large nets during low tide and
then during the next low tide,
simply collecting the fish caught
in the net during the high tide.

At the mouth of the Bay, the

New
Brunswick

46 ft

Chignecto

Bay _t et
gl Gl

s
1 Basin

Nova Scotia

Figure 4.57
Tidal range in the Bay of Fundy.

range is not too large, about 10
feet during spring tides. Further
up the Bay at St. John the range
increases to 25 feet, and at the
end of Chignecto Bay it is 46 feet.
The largest range, 51 feet, is found
at the end of the Minas Basin.
(Winds can add as much as another
6 feet to these figures.)

Can‘a bay have an especially
favorable length to enhance the

Minas ; t

tidal range? What would such a
length be for a bay whose depth
is like that of Fundy (75 meters)?
How does that compare with
Fundy’s actual length?

399, pp. 27-29; 663, pp. 113-
115; 664, pp. 235-236; 670;
671.
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4.58
Sink hydraulic jump

When a stream of water falls into
my sink, the water spreads out in
a relatively thin layer until it
reaches a particular distance from
the stream where the water sud-
denly increases in depth. Hence,
a circular wall of water surrounds
the stream (Figure 4.58). The
same type of wall is made if the
stream falls onto a flat plate,
though the depth change is not as
pronounced. What causes these
jumps in water depth? What
determines the radius at which a
jump occurs? How high is the
wall?

635, pp. 324 ff; 677 through
681.

Hydraulic jump in the sink.

Figure 4.59
Standing waves in falling water
stream.

4.59

Standing waves in falling stream

If you hold your finger or the flat
of a knife in a thin water stream,
a standing wave appears in the
stream* (Figure 4.59). Why?
What determines the spatial peri-
odicity of this wave? Why does
that periodicity depend on the
distance between the flat sur-
face and the faucet?

*Elizabeth Wood, personal communica-
tion.

4.60

Beach cusps

Why are cusplike formations,
sometimes outlined on a side with
small pebbles, very often found on
sandy beaches (Figure 4.60)?
Shouldn’t the ocean waves striking
smooth beaches be plane waves?
Although some cusps are isolated
and can be dismissed as flukes,
there are many long beaches

whose entire length is embroidered
with periodically spaced cusps.
What causes them?

629, pp. 386-389; 648, p. 5490;
650, 682 through 691.

Ocean waves

Figure 4.60
Beach cusps.

forces in rotating frame

friction

4.61

Ekman spiral

Suppose there is a steady wind
blowing over the water somewhere
in the middle of the ocean. In
what direction is the net total mass
transport of water by the resultant
current? In the direction of the
wind? Slightly to the left? Well, |
understand that it is 90° to the right
in the northern hemisphere and 90°
to the left in the southern. Why
90°? The current off the California
coast provides an example of

this in shallower water. The winds
there usually blow southward and
parallel to the coast, but the top
layer of the ocean moves toward
the west.

580, pp. 76-79; 692.
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4.62

Stronger ocean currents in the west

Doesn’t it strike you as odd that in
both northern and southern
hemispheres there are stronger
ocean currents along the western
sides of the oceans?

North Atlantic: Gulf Stream

South Atlantic: Brazil Current

North Pacific: Kuroshio

Indian Ocean: Agulhas Current
(The one exception is in the South
Pacific, for there is no such large
current off Australia.) Why is the
west favored for strong currents?

666, p. 1025; 692 through 696.

4.64

River meander

Natural streams and rivers, especial-
ly the older ones, are rarely straight
for any great length; they almost
always meander back and forth
(Figure 4.64). In some cases the
weaving is so extreme as to cut
off and abandon a loop, forming
what is called an oxbow lake. Of
course, the local terrain may force
some sinuosity, but even still,
shouldn’t there be many more
straight sections? What causes the
meandering?

44, pp. 189-190; 73; 360, pp.

43-48; 364, pp. 78-79; 453, p.
146, 697, pp. 82-85, Chapter

secondary flow

9, 698, pp. 56-58; 699, pp.

centrifugal force

144-145; 700, pp. 84-87; 701

friction

h h 715.

4.63

Tea leaves

Why do leaves in a cup of tea col-
lect in the center of the cup when
you stir it? Since the tea is rotating
you may want to class this as just
another centrifuge example, but
wait—in a centrifuge don’t the
denser objects move outward?
Hence, the centrifuge argument

will only make the behavior of the
tea leaves even more mysterious.

44, p. 189; 73; 700, pp. 84-85;
716.

Figure 4.64
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Figure 4.65

If the ball is released in the center
of the rotating water, it takes
longer to rise.

4.65

Rising ball in rotating water

Adjust a small ball’s density (by
partially filling it with water) so
that it takes about 2 seconds to
ascend through four inches of water.
If the water is on a rotating turn-
table and the ball is on the center
axis (Figure 4.65), the ascent time
should be the same, shouldn’t it?
But as a matter of fact, if the
rotational speed is 33 1/3 rpm,

a four-inch ascent will now take
about 30 seconds. Why is there
such a big difference in rise time?
Indeed, why is there any difference
at all?

717 through 719, 1482.
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4.66

Taylor’s ink walls

If a drop of dyed water is placed in
a glass of clear water, the dyed area
will be about half a centimeter
large. But if the drop is placed off
center in a glass of water that is
sitting on the center of a rotating
turntable, the dyed area will be
compressed into a thin vertical
sheet that spirals around the center
of the glass (Figure 4.66). What
keeps the dye in such a sheet and
prevents it from mixing with the
clear water?

717; 720.

Figure 4.66
Taylor’s ink wall in a rotating
glass of water.

angular momentum

4.67
Bathtub vortex

Do northern hemisphere bathtubs
really drain in a counterclockwise
sense, as is commonly believed?
If bathtubs do drain in opposite
senses in the two hemispheres,
does that mean the water doesn’t
rotate at all on the equator?

72: 721 through 736.

soda water on a turntable’s center
and spin it at 78 rpm. Bubbles
emerge from the soda water as you
would expect, but when you add

a small amount of sugar or some
other granular substance, a tornado-
like structure develops. What
causes this vortex, and what pro-
vides its energy?

751 through 754.

vorticity

4.68

Tornadoes and waterspouts

Do tornadoes and waterspouts
turn in any particular direction,
as do hurricanes? What makes
them visible? Does water go up
or down in waterspouts? Why

do some tornado funnels hop
along? Do adjacent funnels attract
or repel each other? Finally, why
do some funnels appear to be
double layered, as if they con-
sisted of two concentric funnels?*

226, 737 through 746, i538.

*For more information on tornadoes,
their cause and behavior, see Refs. 224,
225, and 747 through 750.

4.69

Soda water tornado

Place a recently opened bottle of

buoyancy

4.70

Coffee cup vortex

Carefully stir a cup of hot coffee
until you have a uniform swirl

and then carefully pour a stream
of cold milk into the center. A
vortex will form in the center and
a dimple may be noticeable. But
if hot milk is used, the vortex will
not develop. Why is there a vortex
in the first case and not in the
second.

7565.

convection

vorticity

4.71
Dust devils

What drives dust devils, those
whirlwind vortices that are often
seen in deserts or other places
with loose sand debris? Does their
internal air move up or down, and
is there a preferred sense of rota-
tion as in hurricanes? How can
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Figure 4.71

Dust devil.

seemingly small, local changes in
the air trigger them? For instance,
a jackrabbit tearing across the
desert floor can leave a trail of
dust devils. Why do nearly all dust
devils die within only three or
four minutes? Is it because of tur-
bulence, or is the energy source
removed? Finally, why are they
shaped like an uneven hourglass
(Figure 4.71) and not like a tornado
funnel?

756 through 764, 1539; 1540.

4.72

Fire vortices

Why do tornadolike vortices fre-
quently develop near volcanos,
forest fires, and large bonfires?

765 through 772.

4.73

Steam devil

There is yet another natural vortex,
butitis rarely seen. In the dense

steam fog over some winter lakes,
such as Lake Michigan, steam devils
appear. You can simulate this by
allowing cold air to blow over a
bathtub full of warm water in a
moist bathroom. What drives the
steam devils?

773, 774.

4.74

Vortex rings from falling drops

If a drop of dyed water falls into a
glass of clear water, you can see the
vortex ring created by the splash
and watch the ring as it expands
and descends (Figure 4.74). Can
you explain in simple terms why
the ring is formed and why it
expands? Which way does the
fluid rotate in the ring? Finally,
why are more (but less pro-
nounced) rings also created by

the same splash?

155, p. 103, 775; 776, pp.
522-526; 777.

Figure 4.74
Falling and expanding vortex
ring of dyed water.

4.75

Ghost wakes

If you quickly move a vertical
piece of cardboard horizontally
across a pool of water as shown
in Figure 4.75a, two wakes will
appear on the pool’s surface.
Why? If the cardboard is moved
to the side as shown in Figure
4.75b, only one wake appears.
Again, why?
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Figure 4.75a
Top view of moving cardboard
and vortices.
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Figure 4.75b

Top view of moving cardboard
and vortex. [Both figures after
C. W. McCutchen, Weather, 27,
33(1972).]
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4.76 Sinking coin

Hot and cold air vortex tube

The Ranque-Hilsch vortex can
mysteriously separate hot from
cold air without any moving parts.
If compressed air (at room tem-
perature, say) is forced into the
vortex tube through the side
nozzle (see Figure 4.76), air as
hot as 200°C will emerge from feverishly sorting out cold and

one arm of the vortex tube while  hot air from the room-temperature
air as cold as —50°C escapes from  4i;>

the opposite arm. There are no
heating-cooling mechanical de-
vices inside the tube, just a cir-

cular cavity with a center escape
hole on one side and a valve at
the end of the arm on the other
side. How is the temperature
difference created by this simple
arrangement? Must we have a
little man stationed in the tube,

778 through 787.

If a coin is dropped into a large
container of water, will it sink with
its edge or flat side downward?
Will the same thing happen in a
viscous fluid such as oil or a sugar
solution? How will a cylinder
sink?

Common sense probably tells you
a sinking object will always assume
the most streamlined orientation.
However, for some parameters a
coin and cylinder will sink in
water with whatever orientation
you initially give them. Making the
disc larger or the fluid more
viscous causes the disc to fall broad-

—r
—  cColdair |face. What forces the disc to pre-
/\\ out sent its broadest side? Why aren’t
QJ smaller coins and cylinders also
-\ forced into the broadside orienta-
ion?
Air tion?
blown
in 788 through 790.
Figure 4.76 K
Compressed air blown into vortex tube separates into hot and waxkes
cold air.
eddies real purpose? If, perhaps, there 4.79

aerodynamics is some aerodynamical basis for the

formation, is it important that the
formation be symmetric? Is it
necessary that the birds synchron-
ize the flapping of their wings?
What advantage would the V for-
mation have over any other forma-
tion (line abreast or zigzag, for
example)? Why don‘t birds fly

in schools like those of fish?

794.

4.77

Birds flying in V formation

Do you think there is any physical
reason for the V formation assumed
by migrating birds? Or do you
think it is simply an interesting be-
havioral response and serves no

Tailgating race cars

In stock car races what advantage
is there for one car to tailgate
another car (called drafting)? Is
the lead car affected at all? When
the trailing car suddenly pulls out
to pass, why does it receive a
whiplash acceleration around the
lead car?

789.
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Several sinking objects interacting
4.81

Figure 4.80a
Two views of two cylinders falling
in a viscous fluid.

Several objects may interact in
strange ways while sinking in vis-
cous fluids such as oil or a sugary
solution. Here are three examples.

Into a viscous fluid, drop two
cylinders, one closely following
the other. For certain ranges of
viscosity and cylinder size and
speed, the trailing cylinder may
catch the leader and rotate about
it until they are horizontally paral-
lel, and then they will both rotate
together and separate horizontally
as they sink (Figure 4.80a).

In a simpler interaction, two
discs dropped after a leader disc
may catch the leader, and then
the three will take on a stable
butterfly configuration (Figure
4.800).

Also, a compact cluster of three
to six spheres will separate them-
selves into a horizontal, regular
polygon, and this polygon will
slowly expand as it falls.

Without getting into too much
detail, can you roughly explain
why each of these interactions
take place?

789 through 793.

Figure 4.80b

Butterfly configuration of three
discs falling in a fluid. [After
K. O. L. F. Jayaweera and B. J.
Mason, J. Fluid Mech., 22, 709
(1965).]

Strange air bubbles in water

Closely examine bubbles rising
through a glass of water. The very
tiny ones (with radii less than about
0.7 millimeter) are spherical and
rise to the surface in a straight line
just as you would guess. Slightly
larger bubbles (up to 3 millimeters
in radius) are spherical but either
zigzag or spiral upward. If the
radius is even larger (more than

3 millimeters), the path is again
straight, but for radii greater than

1 centimeter, the bubbles look like
spherical caps and resemble umbrel-
las (Figure 4.81).

Why does a rising bubble’s shape
depend on its size? What forces
the intermediate size bubble to
zigzag and spiral, and what param-
eters fix the frequency of that
motion?

776, pp. 367-370, 474-477;
796 through 801.

Figure 4.81
A large bubble rising in water
resembles a spherical cap.
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Wind gusts on building
4.82

Fish schooling

The schooling of fish certainly
must have roots in social factors,
but it must also offer a practical
advantage to the fish, for when
swimming in such a school, a
fish's endurance is considerably in-
creased, perhaps as much as six-
fold. Why would there be an ad-
vantage for fish of similar size

and shape to swim in reqular
arrays and in synchronous motion?
In particular, what determines the
distance between fish? Should
one fish swim directly behind
another? Why don’t fish swim

in the V formation that birds use?

Why is the windward side of a
building calmer than the rear in a
strong and gusty wind? Shouldn’t
just the opposite be true?

453, pp. 138-139.

driven resonance

harmonic oscillations

4.84

Tacoma Narrows Bridge collapse

You may have heard of the failure
of the Tacoma Narrows suspension
bridge, because physics depart-
ments often have the spectacular

1095. film (1562) showing the bridge
oscillating and eventually col-
lapsing.

The bridge began its oscillations
Figure 4.82

“It all started with an innocent
game of follow-the-leader!”

even when it was being built; in
fact, the structure’s rippling motion
made the bridge workmen seasick.
After it was opened to traffic, the
motion was so pronounced that
motorists came from miles away
just for the thrill of being on the
bridge. On days when the bridge
oscillated as much as five feet,
motorists on the bridge actually
disappeared from each other’s
view.

Still, the bridge’s collapse came
as a complete surprise. Suddenly,
on the morning of the collapse,
the ripple ceased, and after a brief
pause, the bridge went into a
furious torsional oscillation. Two
people on the bridge at the time
crawled on all fours to escape.
After trying to rescue a dog
abandoned on the bridge, a pro-
fessor could retreat only along the
nodal line of the torsional oscil-
lation. (His retreat is seen in the
film.)

After 30 minutes of torsional
motion a floor panel fell from the
main deck. Another 30 minutes
brought another 600 feet of deck
down. Though the twisting then
ceased briefly, it began again, and
it took only several additional
minutes to bring the remaining
deck down.

The bridge designer (who died
shortly after this tragic end to his
career) could hardly be faulted, for
at the time there was scant under-
standing of the aerodynamic be-
havior of suspension bridges. The
repercussions in bridge building
were enormous and long lasting.

The bridge failure is introduced
in the physics classroom as an
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example of driven resonance. Al-
though the wind was not blowing
unusually hard that day, the
bridge’s oscillations grew in
strength to catastrophic pro-
portions. But why and how ex-
actly did the wind do this? How
would a fairly steady wind cause
the rippling, which soon led to the
torsional oscillations? Why would
longitudinal oscillations be created?
Since driven resonance implies a
certain frequency match between
the driving force and driven object,
you must explain how the wind
produced that frequency match.
How can a bridge’s aerodynamic
instability be minimized? One
new feature resulting from the
collapse was the placement of
longitudinal gaps in the bridge’s
roadway, say, between the op-
posing lanes of traffic. Why would
this help stabilize the structure?

pilot lose control as a result.

Often there are warning signs for
these various types of disturbances,
but some turbulence can occur in
clear weather, with no clouds, and
at altitudes of several kilometers.
This turbulence was unknown
until jet airplanes of World War II
were first able to reach the relative-
ly high altitudes at which it takes
place. What is responsible for

the clear air turbulence and the
other types of disturbances? Why
is it experienced primarily at
higher altitudes?

819 through 822.

4.86

Watch speed on a mountain top

Why will a spring-driven watch run
at a different speed on a mountain
top than at a sea shore?

turbulence

wave interference

4.88

Fast swimming pools

Why are some swimming pools said
to be fast? Could different depths,
different splash gutters, chemical
additives, etc. noticeably influence
a swimmer’s speed?

edge oscillations

802 through 812; 1556. 9, pp. 80-82.
Kelvin-Helmholtz instability turbulence
convection
4.87
4.85 Wire mesh on faucet

Air turbulence

What causes the bumps so fre-
quently encountered by jet air-
craft? Some disturbances are
single jolts. Some force the air-
plane up and down as if it were
a ship at sea. Others quickly
heave the airplane to a different
altitude, perhaps making the

Why is a wire mesh often placed
over a faucet’s outlet? It will,

of course, catch small stones in the
water supply, but people claim the
water is also “smoother’’ or
“softer’’ with the mesh in place.
Why would that be?

4.89

Nappe oscillations

When water is discharged over the
spillway weirs of some dams, the
falling water curtain may go into
severe oscillations (Figure 4.89).
The noise from the oscillations, in
addition to the normal noise from
water impact at the dam’s foot,
may even make the vicinity un-
bearable. What causes these oscilla-
tions, and why is there so much
extra noise?

813 through 816.

Figure 4.89

100 The flying circus of physics




eddies

flow around obstacle

driven pendulum

particle transport

4.90

Parachute holes

Why do parachutes often have
central holes (Figure 4.90a),
especially the conventional para-
trooper parachutes? Isn’t a hole a
rather strange thing to have, for
wouldn’t you think it would be
counter to the whole point of a
parachute? If the hole is to reduce
drag, why not just make the para-
chute smaller?

Some of the unconventional
parachutes need even more ex-
plaining. For instance, some on
stock car racers resemble two
crossed-bandage strips (Figure

T

Figure 4.90a
Conventional parachute.

4.90b). Why would someone use
such a drag chute? Wouldn’t the
drag be quite low?

Even in the absence of gusty
winds, men using conventional
parachutes swing to and fro
during their descent. Since such
swinging can be very dangerous
during the landing, the men ob-
viously are not doing it on purpose.
What causes the swinging, and what
determines its period?

817; 818.

Figure 4.900b
Stock-car parachute.

eddies

4.92

The gaps in snow fences

If you want to stop snow drifts
near a roadway, railroad track,
or walkway, why do you put up
a snow fence. . .why not a snow
wall? Granted a fence may be
less expensive, but wouldn’t a
wall do a better job than a fence
with all its gaps?

453, p. 334, 600, 826.

flow around obstacle

particle transport

4.93

Snow drifts

Snow drifts are much more pro-
nounced around posts and trees
than on the wind-facing sides of
houses. Why is there such prefer-
ential unloading of drifting snow
around the narrower obstacles?

364, pp. 12-13; 453, p. 333,
826.

drag

turbulence

momentum transfer

hydrostatic forces

491
Speed of a drifting boat

A drifting boat is commonly
thought to travel faster than

the stream. Indeed, since a
drifting boat can be steered,
doesn’t it have to? But how

can the boat, which supposedly
is just being pushed along by the
stream, be moving faster?

453, p. 179; 824, 825.

eddy formation

4.914

Streamlined airplane wings

Why are the trailing edges of air-
plane wings sharp? (To say that
it’s just for streamlining is not
enough.) Why do some planes have
swept-back wings and others not?

603, 605.
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Skiing aerodynamics

Aerodynamically, what is the best
position a skier can assume in a
downbhill race? Winners in the
olympics and other world meets
are often determined by time dif-
ferences between skiers of as little
as 0.01 second. Because of the
crucial need for sound knowledge
about the stance as well as the
equipment of a skier, the French
conducted wind tunnel experi-

ments and developed the “‘egg
position’ (Figure 4.95a). Al-
though this in not the best posi-
tion for drag reduction, it is a
practical one to assume in a
strenuous race.

How about the other two posi-
tions shown? Before the testing
a good many of the skiers had in-
stinctively adopted the lowest pos-
sible position, dropping the arms

alongside the legs (Figure 4.95b).
As it turned out, the high crouch
(Figure 4.95c) gives remarkably
less drag than the lower crouch
with lowered arms—but still not
as little as the French egg position.
Why?

823.

Figure 4.95
Three skiing positions.

air drag

41.96
Dimpled golf balls

Why are golf balls dimpled? In the
very early days of golf, the balls
were smooth, and it was only ac-
cidentally discovered that scarred
balls traveled further than the
smooth, unscarred ones. If today’s
dimpled ball is driven, say, 230
yards, a smooth ball similarly struck

would travel only 50 yards. Does
this make sense? Shouldn’t the
smoother ball go further because
it will have less air drag?*

593, 827; 828.

*In the last few years a newer golf ball
design—one with randomly spaced,
hexagonal dimples rather than the old,
regularly spaced, circular dimples—has
been sold with the claim of an addi-
tional six yards in average flight distance.

air pressure

momentum transfer

4.97
Flight of the plucked bird

How do birds fly? Yes, I know
they flap their wings up and down,
but how does that keep them
aloft and moving forward? Well,
maybe the bird flaps backwards
on the downstroke, thereby pro-
pelling itself forward. No, slow
motion movies show the wing
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moving forward not backward, on
the downstroke. Perhaps the best
clue to the bird’s flight lies in the
ancient Greek myth of Icarus who
flew too close to the sun, lost the
feathers glued to his arms, and
then plunged to his death. Must

a bird have feathers to gain lift
and forward drive? Can a plucked
bird fly?

pressure

stability

Figure 4.99
Several bridling techniques for kites.

4.99
Kites

What keeps trianqular and box
kites aloft, and which type is
more stable? Why do some kites
have tails? Finally, what advan-

tages do the various bridling tech-
niques shown in Figure 4.99 give?

829.

convection

vortices

lift and drag

4.98

Bird soaring

What allows birds to soar so
effortlessly and so continuously?
If they are riding on winds de-
flected upward by trees and hills,
for instance, then why can they
soar just as well over flat land and
water? If they gain lift by gliding
into a wind whose strength in-

creases with height, then why do
they seem to soar so much better
on wind-free days? Finally, if they
ride thermal currents upward, then
why can you sometimes see one
group of birds soaring while
another group, either below or
above the first group, must flap
their wings to remain aloft? Be-
sides, if the lift is produced by
thermals originating on the
ground, shouldn’t larger birds have
an easier time soaring near the
ground? Actually, they can rarely
soar there.

Some birds stalk ocean liners
across long stretches of open water,
somehow gaining their propulsion
by gliding near the ship waves.
How do they do this?

364, pp. 13-15, 120-121, 604,
852, pp. 127-131; 853 through
862,

roll vortices

convection

condensation

4.100

Cloud streets

Sometimes the sky is covered
with long, straight rows of cumu-
lus clouds called cloud streets.
What orders the clouds this way,
and in particular what determines
the spacing between rows? Why
aren’t cloud streets made more
often?

361, pp. 4-13, 39, 43, 362,
pp. 28-30; 364, pp. 154-155,
175, 1456.
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4.101

Coffee laced with polygons

If you examine a hot cup of coffee
under a strong light that is incident
nearly parallel to the surface of the
coffee, you will find the surface
laced with polygonal cells (Figure
4.101a). They disappear, however,

Figure 4.101a

Polygons on coffee surface. (After
V. J. Schaefer, American Scientist,
59 (Sept.-Oct. 1971).)

as the coffee cools. You can also
destroy the cellular appearance

by putting a charged rubber comb
(charge it by running it through
your hair) near the coffee.

Other liquids show surface
designs too. James Thomson, a
famous Nineteenth—Century phys-
icist, noticed the rapidly varying
surface designs in a pail of hot
soapy water and in strong wines.
Later, the Frenchman Bérnard was
able to make regular patterns in
oil surfaces when the oil was heated
from below. His regular polygons
would slowly evolve into a beauti-
ful hexagonal, honeycomb struc-
ture (Figure 4.101p). Still other

Figure 4.101b
Hexagonal Bernard cells.

fluids gave a roll-like appearance
(Figure 4.101c). Recently, cellular
surface designs were attempted on
board spacecraft while under zero
gravity.

Figure 4.101c
Surface with roll-like structure.
In these examples, why do rolls

and polygons (especially honey-
combs) form on the fluid surfaces?
Is the same physics actually re-
sponsible for all of the examples?
Why do the coffee cells disappear
when there is a charged body near-
by? Finally, do these several types
of surface designs depend on
gravity?

360, pp. 93-94, 453, pp. 418-
421, 580, pp. 113-115; 830
through 849.

4.102

Longitudinal sand dune streets

Looking down on desert sand dunes

|from a high altitude airplane, one

sees ‘‘curious long, narrow dune

| belts running across the desert,

roughly from north to south, in
almost straight lines [ Figure
4.102],” (863) as if one were
viewing well-designed parallel
streets. The dune belts are char-
acteristic of virtually every major
desert in the world, and they all
run roughly north to south and
have spacing of about 1 to 3
kilometers.

Leaves scattered over lake sur-
faces and surface seaweed also col-
lect into rows, though the scale is

V smaller, with the rows being only

Figure 4.102
Sand-dune streets as seen from
a high altitude.
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100-200 meters apart and up to
500 meters long.

In these examples what deter-
mines the direction the rows and
belts run? If it is the wind, then
do the rows and belts run parallel
or perpendicular to it? Moreover,
what determines the spacing be-
tween them?

580, pp. 18-19, 119-120; 862
through 868.

eddies

saltation

4.104
Sand ripples

Why are the sides of a sand dune
covered with sand ripples? What
exactly determines the spacing of
those ripples?

The sandy bottoms of streams
are also often covered with sand

ripples or waves. What causes
those, and again, what determines
the periodicity of the waves? If
you watch them closely for a long
time, you may find them traveling
upstream. Why do they do that?

144, 453, p. 334, 629, pp. 381-
386, 687, 688; 697, pp. 55-59;
698, pp. 134-136; 869 through
874.

vorticity

4.103

Smoke ring tricks

To amuse me during the long
summer days of a small country
town, my grandfather would blow
smoke rings for hours on end.

In one of his simpler tricks he
would send a ring toward a wall,
and the ring would expand as it
approached the wall.

His best trick, however, was
blowing one smoke ring through
another, larger one. After the
speedier trailing ring passed
through the leading one, the
former leading ring contracted and
speeded up while the former

Figure 4.103
My grandfather’s smoke-ring trick.

trailing one expanded and slowed
down (see Figure 4.103). Their
roles were exchanged, and the
new trailing ring then passed
through the new leading ring.
This game of leapfrog continued
until the smoke rings became too
dispersed for further play.

You can see the same thing by
dropping a colored drop into a
beaker of water. Upon hitting the
surface, the drop forms a ring that
both expands and descends.* A
second, closely following drop
will produce another ring that will

pass through the first, and the
game of chase begins.

Exactly how are smoke rings
formed, and how do they retain
their shape for so long? Why
does a smoke ring expand as it
approaches a wall? Finally, what
causes the chasing game of two
smoke or water rings?

36,p. 1,51, pp. 161-167; 109,
p. 7,453, p. 75, 721, 850, 851.

*See Prob. 4.74.
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4.105

Siphons™

How do siphons work? In parti-
cular, if they depend on atmospher-
ic pressure, then why can some
liquids be siphoned in a vacuum?
Do they depend on gravity? When
the siphon tube is first lowered into
the liquid, why doesn’t the siphon
start itself? What force pulls the
liquid up the first arm (denoted
A-B in Figure 4.105) against
gravity? Finally, how is the height
of a siphon limited, especially when
the siphon works in a vacuum?

875; 876.

- Dune height

Figure 4.106
The march of a sand dune over
26 years. (Adapted from

4.106

Marching sand dunes

| would have thought winds would
tend to disperse a sand dune, but
Figure 4.106 shows a typical case
in which they marched a dune
across a desert floor. The dune’s
character and identity remain

Geology Illustrated by John S.
Shelton. W. H. Freeman and
Company. Copyright © 1966.)

intact even after 26 years of
travel. How, exactly, are dunes
moved by the wind?

144, 453, pp. 333-334, 698,
pp. 141-142; 699, p. 198.

siphon

entrainment

Bﬁ

-—

Figure 4.105
Siphon.
*For several curious types of siphons

devised by Hero of ancient Greece, see
Ref. 877.

4.107
The Crapper

How does a flush toilet work?
What forces the water, etc.
(especially the etc.) to enter the
pipes? When the water from the
tank comes into the bowl, is it
merely falling from a water con-
tainer above? Why do most toilets
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