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Like everyone, I'm made of atoms. They're so small and numerous
that I inhale billions of trillions of atoms with each breath of air. |
exhale some of them right away, but other atoms stay for awhile
and become part of me, many of which | later exhale. Other people
breathe some of these, so they become a part of me. And vice
versa. | am Egyptian and was born in Cairo, yet the atoms that
make up my body were once in the bodies of people from every
country in the world. Furthermore, since more atoms are in a
breath of air than the total number of humans since time zero, in
each breath you inhale, you recycle atoms that were once a part of
every person who ever lived. Hey, in this sense, we're all onel
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1 An artist’s rendition of the tip of a scanning probe microscope (SPM), which maps out
the relative positions of atoms on the surface of a material. The tip can also be used to
move individual atoms around as desired or to sketch patterns, such as those needed for
ultra small integrated circuits. 2 Extraordinary 20th-century physicist Richard P. Feynman.
3 A depiction of a DNA molecule, the stuff of life.

l ost people, when asked who was the most out-

standing physicist of the 20th century, are likely
to answer Albert Einstein. When physicists are asked
who was the most playful and colorful physicist of the
20th century, if their answer isn’t Einstein, it’s likely to
be Richard Feynman. This chapter is about atoms, the
focus of Feynman’s work and teaching that led to our
further understanding of the atom, and a Nobel Prize in
Physics for him. If you read his book Surely You're Joking,
M. Feynman, you will see that in addition to his love of
physics, he was very much interested in how physics is
taught—particularly in high school. I was privileged to
be on a panel of teachers with Feynman at a meeting of

physics educators in 1987. The panel addressed the
question of what kind of physics should be taught in
high school. When I arrived at the school where
the meeting was held, I spotted Feynman standing in
the hall, alone. It was known that Feynman was often
alone at such meetings, for teachers were uncomfortable
in his presence. What do you talk about to someone like
Feynman? I had something to talk about because he had
been sent a copy of my brand-new high school version
of Conceptual Physics, and I wanted his impression of it.
To my delight, but not to my surprise, he had read it—
all of it, judging by his recommended improvements
for the next edition. As his own Joking book makes
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clear, Feynman “did his home-
work” before giving his presenta-
tions. He had read my book and
several other high school books in
preparation for this panel, which,
sadly, was his last public appear-
ance. We all knew he was fighting
cancer.

On the panel I was almost flab-
bergasted to realize he and I were
debating not how physics should
be taught in high schools but
rather whether it should be taught at all. Feynman liked
extreme points of view, and his position was that it
shouldn’t be taught in high school because most of the
teachers lacked a passion for the subject. This lack of pas-
sion would be communicated to students, who would be
better off arriving at college with a clean slate. My posi-
tion was that physics should be taught conceptually, with
any problem-solving course as a second course in

The Atomic Hypothesis

he idea that matter is composed of atoms goes back to the Greeks in the
5th century BC. Investigators of nature back then wondered whether matter
was continuous or not. We can break a rock into pebbles, and the pebbles into fine
gravel. The gravel can be broken into fine sand, which then can be pulverized into
powder. To the 5th-century Greeks, there was a smallest bit of rock, an “atom,” that

could not be divided any further.

Aristotle, the most famous of the early Greek philosophers, didn't agree with the
idea of atoms. In the 4th century BC, he taught that all matter is composed of vari-
ous combinations of four elements—earth, air, fire, and water. This view seemed
reasonable because, in the world around us, matter is seen in only four forms: solids
(earth), gases (air), liquids (water), and the state of flames (fire). The Greeks viewed

Falling Alice
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physics—thar the central concepts of physics should be
familiar to all students—that physics, like math and
English and history, should be in the educational main-
stream. Feynman countered that a major problem with
my position was the inadequate number of trained
physics teachers. Where would they come from? My
reply was that if we made the course delightful, more
than the current percentage of students would like
physics, then major in it, and in 10 years be in the ranks
of needed teachers.

Ten years later at a physics meeting in Las Vegas, a
young man stopped me in the hall to tell me how his
encounter with my book steered him to majoring in
physics and then becoming a physics teacher. He further
expressed a passion for physics. I thought to myself,
“Did you hear that, Richard?” For it was true, the con-
ceptual orientation of physics helped increase the ranks
of new physics teachers. My motto since has been that,
if a learner’s first course in physics is delightful, the rigor
of a second course will be welcomed.
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= If,in some cataclysm, all of scientific
knowledge were to be destroyed,
and only one sentence could be
passed on to the next generation of
creatures, Richard Feynman chose
[ this:“All things are made of
atoms—little particles that move
around in perpetual motion,
attracting each other when they are
alittle distance apart, but repelling
upon being squeezed into one
another. The idea that matter is
composed of atoms is a central
foundation of all of science.

magine that you inhabit the world of Alice in Wonder-

land when she shrank in size. Pretend that you topple
from a chair and fall in slow motion to the floor—and while
falling, you continually shrink. You brace yourseif for impact on
the wood floor; and, as you get nearer and nearer, becoming
smaller and smaller, you notice that the surface of the floor is
not as smooth as it first looked. Great crevices appear that are
the microscopic irregularities that are found in ail wood. In
falling into one of these canyon-sized crevices, you again brace
yourself for impact, only to find that the bottom of the canyon
consists of many other crevices. Falling farther while growing
even smaller, you notice the solid walls throb and pucker. The

throbbing surfaces consist of hazy blobs, mostly spherical,
some egg-shaped, some larger than others, and all oozing

into each other, forming long chains of complicated structures.

Falling still farther, you brace for impact as you approach one
of these cloudy spheres, closer and closer, smaller and
smaller,and—Wow! You have entered what seems to be a

new universe. You fall into a sea of emptiness, occupied by
occasional specks whiriing past at unbelievably high speeds.
You are in an atom, as empty of matter as the solar system.The
sclid floor you have fallen into is, except for specks of maiter
here and there, mostly empty space. You have entered the
world of the atom.
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FIGURE 11.1

An early model of the atom, with a
central nucleus and orbiting elec-
trons, much like a solar system with
orbiting planets.
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Evidence for Atoms
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We can’t see atoms because
they're too small We can't see the
farthest star either. There’s much
that we can't see with our eyes
But that doesn't prevent investi-
gation of such things so that we
can “see” them via our instru-
ments
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= How long would it take you to count
to 1million? If each count takes
1second, countingnonstoptoa
million would take 1.6 days.To
count to a billion (109) would take
31.7 years. To count to a trillion (10")
would take 31,700 years. Counting
to 10?2 would take more than 10,000
times the age of the universel

fire as the element of change, since fire was observed to produce changes on sub-
stances that burned. Aristotle’s ideas about the nature of matter persisted for more
than 2000 years.

The atomic idea was revived in the early 1800s by an English meteorologist
and school teacher, John Dalton. He successfully explained the nature of chemical
reactions by proposing that all matter is made of atoms. He and others of the
time, however, had no direct evidence for their existence. Then, in 1827, a Scot-
tish botanist named Robert Brown noticed something very unusual in his micro-
scope. He was studying grains of pollen suspended in water, and he saw that the
grains were continually moving and jumping about. At first he thought the grains
were some kind of moving life forms, but later he found that dust particles and
grains of soot suspended in water moved in the same way. This perpetual and
haphazard jiggling of tiny particles—now called Brownian motion—results from
collisions between visible particles and invisible atoms. The atoms are invisible
because they're so small. Although he couldn't see the atoms, Brown could see the
effect they had on particles he could see. It’s like a supergiant beach ball being
bounced around by a crowd of people at a football game. From a high-flying air-
plane, you wouldn't see the people because they are small relative to the enormous
ball, which you would be able to see. The pollen grains that Brown observed
moved because they were constantly being jostled by the atoms (actually, by the
atomic combinations referred to as molecules) that made up the water surround-
ing them.

Brownian motion was explained in 1905 by Albert Einstein, the same year that
he announced the theory of special relativity. Until Einstein’s explanation—which
made it possible to find the masses of atoms—many prominent physicists remained
skeptical about the existence of atoms. So we see that the reality of the atom was not
firmly established until the early 20th century.

" Characteristics of Atoms

Atoms Are Incredibly Tiny An atom is as many times smaller than you as
an average star is larger than you. A nice way to say this is that we stand berween the
atoms and the stars. Or another way of stating the smallness of atoms is thar the
diameter of an atom is to the diameter of an apple as the diameter of an apple is to
the diameter of Earth. So, to imagine an apple full of atoms, think of the Earth
solid-packed with apples. Both have about the same number.

Atoms Are Numevrous There are about 100,000,000,000,000,000,000,000
atoms in a gram of water (a thimbleful). In scientific notation, that’s 10?2 atoms.
The number 10?2 is an enormous number, more than the number of drops of
water in all the lakes and rivers of the world. So there are more atoms in a thim-
bleful of water than there are drops of water in the world’s lakes and rivers. In
the atmosphere, there are about 1022 atoms in a liter of air. Interestingly, the vol-
ume of the atmosphere contains about 10? liters of air. That’s an incredibly
large number of atoms, and the same incredibly large number of liters of atmos-
phere. Atoms are so small and so numerous that there are about as many atoms
in the air in your lungs at any moment as there are breathfuls of air in Earth’s
atmosphere.

Atoms Are Perpetually Moving In solids, they vibrate in place; in liquids,
they migrate from one location to another; and in gases, the rate of migration is
even greater. Drops of food coloring in a glass of water, for example, soon spread to
color the entire glass of water. The same would be true of a cupful of food coloring
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thrown into an ocean: It would spread around and later be found in every part of
the world’s oceans.

Atoms and molecules in the atmosphere zip around at speeds up to 10 times the
speed of sound. They spread rapidly, so some of the oxygen molecules you breathe
may have been halfway across the country a few days ago. Taking Figure 11.2 fur-
ther, your exhaled breaths of air quite soon mix with other atoms in the atmosphere.
After the few years it takes for your breath to mix uniformly in the atmosphere, any-
one, anywhere on Earth, who inhales a breath of air will take in, on the average, one
of the atoms in that exhaled breath of yours. But you exhale many, many breaths,
so other people breathe in many, many atoms that were once in your lungs—that
were once a part of you; and, of course, vice versa. Believe it or not, with each breath
you take in, you breathe atoms that were once a part of everyone who ever lived!
Considering that the atoms we exhale were part of our bodies (the nose of a dog has
no trouble discerning this), it can be truly said that we are literally breathing one
another.

Atoms Are Ageless Many atoms in your body are nearly as old as the universe
itself. When you breathe, for example, only some of the atoms that you inhale are
exhaled in your next breath. The remaining atoms are taken into your body to
become part of you, and they later leave your body by various means. You don’t
“own” the atoms that make up your body; you borrow them. We all share from the
same atom pool, as atoms forever migrate around, within, and among us. Atoms
cycle from person to person as we breathe and as our perspiration is vaporized. We
recycle atoms on a grand scale.

The origin of the lightest atoms goes back to the origin of the universe, and most
heavier atoms are older than the Sun and Earth. There are atoms in your body that
have existed since the first moments of time, recycling throughout the universe
among innumerable forms, both nonliving and living. You're the present caretaker
of the atoms in your body. There will be many who will follow you.

— CHECK
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1. Which are older, the atoms in the body of an elderly person or those in the
body of a baby?

2. World population grows each year Does this mean that the mass of Earth
increases each year?

3. Are there really atoms that were once a part of Albert Einstein incorpo-
rated in the brains of all the members of your family?

Check Your Answers

1. The age of the atoms in both is the same. Most of the atoms were manufactured
in stars that exploded before the solar system came into existence.

2. The greater number of people increases the mass of Earth by zero. The atoms that
make up our bodies are the same atoms that were here before we were born—we
are but dust, and unto dust we shall return. The materials that make up human
cells are rearrangements of material already present. The atoms that make up a
baby ferming in its mother’s womb are supplied by the food the mother eats. And
those atoms originated in stars—some of them in far-away galaxies. (Interest-
ingly, the mass of Earth does increase by the incidence of roughly 40,000 tons of
interplanetary dust each year, but not by the birth and survival of more people.)

3. Quite so,and of Barack Obama too. However, these atoms are combined differently
than they were previously. If you experience one of those days when you feel like
you'll never amount to anything, take comfort in the thought that many of the
atoms that now constitute your body will live forever in the bodies of all the peo-
ple on Earth who are yet to be. Our atoms are immortai.
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(Sme]l discrimination for salmon
has been measured in parts per
trillion—quite incredible. When
the time comes to return from
the ocean to their original habi-
tat, salmon follow their noses.
They swim in a direction where
concentrations of familiar water
become greater. In time, they
encounter the source of that
water where they spent the first
2 years of their Tives.
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FIGURE 11.2
There are as many atoms in a normal

breath of air as there are breathfuls of

air in Earth’s atmosphere.
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Life is not measured by the num-
ber of breaths we take, but by the
moments that take our breath
away, —George Carlin
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FIGURE 11.3

Information about the ship is
revealed by passing waves because the
distance between wave crests is small
compared with the size of the ship.
The passing waves reveal nothing
about the chain.

FIGURE 11.4

The strings of dots are chains of tho-
rium atoms imaged with a scanning
electron microscope. This historic
photograph of individual atoms was
taken in 1970 by researchers at the
University of Chicago’s Enrico Fermi
Institute.
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Sometimes a model is useful even
when it's incorrect. Scotsman
James Watt constructed a work-
able steam engine in the 18th cen-
tury based on a model of heat that
turned out to be quite incorrect.

FIGURE 11.5

An image of 48 iron atoms positioned
into a circular ring that “corrals”
electrons on a copper crystal surface,
taken with a scanning tunneling
microscope at the IBM Almaden
Laboratory in San Jose, California.

® Atomic Imagery

toms are too small to be seen with visible light. Because of diffraction, you

can discern details no smaller than the wavelength of light you use to look
with. This can be understood by an analogy with water waves. A ship is much larger
than the water waves that roll on by it. As Figure 11.3 shows, water waves can reveal
features of the ship. The waves diffract as they pass the ship. But diffraction is nil for
waves that pass by the anchor chain, revealing little or nothing about it. Similarly,
waves of visible light are too coarse compared with the size of an atom to show
details of atomic size and shape.

Yet here in Figure 11.4 we see a picture of atoms—the historic 1970 image of
chains of individual thorium atoms. The picture is not a photograph but an elec-
tron micrograph—it was not made with light but with a thin electron beam in a
scanning electron microscope (SEM) developed by Albert Crewe at the University
of Chicago’s Enrico Fermi Institute. An electron beam, such as the one that sprays a
picture on an early television screen, is a stream of particles that have wave proper-
ties. The wavelength of an electron beam is smaller than the wavelengths of visible
light, and atoms are larger than the tiny wavelengths of an electron beam. Crewe’s
electron micrograph is the first high-resolution image of individual atoms.

In the mid-1980s, researchers developed a new kind of microscope—the scanning
tunneling microscope (STM). It employs a sharp tip that is scanned over a surface at
a distance of a few atomic diameters in a point-by-point and line-by-line fashion. At
each point, a tiny electric current, called a tunneling current, is measured between
the tip and the surface. Variations in the current reveal the surface topology. The
image of Figure 11.5 beautifully shows the position of a ring of atoms. The ripples
shown in the ring reveal the wave nature of matter. This image, among many others,
underscores the delightful interplay of art and science.

Because we can't see inside an atom, we construct models. A model is an abstrac-
tion that helps us to visualize what we can't see, and, importantly, it enables us to
make predictions about unseen portions of the natural world. An early model of the
atom (and the one most familiar to the general public) is akin to that of the solar
system. As with the solar system, most of an atom’s volume is empty space. At the
center is a tiny and very dense nucleus in which most of the mass is concentrated.
Surrounding the nucleus are “shells” of orbiting particles. These are electrons, elec-
trically charged basic units of matter (the same electrons that constitute the electric
current in your iPhone). Although electrons electrically repel other electrons, they
are electrically attracted to the nucleus, which has a positive charge. As the size and
charge of the nuclei increase, electrons are pulled closer, and the shells become
smaller. Interestingly, the uranium atom, with its 92 electrons, is not appreciably
larger in diameter than the lightest atom, hydrogen. This model was first proposed
in the early 20th century, and it reflects a rather simplified understanding of the
atom. It was soon discovered, for example, that electrons don't orbit the atom’s
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Hydrogen -

1 electron Aluminum -

in 1 shell 13 electrons
in 3 shells

FIGURE 11.6

A simplified model of the atom con-
sists of a tiny nucleus surrounded by
electrons that orbit in shells. As the

Lithium -
3 electrons in 2 shells

Helium - charges of nuclei increase, electrons
2 electrons are pulled closer, and the shells
in 1 shell become smaller.

center like planets orbit the Sun. Like most early models, however, the planetary MO
atomic model served as a useful stepping stone to further understanding and more 2 %
C

accurate models. Any atomic model, no matter how refined, is nothing more than a
symbolic representation of the atom and not a physical picture of the actual atom.

Artists and scientists both look for
patterns in nature, finding connec-
tions that have always been there
yet have missed the eye.

" Atomic Structure

early all the mass of an atom is concentrated in the atomic nucleus, which
occupies only a few quadrillionths of its volume. The nucleus, therefore, is
extremely dense. If bare atomic nuclei could be packed against each other into a lump
1 centimeter in diameter (about the size of a large pea), the lump would weigh
133,000,000 tons! Huge electrical forces of repulsion prevent such close packing of
atomic nuclei because each nucleus is electrically charged and repels all other nuclei.
Only under special circumstances are the nuclei of two or more atoms squashed into
contact. It can happen when nuclei in a laboratory are slammed into a target, or when
matter is heated to millions of degrees. A nuclear reaction resulting from high tem-
perature is called a shermonuclear fusion reaction. It occurs in the centers of stars and
ultimately makes them shine. (We'll discuss these nuclear reactions in Chapter 34.)
The principal building block of the nucleus is the 7cleon, which is in turn composed
of fundamental particles called guarks. When a nucleon is in an electrically neutral state,
it is a meutron; when it is in a positively charged state, it is a proton. All protons are iden-
tical; they are copies of one another. Likewise with neutrons: Each neutron is like every
other neutron. The lighter nuclei have roughly equal numbers of protons and neutrons;
more massive nuclei have more neutrons than protons. Protons have a positive electric
charge that repels other positive charges but attracts negative charges. So like kinds of
electrical charges repel one another, and unlike charges attract one another. It is the
positive protons in the nucleus that attract a surrounding cloud of negatively charged
electrons to constitute an atom. (The strong nuclear force, which binds the protons
to neutrons and to each other within the nucleus, is described in Chapter 33.)

® The Elements

hen a substance is composed of only one kind of atom, we call that substance .
an element. The words e/ement and azom are often used in a similar context, V]
the distinction being that elements are made of atoms and not the other way around. | = Acombination of 26 letters makes

A pure 24-carat gold ring, for example, is composed only of gold atoms. A gold ring up every word in the English lan-

with a lower carat value is composed of gold and other elements, such as nickel. The guage.Similarly, all material things

silvery liquid in a barometer or thermometer is the element mercury. The entire lig- in the world are composed of dif-
ferent combinations of about 100

uid consists of only mercury atoms. An atom of a particular element is the smallest different elements
sample of that element. Although atom and element are often used interchangeably,
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FIGURE 11.7

Any element consists only of one
kind of atom. Gold consists only of
gold atoms, a flask of gaseous nitro-
gen consists only of nitrogen atoms,
and the carbon of a graphite pencil is
composed only of carbon atoms.

FIGURE 11.8

Both you and Leslie are made of
stardust—in the sense that the
carbon, oxygen, nitrogen, and other
atoms that make up your body origi-
nated in the deep interiors of ancient
stars that have long since exploded.

» Mercury, element number 80, is
commonly found in rocks and min-
erals such as cinnabar ore and fos-
sil fuels. Mercury on its own, undis-
turbed, is not harmful. But when
ore is smashed or coal is burned,
mercury is released into the air,
where it can waft over hundreds of
kilometers, depositing itself on
trees and land or streams, lakes, and
oceans. That is where it becomes a
danger.When it combines with car-

i bon it becomes methyl mercury, a

deadly neurotoxin, Each year about

75 tons of mercury are in coal deliv-

ered to U.S. power plants and about 3

of this is emitted to the air. China

has now joined in this practice.

PROPERTIES OF MATTER

clement refers to a type of substance (one containing only one type of atom), whereas
atom refers to the individual particles that make up that substance. For example, we
speak of isolating a mercury atom from a flask of the element mercury.

Atomic symbol
for carbon

C

Atomic symbol
for nitrogen .~

N

Atomic symbol
for gold =

Au

/————H..___\I

.""-'_ e,
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|
A carbon atom

c\gﬁne element carbon

& - .
/A nitrogen atom in
V. S
/" a nitrogen molecule

The element nitrogen

The lightest atom of all is that of hydrogen. In the universe at
large, hydrogen is the most abundant element—more than 90%
of the atoms are hydrogen atoms. Helium, the second-lightest ele-
ment, provides most of the remaining atoms in the universe.
Heavier atoms in our surroundings were manufactured by the
fusion of light elements in the hot, high-pressure cauldrons deep
within the interiors of stars. The heaviest elements form when
huge stars implode and then explode—supernovas. Nearly all the
elements on Earth are remnants of stars that exploded long before
the solar system came into existence.

To date, more than 115 elements have been identified. Of
these, about 90 occur in nature. The others are produced in the
laboratory with high-energy atomic accelerators and nuclear reac-
tors. These laboratory-produced elements are too unstable
(radioactive) to occur naturally in appreciable quantities. From a
pantry containing less than 100 elements, we have the atoms that constitute almost
every simple, complex, living, or nonliving substance in the known universe. More
than 99% of the material on Earth is formed from only about a dozen of the ele-
ments. The other elements are relatively rare. Living things are composed primarily
of five elements: oxygen (O), carbon (C), hydrogen (H), nitrogen (N), and calcium
(Ca). The letters in parentheses represent the chemical symbols for these elements.

= The Periodic Table of the Elements

lements are classified by the number of protons in their nucleus—their atomic
number. Hydrogen, containing one proton per atom, has atomic number 1;
helium, containing two protons per atom, has atomic number 2; and so on in
sequence to the heaviest naturally occurring element, uranium, with atomic num-
ber 92. The numbers continue beyond atomic number 92 through the artificially
produced transuranic (beyond uranium) elements. The arrangement of elements by
their atomic numbers makes up the periodic table of the elements (Figure 11.9).
The periodic table is a chart that lists atoms by their atomic number and also by
their electrical arrangements. It beats some resemblance to a calendar with its weeks
in rows and its days in columns. From left to right, each element has atoms with one
more proton and electron than the preceding element. Reading down the table, each
element has atoms with one more shell than the one above. The inner shells are filled
to their capacities, and the outer shell may or may not be, depending on the element.
Only the elements at the far right of the table, where Saturdays would be on a calen-
dar, have their outer shells filled to capacity. These are the noble gases—helium, neon,
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Mest of the elements of the peri-
odic table are found in interstel-
Jar gases.

FIGURE 11.10

The sizes of atoms gradually decrease
from left to right across the periodic
table (only the first five periods are
shown here).

PROPERTIES OF MATTER

argon, krypton, xenon, and radon. The periodic table is the chemist’s road map—and
much more. Most scientists consider the periodic table to be the most elegant organi-
sational chart ever devised. The enormous human effort and ingenuity that went into
finding its regularities makes a fascinating atomic detective story.!

Elements may have up to seven shells, and each shell can hold some maximum
number of electrons. The first and innermost shell has a capacity for two electrons
and the second shell has a capacity for eight electrons. The arrangement of electrons
in the shells dictates such properties as the melting and freezing temperatures, elec-
trical conductivity, and the taste, texture, appearance, and color of substances. The
arrangements of electrons quite literally give life and color to the world.

Models of the atom evolve with new findings. The old orbital model of the atom
has given way to 2 model that views the electron as a standing wave—altogether dif-
ferent from the idea of an orbiting particle. This is the quantum mechanical model,
introduced in the 1920s, which is a theory of the small-scale world that includes
predicted wave properties of matter. It deals with “lumps” occurring at the sub-
atomic level—lumps of matter or lumps of such things as energy and angular
momentum. (More about the quantum in Chapter 31.)

® Relative Sizes of Atoms

he diameters of the electron shells of atoms are determined by the amount of

electrical charge in the nucleus. For example, the positive proton in the hydro-
gen atom holds one electron in an orbit at a certain radius. If we double the positive
charge in the nucleus, the orbiting electron will be pulled into a tighter orbit with
half its former radius, since the electrical attraction is doubled. This occurs for
helium, which has a doubly charged nucleus when it attracts a single electron. Inter-
estingly, an added second electron isn't pulled in as far because the first electron par-
tially offsets the attraction of the doubly charged nucleus. This is a neutral helium
atom, which is somewhat smaller than a hydrogen atom.

An atom with unbalanced electrical charge, for example a nucleus with more posi-
tive charge than the surrounding negative charges, is called an ion. An ion isa charged
atom. A helium atom that holds only one electron, for example, is a helium ion. We
say it is a positive ion because it has more positive charge than negative charge.
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1 The periodic table is credited to Russian chemistry professor Dmitri Mendeleev {1834-1907), who,
most importantly, predicted with his table the existence of elements not then known. Mendeleev was a
much loved and devoted teacher whose lecture halls were filled by students wanting to hear him speak.

He was both a great teacher and a great scientist. Element 101 is named in his honor.
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So two electrons around a doubly charged nucleus assume a configuration charac-
teristic of helium. Two electrons surrounding a helium nucleus constitute a neutral
atom. A third proton in an atomic nucleus can pull two electrons into an even closer
orbit and, furthermore, hold a third electron in a somewhat larger orbit. This is the
lithium atom, atomic number 3. We can continue with this process, increasing the
positive charge of the nucleus and adding successively more electrons and more orbits
all the way up to atomic numbers above 100, to the “synthetic” radioactive elements.>

We find that as the nuclear charge increases and additional electrons are added
in outer orbits, the inner orbits shrink in size because of the stronger nuclear attrac-
tion. This means that the heavier elements are not much larger in diameter than the
lighter elements. The diameter of the xenon atom, for example, is only about four
helium diameters, even though it is nearly 33 times as massive. The relative sizes of
atoms in Figure 11.10 are approximately to the same scale.

_ HicKI’OII‘HT

What fundamental force dictates the size of an atom?

Check Your Answer

The electrical force.
® Isotopes

hereas the number of protons in a nucleus exactly matches the number of

electrons around the nucleus in a neutral atom, the number of protons in
the nucleus need not match the number of neutrons there. For example, most iron
nuclei with 26 protons contain 30 neutrons, while a small percentage contains
29 neutrons. Atoms of the same element that contain different numbers of neutrons
are isotopes of the element. The various isotopes of an element all have the same
number of electrons, and so, for the most part, they behave identically. We shall
return to isotopes in Chapter 33.

We identify isotopes by their mass number, which is the total number of protons
and neutrons (in other words, the number of nucleons) in the nucleus. A hydrogen
isotope with one proton and no neutrons, for example, has a mass number of 1 and
is referred to as hydrogen-1. Likewise, an iron atom with 26 protons and 30 neu-
trons has a mass number of 56 and is referred to as iron-56. An iron atom with
26 protons and only 29 neutrons is designated as iron-55.

The total mass of an atom is called its azomic mass. This is the sum of the masses
of all the atom’s components (electrons, protons, and neutrons). Because electrons
are so much less massive than protons and neutrons, their contribution to atomic
mass is negligible. Atoms are so small that expressing their masses in units of grams
or kilograms is not practical. Instead, scientists use a specially defined unit of mass
known as the atomic mass unit or amu. A nucleon has a mass of about 1 amu. The
amu is defined as exactly 1/12 of the mass of a carbon-12 atom. The periodic table
lists atomic masses in units of amu.

Most elements have a variety of isotopes. The atomic mass for each element listed
in the periodic table is the weighted average of the masses of these isotopes based on
the occurrence of each isotope on Earth. For example, although the predominant
isotope of carbon contains six protons and six neutrons, about 1% of all carbon
atoms contain seven neutrons. The heavier isotope raises the average atomic mass
of carbon from 12.000 amu to 12.011 amu.

2Each orbit will hold only so many electrons. The numbers for the first four shells, for example, are 2,
8, 8, 18.

VU(,
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Don't confuse an isotope with an

ion, which is an atom that is elec-
trically charged owing to an excess
cr a deficiency of electrons.




206 PARTTWO  PROPERTIES OF MATTER

A
A

Don't confuse mass number with
the atomic mass. Mass number 1s
an integer that specifies an iso-
tope and has no units—it’s simply
equal to the number of nucleons
in a nucleus. Atomic mass 1s an
average of the masses of isotopes
of a given element, expressed in
atomic mass units (amu).

Nt A

FIGURE 11.11

Table salt (NaCl) is a crystalline com-
pound that is not made of molecules.
The sodium (green) and chlorine
{yellow) atoms comprise a crystal.

CHECK
m

1. Which contributes more to an atom’s mass, electrons or protons? Which
contributes more to an atom’s volume (its size)?

2. Which is represented by a whole number-—the mass number ot the
atomic mass?

3. Do two isotopes of iron have the same atomic number? The same atomic
mass number?

POINT

Check Your Answers

1. Protons contribute more to an atom’s mass; electrons contribute more toits size.

2. The mass number is always given as a whole number, such as hydrogen-1.0r
carbon-12. Atomic mass, by contrast, is the average mass of the various isotopes of
an element and is thus represented by a fractional number.

3. The two isotopes of iron have the same atomic number 26, because they each
have 26 protons in the nucleus. They have different atomic mass numbers if they

have different numbers of neutrons in the nucleus.
" Compounds and Mixtures

hen atoms of different elements bond to one another, they make a

compound. Examples of simple compounds include water, ammonia, and
methane. A compound is uniquely different from the elements from which it is
made, and it can only be separated into its constituent elements by chemical means.
Sodium, for example, is a metal that reacts violently with water. Chlorine is a poi-
sonous yellow-green gas. Yet the compound of these two clements is the harmless
white crystal (NaCl) that you sprinkle on your potatoes. Consider also that, at ordi-
nary temperatures, the elements hydrogen and oxygen are both gases. When com-
bined, they form the compound water (H;0), a liquid—quite different.

Not all substances react with one another chemically when they are brought close
together. A substance that is mixed together without chemically bonding is called a
mixture. Sand combined with salt is a mixture. Hydrogen and oxygen gas form a
mixture until ignited, whereupon they form the compound water. A common mix-
ture that we all depend on is nitrogen and oxygen together with a little argon and
small amounts of carbon dioxide and other gases. It is the air that we breathe.

—ECMFWT_* _

Is common table salt an element, a compound, or a mixture?

Check Your Answer

Salt is not an element, for if it were you'd see it listed in the periodic table. Pure
table salt is a compound of the elements sodium and chlorine, represented in
Figure 11.11. Notice that the sodium atoms (green) and the chlorine atoms (yellow)
are arranged in a three-dimensional repeating pattern—a crystal. Each sodium
atom is surrounded by six chlorine atoms, and each chlorine atom is surrounded
by six sodfum atoms. Interestingly, there are no separate sodium-—chlorine groups
that can be labeled molecules.?

31n a strict sense, common table salt is a mixture—often with small amounts of potassium iodide and
sugar. The iodine in the potassium iodide has virrually eliminated a common affliction of earlier times, a
swelling of the thyroid gland known as endemic goiter. Tiny amounts of sugar prevent oxidarion of the

salt, which otherwise would turn yellow.
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® Molecules

molecule consists of two or more atoms that bond together by sharing elec-

trons. (We say such atoms are covalently bonded.) A molecule may be as sim-
ple as the two-atom combination of oxygen, O,, or the two-atom combination of
nitrogen, Ny, which are the elements that comprise most of the air we breathe. Two
atoms of hydrogen combine with a single atom of oxygen to form a water molecule,
H,O. Changing a molecule by one atom can make a big difference. Replacing the
oxygen atom with a sulfur atom produces hydrogen sulfide, H,S, a strong-smelling,
toxic gas.

——CMJ(PDINT

i
How many atomic nuclei are in a single oxygen atom? In a single oxygen

molecule?

Check Your Answer

There is one nucleus in an oxygen atom, O, and two in the combination of two OXy-
gen atoms—an oxygen molecule, O,.

Energy is required to pull molecules apart. We can understand this by consider-
ing a pair of magnets stuck together. Just as some “muscle energy” is required to pull
the magnets apart, the breaking apart of molecules requires energy. During photo-
synthesis, plants use the energy of sunlight to break apart the bonds within atmos-
pheric carbon dioxide and water to produce oxygen gas and carbohydrate molecules.
These carbohydrate molecules retain this solar energy until the process is reversed—
the plant is oxidized, either slowly by rotting or quickly by burning. Then the energy
that came from the sunlight is released back into the environment. So the slow
warmth of decaying compost or the quick warmth of a campfire is really the warmth
of stored sunlight!

More things can burn besides those that contain carbon and hydrogen. Iron
“burns” (oxidizes) too. That's what rusting is—the slow combination of oxygen
atoms with iron atoms, releasing energy. When the rusting of iron is speeded up, it
makes nice hand-warmer packs for skiers and winter hikers. Any process in which
atoms rearrange to form different molecules is called a chemical reaction.

Our sense of smell is sensitive to exceedingly small quantities of molecules. Our
olfactory organs easily detect small concentrations of such noxious gases as hydro-
gen sulfide (the stuff that smells like rotten eggs), ammonia, and ether. The smell of
perfume is the result of molecules that rapidly evaporate and diffuse haphazardly in
the air until some of them get close enough to your nose to be inhaled. They are just
a few of the billions of jostling molecules that, in their aimless wanderings, happen
to end up in the nose. You can get an idea of the speed of molecular diffusion in the
air when you are in your bedroom and smell food very soon after the oven door has
been opened in the kitchen.

FIGURE 11.12

Models of simple molecules: O,,
NH3, CHy, and H,O. The atoms
in a molecule are not just mixed
together, but are joined in a

well-defined way.

M
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Although H,0 is the major green-
house gas in the atmosphere,
CO,, the second most abundant
greenhouse gas, is notorious
because its growth is attributable
to human activity. Since further
warming by CO, can trigger more
H,0, a present concern is the
growing amounts of both gases
in the atmosphere

) J
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PART TWO

FIGURE 11.13

An atom of antimatter has a nega-
tively charged nucleus surrounded by
positrons.
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“Science is a way to teach how
something gets to be known,
what is not known, to what
extent things are known (for
nothing is known absolutely),
how to handle doubt and uncer-
tanty, what the rules of evidence
are, how to think about things so
that judgments can be made, and
how to distinguish truth from
fraud and from show."— Richard
Feynman

. o

PROPERTIES OF MATTER

= Antimatter

hereas matter is composed of atoms with positively charged nuclei and neg-
atively charged electrons, antimatter is composed of atoms with negative
nuclei and positive electrons, or positrons.

Positrons were first discovered in 1932, in cosmic rays bombarding Earth’s
atmosphere. Today, antiparticles of all types are regularly produced in laboratories
using large nuclear accelerators. A positron has the same mass as an electron and the
same magnitude of charge, but the opposite sigfi. Antiprotons have the same mass
as protons but are negatively charged. The first complete artificial anti-atom, a
positron orbiting an antiproton, was constructed in 1995. Every charged particle
has an antiparticle of the same mass and opposite charge. Neutral particles (such as
the neutron) also have antiparticles, which are alike in mass and in some other prop-
erties but opposite in certain other properties. Every particle has an antiparticle.
There are even antiquarks.

Gravitational force does not distinguish between matter and antimatter—each
attracts the other. Also, there is no way to indicate whether something is made of
matter or antimatter by the light it emits. Only through much subtler, hard-
to-measure nuclear effects could we determine whether a distant galaxy is made of
matter or antimatter. But, if an antistar were to meet a star, it would be a different
stoty. They would mutually annihilate each other, with most of the marter convert-
ing to radiant energy (this is what happened to the anti-atom created in 1995, when
it encountered normal matter and rapidly annihilated in a puff of energy). This
process, more so than any other known, results in the maximum energy output per
gram of substance—F = me?, with a 100% mass conversion.* (Nuclear fission and
fusion, by contrast, convert less than 1% of the matter involved.)

There cannot be both matter and antimatter in our immediate environment, at
least not in appreciable amounts or for appreciable times. Thart's because something
made of antimatter would be completely transformed to radiant energy as soon as it
touched matter, consuming an equal amount of normal matter in the process. If the
Moon were made of antimatter, for example, a flash of energetic radiation would
result as soon as one of our spaceships touched it. Both the spaceship and an equal
amount of the antimatter Moon would disappear in a burst of radiant energy. We
know the Moon is not antimatter because this didn’t happen during the Moon mis-
sions. (Actually, astronauts weren't in this kind of danger, for previous evidence
showed that the Moon is made of ordinary matter.) But what about other galaxies?
There is strong reason to believe that in the part of the universe we know (the
“observable universe”), galaxies are made only of normal matter—apart from the
occasional transitory antiparticle. But what of the universe beyond? Or other uni-
verses? We don’t know.

_ CHECK
[}

POINT

If a1-gram body of antimatter meets a10-gram body of matter, what
mass survives?

Check Your Answer

Nine grams of matter survive (the other 2 grams are transformed into radiant

energy).

“4Some physicists speculate that right after the Big Bang, the early universe had billions of times more
particles than it has now, and that a near total extinction of matter and antimatter caused by their mutual

annihilation left only the relatively small amount of matter now present in the universe.
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" Dark Matter

e know that the elements in the periodic table are not confined to our

planet. From studies of radiation coming from other parts of the universe,
we find that stars and other objects “out there” are composed of the same particles
we have on Earth. Stars emit light with the same “fngerprints” (atomic spectra,
Chapter 30) as the elements in the periodic table. How wonderful to find that the
laws that govern matter on Earth extend throughout the observable universe. Yet
there remains one troubling detail. Gravitational forces within galaxies are measured
to be far greater than visible matter can account for.

Astrophysicists talk of the dark matter—matter we can’t see that tugs on stars
and galaxies that we can see. In the closing years of the 20th century, astrophysicists
confirmed that some 23% of matter in the universe is composed of the unseen dark
matter. Whatever dark matter is, most or all of it is likely to be “exotic” matter—
very different from the elements that make up the periodic table, and different from
any extension of the present list of elements. Much of the rest of the universe is dzrk
energy, which pushes outward on the expanding universe. Both dark marter and
dark energy make up some 90% of the universe. Only in this 21st century has this
type of energy been apparent. At this writing, neither has been identified. Specula-
tions abound about dark matter and dark energy, but we don’t know what they are.

Richard Feynman often used to shake his head and say he didn’t know anything.
When he and other top physicists say they don’t know anything, they mean that
what they do know is closer to nothing than to what they caz know. Scientists know
enough to realize that they have a relatively small handle on an enormous universe
still full of mysteries. From a looking-backward point of view, today’s scientists
know enormously more than their forebears a century ago, and scientists then knew
much more than #heir forebears. But, from our present vantage point, looking for-
watd, there is so much yet to be learned. Physicist John A. Wheeler, Feynman’s
graduate-school advisor, envisioned the next level of physics going beyond how to
why—to meaning. We have scarcely scratched the surface.

SUMMARY OF TERMS

Atom The smallest particle of an element that has all of the
element’s chemical properties.

THE ATOMIC NATURE OF MATTER 209

S
pr oS

N —

Finding the nature of the dark

matter and the nature of the

energy of empty space are high-
priority quests in these times,

What we will have learned by

2050 will likely dwarf all that we

have ever known. J

“I can live with doubt and uncer-
tainty and not knowing. | think it
is much more interesting to live
not knowing than to have
answers that might be wrong” —
Richard Feynman

Ton An electrically charged atom; an atom with an excess or
deficiency of electrons.

Brownian motion The haphazard movement of tiny particles
suspended in a gas or liquid resulting from their bom-
bardment by the fast-moving atoms or molecules of the
gas or liquid.

Electron Negatively charged particle that whizzes about
within an atom.

Atomic nucleus The core of an atom, consisting of two basic
subatomic particles—protons and neutrons.

Proton Positively charged particle in the nucleus of an atom.

Element A pure substance consisting of only one kind of atom.

Atomic number The number that designates the identity of
an element, which is the number of protons in the
nucleus of an atom; in a neutral atom, the atomic number
is also the number of electrons in the atom.

Periodic table of the elements A chart that lists the elements
in horizontal rows by their atomic number and in vertical
columns by their similar electron arrangements and

chemical properties. (See Figure 11.9.)

Isotope An atom of the same element that contains a different
number of neutrons.

Atomic mass unit (amu) The standard unit of atomic mass,
which is equal to 1/12 the mass of the most common
atom of carbon. One amu has a mass of 1.661 X
107% kg,

Compound A material in which atoms of different elements
are chemically bonded to one another.

Mixture A substance whose components are mixed together
without combining chemically.

Molecule Two or more atoms that bond together by a sharing
of electrons. Atoms combine to become molecules.

Antimatter A “complementary” form of matter composed of
atoms with negative nuclei and positive electrons.

Dark matter Unseen and unidentified marter that is evident
by its gravitational pull on stars in the galaxies. Dark mat-
ter, along with dark energy, constitutes perhaps 90% of
the stuff of the universe.
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 REVIEW QUESTIONS

The Atomic Hypothesis

1. What causes dust particles and tiny grains of soot to move
with Brownian motion?

2. Who first explained Brownian motion and made a con-
vincing case for the existence of atoms?

3. According to Richard Feynman, when do atoms attract
each other, and when do they repel?

Characteristics of Atoms

4. How does the approximate number of atoms in the air in
your lungs compare with the number of breaths of air in
Earth’s atmosphere?

5. Are most of the atoms around us younger or older than
the Sun?

Atomic Imagery

6. Why can atoms not be seen with a powerful optical
microscope?

7. Why can atoms be seen with an electron beam?

8. What is the purpose of a model in science?

Atomic Structure

9. How does the mass of an atomic nucleus compare with
the mass of an atom as a whole?
10. What is a nucleon?
11. How does the mass and electric charge of a proton com-
pare with the mass and charge of an electron?
12. Since atoms are mostly empty space, why don't we fall
through a floor we stand on?

The Elements

13. What element has the lightest atoms?

14. What is the most abundant element in the known universe?
15. How were elements heavier than hydrogen formed?

16. Where did the heaviest elements originate?

17. What are the five most common elements in living things?

| RANKING

1. Consider the following atoms: A. Gold, B. Copper, C.
Carbon, D. Silver.
Consult the periodic table and rank these atoms, from
most to least, by their
a. mass.
b. number of electrons.
¢. number of protons.

2. Rank the number of shells in these noble-gas atoms from
most to least:
a. Argon. b. Radon. c. Helium. d. Neon.

The Periodic Table of the Elements

18. What does the atomic number of an element tell you
about the element?

19. What is characteristic of the columns in the periodic
table?

Relative Sizes of Atoms

20. What kind of basic force pulls electrons close to the
atomic nucleus?

21. Why are heavier elements not much larger than lighter
elements?

Isotopes

22. How does one isotope differ from another?

23. Distinguish between mass number and atomic mass.

Compounds and Mixtures

24, What is a compound? Cite three examples.

25. What is a mixture? Cite three examples.

Molecules

26. How does a molecule differ from an atom?

27. Compared with the energy it takes to separate oxygen and
hydrogen from water, how much energy is released when
they recombine? (In Chapter 5 you studied the conserva-
tion of energy.)

Antimatter

28. How do matter and antimareer differ?
29, What occurs when a particle of matter and a particle of
antimatter meet?

Dark Matter

30. What is the evidence that dark matter exists?

3. Rank the mass of these molecules from most to least.

’

| PROJECTS

1. A candle will burn only if oxygen is present. Will a candle burn
twice as long in an inverted liter jar as it will in an inverted half-
liter jar? Try it and see.

2. Write a letter to Grandma or Grandpa and describe how long
the atoms that make up their bodies have been around. And
how long they will continue to be around.



EXERCISES

1. How many types of atoms can you expect to find in a
pure sample of any element?

2. How many individual atoms are in a water molecule?

3. When a container of gas is heated, what happens to the
average speed of its molecules?

4. The average speed of a perfume-vapor molecule at room
temperature may be about 300 m/s, but you'll find the speed
at which the scent travels across the room is much less. Why?

5. A cat strolls across your backyard. An hour later, a dog
with his nose to the ground follows the trail of the car.
Explain this occurrence from a molecular point of view.

6. If no molecules in a body could escape, would the body
have any odor?

7. Where were the atoms that make up a newborn infant
“manufactured”?

8. Which of the following is not an element: hydrogen, car-
bon, oxygen, water?

9. Which of the following are pure elements: H,, H,0, He,
Na, NaCl, H,SOy, U?

10. Your friend says that what makes one element distinct
from another is the number of electrons about the atomic
nucleus. Do you agree wholeheartedly, partially, or not at
all? Explain.

11. What is the cause of the Brownian motion of dust parti-
cles? Why aren’t larger objects, such as baseballs, similarly
affected?

12. Why don’t equal masses of golf balls and Ping-Pong balls
contain the same number of balls?

13. Why don't equal masses of carbon atoms and oxygen
atoms contain the same number of particles?

14. Which contains more atoms: 1 kg of lead or 1 kg of
aluminum?

15. How many atoms are in a molecule of ethanol, C,HO?

16. The atomic masses of two isotopes of cobalt are 59 and
60. (a) What is the number of protons and neutrons in
each? (b) What is the number of orbiting electrons in
each when the isotopes are electrically neutral?

17. A particular atom contains 29 electrons, 34 neutrons, and
29 protons. What is the identity of this element and its
atomic number?

18. If two protons and two neutrons are removed from the
nucleus of an oxygen atom, what nucleus remains?

19. What element results if you add a pair of protons to the
nucleus of mercury? (See the periodic table.)

20. What element results if two protons and two neutrons are
ejected from a radium nucleus?

21. To become a negative ion, does an atom lose or gain an
electron?

| CHAPTER 11 ONLINE RESOURCES
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22. To become a positive ion, does an atom lose or gain an
electron?

23. You could swallow a capsule of germanium without ill
effects. But, if a proton were added to each of the germa-
nium nuclei, you would not want to swallow the capsule.
Why? (Consult the periodic table.)

24. Helium is an inert gas, meaning that it doesn’t readily com-
bine with other elements. What five other elements would
you also expect to be inert gases? (See the periodic table.)

25. Which of the following elements would you predict to
have properties most like those of silicon (Si): aluminum
(Al), phosphorus (P), or germanium (Ge)? (Consult the
periodic table.)

26. A carbon atom, with a half-full outer shell of electrons—
four in a shell that can hold eight—readily shares its elec-
trons with other atoms and forms a vast number of mole-
cules, many of which are the organic molecules that form
the bulk of living matter. Looking at the periodic table,
what other element do you think might play a role like
carbon in life forms on some other planet?

27. Which contributes more to an atom’s mass—electrons or
protons? Which contributes more to an atom’s size?

28. A hydrogen atom and a carbon atom move at the same
speed. Which has the greater kinetic energy?

29. In a gaseous mixture of hydrogen and oxygen gas, both
with the same average kinetic energy, which molecules
move faster on average?

30. The atoms that constitute your body are mostly empty
space, and structures such as the chair you’re sitting on are
composed of atoms that are also mostly empty space. So
why don’t you fall through the chair?

31. In what sense can you truchfully say that you are a part of
every person in history? In what sense can you say that
you will tangibly contribute to every person on Earth who
will follow?

32. What are the chances that at least one of the atoms exhaled
by your very first breath will be in your next breath?

33. Hydrogen and oxygen always react in a 1:8 ratio by mass
to form water. Early investigators thought this meant that
oxygen was 8 times more massive than hydrogen. What
chemical formula did these investigators assume for water?

34. Somebody told your friend that if an antimatter alien ever
set foot upon Earth, the whole world would explode into
pure radiant energy. Your friend looks to you for verifica-
tion or refutation of this claim. What do you say?

35. Make up a multiple-choice question that will test your
classmates on the distinction between any two terms in
the Summary of Terms list.

.J‘""O

PhysicsPlace.com
Flashcards

Links



! Solids

1 Silver crystals, close up. 2 John Hubisz displays an enlarged image of one of Eric
Miiller’s famous micrographs. 2 Compression between adjacent stones accounts for the
strength of semicircular arches, which for centuries have been used in the construction of
doorways, bridges, and many structures.

ver two nights in February 1945, late in World War

IL, the German city of Dresden was firebombed,
leveling the city and killing tens of thousands of its inhabi-
tants. Beneath those bombs, and
surviving, was the German physi-
cist Erwin Wilhelm Miiller.

Before the war, Miiller invented
the field emission microscope and
later was the first person to experi-
mentally observe atoms. After the
war, in 1951, he invented the field
ion microscope, which provided a
sharper and clearer view of atoms
in a crystal lattice. A sample of this
is shown in the striking photo-
graph above held by physicist John
Hubisz. The photograph is a micrograph, produced in
1958 by Miiller after he joined the faculty at Pennsylvania
State University.

Miiller used an extremely fine platinum needle with
an incredibly tiny hemisphere-shaped tip. The needle
was enclosed in a tube of rarefied helium and subjected
to a very high positive voltage relative to its surround-
ings. This voltage created such an intense electric force
that any helium atoms “settling” on the atoms of the
needle tip were stripped of electrons to become Zons.
Positively charged helium ions streamed away from the
platinum needle tip in a direction almost perpendicular
to its surface at every point. They then struck a fluores-
cent screen, producing this picture of the needle tip,
which magnifies the spacing of the atoms by approxi-
mately 750,000 times. Clearly, the platinum is crys-
talline, with the atoms arranged like oranges in a grocer’s
display. Although the photograph is not of the atoms
themselves, it shows the positions of the atoms and
reveals the microarchitecture of one of the solids that
make up our world.



® Crystal Structure

etals, salts, and most minerals—the materials of Earth—are made up of
crystals. People have known for centuries about crystals such as salt and
quartz, but it wasn’t until the 20th century that crystals were interpreted as regular
arrays of atoms. In 1912, physicists used X-rays to confirm that each crystal is a
three-dimensional orderly arrangement—a crystalline latticework of atoms. The
atoms in a crystal were measured to be very close together, about the same distance
apart as the wavelength of X-rays.
The German physicist Max von Laue discovered that a beam of X-rays directed
upon a crystal is diffracted, or separated, into a characteristic pattern (Figure 12.1).
-1ay diffraction patterns on photographic film show crystals to be neat mosaics of
atoms sited on regular lattices, like three-dimensional chessboards or children’s jun-
gle gyms. Such metals as iron, copper, and gold have rel-
atively simple crystal structures. Tin and cobalt are a lit-
tle more complex. All metals contain a jumble of many

crystals, each almost perfect, with the same regular lac- 2
tice but at some inclination to the crystal nearby. These
metal crystals can be seen when a metal surface is etched,

[==casas

or cleaned, with acid. You can see the crystal structures on
the surface of galvanized iron exposed to the weather, or
on brass doorknobs etched by the perspiration of many
hands.

Von Laue’s photographs of the X-ray diffraction pat-
terns fascinated English scientists William Henry Bragg
and his son William Lawrence Bragg. They developed a
mathematical formula that showed just how X-rays
should scatter from the various regularly spaced atomic
layers in a crystal. With this formula and an analysis of
the pattern of spots in a diffraction pattern, they could
determine distances between the atoms in a crystal.
X-ray diffraction is a vital tool today in the biological
and physical sciences.

Noncrystalline solids are said to be amorphous. In the
amorphous state, atoms and molecules in a solid are dis-
tributed randomly. Rubber, glass, and plastic are among the materials that lack an
orderly, repetitive arrangement of their basic particles. In many amorphous solids,
the particles have some freedom to wander. This is evident in the elasticity of rubber
and the tendency of glass to flow when subjected to stress over long periods of time.

Whether atoms are in a crystalline state or in an amorphous state, each atom or
ion vibrates about its own position. Atoms are tied together by electrical bonding
forces. We'll not discuss atomic bonding now; except to mention the four principal
types of bonding in solids: ionic, covalent, metallic, and Van der Waals’, the last
being the weakest. Some properties of a solid are determined by the types of bonds it
has. More information about these bonds can be found in almost any chemistry text.

FIGURE 12.2

The crystalline structure of
diamond is illustrated with
sticks to represent the covalent
bonds responsible for its
extreme hardness.
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| = Humans have been using solid

| materials for many thousands of
years.The names of the time peri-
ods Stone Age, Bronze Age, and Iron
Age tell us the importance of solid
materials in the development of
civilization. The numbers and uses
of materials multiplied over the
centuries, yet there was little

| progressin understanding the

| mature of solids. This understand-
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ing had to await discoveries about
atoms that occurred in the 20th
century. With that knowledge, inves-
tigators now invent new materials
daily, meeting the demands of
today's information age.

FIGURE 12.1

X-ray determination of crystal struc-
ture. The photograph of common
table salt (sodium chloride) is a prod-
uct of X-ray diffraction. Rays from
the X-ray tube are blocked by a lead
screen except for a narrow beam that
hits the salt crystal. The radiation
that penetrates the crystal and
reaches the photographic film makes
the pattern shown. The white spot in
the center is due to the main unscat-
tered beam of X-rays. The size and
arrangement of the other spots result
from the latticework structure of
sodium and chlorine ions in the crys-
tal. A crystal of sodium chloride
always produces this same design.
Every crystalline structure has its own
unique X-ray diffraction picture.
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Diffraction patterns of DNA
(similar to the one of salt shown
here), made by Maurice Wilkins
and Rosalind Franklin in 1953,
provided the data from which
James D Watson and Francis Crick
discovered the double helix of
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FIGURE 12.3

The cubic crystalline structure
of common salt as seen
through a microscope. The
cubic shape is a consequence

1 of the cubic arrangement of
sodium and chloride ions.

The Van der Waals force 1s the
mechanism that provides adhe-
sion of the many ridges in the
feet of a gecko.

@ Sodium ion, Na*
@& chioride ion, CI-

® Density

s iron heavier than wood? The question is ambiguous, for it depends on the

amounts of iron and wood. A large log is clearly heavier than an iron nail. A
better question to ask is if iron is denser than wood, in which case the answer is yes,
iron is denser than wood. The masses of the atoms and the spacing between them
determine the density of materials. We think of density as the “lightness” or “heav-
iness” of materials of the same size. It’s a measure of the compactness of matter, of
how much mass occupies a given space; it is the amount of mass per unit volume:

mass

Density = ———
volume
FIGURE 12.4

When the volume of the bread is

reduced, its density increases.

Density is a property of a material; it doesn’t matter how much of the material
you actually have. The densities of a few materials are shown in Table 12.1. Density

1

Crystal Power

he regularly repeating internal structure of atomsin

crystals gives them aesthetic properties that have long
made them attractive in jewelry. Crystals also have properties
that are very important to the electronics and optical indus-
tries, and they are used in just about every type of modemn
technology. In times past, crystals were valued for their alleged
healing powers. This belief continues today, particularly among
occultists and New Age healers. Crystals are said to channel
“good energy” and ward off “bad energy.” They carry “vibra-
tions” that resonate with healing “frequencies” that help main-
tain a beneficial body balance. When properly arranged, crys-
tals ate said to provide protection against harmful
electromagnetic forces emitted by power lines, cellular phones,
computer monitors, microwave ovens, and other people. We are
told that crystals are “medically proven” to heal and to protect
and that such claims are “based on Nobel Prize-winning
physics.”

Crystals do give off energy—as every other object does. We'll
learn in Chapter 16 that all things radiate energy—and also
that all things absorb energy. If a crystal or any substance radi-
ates more energy than it receives, its temperature drops. Atoms
in crystals do vibrate and do resonate with matching frequen-
cies of external vibrations—just as molecules in all gases and
in all liquids do. If purveyors of crystal power are talking about
some kind of energy special to crystals, or to life, no scientific

evidence supports this (the discoverer of such a special kind of
energy would quickly become world-famous). Of course, evi-
dence for a new kind of energy, such as the dark energy dis-
cussed in the previous chapter, could one day be found, but this
is not what is claimed by purveyors of crystal power, who assert
that modern scientific evidence supports their claims.

The evidence for crystal power is not experimental; rather, it
is confined to testimonials. As advertising illustrates, people are
generally more persuaded by testimonials than by confirmed
facts. Testimonials by people who are convinced of the personal
benefits of crystals are common. Being convinced by scientific
evidence is one thing; being convinced by wishful thinking,
cornmunal reinforcement, or by a placebo effect is quite
another. None of the claims for the special powers of crystals
have ever been backed up by scientific evidence.

Claims aside, wearing crystal pendants seems to give some
people a good feeling, and even a feeling of protection. These
feelings, and the aesthetic qualities of crystals, are their virtues.
Some people feel that crystals bring good Tuck, just as carrying
a rabbit’s foot in your pocket is supposed to do.The difference
between crystal power and rabbit’s feet, however, is that the
benefits of crystals are couched in scientific terms, whereas
claims for the benefits of carrying a rabbit's foot are not. Hence,
the purveyors of crystal power are into full-fledged pseudo-
science.




is usually expressed with metric units, generally kilograms per cubic meter, kilo-
grams per liter, or grams per cubic centimeter. Water, for example, has a mass density
of 1000 kg/m?>, or, equivalently, 1 g/cm®. So the mass of a cubic meter of fresh
water is 1000 kg, and, equivalently, the mass of a cubic centimeter (about the size of
a sugar cube) of fresh wateris 1 g,

Density may be expressed in terms of weight rather than mass. This is weight den-

sity, which is defined as weight per unit volume:

} . weight

Weight density = ———
volume

Weight density is measured in N/m3. Because a 1-kg body has a weight of 9.8 N,

weight density is numerically 9.8 X mass density. For example, the weight density

of water is 9800 N/m?. In the British system, 1 cubic foot (ft3) of fresh water

(almost 7.5 gallons) weighs 62.4 pounds. Thus, in the British system, fresh water

has a weight density of 62.4 1b/ft>.

The density of a material depends upon the masses of the individual atoms that
make it up and the spacing between those atoms. Iridium, a hard, brittle, silvery-
white metal in the platinum family, is the densest substance on Farth. Although the
individual iridium atom is less massive than individual atoms of platinum, gold,
lead, or uranium, the close spacing of iridium atoms in the crystalline form con-
tributes to its greater density. More iridium atoms fit into a cubic centimeter than
other, more massive but more widely spaced atoms. Hence iridium has a whopping

density of 22,650 kg/m®.

—ECH'E'C‘KPOEN T

1. Here’s an easy one: When water freezes, it expands, What does this say
about the density of ice compared with the den sity of water?

2. Here’s a slightly tricky one: Which weighs more, a liter of ice or a liter of
water?

3. Which has the greater density—100 kg of lead or 1000 kg of aluminum?

4. What 1is the density of 1000 kg of water?

5. What is the volume of 1000 kg of water?

Check Your Answers

1. Ice is less dense than water (because it has more volume for the same mass),
which is why ice floats on water.

2. Don't say that they weigh the samel Aliter of water weighs more. If it is frozen,
then its volume will be more than aliter. If you shave that part off so that the chunk
of ice is the same size as the original liter of water, it will certainly weigh less.

3. Density is a ratio of mass and volume (or weight and volume), and this ratio is
greater for any amount of lead than for any amount of aluminum—see Table 12.1.

4. The density of any amount of water is 1000 kg/m3 (or 1 g/cm3).

5. The voiume of 1000 kq of water is 1 m3.

“ Elasticity

hen an object is subjected to external forces, it undergoes changes in size, or

in shape, or in both. The changes depend on the arrangement and bonding

of the atoms in the material. A spring, for example, can be stretched or compressed
by external forces.

A weight hanging on a spring stretches the spring. Additional weight stretches it

further. If the weights are removed, the spring returns to its original length. We say

CHAPTER 12  sOLIDs 215

TABLE 12.1

Densities of Common Substances
(kg/m3) (for density in g/cm3, divide
by 1000)

Solids Density
Iridium 22,650
Osmium 22,610
Platinum 21,090
Gold 19,300
Uranium 19,050
Lead 11,340
Silver 10,490
Copper 8,920
Brass 8,600
Iron 7.870
Tin 7310
Aluminum 2,700
Concrete 2,300
Ice 919
Liquids

Mercury 13,600
Glycerin 1,260
Seawater 1,025
Water at 4°C 1,000
Ethyl alcohol 785
Gasoline 680

FIGURE 12.5

Both Stephanie and the tree are com-
posed mainly of hydrogen, oxygen,
and carbon. Food ingestion supplies
these to Stephanie, whereas the tree
gets most of its oxygen and carbon
from the air. In this sense, a tree can
be thought of as “solid air.”
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A cubic meter is a sizable volume
and contains a miltion cubic
centimeters, so there are a million
grams of water in a cubic meter
(ov, equivalently, a thousand kilo-
grams of water in a cubic meter).
Hence,1g/cm3 = 1000 kg/m3,
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[ « The enamel in your teeth is the
‘ hardest substance in your body.

FIGURE 12.6
A baseball is elastic.

FIGURE 12.7

The stretch of the spring is directly
proportional to the applied force. If
the weight is doubled, the spring

stretches twice as much.

i |
t = Robert Hooke, one of England’s

. greatest scientists, was the first to

} propose a wave theory of light and

| the first to describe the cell (for

1 which he became known as the
father of microscopy). As an artist
and surveyor, he helped Christo-
pher Wren rebuild London after the
great fire in 1766. As a physicist, he
collaborated with Robert Boyle and
other physicists of his time and was
chosen to head the Royal Society.
Upon Hooke's death, Isaac Newton
became president of the Royal Soci-
ety,and he jealously destroyed
everything he could of Hooke’s
work. No paintings or likenesses of
Robert Hooke survive today.

PROPERTIES OF MATTER

that the spring is elastic. When a batter hits a baseball, the bat temporarily changes
the ball’s shape. An archer, about to shoot an arrow, first bends the bow, which
springs back to its original shape when the arrow is released. The spring, the baseball,
and the bow are examples of elastic objects. A body's elasticity describes how much it
changes shape when a deforming force acts upon it, and how well it returns to its
original shape when the force is removed. Clay, putty, and dough do 7ot return to
their original shape when a deforming force is applied and then removed. Materials
such as these, which do not resume their original shape after being deformed, are said
t0 be snelastic. Lead is also inelastic, since it’s casy to distort lead’s shape permanently.

When you hang a weight on a spring, the weight applies a force to the spring and
this stretches the spring. Twice the weight causes twice as much stretch; triple the
force causes triple the stretch. We can say,

F~ Ax

That is, the stretch is directly proportional to the applied force (Figure 12.7). This
relationship, noted in the mid-17th century by the British physicist Robert Hooke,
a contemporary of Isaac Newton, is called Hooke’s law.

I an elastic material is stretched or compressed beyond a certain amount, it will
not return to its original state and will remain distorted. The distance beyond which
permanent distortion occurs is called the elastic limit. Hooke’s law holds only as
long as the force does not stretch or compress the material beyond its elastic limit.

TC H"E_C'KP_O'IWT R =

1. A 2-kg antique painting is hung from the end of a spring. The spring then
stretches a distance of 10 cm. If, instead, a 4-kg painting is hung from the
same spring, how much will the spring stretch? What if a 6-kg painting
were hung from the same spring? (Assume that none of these loads
stretches the spring beyond its elasticlimit.)

2. |f a force of 10 N stretches a certain spring 4 cm, how much stretch will
occur for an applied force of 15 N?

Check Your Answers

1. A 4-kg load (painting in this case) has twice the weight of a 2-kg load. In accord
with Hooke's law, F ~ Ax, 2 times the applied force results in 2 times the stretch,
so the spring should stretch 20 cm. The weight of the 6-kg load makes the spring
stretch 3 times as far, 30 cm. (If the elastic limit were exceeded, the amount of
stretch could not be predicted with the information given.)
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2. The spring will stretch 6 cm. By ratio and proportion, (10 N)/(4 cm) = (15 N)/(x cm),
which is read: 10 newtons is to 4 centimeters as 15 newtons is to x centimeters;
X = 6 cm. Iftaking a lab, you'll learn that the ratio of force to stretch is called the
spring constant, k (in this case k = 2.5 N/cm), and Hooke’s law is expressed as the
equation F = kAx.

* Tension and Compression

hen something is pulled on (stretched), it is said to be in zension. When it is

pushed in (squashed), it is in compression. If you bend a ruler (or any stick),
the part bent on the outside of the curve is in tension. The inner curved part, which
is pushed in, is in compression. Compression causes things to get shorter and wider,
whereas tension causes them to get longer and thinner. This is not obvious for most
rigid materials, however, because the shortening or lengthening is very small.

Steel is an excellent elastic material, because it can withstand large forces and
then return to its original size and shape. Because of its strength and elastic propet-
ties, it is used to make not only springs but construction girders as well. Vertical
girders of steel used in the construction of tall buildings undergo only slight com-
pression. A typical 25-meter-long vertical steel girder (column) used in high-rise
construction is compressed about a millimeter when it carries a 10-ton load. This
can add up. A 70- to 80-story building can compress the huge steel columns at its
base by some 2.5 centimeters (a full inch) when construction is completed.

More deformation occurs when girders are used horizontally, where their ten- A
dency is to sag under heavy loads. When a horizontal beam is supported at one or SN
both ends, it is under both tension and compression from its weight and the load it B s
supports. Consider the horizontal beam supported at one end (known as a can- A diving board with a diver stand-
tilever beam) in Figure 12.8. It sags because of its own weight and because of the | ing at one end is a cantilever

load it supports at its end. A little thought will show that the top part of the beam
tends to be stretched. Atoms tend to be pulled apart. The top part is slightly longer :

FIGURE 12.8

The top part of the beam is
stretched and the bottom part
is compressed. What happens
in the middle portion, between
top and bottom?

and is under tension. More thought shows that the bottom part of the beam is
squashed. It is compressed as atoms there are squeezed together. The bottom part is
slightly shorter because of the way it is bent. Can you see that, somewhere between
the top and bottom, there is a region in which nothing happens, in which there is
neither tension nor compression? This is the zewtral layer.

The horizontal beam shown in Figure 12.9, known as a simple beam, is sup-
ported at both ends and carries a load in the middle. Here there is compression in
the top of the beam and tension in the bottom part. Again, there is a neutral layer
along the middle portion of the thickness of the beam all along its length.

FIGURE 12,9

The top part of the beam is
compressed and the bottom
part is stretched. Where is
the neutral layer (the part
that is not under stress due to
tension or compression)?
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PART TWO

o Practicing Physics

fyou nail four sticks together to form arectangle, they can

be deformed into a parallelogram without too much effort.
But, if three sticks are nailed together to form a trian gle, the shape
cannot be changed without actually breaking the sticks or dis-
lodging the nails. The triangle is the strongest of all the geometri-
cal figures, which is why you see triangular shapes in bridges. Go

|

ahead and nail three sticks together and try this out, and then look
at the triangles used in strengthening structures of many kinds.

FIGURE 12.10

An I-beam is like a solid bar with
some of the steel scooped from its
middle where it is needed least. The
beam is therefore lighter, but it has
nearly the same strength.

FIGURE 12.11
The upper half of each horizontal

branch is under tension because of
the branch’s weight, while the lower
half is under compression. In what
location is the wood neither stretched
nor compressed?

;
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With the neutral layer in mind, we can see why the cross section of steel girders
has the form of the letter I (Figure 12.10). Most of the material in these I-beams is
concentrated in the top and bottom flanges. When the beam is used horizontally in
construction, the stress is predominantly in the top and bottom flanges. One flange
is squeezed while the other is stretched, the two flanges supporting virtually all
stresses in the beam. Between the flanges is a relatively stress-free region, the web,
that acts principally to hold the top and bottom flanges well apart. Because of the
web, comparatively little material is needed. An I-beam is nearly as strong as a solid
rectangular bar of the same overall dimensions, with considerably less weight. A
large rectangular steel beam on a certain span might fail under its own weight,
whereas an I-beam of the same depth could support much added load.

CHECK
- POINT

1. When you walk on floorboards ifan old house that
sag due to your weight, where is the neutral layer?

2. Suppose you drilla hole horizontally through a tree
branch as shown. Where will the hole weaken the
branch the least—through the upper portion, the
middle portion, ot the lower portion of the branch?

Check Your Answers

1. The neutral layer is midway between the top and bottom surfaces of the floorboards.

2. Drill the hole horizontally through the middle of the branch, through the neutral
layer—a hole at that location will hardly affect the branch’s strength because
fibers there are neither stretched nor compressed. Wood fibers in the top partare
being stretched, so a hole there may result in fibers pulling apart. Fibers in the
lower part are compressed, so a hole there might crush under compression.




= Arches

tone breaks more easily under tension than compression. The roofs of stone

structures built by the Egyptians during the time of the pyramids were con-
structed with many horizontal stone slabs. Because of the weakness of these slabs
under the forces produced by gravity, many vertical columns had to be erected to
support the roofs. Likewise for the temples in ancient Greece. Then came arches—
and fewer vertical columns.

FIGURE 12.12

The horizontal slabs of stone of the roof cannot be too long because stone easily breaks
under tension. That is why many vertical columns are needed to support the roof.

Look at the tops of the windows in old brick buildings. Chances are the tops are
arched. Likewise for the shapes of old stone bridges. When a load is placed on a
propetly arched structure, the compression strengthens rather than weakens the
structure. The stones are pushed together more firmly and are held together by
compressive forces. With just the right shape of the arch, the stones do not even
need cement to hold them together.

When the load being supported is uniform and extends horizontally, as with a
bridge, the proper shape is a parabola, the same curve followed by a thrown ball.
The cables of a suspension bridge provide an example of an “upside-down” para-
bolic arch. If, on the other hand, the arch is supporting only its own weight, the
curve that gives it maximum strength is called a catenary. A catenary is the curve
formed by a rope or chain hung between two points of support. Tension along every
part of the rope or chain is parallel to the curve. So, when a free-standing arch takes
the shape of an inverted catenary, compression within it is everywhere parallel to the
arch, just as tension between adjacent links of a hanging chain is everywhere parallel
to the chain. The Gateway Arch, which graces the waterfront of St. Louis, Missouri,
is a catenary (Figure 12.14).

If you rotate an arch through a complete circle, you have a dome. The weight of
the dome, like that of an arch, produces compression. Modern domes, such as the
Astrodome in Houston, are inspired by three-dimensional catenaries, and they
cover vast areas without the interruption of columns. There are shallow domes (the
Jefferson Monument) and tall ones (the U.S. Capitol). And long before these, there
were the igloos in the Arctic.
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FIGURE 12.13

Common semicircular stone arches,
which have stood for centuries.

FIGURE 12.14

Both the curve of a sagging chain
held by Manuel and the Gateway
Arch in St. Louis are catenaries.
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| » Acatenary arch could even be
made with slippery blocks of ice!
Provided that the compressive
forces between blocks are parallel
to the arch and that temperature
doesn't rise enough to cause
melting, the arch will remain

! stable.

FIGURE 12.15

The weight of the dome produces
compression, not tension, so no
support columns are needed in the

middle.
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Scaling was studied by Galileo,
who differentiated the bone sizes
of various creatures.
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Why is it easier for a chicken inside an eggshell to poke its way out than it
is for a chicken on the outside to poke its way in?

Check Your Answer

To poke its way into a shell, a chicken on the outsi de must contend with compression,
which greatly resists shell breakage. But, when poking from the inside, only the
weaker shell tension must be overcome. To see that the compression of the shell
requires greater force, try crushing an egg along its long axis by squeezing it between
your thumb and fingers. Surprised? Try it along its shorter diameter. Surprised? (Do
this over a sink with some protection, such as gloves, for possible shell splinters.)

® Scaling'

ave you ever noticed how strong an ant s for its size? An ant can carry the

weight of several ants on its back, whereas a strong elephant would have great
difficulty carrying even a single elephant. How strong would an ant be if it were
scaled up to the size of an elephant? Would this “super ant” be several times stronger
than an elephant? Surprisingly, the answer is 0. Such an ant would be unable to lift
its own weight off the ground. Its legs would be too thin for its greater weight, and
they would likely break.

There is a reason for the thin legs of the ant and the thick legs of an elephant. As
the size of a thing increases, it grows heavier much faster than it grows stronget. You
can support a toothpick horizontally at its ends and notice no sag. But support an
entire tree trunk of the same kind of wood horizontally at its ends and you'll notice
an appreciable sag. Relative to its weight, the toothpick is much stronger than the
tree. Scaling is the study of how the volume and shape (size) of any object affect
the relationship of its strength, weight, and surface area.

Strength is related to the area of the cross section (which is two-dimensional and
is measured in square centimeters), whereas weight relates to volume (which is three-

IMaterial in this section is based on two delightful and informative essays: “On Being the Right Size,” by
J. B. S. Haldane, and “On Magnitude,” by Sir D’Arcy Wentworth Thompson, both in James R.
Newman (ed.), The World of Mathematics, vol. 11. (New York: Simon & Schuster, 1956).



dimensional and is measured in cubic centimeters). To understand this square—cube
relationship, consider the simplest case of a solid cube of matter, 1 centimeter on a
side—say, a sugar cube. Any 1-cubic-centimeter cube has a cross section of 1 square
centimeter. That s, if we sliced through the cube parallel to one of its faces, the
sliced area would be 1 square centimeter. Compare this with a cube made of
the same material that has double the linear dimensions—a cube 2 centimeters on
each side. As shown in Figure 12.16, its cross-sectional area will be 2 X 2, or
4 square centimeters, and its volume will be 2 X 2 X 2, or 8 cubic centimeters.
Therefore, the larger cube will be 4 times as strong but 8 times as heavy. Careful
investigation of Figure 12.16 shows that, for increases of linear dimensions, the
cross-sectional area and the total area grow as the square of the increase, whereas
volume and weight grow as the cube of the increase.

Length of side = 2 cm
Cross-section area = 4 ¢cm?
Volume (2x2x2) = 8 em3
Mass =8 g

Length of side = 1 cm
Cross-section area = 1 cm?2
Volume (1x1x1) = 1 ecm3
Mass=1g¢

¢ Vasmicd

Length of side = 3 cm
Cross-section area = 9 ¢cm2
Volume (3x3x3) = 27 cm3
Mass = 27 g

Length of side = 4 cm
Cross-section area = 16 ¢cm?2
Volume (4x4x4) = 64 cm3
Mass = 64 g

Volume (and thus weight) increases much faster than the corresponding
increase of cross-sectional area. Although Figure 12.16 demonstrates the simple
example of a cube, the principle applies to an object of any shape. Consider a foot-
ball player who can do many pushups. Suppose he could somehow be scaled up to
twice his size—that is, twice as tall and twice as broad, with his bones twice as
thick and every linear dimension increased by a factor of 2. Would he be twice as
strong and be able to lift himself with twice the ease? The answer is 70, Although
his twice-as-thick arms would have four times the cross-sectional area and be four
times as strong, he would be eight times as heavy. For comparable effort, he would
be able to lift only half his weight. Relative to his new weight, he would be weaker
than before.

We find in nature that large animals have disproportionately thick legs com-
pared with those of small animals. This is because of the relationship between
volume and area—the fact that volume (and weight) grows as the cube of the
factor by which the linear dimension increases, while strength (and area) grows
as the square of the increase factor. So we see that there is a reason for the thin
legs of a deer or an antelope, as well as for the thick legs of a rhinoceros, a hip-
popotamus, or an elephant. So the great strengths attributed to King Kong and
other fictional giants cannot be taken seriously. The fact that the consequences
of scaling are conveniently omitted is one of the differences between science and
science fiction.

Important also is the comparison of total surface area to volume (Figure 12.17).
Total surface area, just like cross-sectional area, grows in proportion to the square of
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A sphere has the least area per
volume. Now you know why ele-
vated water reservoirs are often
spherical in shape.

FIGURE 12.16

flﬁ |GURE o

As the linear dimensions of an object
change by some factor, the cross-
sectional area changes as the square
of this factor, and the volume (and
hence the weight) changes as the
cube of this factor. We see that, when
the linear dimensions are doubled
(factor 2), the area grows by 2% = 4,
and the volume grows by 23 = 8,

o I ™
PhysicsPlace.com
Video

Surface Area vs.Volume

= Leonardo da Vinci was the first to
report that the cross-sectional area
of a tree trunk is equal to the com-
bined surface areas produced
by making a herizontal slice
through all of the branches farther
up on the tree (but perpendicular

f to each branch). Likewise for the

cross-sectional areas of capillaries
with the cross section of the vein
that supplies blood to them.
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FIGURE 12.17

As the size of an object increases,
there is a greater increase in its
volume than in its surface area; as a
result, the ratio of surface area to
volume decreases.

N\

The surface area of a
1-cm3 volume (shown
opened up) is 6 cm2:

the ratio of
surface area 6 )
volume =7 When the volume of a cube When the volume of a cube is 3X3x3
is 2x2x2 (8 em3) the surface (27 cm?) the surface area is 54 cm?:
area is 24 cm?: the ratio of the ratio of
surface area 24 3 surface area 54 2
=8 "1 volume 27 1

volume 8
= -

an object’s linear size, whereas volume grows in proportion to the cube of the lincar
size. So, as an object grows, its surface area and volume grow at different rates, with
the result that the ratio of surface area to volume decreases. In other words, both the
surface area and the volume of a growing object increase, but the growth of surface
area relative to the growth of volume decreases. Not many people really understand
this concept. The following examples may be helpful.

A chef knows that more potato peelings result from peeling 5 kg of small
potatoes than from peeling 5 kg of large potatoes. Smaller objects have more
surface area per kilogram. Thin french fries cook faster in oil than thicker french
fries. Flattened hamburgers cook faster than meatballs of the same mass. Crushed
:ce will cool a drink much faster than a single ice cube of the same mass, because
crushed ice presents more surface area to the beverage. Steel wool rusts away at
the sink while steel knives rust more slowly. Iron rusts when exposed to air, but it
rusts much faster, and is soon eaten away, if it is in the form of small strands or
filings.

Burning is an interaction between oxygen molecules in the air and molecules on
the surface of the fuel. That's why chunks of coal burn, while coal dust explodes
when ignited, and why we light fires with several thin pieces of wood instead of the
same mass of wood as 2 single log. These are all consequences of the fact that vol-
ume and area are not in direct proportion to each other.
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1. Consider a 1-cm3 cube scaled up toa cube 10 cm
long on each edge.
a. What would be the volume of the scaled-up

cube?

b. What would be its cross-sectional surface area?
¢. What would be its total surface area?

2. Ifyou were somehow scaled up to twice your size o g
while retaining your present proportions, would T i
you be stronger or weaker? Explain your reasoming.
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Check Your Answers

1. 3. The volume of the scaled-up cube would be (length of side)? = (10 cm)3, or
1000 cm3,
b. its cross-sectional surface area would be (length of side)* = (10 cm)?, or 100 cm?,
C. Itstotal surface area = 6 sides X areaofa side = 6 X (10cm)? = 600 cm?.




2. Your scaled-up self would be four times as strong, because the cross-sectional
area of your twice-as-thick bones and muscles increase by four. You could lift a
load four times as heavy. But your weight would be eight times greater than
before, so you would not be stronger relative to your greater weight. You have four
times the strength but carry eight times the weight, which gives you a strength-
to-weight ratio of only half its former value. So, if you can barely lift your own
weight now, when scaled up you could lift only half your new weight. Your
strength would increase, but your strength-to-weight ratio would decrease. Stay
asyocu arel

The large ears of African elephants are nature’s way of compensating for the small
ratio of surface area to volume for these large creatures. The large ears may enhance
hearing, but better, they enhance cooling. The rate at which a creature generates
heat is proportional to its mass (or volume), but the heat that it can dissipate is pro-
portional to its surface area. If an African elephant didn’t have large ears, it would
not have enough surface area to cool its huge mass. The large ears greatly increase
its overall surface area, which facilitates cooling in hot climates.

At the microscopic level, living cells must contend with the fact that the growth
of volume is faster than the growth of surface area. Cells obtain nourishment by dif-
fusion through their surfaces. As cells grow, their surface area increases, but not fast
enough to keep up with their increasing volume. For example, if the surface area
increases by four, the corresponding volume increases by eight. Eight times as much
mass must be sustained by only four times as much nourishment. At some size, the
surface area isn't large enough to allow sufficient nutrients to pass into the cell, plac-
ing a limit on how large cells can grow. So cells divide, and there is life as we know
it. That’s nice.

Not so nice is the fate of large animals when they fall. The saying “The bigger
they are, the harder they fall” holds true and is a consequence of the small ratio of
surface area to weight. Air resistance to movement through the air depends on the
surface area of the moving object. If you fell off a cliff, even with air resistance, your
speed would increase at the rate of very nearly 1 g. Your terminal speed (the speed at
which the force of air resistance on you equals your weight) would be large unless
you wore a parachute to increase your surface area. Small animals need no para-
chute.

Scaling works for shrinking things too. If your linear dimensions got smaller by a
factor of 10, your area would decrease by a factor of 100, but your weight would
decrease by 1000. Being this small means that youd have 10 times as much surface
area relative to your weight, so you would have a much lower terminal speed. This is
why an insect can fall from the top of a tree to the ground below without harm. The
ratio of surface area per weight is in the insect’s favor—in a sense, the insect is its
own parachute.

The dissimilar consequences of a fall are just one illustration of the different
relationships that large organisms and small organisms have with the physical envi-
ronment. The force of gravity is tiny for insects compared with cohesion forces (stick-
iness) between their feet and the surfaces they walk on. That's why a fly can crawl up a
wall or along the ceiling completely ignoring gravity. Humans and elephants can’t do
that. The lives of small creatures are ruled not by gravity but by such forces as surface
tension, cohesion, and capillarity, which we'll treat in the next chapter.

It is interesting to note that the heartbeat rate of a mammal is related to the size of
the mammal. The heart of a tiny shrew beats about 20 times faster than the heart of
an elephant. In general, small mammals live fast and die young; larger animals live at
a leisurely pace and live longer. Don’t feel bad about a pet hamster that doesn’t live as
long as a dog. All warm-blooded animals have about the same life span—not in
terms of years, but in the average number of heartbeats (about 800 million). Humans
are the exception: we live two to three times longer than other mammals of our size.
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FIGURE 12.18
The African elephant has less su
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rface

area relative to its weight than many

other animals. It compensates for this
with its large ears, which significantly
increase its radiating surface area and

promote cooling of the body.

FIGURE 12.19

The long tail of the monkey not only
helps the monkey to maintain its bal-

ance but also effectively radiates
excess heat,
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Large raindrops fall faster than
small raindrops, and large fish
swim faster than small fish,

I
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.. Researchers are finding that, when something shrinks enough—whether it's an

= Raindrops can get aslargeas 8 mm

[ in diameter. Drops about 1mm in
diameter are spherical; at 2 mm,

x they flatten like a hamburger bun;
and at 5 mm, air resistance distorts
them to parachute shapes. When
circulation tosses raindrops back

i up into the air, often repeatedly,

! they may freeze and form hail.

' Hailstones have been recorded that

i are as large as 178 mm in diameter.

|

. SUMMARY OF TERMS

Atomic bonding The linking together of atoms to form larger
structures, including solids.
Density The mass of a substance per unit volume:

mass

Density =

volume

Weight density is weight per unit volume:

. ) weight
Weight density =
volume
e B N L I, | o T I ST (S S i

| SUMMARY OF EQUATIONS

mass

Density =

volume

' REVIEW QUESTIONS

1. How does the arrangement of atoms in a crystalline sub-
stance differ from that in a noncrystalline substance?

. What evidence can you cite for the microscopic crystal
nature of certain solids? For macroscopic crystal nature?

3. What happens to the volume of a loaf of bread that is
squeezed? The mass? The density?

Which is denser, something having a density of

1000 kg/ m? or something having a density of 1 g/ cm??
Defend your answer.

. Iridium is not the heaviest atom found in nature. What,
then, accounts for a chunk of pure iridium being the
densest substance on Earth?

How does mass density differ from weight density?

4.

6.

Elasticity

7. Why do we say that a spring is elastic?
8. Why do we say a blob of putty is inelastic?

electronic circuit, a motor, a ilm of lubricant, or an individual metal or ceramic
crystal—it stops acting like a miniature version of its larger self and starts behaving
in new and different ways. Palladium metal, for example, which is normally com-
posed of grains about 1000 nanometers in size, is found to be five times as strong
when formed from 5-nanometer gralins.2 Scaling is enormously important as more
devices are being miniaturized.

27 nanometer is one-billionth of a meter, so 1000 nanometers is one-millionth of a meter, or one-

thousandth of a millimeter. Small indeed!

Elasticity The property of a material wherein it changes shape
when a deforming force acts upon it and returns to its
original shape when the force is removed.

Hoolke’s law The amount of stretch or compression of an elas-
tic material is directly proportional to the applied force:

F~ Ax
When the spring constant k is introduced, F = £Ax.

Scaling The study of how size affects the relationships among
weight, strength, and surface.

weight

Weight density =
F~ Ax

volume

9. What is Hooke’s law? Does it apply to elastic materials or
to inelastic materials?

10. What is meant by the elastic limit for a particular object?
11. If a 1-kg object stretches a spring by 2 cm, how much will
the spring be stretched when it supports a 3-kg object?

(Assume the spring does not reach its elastic limit.)

Terision and Compression

12. Distinguish between fension and compression.

13. What and where is the neutral layer in 2 beam that sup-
ports a load?

14, Why are the cross sections of metal beams in the shape of
the letter I instead of solid recrangles?

Arches

15. Why were so many vertical columns needed to support
the roofs of stone buildings in ancient Egypt and Greece?

16. Is it zension or compression that strengthens an arch that
supports a load?

17. Why is cement not needed between the stone blocks of an
arch that has the shape of an inverted catenary?



18. Why are vertical columns not needed to support the
middle of domed stadiums, such as the Houston
Astrodome?

Scaling

19. Does the strength of a person’s arm usually depend on the
length of the arm or on its cross-sectional area?

20. What is the volume of a sugar cube that measures 1 cm
on each side? What is the cross-sectional area of the cube?
The total surface area?

RANKING

1. Consult Table 12.1 and rank the density of the following
materials from greatest to least:
a. concrete,
b. liquid water,
c. ice,
d. aluminum.
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21. If the linear dimensions of an object are doubled, by how
much does the surface area increase? By how much does
the volume increase?

22, As the volume of an object is increased, its surface area
also increases. During this increase, does the 7atio of
square meters to cubic meters increase or does it decrease?

23. Which has more skin, an elephant or a mouse? Which has
more skin per unit of body weight, an elephant or a mouse?

24. Why can small creatures fall considerable distances with-
out injury, while people need parachutes to do the same?

2. Consider these three animals: A. dog, B. horse, C. ele-
phant. Rank them, from highest to lowest, for their
a. surface areas.
b. masses.
¢. weights.
d. volumes.
e. surface area per weight.

L. If you live in a region where snow falls, collect some snowflakes
on black cloth and examine them with a magnifying glass. You'll
see many hexagonal crystalline structures, among the most
beautiful sights in nature.

2. Simulate atomic close packing with a couple of dozen or so pen-
nies. Arrange them in a square pattern so each penny inside the
petimeter makes contact with four others. Then arrange them
hexagonally, so contact with six others occurs. Compare the

!

| EXERCISES

1. You take 1000 mg of a vitamin and your friend takes 1 g
of the same vitamin. Who takes more vitamins?

2. Your friend says that the primary difference between a
solid and a liquid is the kind of atoms in the material. Do
you agree or disagree, and why?

3. In what sense can it be said that a tree is solidified air?

4. Silicon is the chief ingredient of both glass and semicon-
ductor devices, yet the physical properties of glass are dif-
ferent from those of semiconductor devices. Explain.

5. What evidence can you cite to support the claim that
crystals are composed of atoms that are arranged in spe-
cific patterns?

6. What happens to the density of air in a common rubber
balloon when it is heated?

7. Is iron necessarily heavier than cork? Explain.

8. How does the density of a 100-kg iron block compare
with the density of an iron filing?

9. What happens to the density of water when it freezes to
become ice?

10. In a deep dive, a whale is appreciably compressed by the
pressure of the surrounding water. What happens to the
whale’s density during the dive?

areas occupied by the same number of pennies close packed
both ways.

3. Are you slightly longer while lying down than you are tall when
standing up? Make measurements and see.

4. Hold an egg vertically and dangle a small chain beside it. Can
you see that the chain follows the contour of the egg—shallow
sag for the more rounded end, and deeper sag for the more
pointed end? Nature has not overlooked the catenary!

11. The uranium atom is the heaviest and most massive atom
among the naturally occurring elements. Why, then, isn't
a solid bar of uranium the densest metal?

12, Which has more volume, a kilogram of gold or a kilogram
of aluminum?

13. Which has more mass, a liter of ice or a liter of water?

14. How would you test the notion that a steel ball is elastic?

15. Why does the suspended spring stretch more at the top
than at the bottom?

16. If the spring in the sketch above were supporting a heavy
weight, how would the sketch be changed?

17. A thick rope is stronger than a thin rope of the same
material. Is a long rope stronger than a short rope?
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18. When you bend a meterstick, one side is under tension
and the other is under compression. Which side is which?

19. Tension and compression occur in a partially supported
horizontal beam when it sags due to gravity or when it
supports a load. Make a simple sketch to show a means of
supporting the beam so that tension occurs at the top part
and compression at the bottom. Sketch another case in
which compression is at the top and tension occurs at the
bottom.

20. Suppose you're constructing a balcony that extends
beyond the main frame of your house. In a concrete over-
hanging slab, should steel reinforcing rods be embedded
in the top, middle, or bottom of the slab?

21. Can a horizontal I-beam support a greater load when the
web is horizontal or when the web is vertical? Explain.

22. The sketches are of top views of a dam to hold back a
lake. Which of the two designs is preferable? Why?

23. Consider a very large wooden barrel for storing wine.
Should the “Aat” ends be concave (bending inward) or
convex (bending outward)? Why?

24. Why do you suppose that girders are so often arranged to
form triangles in the construction of bridges and other
structures? (Compare the stability of three sticks nailed
together to form a triangle with four sticks nailed to form
a rectangle, or any number of sticks to form multilegged
geometric figures. Try it and see!)

25. Consider two bridges that are exact replicas of each other
except that every dimension of the larger bridge is exactly
twice that of the other—that is, twice as long, structural
elements twice as thick, etc. Which bridge is more likely
to collapse under its own weight?

26. Only with great difficulty can you crush an egg when
squeezing it along its long axis, but it breaks easily if you
squeeze it sideways. Why?

-0 ()

27. Archie designs an arch of a certain width and height to
serve as an outdoor sculpture in a park. To achieve the size
and shape for the strongest possible arch, he suspends a
chain from two equally elevated supports as far apart as
the arch is wide and allows the chain to hang as low as the

arch is high. He then designs the arch to have exactly the
inverted shape of the hanging chain. Explain why.

28. The photo shows a semicircular arch of stone. Note that
it must be held together with steel rods to prevent out-
ward movement. If the shape of the arch were not a semi-
circle but the shape used by Archie in the previous exer-
cise, would the steel rods be necessary? Explain.

29. A candymaker making taffy apples decides to use 100 kg of
large apples rather than 100 kg of small apples. Will the can-
dymaker need to make more or less taffy to cover the apples?

30. Why is it easier to start a fire with kindling rather than
with large sticks and logs of the same kind of wood?

31. Why does a chunk of coal burn when ignited, whereas
coal dust explodes?

32. Why does a two-story house that is roughly a cube suffer
less heat loss than a rambling one-story house of the same
volume?

33. Why is heating more efficient in large apartment build-
ings than in single-family dwellings?

34. Some environmentally conscious people build their
homes in the shape of a dome. Why is less heat lost in a
dome-shaped dwelling than in a conventional dwelling
with the same volume?

35. Why does crushed ice melt faster than the same mass of
ice cubes?

36. Why do some animals curl up into a ball when they are
cold?

37. Why is rust a greater problem for thin iron rods than for
thick iron piles?

38. Why do thin french fries cook faster than thick fries?

39, If you are grilling hamburgers and getting impatient, why
is it a good idea to flatten the burgers to make them wider
and thinner?

40. If you use a batch of cake batter for cupcakes and bake
them for the time suggested for baking a cake, what will
be the result?



41. Why are mittens warmer than gloves on a cold day? And
which parts of the body are most susceprible to frostbite?
Why?

42. What is the advantage to a gymnast of being short in
stature?

43. How does scaling relate to the fact that the heartbeat of
large creatures is generally slower than the heartbeat of
smaller creatures?

44 Nourishment is obtained from food through the inner sur-
face area of the intestines. Why is it that a small otganism,
such as a worm, has a simple and relatively straight intes-
tinal tract, while a large organism, such as a human being,
has a complex and extensively folded intestinal tract?

PROBLEMS

1. Show that the density of 2 5-kg solid cylinder that is
10 cm tall with a radius of 3 cm is 17.7 g/cm?,

2. What is the weight of a cubic meter of cork? Could you
lift ic? (For the density of cork, use 400 kg/m3.)

3. A certain spring stretches 6 cm when a load of 30 N is sus-
pended from it. How much will the spring stretch if 50 N
is suspended from it (and it doesn’t reach its elastic limit)?

4. Consider a spring that stretches 4 cm when a load of
10 N is suspended from it. How much will the spring
stretch if an identical spring also supports the load as
shown in (a) and (b)? (Neglect the weights of the springs.)

45.

46.

47.

48.

49.
50.

5.
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The human lungs have a volume of only about 4 L, yetan
internal surface area of nearly 100 m?. Why is this impor-
tant, and how is this possible?

What does the concept of scaling have to do with the fact
that living cells in a whale are about the same size as those
in a mouse?

Which fall faster, large or small raindrops?

Who has more need for drink in a dry desert climate, a
child or an adult?

Why doesn't a hummingbird soar like an eagle and an
eagle flap its wings like 2 hummingbird?

Can you relate the idea of scaling to the governance of
small versus large groups of citizens? Explain.

A cube 2 cm on a side is cut into cubes 1 cm on a side.

a. How many cubes result?

b. What was the surface area of the original cube and
what is the total surface area of the eight smaller cubes?
What is the ratio of surface areas?

c. Show that the surface-to-volume ratio of the
smaller cube is twice as great as for the single
larger cube.

« A 19.3-g mass of gold in the form of a cube is 1 cm long

on each side (somewhat smaller than a sugar cube). What
would be the length of the sides of a cube having twice

this mass of gold?

7. In 2009, one of the U.S government’s bailout
packages was $700 billion when gold was worth
$800 per ounce ($28.20 per gram). Calculate the mass in
grams of $700 billion worth of gold. If this amount of
gold were in the shape of a cube, how long would each of
its sides be?
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5 Liquids

1 The depth of water above ground level in the tower ensures substantial and reliable
water pressure to the many homes it setves. 2 When Tsing Bardin shows her class Pascal’s

vases, she asks how the same

levels of colored water relate to the saying that “water seeks

its own level.” 3 The Falkirk Wheel in Scotland lifts boats 18 m from a lower body of water
to a higher one with ease. While one water-filled caisson rotates upward, the other rotates
downward, always balanced regardless of the weights of boats it may or may not carry.

laise Pascal was an outstanding 17th-century sci-

entist, writer, and theologian. In investigating
the physics of fluids he invented the hydraulic press that
uses hydraulic pressure to multi-
ply force. He also invented the
syringe. Pascal’s notoriety was
prompted by his commentary on
Evangelista Torricelli’s experimen-
tation with barometers. Pascal
questioned what force kept some
mercury in the tube and what
filled the space above the mercury
in the tube. Most scientists at the
time, in the spirit of Aristotle,
didn’t believe a vacuum was pos-
sible and thought some invisible
matter was present in the “empty space.” Pascal pro-
duced new experiments and contended that, indeed, a
near-vacuum occupies the space above the column of
liquid in a barometer tube.

Pascal, in poor health all his life, enlisted his brothet-
in-law to carry a barometer up the slope of a high
mountain to investigate the effect on the mercury level
in the tube. As Pascal hypothesized, the level of mercury
dropped with increased altitude. Pascal conducted a
more modest version of the experiment by carrying a
barometer up to the top of a church bell tower, a heighe
of about 50 meters. Again the mercury level dropped,
but not as much. These, and other experiments of Pas-
cal, were hailed throughout Europe as establishing the
principle and value of the barometer.

To answer the criticism that some invisible matter
must exist in the empty space, Pascal called on the scien-
tific method and replied: “In order to show that a
hypothesis is evident, it does not suffice that all the phe-
nomena follow from i; instead, if it leads to something
contrary to a single one of the phenomena, that suffices
to establish its falsity.” His insistence on the existence of
the vacuum also led to conflict with other prominent
scientists, including Descartes.



Pascal’s work with hydraulics led him to what is
now called Pascal’s Principle: “A change in pressure at
any point in an enclosed fluid at rest is transmitted
undiminished to all points in the fluid.” Ropes and
pulleys have given way to this principle, as hydraulic
devices multiply forces unimagined before the time of
Pascal.

Although a devout theologian, Pascal took issue with
some of the dogmas of the time. Some of his writings on
religion were banned by the Church. As a scientist, he is
remembered for the hydraulics that subsequently
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changed the technological landscape; as a theologian, he
is remembered for his many assertions, one of which
relates to centuries of human landscape: “Men never do
evil so cheerfully and completely as when they do so
from religious convictions.”

Today, in honor of his scientific contributions, the
name Pascal has been given to the SI unit of pressure
and to a computer programming language. In literature,
Pascal is regarded as one of the most important authors
of the mid-17th century. His use of satire and wit influ-
enced writers around the world.

® Pressure

liquid contained in a vessel exerts forces against the walls of the vessel. To

discuss the interaction between the liquid and the walls, it is convenient
to introduce the concept of pressure. Pressure is a force divided by the area over
which the force is exerted.!

force
area

Pressure =

As an illustration of the distinction between pressure and force, consider the two
blocks in Figure 13.1. The blocks are identical, but one stands on its end and the
other rests on its side. Both blocks are of equal weight and therefore exert the same
force on the surface (if you were to put them on a bathroom scale, each would regis-
ter the same), but the upright block exerts a greater pressure against the surface. If
the block were tipped up so that its contact with the table were on a single corner,
the pressure would be greater still.
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!Pressure may be measured in any unit of force divided by any unit of area. The standard international
(SD) unit of pressure, the newton per square meter, is called the pascal (P2). A pressure of 1 Pa is very
small and approximately equals the pressure exerted by a dollar bill resting flat on a table. Science types
more often use kilopascals (1 kPa = 1000 Pa).

FIGURE 13.1

Although the weight of both blocks is
the same, the upright block exerts
greater pressure against the table.

FIGURE 13.2

Physicist Sarah Blomberg lies without
harm on the bed of nails because her
weight is distributed over hundreds
of nails, which makes the pressure at
the point of each nail safely small.
The inset photo of the dropped apple
attests to the sharpness of the nails.
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» Molecules that make up a liquid
' canflow by sliding over one
I another. Aliquid takes the shape
( ofits container. Ilts molecules are
close together and greatly resist
{ compressive forces, so liquids, like
‘ solids, are difficult to compress.

FIGURE 13.3

The dependence of liquid pressure
on depth is not a problem for the
giraffe because of its large heart and
its intricate system of valves and elas-
tic, absorbent blood vessels in the
brain. Without these structures, the
giraffe would faint when suddenly
raising its head, and it would be sub-
ject to brain hemorrhaging when
lowering it.

PROPERTIES OF MATTER

" Pressure in a Liquid

hen you swim under water, you can feel the water pressure acting against

your eardrums. The deeper you swim, the greater the pressure. The pressure
you feel is due to the weight of water above you. As you swim deeper, there is more
water above you and therefore greater pressure. The pressure a liquid exerts depends
on its depth.

Liquid pressure also depends on the density of the liquid. If you were submerged
in a liquid more dense than water, the pressure would be correspondingly greater.
The pressure due to a liquid is precisely equal to the product of weight density and
depth:

Liquid pressure = weight density X depth

Simply put, the pressure a liquid exerts against the sides
and bottom of a container depends on the density and the
depth of the liquid. If we neglect atmospheric pressure, at
twice the depth, the liquid pressure against the bottom is
twice as great; at three times the depth, the liquid pressure
is threefold; and so on. Or, if the liquid is two or three times
as dense, the liquid pressure is correspondingly two or three
times as great for any given depth. Liquids are practically
incompressible—that is, their volume can hardly be changed
by pressure (water volume decreases by only 50 millionths of
its original volume for each atmosphere increase in pressure).
So, except for small changes produced by temperature, the
density of a particular liquid is practically the same at all
depths.?

If you press your hand against a surface, and somebody else presses against your
hand in the same direction, then the pressure against the surface is greater than if
you pressed alone. Likewise with the atmospheric pressure that presses on the sur-

2This is derived from the definitions of pressure and weight density. Consider an area at the bottom of a
vessel of liquid. The weight of the column of liquid directly above this area produces pressure. From the

definition
weight

Weight density =

volume

we can express this weight of liquid as
Weight = weight density X volume
where the volume of the column is simply the area multiplied by the depth. Then we get
force

weight density X (arcd X depth)
Pressure = =
area area area area
= weight density X depth

weight  weight density X volume _

For toral pressure, we add to this equation the pressure due to the acmosphere on the surface of the liquid.
3The density of freshwater is 1000 kg/m>. Since the weight (mg) of 1000 kg is 1000 X 10 N/kg =
10,000 N, the weight density of water is 10,000 newtons per cubic meter (or more precisely, 9800 N/m?,
using g = 9.8 N/lg). The water pressure beneath the surface of a lake is simply equal to this density
multiplied by the depth in meters. For example, water pressure is 10,000 N/m? at a depth of 1 m and
100,000 N/m? at a depth of 10 m. In SI units, pressure is measured in pascals, so this would be 10,000
Pa and 100,000 Pa, respectively; or, in kilopascals, 10 kPa and 100 kPa, respectively. For the total pressure
in these cases, add the pressure of the atmosphere, 101.3 kPa,



face of a liquid. The total pressure of a liquid, then, is weight density X depth plus
the pressure of the atmosphere. When this distinction is important, we will use the
term total pressure. Otherwise, our discussions of liquid pressure refer to pressure
without regard to the normally ever-present atmospheric pressure. (You will learn
more about atmosphetic pressure in the next chapter.)

It is important to recognize that the pressure does not depend on the amount of
liquid present. Volume is not the key—depth is. The average water pressure acting
against a dam depends on the average depth of the water and not on the volume of
water held back, as shown in Figure 13.4.

Smatl but

Large but shallow lake
deep pond

You'll feel the same pressure whether you dunk your head a meter beneath the
surface of the water in a small pool or to the same depth in the middle of a large
lake. The same is true for a fish. Refer to the connecting vases in Figure 13.5. If we
hold a goldfish by its tail and dunk its head a couple of centimeters under the sur-
face, the water pressure on the fish’s head will be the same in any of the vases. If we
release the fish and it swims a few centimeters deeper, the pressure on the fish will
increase with depth and be the same no matter which vase the fish is in. If the fish
swims to the bottom, the pressure will be greater, but it makes no difference what
vase it swims in. All vases are filled to equal depths, so the water pressure is the same
at the bottom of each vase, regardless of its shape or volume. If water pressure at the
bottom of a vase were greater than water pressure at the bottom of a neighboring
narrower vase, the greater pressure would force water sideways and then up the nar-
rower vase to a higher level until the pressures at the bottom were equalized. But
this doesn’t happen. Pressure is depth dependent, not volume dependent, so we see
that there is a reason why water seeks its own level.

The fact that water seeks its own level can be demonstrated by filling a garden
hose with water and holding the two ends at the same height. The water levels will
be equal. If one end is raised higher than the other, water will flow out of the lower
end, even if it has to flow “uphill” part of the way. This fact was not fully under-
stood by some of the early Romans, who built elaborate aqueducts with tall arches
and roundabout routes to ensure that water would always flow slightly downward
every place along its route from the reservoir to the city. If pipes were laid in the
ground and followed the natural contour of the land, in some places the water
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= Earthisthe only planet in the
‘ solar system with a mostly liquid
surface—its oceans. If Earth were a
little closer to the Sun, the oceans
would tumn to vapor. If Earth were
alittle farther away, most of its
’ surface, not just the polar regions,
i would be solid ice. It's nice that

Earth is located where it is,

H
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FIGURE 13.4

The large, shallow lake exerts only
one-half the average pressure that the
small, deep pond exerts.

FIGURE 13.5

Liquid pressure is the same for any
given depth below the surface,
regardless of the shape of the contain-
ing vessel. Liquid pressure = weight
density X depth (for total pressure
add the air pressure at the top).
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= Not all Romans in ancient times
believed that water couldn’t flow
uphill, as evidenced by some pipe
systems back then that ran upward
as well as downward.
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FIGURE 13.6

Roman aqueducts assured that water
flowed slightly downhill from rese-
voir to city.

\' _
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FIGURE 13.7

The forces of a liquid pressing against
a surface add up to a net force that is
perpendicular to the surface.

N

The force vectors act perpendicularly
to the inner container surface and
increase with increasing depth.

would have to flow uphill, and the Romans were skeptical of this. Careful experi-
mentation was not yet the mode, so, with plentiful slave labot, the Romans builc
unnecessarily elaborate aqueducts.

An experimentally determined fact about liquid pressure is that it is exerted
equally in all directions. For example, if we are submerged in water, no matter
which way we tilt our heads we feel the same amount of water pressure on our ears.
Because a liquid can flow, the pressure isn’t only downward. We know pressure acts
sideways when we see water spurting sideways from a leak in the side of an upright
can. We know pressure also acts upward when we try to push a beach ball beneath
the surface of the water. The bottom of a boat is certainly pushed upward by water
pressure.

When liquid presses against a surface, there is a net force that is perpendicular to
the surface. Although pressure doesn't have a specific direction, force does. Consider
the triangular block in Figure 13.7. Focus your attention only at the three points
midway along each surface. Water is forced against each point from many direc-
tions, only a few of which are indicated. Components of the forces that are not per-
pendicular to the surface cancel each other out, leaving only a net perpendicular
force at each point.

That's why water spurting from a hole in a bucket initially exits the bucket in a
direction at right angles to the surface of the bucket in which the hole is located.
Then it curves downward due to gravity. The force exerted by a fluid on a smooth
surface is always at right angles to the surface.

CHECK

POINT
el

Suppose that when standing on a bathroom scale you raise one foot.
Does the pressure you exert on the scale change? Is there a difference in
the scale reading?

Check Your Answers

When you shift your weight by standing on one foot, pressure on the scale
doubles. But the scale doesn't measure pressure—it measures weight. Except for
some jiggling as you shift your weight, the scale reading stays the same.

“The speed of liquid out of the hole is V/2gh, where 4 is the depth below the free surface. Interestingly, this
is the same speed the water (or anything else) would acquire if freely falling the same vertical distance 4.



“ Buoyancy

nyone who has ever lifted a heavy submerged object out of water is familiar

with buoyancy, the apparent loss of weight experienced by objects submerged
in a liquid. For example, lifting a large boulder off the bottom of a riverbed is 2 rela-
tively easy task as long as the boulder is below the surface. When it is lifted above the
surface, however, the force required to lift it is increased considerably. This is because,
when the boulder is submerged, the water exerts an upward force on it that is exactly
opposite to the direction of gravity's pull. This upward force is called the buoyant
force, and it is a consequence of pressure increasing with depth. Figure 13.9 shows
why the buoyant force acts upward. Forces due to water pressures are exerted every-
where against the boulder in a direction perpendicular to its surface, as shown by the
vectors. Force vectors against the sides at equal depths cancel one another, so there is
no horizontal buoyant force. Force vectors in the vertical direction, however, don’t
cancel. Pressure is greater against the bottom of the boulder because the bottom is
deeper. So upward forces against the bottom are greater than downward forces
against the top, producing a net force upward—the buoyant force.

Understanding buoyancy requires understanding the expression “volume of water
displaced.” If a stone is placed in a container that is brimful of water, some water will
overflow (Figure 13.10). Water is displaced by the stone. A little thought will tell us that
the volume of the stone—that is, the amount of space it takes up—is equal to the volume
of the water displaced. If you place any object in a container partly filled with water, the

level of the surface rises (Figure 13.11). By how much? By exactly the same amount as if

a volume of water were poured in that equals the volume of the submerged object. This
is a good method for determining the volume of irregularly shaped objects: A completely
submerged object always displaces a volume of liguid equal 1o its own volume.

—EU:IHKP'G INT

Arecipe calls for a specific amount of butter How does the displacement
method relate to the use of a kitchen measuring cup?

Check Your Answer

Put some water in the cup before you add the butter. Note the water-level reading
on the side of the cup. Then add the butter and you'll note the water level rise.
Because butter floats, poke it beneath the surface. When you subtract the lower-
level reading from the higher-level reading, you know not only the volume of
water displaced, but the volume of the butter.

“ Archimedes’ Principle

he relationship between buoyancy and displaced liquid was first discovered in
the 3rd century BC by the Greek scientist Archimedes. It is stated as follows:

An immersed object is buoyed up by a force equal to the weight of the
fluid it displaces.

This relationship is called Archimedes’ principle. It is true of liquids and gases, both
of which are fluids. If an immersed object displaces 1 kg of fluid, the buoyant force
acting on it is equal to the weight of 1 kg.> By smmersed, we mean either completely or

3In lab, you may find it convenient to express buoyant force in kilograms, even though a kilogram is a unit
of mass and not a unit of force. So, strictly speaking, the buoyant force is the weight of 1 kg, which is 10 N
(or precisely, 9.8 N). Or we could as well say that the buoyant force is 1 kilogram weight, not simply 1 kg,
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FIGURE 13.9
The greater pressure against the

bottom of a submerged object
produces an upward buoyant force.

FIGURE 13.10

When a stone is submerged, it
displaces water that has a volume
equal to the volume of the stone.

Water displaced>

FIGURE 13.11

The increase in water level is the
same as if you poured in a volume of
water equal to the stone’s volume.

PhysicsPlace.com

Video

Buoyancy
e
SLIS

If you stick your foot in water,
it's immersed. If you jump in
and sink and immersion is total,
you're submerged
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1. Two solid blocks of identical size are submerged in water.One block is lead
and the other is aluminum. Upon which is the buoyant force greater?

2. If a fish makes itself denser, it will sink; if it makes itself less dense, it will
rise. In terms of buoyant force, why 1s this so?

Check Your Answers

1. The buoyant force is the same on each block because they displace the same vol-
ume of water. For submerged objects, buoyant force is determined only by the vol-
ume of water displaced, not the object’s weight.

2. When the fish decreases its volume, it displaces less water, so the buoyant force
decreases. When the fish expands its volume, the buoyant force increases.

Flotation

—
PhysicsPlace.com rimitive peoples made their boats of wood. Could they have conceived of an
Vixleo iron ship? We dont know. The idea of floating iron might have seemed
Flotation strange. Today it is easy for us to understand how a ship made of iron can float.

Consider 2 1-ton block of solid iron. Because iron is nearly
8 times denser than water, it displaces only 1/8 ton of water when
submerged, which is not enough to keep it afloat. Suppose we
reshape the same iron block into a bowl (Figure 13.16). It still
weighs 1 ton. But when we put it in water, it displaces a greater
volume of water than when it was a block. The deeper the iron
bowl is immersed, the more water it displaces and the greater the
buoyant force acting on it. When the buoyant force equals 1 ton,
it will sink no farther.

When any boat displaces a weight of water equal to its own
weight, it floats. This is sometimes called the principle of flotation:

Buoyant force-

FIGURE 13.16

An iron block sinks, while the same A floating object displaces a weight of fluid equal to its own weight.
quantity of iron shaped like a bowl

o — Every ship, every submarine, and every blimp must be designed to displace a weight

of fluid equal to its own weight. Thus, a 10,000-ton ship must be built wide enough
to displace 10,000 tons of water before it sinks too deep in the
water. The same holds true for vessels in air. A blimp that weighs
100 tons displaces at least 100 tons of air. If it displaces more, it
rises; if it displaces less, it falls. If it displaces exactly its weight, it
hovers at constant altitude.

For a given volume of displaced fluid, a denser fluid exerts a
greater buoyant force than a less dense fluid. A ship, therefore, floats higher in salt-
water than in freshwater because saltwater is slightly denser. Similarly, a solid chunk
of iron will float in mercury, even though it will sink in water.

The physics of Figure 13.18 is nicely employed by the Falkirk Wheel, a unique
rotating boat lift that replaced a series of 11 locks in Scotland. Connected to its
35-m tall wheel are two caissons brimful of water.
When one or more boats enters a caisson, the amount
of water that overflows weighs exactly as much as the
boat(s). So the water-filled caissons always weigh the
same whether or not they carry boats and the wheel
always remains balanced. Therefore, in spite of its
enormous mass, the wheel rotates each half revolution
with very little power input.

FIGURE 13.17

The weight of a floating object equals
the weight of the water displaced by
the submerged part.

FIGURE 13.18

A floating object displaces a weight of
fluid equal to its own weight.




FIGURE 13.19
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The Falkirk Wheel has two balanced water-filled caissons, one going up and one going
down. The caissons rotate as the wheel turns so the water and boats don’t tip out.

TCH_ELKP_O_I_H T

1. Why is it easier for you to float in saltwater than in freshwater?

2. On a boat ride, the skipper gives you a life preserver filled with lead
pellets. When he sees the skeptical look on your face, he says that you'll
experience a greater buoyant force if you fall overboard than your friends
who wear Styrofoam-filled life preservers. Is he being truthful?

H
|
|
1
|
i
|

Check Your Answers

DU,

Only in the special case of float-
ing does the buoyant force acting
on an object equal the object’s
weight,

'm('\(\

1. Saltwater is denser than freshwater, which means you don’t “sink” as far when
displacing your weight. You'd float even higher in mercury (density 13.6 g/cm3),

and youd sink completely in alcohol (density 0.8 g/cm3).

2. He's truthful. But what he doesn’t tell you is that you'll drown! Your life preserver
will submerge and displace more water than those of your friends who float at
the surface. Although the buoyant force on you will be greater, your increased
weight is greater stilll Whether you float or sink depends on whether or not the

buoyant force equals your weight.

Floating Mountains

he tip of a floating iceberg above the ocean’s surface

is approximately 10% of the whole iceberg. That's
because ice is 0.9 times the density of water, so 9o% of it
submerges in water. Similarly, a mountain floats on the
Earth’s semiliquid mantle with only its tip showing. That’s
because Earth’s continental crust is about 0.85 times the
density of the mantie it floats upon; thus, about 85% of a
mountain extends beneath the Earth’s surface. So, like
floating icebergs, mountains are appreciably deeper than
they are high.

There is an interesting gravitational sidelight to this: Recall,
from Chapter g, that the gravitational field at the Earth’s sur-
face varies slightly with varying densities of underlying rock
(which is valuable information to geologists and oil prospec-
tors), and that gravitation is less at the top of a mountain
because of the greater distance to Earth’s center. Combining
these ideas, we see that because the bottom of a mountain
extends deep into the Earth’s mantle, there is increased dis-
tance between a mountaintop and the denser mantle. This

increased “gap” further reduces gravitation at the top of a
mountain.

Another interesting fact about mountains: If you could shave
off the top of an iceberg, the iceberg would be lighter and would
be buoyed up to nearly its original height before being shaved.
Similarly, when mountains erode, they are lighter, and they are
pushed up from below to float to nearly their original heights.
So,when a kilometer of mountain erodes away, some 85% of a
kilometer of mountain thrusts up from below. That’s why it
takes solong for mountains to weather away.

Mountain range
A 0 S

FIGURE 13.20

The continental crust
is deeper beneath
mountains.
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FIGURE 13.21

The force exerted on the left piston
increases the pressure in the liquid
and is transmitted to the right piston.
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Ariver barge loaded with gravel approaches a low bridge that it cannot
quite pass under. Should gravel be removed from or added to the barge?

Check Your Answer
Ho, ho, ho! Do you think ol Hewitt is going to give all the answers to Check Point
questions? Good teaching is asking good questions, not providing all answers.
You're on your own with this one!

" Pascal’s Principle

One of the most important facts about fluid pressure is that a change in pres-
sure at one part of the fluid will be transmitted undiminished to other parts.
For example, if the pressure of city water is increased at the pumping station by
10 units of pressure, the pressure everywhere in the pipes of the connected system
will be increased by 10 units of pressure (provided that the water is at rest). This
rule, discovered in the 17th century by Blaise Pascal, is called Pascal’s principle:

A change in pressure at any point in an enclosed fluid at rest is transmitted
undiminished to all points in the fluid.

Fill 2 U-tube with water and place pistons at each end, as shown in Figure 13.21.
Pressure exerted against the left piston will be transmitted throughout the liquid
and against the bottom of the right piston. (The pistons are simply “plugs” that can
slide freely but snugly inside the tube.) The pressure that the left piston exerts
against the water will be exactly equal to the pressure the water exerts against
the right piston. This is nothing to write home about. But suppose you make the
tube on the right side wider and use a piston of larger area: Then the result will be
impressive. In Figure 13.22 the piston on the right has 50 times the area of the piston

Pk
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FIGURE 13.22 | Area S0A I HES )
A 10-kg load on the left piston g ) # y !

will support 500 kg on the \ T L, s WL ,f'l ,,*’ o
right piston.

on the left (let’s say that the left piston has a cross-sectional area of 100 square cen-
timeters and that the right piston has a cross-sectional area of 5000 square centime-
ters). Suppose a 10-kg load is placed on the left piston. Then an additional pressure
(nearly 1 N/cm?) due to the weight of the load is transmitted throughout the liq-
uid and up against the larger piston. Here is where the difference between force and
pressure comes in. The additional pressure is exerted against every square centimeter
of the larger piston. Since there is 50 times the area, 50 times as much force is
exerted on the larger piston. Thus, the larger piston will support a 500-kg load—
50 times the load on the smaller piston!

This is something to write home about, for we can multiply forces using such a
device. One newton input produces 50 newtons output. By further increasing the
area of the larger piston (or reducing the area of the smaller piston), we can multiply
force, in principle, by any amount. Pascal’s principle underlies the operation of the

hydraulic press.



The hydraulic press does not violate energy conservation, because a decrease in
distance moved compensates for the increase in force. When the small piston in
Figure 13.22 is moved downward 10 centimeters, the large piston will be raised
only one-fiftieth of this, or 0.2 centimeter. The input force multiplied by the dis-
tance moved by the smaller piston is equal to the output force multiplied by the dis-
tance moved by the larger piston; this is one more example of a simple machine
operating on the same principle as a mechanical lever.

Pascal’s principle applies to all fluids, whether gases or liquids. A typical applica-
tion of Pascal’s principle for gases and liquids is the automobile lift seen in many
service stations (Figure 13.23). Increased air pressure produced by an air compressor

Lo e
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Reservoir
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FIGURE 13.23
Pascal’s principle in a service station.

is transmitted through the air to the surface of oil in an underground reservoir. The
oil, in turn, transmits the pressure to a piston, which lifts the automobile. The rela-
tively low pressure that exerts the lifting force against the piston is about the same as
the air pressure in automobile tires.

Hydraulics is employed by modern devices ranging from very small to enormous.
Note the hydraulic pistons in almost all construction machines where heavy loads
are involved. The many applications of Pascal’s principle have truly changed the
landscape of our world.

- POINT
1. Asthe automobile in Figure 13.23 is being lifted, how does the change in oil
level in the reservoir compare with the distance the automobile moves?
2. [fafriend commented that a hydraulic device is a common way of multi-
plying energy, what would you say?

Check Your Answers

1. The car moves up a greater distance than the oil level drops, since the area of the
piston is smaller than the surface area of the oil in the reservoir.

2. No, no, not Although a hydraulic device, like a mechanical lever, can multiply force,
it always does so at the expense of distance. Energy is the product of force and dis-
tance. If you increase one, you decrease the other. No device has ever been found
that can muitiply energy!

® Surface Tension

uppose that you suspend a bent piece of clean wire from a sensitive spiral
spring (Figure 13.25), lower the wire into watet, and then raise it. As you
attempt to free the wire from the water surface, you see from the stretched spring

CHAPTER 13 239

LIQUIDS

FIGURE 13.24

Pascal’s principle at work in the
hydraulic devices on these incredible
machines. We can only wonder
whether Pascal envisioned the extent
to which his principle would lead to
the lifting of huge loads so easily.

FIGURE 13,25

When the bent wire is lowered into
the water and then raised, the spring
will stretch because of surface tension.
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FIGURE 13.26
When the brush is taken out of the

water, the hairs are held together by
surface tension.

T

FIGURE 13.28

A molecule at the surface is pulled
only sideways and downward by
neighboring molecules. A molecule
beneath the surface is pulled equally
in all directions.

that the water surface exerts an appreciable force on the wire. The water surface
resists being stretched, for it has a tendency to contract. You can also see this when a
fine-haired paintbrush is wet. When the brush is under water, the hairs are fluffed
pretry much as they are when the brush is dry, but when the brush is lifted out, the
surface film of water contracts and pulls the hairs together (Figure 13.26). This con-
tractive tendency of the surface of liquids is called surface tension.

Surface tension accounts for the spherical shape of liquid drops. Raindrops, oil
drops, and falling drops of molten metal are all spherical because their surfaces tend
to contract and force each drop into the shape having the least surface area. Thisisa
sphere, the geometrical figure that has the least surface area for a given volume. For
this reason, the mist and dewdrops on spider webs or on the downy leaves of plants
are nearly spherical blobs. (The larger they are, the more gravity will flatten them.)

FIGURE 13.27

Small blobs of water are drawn by
surface tension into spherelike
shapes.

Surface tension is caused by molecular attractions. Beneath the surface, each
molecule is attracted in every direction by neighboring molecules, resulting in no
tendency to be pulled in any specific direction. A molecule on the surface of a lig-
uid, however, is pulled only by neighbors on each side and downward from below;
there is no pull upward (Figure 13.28). These molecular attractions thus tend to
pull the molecule from the surface into the liquid, and this tendency minimizes the
surface area. The surface behaves as if it were tightened into an elastic film. This is
evident when dry steel needles or razor blades seem to float on water. They don’t
float in the usual sense, but they are supported by the surface molecules opposing
an increase in surface area, The water surface sags like a piece of plastic wrap, which
allows certain insects, such as water striders, to run across the surface of a pond.

The surface tension of water is greater than that of other common liquids, and pure
water has a stronger surface tension than soapy water. We can see this when a little soap
film on the surface of water is effectively pulled out over the entire surface. This mini-
mizes the surface area of the water. The same thing happens for oil or grease floating on
water. Oil has less surface tension than cold water, and it is drawn out into a film cover-
ing the whole surface. But hot water has less surface tension than cold water because
the faster-moving molecules are not bonded as tightly. This allows the grease or oil in
hot soups to float in little bubbles on the surface of the soup. When the soup cools and
the surface tension of the water increases, the grease or oil is dragged out over the sur-
face of the soup. The soup becomes “greasy.” Hot soup tastes different from cold soup
primarily because the surface tension of water in the soup changes with temperature.

" Capillarity

hen the end of a thoroughly clean glass tube with a small inside diameter is
dipped into water, the water wets the inside of the tube and rises in it. In a
tube with a bore of about 1/2 millimeter in diameter, for example, the water rises



FIGURE 13.29

Bubble Master Tom Noddy
blows bubbles within bubbles.
The large bubble is elongated
due to blowing, bur it will
quickly settle to a spherical
shape due to surface tension.

slightly higher than 5 centimeters. With a still smaller bore, the water rises much
higher (Figure 13.30). This rise of a liquid in a fine, hollow tube or in a narrow
space is capillarity.

When thinking of capillarity, think of molecules as sticky balls. Water mole-
cules stick to glass more than to each other. The attraction between unlike sub-
stances such as water and glass is called adbesion. The attraction between like
substances, molecular stickiness, is called cobesion. When a glass tube is dipped
into water, the adhesion between the glass and water causes a thin film of water
to be drawn up over the inner and outer surfaces of the tube (Figure 13.31a).
Surface tension causes this film to contract (Figure 13.31b). The film on the
outer surface contracts enough to make a rounded edge. The film on the inner
surface contracts more and raises water with it until the adhesive force is bal-
anced by the weight of the water lifted (Figure 13.31c). In a narrower tube, the
weight of the water in the tube is small and the water is lifted higher than it
would be if the tube were wider.

FIGURE 13.31

Hypothetical stages of capillary
action, as seen in a cross-sectional
view of a capillary tube.

If a paintbrush is dipped partway into water, the water will rise up into the
narrow spaces between the bristles by capillary action. If your hair is long, let it
hang into the sink or bathtub, and water will seep up to your scalp in the same
way. This is how oil soaks upward in a lamp wick and water soaks into a bath
towel when one end hangs in water. Dip one end of a lump of sugar in coffee,
and the entire lump is quickly wet. Capillary action is essential for plant growth.
It brings water to the roots of plants and transports sap and nourishment to high
branches of trees. Just about everywhere we look, we can see capillary action at
work. That’s nice.

But from the point of view of an insect, capillarity is not so nice. Recall from the
previous chapter that, because of an insect’s relatively large surface area, it falls
slowly in air. Gravity poses almost no risk at all—but not so with capillarity. Being
in the grip of water may be fatal to an insect— unless it is equipped for water like a
water strider.

CHAPTER 13

LIQUIDS

{walalsl

FIGURE 13.30
Capillary tubes.
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. SUMMARY OF TERMS

Pressure The ratio of force to the area over which that force is
distributed:

force

Pressure =
area

Liquid pressure = weight density X depth

Buoyant force The net upward force thata fluid exerts on an
immersed object.

Archimedes’ principle An immersed body is buoyed up bya
force equal to the weight of the fluid it displaces.

Principle of flotation A floating object displaces a weight of
fluid equal to its own weight.

Pascal’s principle The pressure applied to a motionless fluid
confined in a container is transmitted undiminished
throughout the fluid.

Surface tension The tendency of the surface of a liquid to
contract in area and thus to behave like a stretched elastic
membrane.

Capillarity The rise of a liquid in a fine, hollow tube orin a

narrow space.

o= th o= Uoampmmes &S R i

. SUMMARY OF EQUATIONS

force

Pressure =
area

3

| REVIEW QUESTIONS

1. Give two examples of a fluid.
Pr
2. Distinguish between force and pressure.

Pressure in a Liguid

3. What is the relationship between liquid pressure and the
depth of a liquid? Between liquid pressure and density?

4. If you swim beneath the surface in saltwater, will the pres-
sure be greater than in freshwater at the same depth? Why
or why not?

5. How does water pressure 1 m below the surface of a small
pond compare with water pressure 1 m below the surface
of a huge lake?

6. If you punch a hole in a container filled with water, in
what direction does the water initially flow outward from
the container?

A ¥

7. Why does buoyant force act upward on an object sub-
merged in water?

8. Why is there no horizontal buoyant force on a submerged
object?

9. How does the volume of a completely submerged object
compare with the volume of water displaced?

Archimedes’ Principle

10. How does the buoyant force on a submerged object com-
pare with the weight of water displaced?

11. Distinguish between a submerged body and an immersed
body.

12. What is the mass of 1 L of water? What is its weight in
newtons?

Liquid pressure = weight density X depth

13. If a 1-L container is immersed halfway into water, what is
the volume of water displaced? What is the buoyant force
on the container?

What Makes an Object Sink or Float?

14. Is the buoyant force on a submerged object equal to the
weight of the object itself or equal to the weight of the
fluid displaced by the object?

15. There is a condition in which the buoyant force on an
object does equal the weight of the object. What is this
condition?

16. Does the buoyant force on a submerged object depend on
the volume of the object or the weight of the object?

17. Fill in the blanks: An object denser than water will

in water. An object less dense than water will
in water. An object with the same density as
water will in water.

18. How is the density of a fish controlled? How is the den-
sity of a submarine controlled?

Flotation

19. It was emphasized earlier that buoyant force does not
equal an object’s weight but does equal the weight of dis-
placed water. Now we say buoyant force equals the
object’s weight. Isn't this a grand contradiction? Explain.

20. Why do the caissons of the Falkirk Wheel (Figure 13.19)
have the same weight whether or not they carry boats?

Pascal’s Principle

21. What happens to the pressure in all parts of a confined
fluid if the pressure in one part is increased?

22. If the pressure in a hydraulic press is increased by an addi-
tional 10 N/cm?, how much extra load will the output
piston support if its cross-sectional area is 50 cm?®
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Surface Tension Capillarity
23. What geometrical shape has the least surface area for a 25. Distinguish between adbesive and cobesive forces.

given volume? 26. What determines how high water will climb in a capillary
24. What is the cause of surface tension? tube?

PROJECTS

N

L. Place an egg in a pan of tap water. Then dissolve salt in the water surface tension?) More dramatically, when the can makes impact
until the egg floats. How does the density of an egg compare to with the floor, what happens to the ball, and why? Try it and
that of tap water? To that of saltwater? you'll be astonished! (Caution: Unless you're wearing safety

2. If you punch a couple of holes in the bottom of a water-filled goggles, keep your head away from above the can when it makes
container, water will spurt out because of water pressure. Now impact.)
drop the container, and, as it freely falls, note that the water no 4. Soap greatly weakens the cohesive forces between water mole-
longer spurts out! If your friends don't understand this, could cules. You can see this by adding some ol to a bottle of water
you figure it out and then explain it to them? and shaking it so that the oil and water mix. Notice that the oil

and water quickly separate as soon as you stop shaking the bot-
tle. Now add some liquid soap to the mixture. Shake the bottle

N ﬁ again and you will sec that the soap makes a fine film around

each litde oil bead and that a longer time is required for the oil

L s
to coalesce after you stop shaking the bottle. This is how soap
L T works in cleaning. It breaks the surface tension around each
. 7 D particle of dirt so that the water can reach the particles and sur-

round them. The dirt is carried away in tinsing. Soap is a good
cleaner only in the presence of water.

3. Float a water-soaked Ping-Pong ball in a can of water held more 5. Sprinkle some black pepper on the surface of some pure water in
than a meter above a rigid floor. Then drop the can. Careful a saucer. The pepper floats. Add a drop of liquid dish soap to the
inspection will show the ball was pulled beneath the surface as surface and the pepper grains repel from the soap droplet. Stir
both the ball and the can drop. (What does this say about gently once or twice and warch the pepper sink.

| PLUG AND CHUG
Pressure = weight density * depth 3. The top floor of a building is 50 m above the basement.

Calculate how much greater the water pressure is in the

(Neglect the pressure due to the atmosphere in the following basement than on the top floor.

calculations.) 4. A 1-m-tall barrel is closed on top except for a thin pipe

1. Calculate the water pressure at the bottom of the extending 5 m up from the top. When the barrel is filled
100-m-high water tower shown in the photo that opens with water up to the base of the pipe (1 m deep) the water
this chapter. pressure on the bottom of the barrel is 10 kPa. Wha is

2. Calculate the water pressure at the base of the Hoover the pressure on the bottom when water is added to il the
Dam. The depth of water behind the dam is 220 m. pipe to its top?

| RANKING

1. Rank the pressures from most to least for the following: a. barely floating with its top at the surface.
a. Bottom of a 20-cm-tall container of saltwater. b. pushed 1 m beneath the surface.
b. Bottom of a 20-cm-tall container of freshwater. c. pushed 2 m beneath the surface.

¢. Bottom of a 5-cm-tall container of mercury.

2. Rank the following from most to least for the percentage
of its volume above the water line:
a. Basketball floating in freshwater

b. Basketball floating in saltwater - S
c. Basketball floating in mercury / ‘__\“"_

3. Think about what happens to the volume of an air-filled /'
balloon on top of water, and beneath. Then rank the N
buoyant force on a weighted balloon in water, from most 5

to least, when it is
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1.

2.

3.

10.

11.

12,

13.

. The photo shows physics

. Why is blood pressure measured

PART TWO PROPERTIES OF MATTER

EXERCISES

What common liquid covers more than two-thirds of our
planet, makes up 60% of our bodies, and sustains our
lives and lifestyles in countless ways?

You know that a sharp knife cuts better than a dull knife.
Do you know why this is so? Defend your answer.
Which is more likely to hurt—being stepped on by a
200-1b man wearing loafers or being stepped on by a
100-1b woman wearing high heels?

. Which do you suppose exerts more pressure on the

ground—a 5000-kg elephant ora 50-kg lady standing on
spike heels? (Which will be more likely to make dents in a

linoleum floor?) Approximate a rough calculation for each.

. Why are persons who are confined to bed less likely to

develop bedsores on their bodies if they rest on a
waterbed rather than an ordinary mattress?

instructor Marshall Ellenstein
walking barefoot on broken glass
bottles in his class. What physics
concept is Marshall demonstrat-
ing, and why is he careful that
the broken pieces are small and
numerous? (The Band-Aids on
his feet are for humor!)

in the upper arm, at the eleva-
tion of your heart?

. Why does your body get more rest when you're lying

down than when you're sitting? Is blood pressure in your
legs greater?

. When you are standing, blood pressure in your legs is

greater than in your upper body. Would this be true for
an astronaut in orbit? Defend your answer.

If water faucets upstairs and downstairs are turned fully
on, will more water per second flow out of the upstairs
faucets or the downstairs faucets?

How does water pressure 1 m beneath the surface ofa
lake compare with water pressure 1 m beneath the surface
of a swimming pool?

The sketch shows a reservoir that supplies water to a farm.
It is made of wood and is reinforced with metal hoops.

(a) Why is it elevated? (b) Why are the hoops closer
together near the bottom part of the tank?

Which teapot holds more liquid?

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.
27.

28.

29.

A block of aluminum with a volume of 10 cm? is placed
in a beaker of water filled to the brim. Water overflows.
The same is done in another beaker with a 10-cm? block
of lead. Does the lead displace more, less, or the same
amount of water?

A block of aluminum with a mass of 1 kg is placed in a
beaker of water filled to the brim. Water overflows. The same
is done in another beaker with a 1-kg block of lead. Does
the lead displace more, less, or the same amount of water?
A block of aluminum with a weight of 10 N is placed in a
beaker of water filled to the brim. Water overflows. The
same is done in another beaker with a 10-N block of lead.
Does the lead displace more, less, or the same amount of
water? (Why are your answers to this exercise and to Exer-
cise 15 different from your answer to Exercise 14?)

In 1960, the U.S. Navy's bathyscaphe Trieste (a sub-
mersible) descended to a depth of nearly 11 km in the
Marianas Trench near the Philippines in the Pacific
Ocean. Instead of a large viewing window, it had a small
circular window 15 cm in diameter. What is your expla-
nation for so small a window?

There is a legend of a Dutch boy who bravely held back the
whole North Sea by plugging a hole in a dike with his fin-
ger. Is this possible and reasonable? (See also Problem 4.)
There is a story about Pascal’s assistant climbing a ladder
and pouring a small container of water into a tall, thin,
vertical pipe inserted into a wooden barrel full of water
below. The barrel burst when the water in the pipe
reached about 12 m. This was all the more intriguing
because the weight of added water in the tube was very
small. What is your explanation, and how does this relate
to Plug-and-Chug 42

If you've wondered about the flushing of toilets on the
upper floors of city skyscrapers, how do you suppose the
plumbing is designed so that there is not an enormous
impact of sewage arriving at the basement level? (Check
your speculations with someone who is knowledgeable
about architecture.)

Why does water “seck its own level™?

Suppose that you wish to lay a level foundation for a
home on hilly and bushy terrain. How can you use a gar-
den hose filled with water to determine equal elevations
for distant points?

When you are sunbathing on a stony beach, why do the
stones hurt your feet less when you're standing in deep water?
If liquid pressure were the same at all depths, would there
be a buoyant force on an object submerged in the liquid?
Explain.

A can of diet soda floats in water, whereas a can of regular
soda sinks. Explain this phenomenon first in terms of
density, then in terms of weight versus buoyant force.
Why will a block of iron float in mercury but sink in water?
The mountains of the Himalayas are slightly less dense
than the mantle material upon which they “float.” Do
you suppose that, like floating icebergs, they are deeper
than they are high?

Why is a high mountain composed mostly of lead an
impossibility on Earth?

How much force is needed to hold a nearly weightless but
rigid 1-L carton beneath the surface of water?



30. Why will a volleyball held beneath the surface of water
have more buoyant force than if it is floating?

31. Why does an inflated beach ball pushed beneath the
surface of water swiftly shoot above the water surface
when released?

32. Why is it inaccurate to say that heavy objects sink and
that light objects float? Give exaggerated examples to
SUPPOIt yout answer.

33. Why is the buoyant force on a submerged submarine appre-
ciably greater than the buoyant force on it while it is floating?

%*

34. A piece of iron placed on a block of
wood makes it float lower in the water.
If the iron were instead suspended
beneath the wood, would the wood P
float as low, lower, or higher? Defend foond
your answer.

35. Compared with an empty ship, would a ship loaded with
a cargo of Styrofoam sink deeper into the water or rise in

the water? Defend your answer.

36. If a submarine starts to sink, will it continue to sink to the

bottom if no changes are made? Explain.

37. A barge filled with scrap iron is in a canal lock. If the iron
is thrown overboard, does the water level at the side of the

lock rise, fall, or remain unchanged? Explain.
38. Would the water level in a canal lock go up or down if 2
battleship in the lock sank?

39. Will a rock gain or lose buoyant force as it sinks deeper in

water? Or will the buoyant force remain the same at
greater depths? Defend your answer.
40. Will a swimmer gain or lose buoyant force as she swims

deeper in the water? Or will her buoyant force remain the
same at greater depths? Defend your answer, and contrast

it with your answer to Exercise 39.
41. A balloon is weighted so that it is
barely able to float in water. If it is

pushed beneath the surface, will it —
return to the surface, stay at the depth o \\,.
to which it is pushed, or sink? Explain. /
(Hint: Does the balloon’s density N
change?) 1)

42. The density of a rock doesn’t change
when it is submerged in water, but your density changes
when you are submerged. Explain.

43. In answering the question of why bodies float higher in
saltwater than in freshwater, your friend replies that the
reason is that saltwater is denser than freshwater. (Does
your friend often answer questions by reciting only fac-
tual statements that relate to the answers but don’t pro-
vide any concrete reasons?) How would you answer the
same question?

44. A ship sailing from the ocean into a freshwater harbor
sinks slightly deeper into the water. Does the buoyant
force on the ship change? If so, does it increase or
decrease?

45. Suppose that you are given the choice between two life
preservers that are identical in size, the first a light one
filled with Styrofoam and the second a very heavy one

filled with gravel. If you submerge these life preservers in

the water, upon which will the buoyant force be greater?
Upon which will the buoyant force be ineffective? Why
are your answers different?

46. The weight of the human brain is about 15 N. The

buoyant force supplied by fluid around the brain is about

47,

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59,
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14.5 N. Does this mean that the weight of fluid surrounding
the brain is at least 14.5 N? Defend your answer.

The relative densities of water, ice, and alcohol are 1.0,
0.9, and 0.8, respectively. Do ice cubes float higher or
lower in a mixed alcoholic drink? What comment can you
make about a cocktail in which the ice cubes lie sub-
merged at the bottom of the glass?

When an ice cube in a glass of water melts, does the water
level in the glass rise, fall, or remain unchanged? Does
your answer change if the ice cube has many air bubbles?
How about if the ice cube contains many
grains of heavy sand?

When the wooden block is placed in the
beaker, what happens to the scale reading?
Answer the same question for an iron
block.

A small aquarium half-filled with water is :
on a spring scale. Will the reading of the scale increase or
remain the same if a fish is placed in the aquarium? (Will
your answer be different if the aquarium is initially filled
to the brim?)

If the gravitational field of Farth were to increase, would a
fish float to the surface, sink, or stay at the same depth?
What would you experience when swimming in water in
an orbiting space habitat where simulated gravity is I'es
Would you float in the water as you do on Earth?

We say that the shape of a liquid is that of its container.
But, with no container and no gravity, what is the natural
shape of a blob of water? Why?

If you release a Ping-Pong ball beneath the surface of
water, it will rise to the surface. Would it do the same if it
were inside a big blob of water floating weightless in an
orbiting spacecraft?

So you're on a run of bad luck, and you slip quietly into a
small, calm pool as hungry crocodiles lurking at the bot-
tom are relying on Pascal’s principle to help them to
detect a tender morsel. What does Pascal’s principle have
to do with their delight at your arrival?

In the hydraulic arrangement shown, the larger piston has
an area that is 50 times that of the smaller piston. The
strong man hopes to exert enough force on the large pis-
ton to raise the 10 kg that rest on the small piston. Do
you think he will be successful? Defend your answer.

In the hydraulic arrangement shown in Figure 13.22, the
multiplication of force is equal to the ratio of the areas of
the large and small pistons. Some people are surprised to
learn that the area of the liquid surface in the reservoir of
the arrangement shown in Figure 13.23 is immaterial,
What is your explanation to resolve this confusion?

Why will water flow more readily than cold water
through small leaks in a car radiator?

A chunk of steel will sink in water. But a steel razor blade,
carefully placed on the surface of water, will not sink.
What is your explanation?
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60. The weight of the container of water, as shown in (a), is
equal to the weight of the stand and the suspended
solid iron ball. When the suspended ball is lowered into
the water, as shown in (b), the balance is upset. Chal-
lenge your friends and ask if the additional weight
needed on the right side to restore balance is greater
than, equal to, or less than the weight of the solid

iron ball.
| PROBLEMS

1. Calculate the average force per nail when Sarah (Figure a. What is the buoyant force on the rock?

13.2), who weighs 120 pounds, lies on a bed of nails and b. If the container of water weighs 10 N on the weighing
is supported by 600 nails. scale, what is the scale reading when the rock is sus-

2. Suppose that you balance a 5-kg ball on the tip of your pended beneath the surface of the water?
finger, which has an area of 1 cm?. Show that the pressure c. What is the scale reading when the rock is released and
on your finger is 50 N/ cm?, which is 500 kPa. rests at the bottom of the container?

3. A 6-kg piece of metal displaces 1 L of water when sub- 6. A merchant in Katmandu sells you a solid gold 1-kg
merged. Show that its density is 6000 kg/ m>. How does statue for a very reasonable price. When you get home,
this compare with the density of water? you wonder whether or not you got a bargain, so you

4. A dike in Holland springs a leak through a hole of area Jower the statue into a container of water and measure
1cm?ata depth of 2 m below the water surface. How the volume of displaced water. Show thar, for pure gold,
much force must a boy apply to the hole with his thumb the volume of water displaced will be 51.8 cm?®,
to stop the leak? Could he do it? 7. In the sketch, the small hydraulic piston has a diameter of

5. In lab you find that a 1-kg rock suspended above water 2 cm. The large piston has a diameter of 6 cm. For each
weighs 10 N. When the rock is suspended beneath the newton of force applied to the small piston, how many
surface of the water, the scale reads 8 N. newtons of force are exerted by the large piston?

« 10N

10N
(a) (©) « 8. Your friend of mass 100 kg can just barely float in fresh-
: warer. Calculate her approximate volume.
| CHAPTER 13 ONLINE RESOURCES —®
, PhysicsPlace.com

Figures Quizzes
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Flotation



1 The forces due to atmospheric pressure are nicely shown by Swedish father-and-son
physics professors, P. O. and Johan Zetterberg, who pull on a classroom model of the

Magdeburg hemispheres. 2 A print shows the famous 1654 de
ic pressure with the original Mag

deburg hemispheres. Two teams of horses couldn’t pull

the evacuated hemispheres apart. 3 Air in motion is a different story, as Maitreya
Suchocki blows across the top of the paper reducing air pressure so that the slighely
greater pressure beneath pushes the paper upward.

an a vacuum, a condition of nothingness, exist?

And how great is the pressure of air? In this chapter
we'll learn how a German man in 1654 answered these
questions. After inventing the first suction and air pumps
that produced partial vacuums, he performed the widely
attended and celebrated demonstration of the “Magde-
burg hemispheres,” as shown in the engraving above. He
placed together two copper hemispheres about 1/2 meter
in diameter to form a sphere, with an airtight joint com-
posed of an oil-soaked leather gasket. When he evacuated
the sphere with his vacuum pump, two teams of eight
horses were unable to pull the hemispheres apart. (Some
accounts say it took thirty horses to do the job.) Witnesses
were astonished to see stunning evidence of the great
force of the atmosphere. This man was Otto Guericke,
later raised in rank to Otto von Guericke.

Like most successful scientists at the time, Guericke
was born into a wealthy family. Except for benevolent
benefactors, science as a profession back then didn’t exist.
People with time on their hands did science as a hobby,
not unlike the way we play computer games today. At
age 15, Guericke studied at Leipzig University in
Germany. With the early stages of the Thirty Years War

threatening, he and his family moved to Helmstedt,
where he studied law. His studies were interrupted by
the death of his father, whereupon Guericke moved to
Leiden, Netherlands. He didn’t complete any degree
and instead went on a 9-month
journey through France and
England, as young men of noble
houses were entitled to do.

Otto von Guericke continued
his fascination with reduced air
pressure. Influenced by the astron-
omy of Copernicus, he studied the
nature of space and the possibility
of empty space. Like his contempo-
raries Torricelli and Pascal (profiled
at the beginning of the previous
chapter), he became convinced
that the height of the column of mercury in a barome-
ter was a measure of air pressure. He made forecasts of
the weather based on his observations over a period of
years and proposed a network of stations to make sys-
tematic reports of the barometer readings ‘and
weather. He died in 1686 at the age of 83.

monstration of atmospher-
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Interestingly, von Guericke’s
demonstration precaded knowl-
edge of Newton’s third law. The
forces on the hemispheres would
have been the same if he used
only one team of horses and tied
the other end of the rope to

a treel

S

Gases as well as liquids flow; hence,
both are called fluids. A gas
expands indefinitely and fills all
space avaflable to it. Only when the
quantity of gas is very large, such as
in the atmosphere of a planet or a
star, do gravitational forces limit
the size or shape of a gas.

)

©
C
S

VU(,

That's right. Ninety-nine percent
of Earth’s atmosphere is below an
altitude of 30 km {only 0.5% of
Earth's radius).

PROPERTIES OF MATTER

® The Atmosphere

he thickness of our atmosphere is determined by two competing factors: the

kinetic energy of its molecules, which tends to spread the molecules apart, and
gravity, which tends to hold them near Earth. If Earth gravity were somehow shut
off, atmospheric molecules would dissipate and disappear. Or if gravity acted but
the molecules moved too slowly to form a gas (as might occur on a remote, cold
planet), our “atmosphere” would be a liquid or solid layer, just so much more mat-
ter lying on the ground. There would be nothing to breathe. The atmosphere keeps
us alive and warm, and without it, we would perish within minutes.

But our atmosphere is a happy compromise between energetic molecules that
tend to fly away and gravity that holds them back. Without solar energy, air mole-
cules would lie on Earth's surface the way popcorn settles at the bottom of a pop-
corn machine. But, if heat is added to the popcotn and to the atmospheric gases,
both will bumble their way up to higher altitudes. Pieces of popcorn in a popper
artain speeds of a few kilometers per hour and reach altitudes up to a meter or two;
molecules in the air move at speeds of about 1600 kilometers per hour and bumble
up to many kilometets in altitude. Fortunately, there is an energizing Sun, there is
gravity, and Earth has an atmosphere.

The exact height of the atmosphere has no real meaning, for the air gets progres-
sively thinner and thinner the higher one travels upward. Eventually, it thins out to
emptiness in interplanetary space. Even in the vacuous regions of interplanetary space,
however, there is a gas density of about one molecule per cubic centimeter. This is pri-
marily hydrogen, the most plentiful element in the universe. About 50% of the atmos-
phere is below an altitude of 5.6 km (18,000 ft), 75% is below 11 km (36,000 ft), 90%
is below 18 km (60,000 ft), and 99% is below about 30 km (100,000 ft) (Figure 14.1).

A detailed description of the atmosphere can be found on various web sites.

1 795°C - - Ozone layer --- ] 40 km
|
-55°C
9% of the atmosphere -30 km
is below here
20 km

—-90% of the atmosphere
FIGURE 14.1 " is below here i
The atmosphere. Air is more
compressed at sea level than

at higher altitudes. Like
feathers in a huge pile, what's

> Sk e
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v
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at the bottom is more 2 f’_ﬂi‘ Cumulus 4 4 <—500% of the
) g\ | fosati—lelouds atmosphere
squashed than what’s nearer ) i baSeasl
2 ||=2%€ T is below
the top. : —— 56km
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Why do your ears sometimes pop when you change altitude, say in a sky-
scraper elevator or descending in an airplane?

Check Your Answer

Achange in altitude means a change in air pressure, as discussed in the next sec-
tion, and this causes a temporary imbalance in the pressures on the two sides of

your eardrum.



“ Atmospheric Pressure

¢ live at the bottom of an ocean of air. The atmosphere, much like water in

a lake, exerts pressure. As mentioned at the beginning of this chapter, the
strength of atmospheric pressure was convincingly demonstrated by Otto von
Guericke. Similarly, when the air pressure inside a cylinder like the one shown in
Figure 14.2 is reduced, there is an upward force on the piston from the air outside.
This force is large enough to lift a heavy weight. If the inside diameter of the cylin-
der is 10 cm or greater, a person can be suspended by this force.

Contrary to common thought, what the experiment of Figure 14.2 does not
show is “force of suction.” If we say there is a force of suction, then we assume that
a vacuum can exert a force. But what is a vacuum? It is an absence of matter; it is a
condition of nothingness. How can nothing exert a force? The hemispheres in von
Guericke’s demonstration were not sucked together, nor is the piston holding the
weight up in Figure 14.2 sucked upward. The hemispheres and the piston are
pushed by the weight of the atmosphere.

Just as water pressure is caused by the weight of water, atmospheric pressure is
caused by the weight of the air. We have adapted so completely to the invisible air
that we don't feel it and sometimes forget that it has weight. Perhaps a fish “forgets”
about the weight of water in the same way. The reason we don’t feel this weight
crushing against our bodies is that the pressure inside our bodies balances out the
pressure of the surrounding air. There is no net force for us to sense.

FIGURE 14.3

You don’t notice the weight of a bag of water while
you're submerged in water. Similarly, you aren’t
aware of the weight of air while you are submerged
in an “ocean” of air.

At sea level, 1 m® of air has a mass of about 1.25 kg. So the air in your kid sister’s
small bedroom weighs about as much as she does! The density of air decreases with
altitude. At 10 km, for example, 1 m? of air has a mass of about 0.4 kg. To compensate
for this, airplanes are pressurized; the additional air needed to fully pressurize a mod-
ern jumbo jet, for example, is more than 1000 kg. Air is heavy if you have enough of
it. If your kid sister doesn’t believe that air has weight, you can show her why she
falsely perceives the air to be weight-free. If you hand her a plastic bag of water,
she'll tell you that it has weight. But, if you hand her the same bag of water while
she’s submerged in a swimming pool, she won't feel its weight. That’s because she
and the bag are surrounded by water. Likewise with the air thar is all around us,

Consider the mass of air in an upright 30-km-tall bamboo pole that has an
inside cross-sectional area of 1 cm?. If the density of air inside the pole matches the
density of air outside, the mass of enclosed air would be about 1 kg. The weight of
this much air is about 10 N. So air pressure at the bottom of the bamboo pole
would be about 10 N per square centimeter (10 N/cm?). Of course, the same is
true without the bamboo pole. There are 10,000 cm? in 1 m2, so a column of air
1 m? in cross section that extends up through the atmosphere has a mass of about
10,000 kg. The weight of this air is about 100,000 N(10° N). This weight

CHAPTER 14 GASES 249

To vacuum

FIGURE 14.2

Is the piston that supports the load
pulled up or pushed up?

= Many deep-sea creatures experi-
€nce enormous water pressures on
their bodies, but they suffer noill
| effects. Like us at the bottom of
Earth’s atmosphere, no net force or
strain occurs because the pressures
inside their bodies match the sur-
rounding fluid pressure. For many
creatures, but not all, problems
occur when they change depth too
suddenly. Scuba divers, for example,
who make the mistake of rising to
the surface too quickly experience
pain and possible death from rapid
decompression—a condition
known as the bends. (Scuba is an
acronym for Self-Contained Under-
water Breathing Apparatus.)
| Marine biologists are looking for
| ways to bring depth-sensitive
| deep-seacreatures to the surface
I

|
|
!

without killing them.

FIGURE 14.4

The mass of air that would occupy a
bamboo pole that extends 30 km
up—to the “top” of the atmosphere—
is about 1 kg, This air weighs about

10 N.
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FIGURE 14.5

The weight of air bearing down
on a 1-m? surface at sea level is
about 100,000 N. In other words,
atmospheric pressure is about
10°N/m?, or about 100 kPa.

- ™
PhysicsPlace.com
Videos

Air Has Weight
Air Is Matter

TABLE 14.1
Densities of Various Gases
Gas Density (kg/m3)*
Dry air
o°C 1.29
10°C 1.25
20°C 1.21
30°C 116
Hydrogen 0.090
Helium 0178
Nitrogen 1.25
Oxygen 1.43

*At sea-level atmospheric pressure and at
0°C (unless otherwise specified)

produces a pressure of 100,000 N/ m’—or, equivalently, 100,000 pascals, or
100 kilopascals. To be more exact, the average atmospheric pressure at sea level is
101.3 kilopascals (101.3 kPa).!

The pressure of the atmosphere is not uniform. Besides altitude variations,
atmospheric pressure varies from one locality to the next, and from day to day. This
leads to moving weather fronts and storms that shape our weather. When a high-
pressure system approaches, you can expect cooler temperatures and clear skies.
When a low-pressure system approaches, then expect warmer weather, rain, and
storms. Measurement of changing air pressure is important to meteorologists when
predicting weather.

FIGURE 14.6

Ann Brandon fascinates her students
when she rides on a cushion of air
blown through a hole in the middle
of this jumbo air puck.

—CHECK oy

1. About how many kilograms of air occupy a classroom that has a 200-m
floor area and a 4-m-high ceiling? (Assume a chilly temperature of10°C)
2. Why doesn't the pressure of the atmosphere break windows?

2

Check Your Answers

1. The mass of air is 1000 kg. The volume of air is area X height = 200m? X 4m =
800 m3; each cubic meter of air has a mass of about 1.25 kg,50 8oo m3 X 1.25kg/m? =
1000 kg.

2. Atmospheric pressure is exerted on both sides of a window, so no net force is
exerted on the glass. If, for some reason, the pressure is reduced or increased on
one side only, as when a tornado passes by, then watch out! Reduced outside air
pressure created by a tornado can be disastrous.

® The Barometer

n 1643, Italian physicist and mathematician Evangelista Torricelli found a way
to measure the pressure that air exerts—he invented the first barometer. A sim-
ple mercury barometer is illustrated in Figure 14.7. It consists of a mercury-filled

“The pascal (1 N/m?) is the SI unit of pressure. The average pressure at sea level (101.3 kPa) is often
called 1 atmosphere. In British units, the average atmospheric pressure at sea level is 14.7 Ib/in’.



glass tube, somewhat longer than 76 cm, that is immersed in a dish (reservoir) of
mercury. When Torricelli tipped the mercury-filled tube upside down and placed it
mouth downward in a dish of mercury, the mercury in the tube dropped to a level
where the weight of mercury in the tube was balanced by the atmospheric force
exerted on the reservoir. The empty space trapped above, except for some mercury
vapor, is a vacuum. The vertical height of the mercury column remains constant
even when the tube is tilted, unless the top of the tube is less than 76 cm above the
level in the dish—in which case the mercury completely fills the tube.

The balance of mercury in a barometer is similar to the way a playground seesaw
will balance when the torques of people at its two ends are equal. The barometer
“balances” when the weight of the liquid in the tube exerts the same pressure as the
atmosphere outside. Whatever the width of the tube, a 76-cm column of mercury
weighs the same as the air that would fill a super-tall 30-km tube of the same width.
If the atmospheric pressure increases, then the atmosphere pushes down harder on
the mercury and the column of mercury is pushed higher than 76 cm. The mercury
is literally pushed up into the tube of a barometer by the weight of the atmosphere.
Atmospheric pressure was originally measured in millimeters of mercury, easily read
on a barometer. Today it is measured in kilopascals.

Could water be used to make a barometer? The answer is yes, but the glass tube
would have to be much longer—13.6 times as long, to be exact. You may recognize
this number as the density of mercury relative to that of water. A volume of water
13.6 times that of mercury is needed to provide the same weight as the mercury in
the tube. So the tube would have to be at least 13.6 times taller than the mercury
column. A water barometer would have to be 13.6 X 0.76 m, or 10.3 m high—too
tall to be practical.

What happens in a barometer is similar to what happens during the process of
drinking through a straw. By sucking on the straw placed in the drink, you reduce the
air pressure in the straw. The weight of the atmosphere on the drink pushes liquid up
into the reduced-pressure region inside the straw. Strictly speaking, the liquid is not
sucked ups; it is pushed up by the pressure of the atmosphere. If the atmosphere is
prevented from pushing on the surface of the drink, as in the party-trick bottle with
the straw passing through an airtight cork stopper, one can suck and suck and get
no drink.

If you understand these ideas, you can understand why there is a 10.3-m limit on
the height that water can be lifted with vacuum pumps. The old-fashioned farm-type
pump, like the one shown in Figure 14.9, operates by producing a partial vacuum
in a pipe that extends down into the water below. The weight of the atmosphere on
the sutface of the water simply pushes the water up into the region of reduced pressure
inside the pipe. Can you see that, even with a petfect vacuum, the maximum height
to which water can be lifted is 10.3 m?
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FIGURE 14.7

A simple mercury barometer.

FIGURE 14.8

Strictly speaking, these two do not
suck the soda up the straws. They
instead reduce pressure in the straws
and allow the weight of the atmos-
phere to press the liquid up into the
straws. Could they drink a soda this
way on the Moon?

W
)

>N
P &

When the handle is pumped, air
in the pipe is “thinned” as it
expands to fill a larger volume.
Atmospheric pressure on the well
surface pushes water up into the
pipe, causing water to overflow at
the spout.

b | J

FIGURE 14.9

The atmosphere pushes water
from below up into a pipe that
is partially evacuated of air by
the pumping action.
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FIGURE 14.10

An aneroid barometer (top) and its
cross section (bottom).

| = For international flights on aircraft,
a cabin pressure of three-quarters
normal atmospheric pressure is the
least permitted.

"-6.0 ™
PhysicsPlace.com
Video
Air Has Pressure

FIGURE 14.12

When the density of gas in the tire is

increased, pressure is increased.

A small portable instrument that measures atmospheric pressure is the aneroid
barometer. The classic model shown in Figure 14.10 uses a metal box that is partially
exhausted of air and has a slightly flexible lid that bends in or out with changes in
atmospheric pressure. The motion of the lid is indicated on a scale by a mechanical
spring-and-lever system. Since the atmospheric pressure decreases with increasing
altitude, a barometer can be used to determine elevation. An aneroid barometer cal-
ibrated for altitude is called an altimeter (altitude meter). Some altimeters are sensi-
tive enough to indicate a change in clevation of less than a meter.

Vacuums are produced by pumps, which work by virtue of a gas tending to fill its
container. If a space with less pressure is provided, gas will flow from the region of
higher pressure to the region of lower pressure. A vacuum pump simply provides a
region of lower pressure into which fast-moving gas molecules randomly move. The
air pressure is repeatedly lowered by piston and valve action (Figure 14.11). The best
vacuums attainable with mechanical pumps are about 1 Pa. Better vacuums, down
t0 108 Pa, are attainable with vapor-diffusion or vapor-jet pumps. Sublimation
pumps can reach 10 12 Pa. Greater vacuums are very difficult to attain.

FIGURE 14.11

A mechanical vacuum pump.
When the piston is lifted, the
intake valve opens and air
moves in to fill the empty
space. When the piston is
moved downward, the outlet
valve opens and the air is
pushed out. What changes
would you make to convert this

Intake Outlet

pump into an air compressor?
__ _CHEC —
B l(lf'_il')—l NT
Bl
What is the maximum height to which water can be sucked up through a
straw?
Check Your Answer

At sea level, however strong your lungs may be, or whatever device you use to
make a vacuum in the straw, the water cannot be pushed up by the atmosphere
higher than1o3m.

* Boyle’s Law

he air pressure inside the inflated tires of an automobile is considerably more
than the atmospheric pressure outside. The density of the air inside is also
more than the density of the air outside. To understand the relation between pressure
and density, think of the molecules of air (primarily nitrogen and oxygen) inside the
tire, which behave like tiny Ping-Pong balls—perpetually moving helter-skelter and
banging against one another and against the inner walls. Their impacts produce a
jittery force that appears to our coarse senses as a steady push. This pushing force
averaged over a unit of area provides the pressure of the enclosed air.
Suppose that there are twice as many molecules in the same volume (Figure
14.12). Then the air density is doubled. If the molecules move at the same average
speed—or, equivalently, if they have the same temperature—then the number of
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collisions will be doubled. This means that the pressure is doubled. So pressure is \D\J%
proportional to density. e
We can also double the air density by compressing air to half its volume. Con- =

sider the cylinder with the movable piston in Figure 14.13. If the piston is pushed Is atmospheric pressure actually
downward so that the volume is half the original volume, the density of molecules | different overafew centimeters
- . ¢ in altitude?
will double and the pressure will correspondingly double. Decrease the volume toa | &ifference in aftitude? The fact
N N - - i that it is is demonstrated with
third of its original value, a.nd the pressure increases by three, and so forth (provided any helium-filled balloon that
that the temperature remains the same). rises in air. Atmospheric pressure

up against the bottom surface of
the balloon is greater than atmos-
pheric pressure down against

the top.

FIGURE 14.13 . I /

When the volume of gas is
decreased, density and therefore
pressure are increased.

Notice in these examples involving the piston that pressure and volume are 5 =

inversely proportional; if you double one, for example, you halve the other:? l | IZ2
= Atire pressure gauge at a service

PV =BV i station doesn’t measure absolute
o . air pressure. A flat tire registers
Here P and V] represent the original pressure and volume, respectively, and P, and zerg pressure on the g auge, but a

pressure of about 1 atmosphere
exists there. Gauges read “gauge”
pressure—pressure greater than
atmospheric pressure.

V; represent the second pressure and volume. Or, put more graphically,

PV=PV

In general, we can say that the product of pressure and volume for a given mass
of gas is a constant as long as the temperature doesn’t change. This relationship is
called Boyle’s law, after physicist Robert Boyle, who, with the help of fellow physicist

Robert Hooke, made this discovery in the 17th century. Boyle’s law applies to ideal Q\)(/C
gases. An ideal gas is one in which the disturbing effects of the forces between mol- = <
ecules and the finite size of the individual molecules can be neglected. Air and other
gases under normal pressures approach ideal-gas conditions. Workers in underwater construc-
tion toil in an environment of
compressed air. The air pressure in
SANES KP OINT their underwater chambers is at
least as much as the combined
1. A piston in an airtight pump is withdrawn so that the volume of the air pressure of water and atmosphere
chamber is increased 3 times. What is the change in pressure? outside.
2. Ascuba diver10.3 m deep breathes compressed air. If she were to hold her \ | \ J
|

breath while returning to the surface, by how much would the volume of
herlungs tend to increase?

Check Your Answers

1. The pressure in the piston chamber is reduced to one-third. This is the principle
that underlies a mechanical vacuum pump.

2. Atmospheric pressure can support a column of water 10.3 m high, so the pressure
in water due to its weight alone equals atmospheric pressure at a depth of 10.3 m.
Taking the pressure of the atmosphere at the water's surface into account, the
total pressure at this depth is twice atmospheric pressure. Unfortunately for the
scuba diver, her lungs tend to inflate to twice their normal size if she holds her
breath while rising to the surface. A first lesson in scuba diving is not to hold your
breath when ascending. To do so can be fatal.

2A general law that takes temperature changes into account is P Vi/T; = P,V/ T, where Tj and T
represent the first and second absoluze temperatures, measured in the SI unit called the £efyin (Chapters
15 and 18).
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FIGURE 14.14

All bodies are buoyed up by a force
equal to the weight of the air they
displace. Why, then, don’t all objects
float like this balloon?

e o

= Atypical good-sized cloud bank
contains a million or so tons of
water, all in the form of suspended
water drops.

“ Buoyancy of Air

Acrab Jives at the bottom of its ocean of water and Jooks upward at jellyfish
floating above it. Similarly, we live at the bottom of our ocean of air and look
upward at balloons drifting above us. A balloon is suspended in air and a jellyfish is
suspended in water for the same reason: Each is buoyed upward by a displaced
weight of fluid equal to its own weight. In one case, the displaced fluid is air; and in
the other case, it is water. As discussed in the previous chapter, objects in water are
buoyed upward because the pressure acting up against the bottom of the object
exceeds the pressure acting down against the top. Likewise, air pressure acting up
against an object in air is greater than the pressure above pushing down. The buoy-
ancy, in both cases, is numerically equal to the weight of fluid displaced.
Archimedes’ principle holds for air just as it does for water:

An object surrounded by air is buoyed up by a force equal to the weight of the
air displaced.

We know that a cubic meter of air at ordinary atmospheric pressure and room
tcmgerature has a mass of about 1.2 kg, so its weight is about 12 N. Therefore, any
1-m> object in air is buoyed up with a force of 12 N. If the mass of the 1-m? object
is greater than 1.2 kg (so that its weight is greater than 12 N), it falls to the ground
when released. If an object of this size has a mass less than 1.2 kg, it rises in the air.
Any object that has a mass that is less than the mass of an equal volume of air will
rise in air. Another way to say this is that any object less dense than air will rise in
air. Gas-filled balloons that rise in air are less dense than air.

Greatest buoyancy would be achieved if a balloon were evacuated, but this isn
practical. The weight of a structure needed to keep an evacuated balloon from col-
lapsing would more than offset the advantage of the extra buoyancy. So balloons are
filled with gas less dense than ordinary air, which keeps the balloon from collapsing
while keeping it light. In sport balloons, the gas is simply heated air. In balloons
intended to reach very high altitudes or to stay up for a long time, helium is usually
used. Tts density is small enough so that the combined weight of helium, balloon,
and whatever the cargo happens to be is less than the weight of the air it displaces.?
Low-density gas is used in a balloon for the same reason that cork or Styrofoam is
used in 2 swimmer’s life preserver. The cork or Styrofoam possesses no strange ten-
dency to be drawn toward the surface of water, and the gas possesses no strange ten-
dency to rise. Both are buoyed upward like anything else. They are simply light
enough for the buoyancy to be significant.

Unlike water, the atmosphere has no definable surface. There is no “top.” Further-
more, unlike water, the atmosphere becomes less dense with altitude. Whereas cork
will float to the surface of water, a released helium-filled balloon does not rise to any
atmospheric surface. How high will a balloon rise? We can state the answer in several
ways. A gas-filled balloon will rise only so long as it displaces a weight of air greater
than its own weight. Because air becomes less dense with altitude, a lesser weight of
air is displaced per given volume as the balloon rises. When the weight of displaced
air equals the total weight of the balloon, upward motion of the balloon will cease.
We can also say that when the buoyant force on the balloon equals its weight, the
balloon will cease rising. Equivalently, when the density of the balloon (including its
load) equals the density of the surrounding air, the balloon will cease rising. Helium-
filled toy balloons usually break when released in the air because the expansion of the
helium they contain stretches the rubber until it ruptures. Large dirigible airships are
designed so that when they are loaded, they will slowly rise in air; that is, their total

3Hydrogen is the least dense gas, but, because it is highly flammable, it is seldom used.



weight is a lictle less than the weight of air displaced. When in motion, the ship may
be raised or lowered by means of horizontal “elevators.”

Thus far, we have treated pressure only as it applies to stationary fluids. Motion
produces an additional influence.

CHEC
KP OINT
1. Istherea buoyant force acting on you? If there is, why are you not buoyed
up by this force?
2. (This one calls for your best thinking!) How does buoyancy change as a
helium-filled balloon ascends?

Check Your Answers

1. There is a buoyant force acting on you, and you are buoyed upward by it.You don’t
notice it only because your weight is so much greater.

2. Ifthe balloon is free to expand as it rises, the increase in volume is counteracted
by a decrease in the density of higher-altitude air. So, interestingly, the greater vol-
ume of displaced air doesn’t weigh more, and buoyancy stays the same. If a bal-
loon is not free to expand, buoyancy will decrease as a balloon rises because of the
less-dense displaced air. Usually, balloons expand as they rise initially, and, if they
don't finally rupture, the stretching of their fabric reaches a maximum, and th ey
settle where their buoyancy matches their weight.

® Bernoulli’s Principle

onsider a continuous flow of water through a pipe. Because water doesn’t

“bunch up,” the amount of water that flows past any given section of the pipe
is the same as the amount that flows past any other section of the same pipe—even
if the pipe widens or narrows. For continuous flow, a fluid speeds up when it goes
from a wide to a narrow part of the pipe. This is evident in a broad, slow-moving
river that flows more swiftly as it enters a narrow gorge. It is also evident when water
flowing from a garden hose speeds up when you squeeze the end of the hose to
make the stream narrower.

The motion of a fluid in steady flow follows imaginary streamlines, represented
by thin lines in Figure 14.17 and in other figures that follow. Streamlines are the
smooth paths of bits of fluid. The lines are closer together in narrower regions,
where the flow speed is greater. (Streamlines are visible when smoke or other visible
fluids are passed through evenly spaced openings, as in a wind tunnel.)

Daniel Bernoulli, an 18th-century Swiss scientist, studied fluid flow in pipes. His
discovery, now called Bernoulli’s principle, can be stated as follows:

Where the speed of a fluid increases, internal pressure in the fluid decreases.

Where streamlines of a fluid are closer together, flow speed is greater and pres-
sure within the fluid is less. Changes in internal pressure are evident in water con-
taining air bubbles. The volume of an air bubble depends on the surrounding water
pressure. Where water gains speed, pressure is lowered and bubbles become bigger.
In water that slows, pressure is greater and bubbles are squeezed to a smaller size.

—
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FIGURE 14.18

Internal pressure is greater in slower-moving water in
the wide part of the pipe, as evidenced by the more-
squeezed air bubbles. The bubbles are bigger in the nar-

row part because internal pressure there is less.
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FIGURE 14.15

{Left) At ground level, the balloon is
partially inflated. (Right) The same bal-
loon is fully inflated at high altitudes
where surrounding pressure s less.

FIGURE 14.16

Because the flow is continuous, water
speeds up when it flows through the
narrow and/or shallow part of the

brook.

I—/
FIGURE 14.17

Water speeds up when it flows into
the narrower pipe. The close-together
streamlines indicate increased speed
and decreased internal pressure.

' = Because the volume of water flow-
ing through a pipe of different cross-
sectional areas A remains constant,
speed of flow v is high where the

| areais small, and the speed is low

where the area is large. This is stated

in the equation of continuity:

Av, = Ay,

The product Av, at any point 1
equals the product A,v, at point 2.
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Recall from Chapter 6 that a large
change in momentum is associat-
ed with a large impulse. So when
water from a fireman's hose hits
you, the impulse can knock you
off your feet. Interestingly, the
pressure within that water is rela-
tively smalll
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A fire hose is fat when it is not
spurting water. When the water 1s
turned on and the hose spurts,
why does it become thinner?

Bernoulli’s principle is a consequence of the conservation of energy, although,
surprisingly, he developed it long before the concept of energy was formalized.* The
full energy picture for a fluid in motion is quite complicated. Simply stated, more
speed and kinetic energy mean less pressure, and more pressure means less speed
and kinetic energy.

Bernoulli’s principle applies to a smooth, steady flow (called laminar flow) of
constant-density fluid. At speeds above some critical point, however, the flow may
become chaotic (called #urbulent flow) and follow changing, curling paths called
eddies. This exerts friction on the fluid and dissipates some of its energy. Then
Bernoulli’s equation doesn’t apply well.

The decrease of fluid pressure with increasing speed may at first seem surprising,
particularly if you fail to distinguish between the pressure within the fluid, internal
pressure, and the pressure 4y the fluid on something that interferes with its flow.
Internal pressure within flowing water and the external pressure it can exert on
whatever it encounters are two different pressures. When the momentum of moving
water or anything else is suddenly reduced, the impulse it exerts is relatively huge. A
dramatic example is the use of high-speed jets of water to cut steel in modern
machine shops. The water has very little internal pressure, but the pressure the
stream exerts on the steel interrupting its flow is enormous.

APPLICATIONS OF BERNOULLI’S PRINCIPLE

Hold a sheet of paper in front of your mouth, as shown in Figure 14.19. When you
blow across the top surface, the paper rises. That's because the internal pressure of
moving air across the curved top of the paper is less than the atmospheric pressure
beneath it.

FIGURE 14.19

The paper rises when Tim blows
across its top surface.

Anyone who has ridden in a convertible car with the canvas top up has noticed
that the roof puffs upward as the car moves. This is Bernoulli’s principle again.
Pressure outside against the top of the fabric, where air is moving, is less than the
static atmospheric pressure inside the car. The result is an upward net force on
the fabric. Atmospheric pressure beneath the paper pushes it upward, sweet and
simple (Maitreya showed the same in the photo that opened this chapter).

4 In mathematical form: 1/ 2m? + mgy + pV = constant (along a streamline); where 2 is the mass of
some small volume ¥, v its speed, g the acceleration due to gravity, y its elevation, and p its internal pres-
sure. If mass # is expressed in terms of density, p, where p = mlV; and each term is divided by V,
Bernoulli’s equation reads: 1/ 2pv* + pgy + p = conscant. Then all three terms have units of pressure.
If y does not change, an increase in » means a decrease in p, and vice versa. Note when v is zero

Bernoulli’s equation reduces to Ap = —pgAy (weight density X depth).



Consider wind blowing across a peaked roof. The wind gains speed as it flows
over the roof, as the crowding of streamlines in the sketch indicates. Pressure along
the streamlines is reduced where they are closer together. The greater pressure inside
the roof can lift it off the house. Dutring a severe storm, the difference in outside and
inside pressure doesn't need to be very much. A small pressure difference over a large
area produces a force that can be formidable.

If we think of the blown-off roof as an airplane wing, we can better understand the
lifting force that supports a heavy aircraft. In both cases, a greater pressure below pushes
the roof or the wing into a region of lesser pressure above. Wings come in a variety of
designs. What they all have in common is that air is made to flow faster over the wing’s
top surface than under its lower surface. This is mainly accomplished by a tilt in the
wing, called its angle of attack. Then air flows faster over the top surface for much the
same reason that air flows faster in a narrowed pipe or in any other constricted region.
Often, but not always, different speeds of airflow over and beneath a wing are enhanced
by a difference in the curvature (camber) of the upper and lower surfaces of the wing,
The result is more crowded streamlines along the top wing surface than along the bot-
tom. When the average pressure difference over the wing is multiplied by the surface
area of the wing, we have a net upward force—lift.” Lift is greater when there is a large
wing area and when the plane is traveling fast. A glider has a very large wing arca rela-
tive to its weight, so it does not have to be going very fast for sufficient lift. At the other
extreme, a fighter plane designed for high-speed flight has a small wing area relative to
its weight. Consequently, it must take off and land at high speeds.

We all know that a baseball pitcher can impart a spin on a ball to make it curve
off to one side as it approaches home plate. Similarly, a tennis player can hit a ball so
it curves. A thin layer of air is dragged around the spinning ball by friction, which is
enhanced by the baseball’s threads or the tennis ball’s fuzz. The moving layer of air
produces a crowding of streamlines on one side. Note, in Figure 14.22b, that the
streamlines are more crowded at B than at A for the direction of spin shown. Air
pressure is greater at A, and the ball curves as shown.

(a) (b)

Motion of air relative to ball

Recent findings show that many insects increase lift by employing motions simi-
lar to those of a curving baseball. Interestingly, most insects do not flap their wings
up and down. They flap them forward and backward, with a tilt that provides an
angle of attack. Between flaps, their wings make semicircular motions to create lift.

A familiar hand-operated sprayer, such as a perfume atomizer, utilizes Bernoulli’s
principle. When you squeeze the bulb, air rushes across the open end of a tube
inserted into the perfume. This reduces the pressure in the tube, whereupon atmos-
pheric pressure on the liquid below pushes it up into the tube, where it is carried
away by the stream of air.

3Pressure differences are only one way to understand wing lift. Another way uses Newton's third law. The
wing forces air downward (action) and the air forces the wing upward (reaction). Air is deflected down-
ward by the wing tilt, the angle of attack—even when flying upside down! When riding in a car, place
your hand out the window and pretend it’s a wing. Tip it up slightly so air is forced downward. Up goes
your hand! Air lift provides a nice example to remind us that there is often more than one way to explain

the behavior of nature.
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FIGURE 14.20

Air pressure above the roof is less
than air pressure beneath the roof.

FIGURE 14.21

The vertical vector represents the net
upward force (lift) that results from
more air pressure below the wing
than above the wing, The horizontal
vector represents air drag.

FIGURE 14.22

(a) The streamlines are the same on
either side of a nonspinning baseball.
(b) A spinning ball produces a
crowding of streamlines. The result-
ing “lift” (red arrow) causes the ball
to curve, as shown by the blue arrow.

FIGURE 14.23

Why does the liquid in the reservoir
go up the tube?
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FIGURE 14.24

Loosely moor a pair of toy boats side
by side in your sink. Then direct a
stream of water between them. The

boats will draw together and collide.
Why?

FIGURE 14.25

Pressure is greater in the stationary
fluid (air) than in the moving fluid
(water stream). The atmosphere
pushes the ball into the region of
reduced pressure.

Rats to you too,
Daniel Bernoulli!

FIGURE 14.26

The curved shape of an umbrella can
be disadvantageous on a windy day.

Practicing Physics

old the end of a filing card down to make a little bridge or tunnel. Place iton a table
and blow through the arch as shown. No matter how hard you blow, you will not
succeed in blowing the card off the table (unless you blow against the side of it). Try this
i with your friends who have not taken physics. Then explain it to them!

| N

Bernoulli’s principle explains why trucks passing closely on the highway are drawn
to each other, and why passing ships run the risk of a sideways collision. Water flowing
between the ships travels faster than water flowing past the outer sides. Streamlines are
closer together between the ships than outside, so water pressure acting against the
hulls is reduced between the ships. Unless the ships are stecred to compensate for this,
the greater pressure against the outer sides of the ships forces them together. Figure
14.24 shows how to demonstrate this in your kitchen sink or bathtub.

Bernoulli’s principle plays a small role when your bath-
room shower curtain swings toward you in the shower when
EE 4 the water is on full blast. The pressure in the shower stall is
reduced with fluid in motion, and the relatively greater pres-
sure outside the curtain pushes it inward. Like so much in
the complex real world, this is but one physics principle that
i applies in this situation. More important is the convection
of air in the shower. In any case, the next time you're taking
a shower and the curtain swings in against your legs, think

of Daniel Bernoulli.

_mCLH_E_C.KFOTNT :

-

Awindy day makes for waves in alake o1 the
ocean. How does Bernoulli’s principle help to
explain the height of the waves?

Check Your Answer
The troughs of the waves are partially shielded from the wind, so air travels faster
over the crests, Pressure over the crests is therefore lower than down below in the
troughs. The greater pressure in the troughs pushes water up into the crests.




" Plasma

In addition to solids, liquids, and gases, there is a fourth phase of matter—
plasma (not to be confused with the clear liquid part of blood, also called
plasma). It is the least common phase in our everyday environment, but it is the
most prevalent phase of matter in the universe as a whole. The Sun and other stars
are largely plasma.

A plasma is an electrified gas. The atoms that make it up are jonized, stripped of
one or more electrons, with a corresponding number of free electrons. Recall that a
neutral atom has as many positive protons inside the nucleus as it has negative elec-
trons outside the nucleus. When one or more of these electrons is
stripped from the atom, the atom has more positive chatge than
negative charge and becomes a positive jon. (Under some condi-
tions, it may have extra electrons, in which case it is a negative ion.)
Although the electrons and ions are themselves electrically
charged, the plasma as a whole is electrically neutral because there
are still equal numbers of positive and negative charges, just as
there are in an ordinary gas. Nevertheless, a plasma and a gas have
very different properties. The plasma readily conducts electric cur-
rent, absorbs certain kinds of radiation that pass unhindered
through a gas, and can be shaped, molded, and moved by electric
and magnetic fields.

Our Sun is a ball of hot plasma. Plasmas on Earth are created in
laboratories by heating gases to very high temperatures, making
them so hot that electrons are “boiled” off the atoms. Plasmas may
also be created at lower temperatures by bombarding atoms with
high-energy particles or radiation.

PLASMA IN THE EVERYDAY WORLD

If you're reading this by light emitted by a fluorescent lamp or a compact fluores-
cent bulb, you don’t have to look far to see plasma in action. Within the glowing
tube is plasma that contains argon and mercury ions (as well as many neutral atoms
of these elements). When you turn the lamp on, a high voltage between electrodes
at each end of the tube causes electrons to flow. These electrons ionize some atoms,
forming plasma, which provides a conducting path that keeps the current flowing.
The current activates some mercury atoms, causing them to emit radiation, mostly
in the invisible ultraviolet region. This radiation causes the phosphor coating on the
tube’s inner surface to glow with visible light.

Similarly, the neon gas in an advertising sign becomes a plasma when its atoms
are ionized by electron bombardment. Neon atoms, after being activated by electric
current, emit predominantly red light. The different colors seen in these signs corre-
spond to plasmas made up of different kinds of atoms. Argon, for example, glows
blue, and helium glows pink. Sodium vapor lamps used in street lighting emit yel-
low light stimulated by glowing plasmas (Figure 14.27).

Flat plasma TV screens are composed of many thousands of pixels, each of which
is composed of three separate subpixel cells. One cell has a phosphor that Aluoresces
red, another has a phosphor that fluoresces green, and the other blue. The pixels are
sandwiched between a network of clectrodes that are charged thousands of times in
a small fraction of a second, producing clectric currents that flow through gases in
the cells. As in a fluorescent lamp, the gases convert to glowing plasmas that release
ultraviolet light that stimulates the phosphors. The image on the screen is the blend
of pixel colors activated by the TV control signal.
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FIGURE 14.27

Streets are illuminated at night by
glowing plasmas.

FIGURE 14.28

In a plasma TV, hundreds of thou-
sands of tiny pixels are lit up red,
green, and/or blue by glowing plas-
mas. By combining these colors in
different proportions, the entire color
spectrum can be produced.
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Atmospheric pressure The pressure exerted against bodies
immersed in the atmosphere. It results from the weight of
air pressing down from above. At sea level, atmospheric

Barometer Any device that measures atmospheric pressure.
Boyle’s law The product of pressure and volume is a constant
for a given mass of confined gas, as long as temperature

PART TWO

High-frequency radio and TV waves
pass through the atmosphere and
outinto space. Hence you have to
be in the “line of sight” of broad-
casting or relay antennas to pick up
FM and TV signals. But Tayers of
plasma some 8o km high, making
up the ionosphere, reflect lower-
frequency radio waves. That
explains why you can pick up radio
stations long distances away on
your lower-frequency AM radio. At
night, when the plasma layers are
settled closer together and are
more reflective, you can sometimes
receive very distant stations on
your AM radio.

PROPERTIES OF MATTER

The aurora borealis and the aurora australis (called the northern and southern
lights, respectively) are glowing plasmas in the upper atmosphere. Layers of low-
temperature plasma encircle the whole Earth. Occasionally, showers of electrons
from outer space and radiation belts enter “magnetic windows” near Earth’s poles,
crashing into the layers of plasma and producing light.

PLASMA POWER

A higher-temperature plasma is the exhaust of a jet engine, a weakly ionized plasma.
But when small amounts of potassium salts or cesium metal are added, it becomes a
very good conductor and, when directed into a magnet, can generate electricity! This
is MHD power, the magnetohydrodynamic interaction between a plasma and a
magnetic field. (We will treat the mechanics of generating electricity in this way in
Chapter 25.) Low-pollution MHD power is in operation at a few places in the world
already. Looking forward, perhaps we will see more plasma power with MHD.

An even more promising achievement will be plasma power of a different kind—
the controlled fusion of atomic nuclei. We will treat the physics of fusion in Chapter
34. The benefits of controlled fusion may be far-reaching. Fusion power may not
only make electrical energy abundant but may also provide the energy and means
to recycle and even synthesize elements.

Humankind has come a long way with the mastery of the first three phases of
matter. Our mastery of the fourth phase may bring us much farther.

| SUMMARY OF TERMS

pressure is about 101 kPa.

Archimedes’ principle (for air) An object in the air is
buoyed up with a force equal to the weight of
displaced air.

Bernoulli’s principle When the speed of a fluid increases,
internal pressure in the fluid decreases.

Plasma An electrified gas containing ions and free electrons.
Most of the matter in the universe is in the plasma

remains unchanged: phase.
PV =PV
| REVIEW QUESTIONS
The Barometer
1. What is the energy source for the motion of gas in the 7. How does the pressure at the bottom of a 76-cm column

atmosphere? What prevents atmospheric gases from flying

off into space?

2. How high would you have to go in the atmosphere for 8.
half of the mass of air to be below you?

¢ Pre

3. What is the cause of atmospheric pressure? 10.
4. Whart is the mass of a cubic meter of air at room tempera-

ture (20°C)?

5. What is the approximate mass of a column of air 1 cm? in

of mercury in a barometer compare with air pressure at
the bottom of the atmosphere?

How does the weight of mercury in a barometer compare
with the weight of an equal cross section of air from sea
level to the top of the atmosphere?

9. Why would a water barometer have to be 13.6 times taller
than a mercury barometer?

When you drink liquid through a straw, is it more accu-
rate to say the liquid is pushed up the straw rather than
sucked up the straw? What exactly does the pushing?
Defend your answer.

area that extends from sea level to the upper atmosphere? 11. Why will a vacuum pump not operate for a well that is
What is the weight of this amount of air? more than 10.3 m deep?
6. What is the pressure at the bottom of the column of air 12. Why is it that an aneroid barometer is able to measure

referred to in the previous question?

altitude as well as atmospheric pressure?



Boyle’s Law

13. By how much does the density of air increase when it is
compressed to half its volume?

14. What happens to the air pressure inside a balloon when it
is squeezed to half its volume at constant temperature?

15. What is an ideal gas?

Buoyancy of Air

16. A balloon that weighs 1 N is suspended in air, drifting
neither up nor down. (a) How much buoyant force acts
on it? (b) What happens if the buoyant force decreases?
(¢) If it increases?

17. Does the air exert buoyant force on all objects in air or
only on objects such as balloons that are very light for
their size?

Bernoulli’s Principle

18. What are streamlines? Is pressure greater or less in regions
where streamlines are crowded?

19. What happens to the internal pressure in a fluid flowing
in a horizontal pipe when its speed increases?

E=sE=———ar

PROJECTS

1. Compare the pressure exerted by the tires of your car on the
road with the air pressure in the tires. For this project, you
need the weight of your car, which you can get from a manual
or a dealer. You divide the weight by 4 to get the approximate
weight held up by one tire. You can closely approximate the
area of contact of a tire with the road by tracing the edges
of tire contact on a sheet of paper
marked with 1-inch squares
beneath the tire. After you calculate
the pressure of the tire against
the road, compare it with the air
pressure in the tire. Are they
nearly equal? If not, which is
greater?

2. You ordinarily pour water from a full glass into an empty glass
simply by placing the full glass above the empty glass and
tipping. Have you ever poured air
from one glass into another? The pro-
cedure is similar. Lower two glasses in
water, mouths downward. Let one fill
with water by tilting its mouth
upward. Then hold the water-filled
glass mouth downward above the air-
filled glass. Slowly tilt the lower glass
and let the air escape, filling the
upper glass. You will be pouring air
from one glass into another!

3. Hold a glass under water, allowing it to fill
with water. Then turn it upside down and
raise it, but with its mouth beneath the
surface. Why does the water not flow out of
the glass? How tall would a glass have to be
before water began to flow our? (If you
could find such a glass, you might need to
cut holes in your ceiling and roof to make
room for it!)
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20. Does Bernoulli’s principle refer to changes in internal
pressure of a fluid or to pressures the fluid may exert on
objects?

Applications of Bernoulli’s Principle

21. How does Bernoulli’s principle apply to the flight of air-
planes?

22. Why does a spinning ball curve in its flight?

23. Why do ships passing close together run a risk of sideways
collisions?

Plasma

24. How does a plasma differ from a gas?

Plasma in the Everyday World

25. Cite at least three examples of plasma in your daily envi-
ronment.

Plasma Power

26. What can be produced when a plasma beam is directed
into a magnet?

4. Place a card over the open top of a glass filled to the brim with
water and invert it. Why does the card stay in place? Try it
sideways.

5. Invert a water-filled pop bottle or a small-necked jar. Notice
that the water doesn't simply fall out but gurgles out of the
container. Air pressure won't let it escape until some air has
pushed its way up inside the bottle to occupy the space above
the liquid. How would an inverted, water-filled bottle empty on
the Moon?

6. Hear a small amount of water to boiling in an aluminum soda-
pop can and invert it quickly into a dish of cooler water. Surpris-
ingly dramatic!

7. Lower a narrow glass tube or drinking straw into water and place
your finger over the top of the tube. Lift the tube from the water
and then lift your finger from the top of the tube. What happens?
(You'll do this often if you enroll in a chemistry lab.)
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8. Push a pin through a small card and place it in the hole of a 9. Hold a spoon in a stream of water as shown and feel the effect of

1.

1.

2.
3.

4.

10.

. Rank the buoyant force supplied by the

. What is the purpose of the ridges

. How does the density of air in a

thread spool. Try to blow the card from the spool by blowing
through the hole. Ty it in all directions.

RANKING

Rank the volume of air in the glass, from greatest to least,
when it is held

a. near the surface as shown.
b. 1 m beneath the surface.
c. 2 m beneath the surface.

atmosphere on the following, from most
to least:

a. An elephant

b. A helium-filled party balloon

c. A skydiver at terminal velocity

EXERCISES

It is said that a gas fills all the space available to it. Why,
then, doesn’t the atmosphere go off into space?

Why is there no atmosphere on the Moon?

Why is the pressure in an automobile’s tires slightly
greater after the car has been driven several kilometers?
If you count the tires on a large tractor-trailer that is
unloading food at your local supermarket, you may be
surprised to count 18 tires. Why so many tires? (Hint:
Consider Project 1.)

. The valve stem on a tire must exert a certain force on the

air within to prevent any of that air from leaking out. If
the diameter of the valve stem were doubled, by how
much would the force exerted by the valve stem increase?

. Why is a soft, underinflated football at sea level much

firmer when it is taken 1o a high elevation in the mountains?

that prevent the funnel from fitting
tightly in the mouth of a bottle?

deep mine compare with the air
density at Earth’s surface?

. When an air bubble rises in water,

what happens to its mass, volume, and density?

Tiwo teams of eight horses each were unable to pull the
Magdeburg hemispheres apart (shown at the top of the
opening page of this chapter). Suppose that two teams of

the differences in pressure.

3. Rank from most to least, the amount of lift on the following

airplane wings:

a. Area 1000 m? with atmospheric pressure difference of
2.0 N/m?

b. Area 800 m? with atmospheric pressure difference of
2.4N/m?

¢. Area 600 m? with atmospheric pressure difference of
3.8 N/m?

nine horses each could pull them apart. Then would one
team of nine horses succeed if the other team were
replaced with a strong tree? Defend your answer.

11. When boarding an airplane, you bring a bag of chips (or

any other item packaged in an airtight foil package) and,
while you are in flight, you notice that the bag puffs up.
Explain why this happens.

12. Why do you suppose that airplane windows are smaller

than bus windows?

13. We can understand how pressure in water depends on

depth by considering a stack of bricks. The pressure below
the bottom brick is determined by
the weight of the entire stack.
Halfway up the stack, the pressure
is half because the weight of the
bricks above is half. To explain
atmospheric pressure, we should
consider compressible bricks, like
those made of foam rubber. Why is
this so?

14. The “pump” in a vacuum cleaner is

merely a high-speed fan. Would a vacuum cleaner pick up
dust from a rug on the Moon? Explain.

15. Suppose that the pump shown in Figure 14.9 operated

with a perfect vacuum. From how deep a well could water

be pumped?



16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

If a liquid only half as dense as mercury were used in a
barometer, how high would its level be on a day of nor-
mal atmospheric pressure?

Why does the size of the cross-sectional area of a mercury
barometer not affect the height of the enclosed mercury
column?

From how deep a container could mercury be drawn with
a siphon?

If you could somehow replace the mercury in a mercury
barometer with a denser liquid, would the height of the
liquid column be greater than or less than the height of
the mercury? Why?

Would it be slightly more difficult to draw soda through a
straw at sea level or on top of a very high mountain? Explain.
The pressure exerted against the ground by an elephant’s
weight distributed evenly over its four feet is less than

1 atmosphere. Why, then, would you be crushed beneath
the foot of an elephant, while you're unharmed by the
pressure of the atmosphere?

Your friend says that the buoyant force of the atmosphere
on an elephant is significantly greater than the buoyant
force of the atmosphere on a small helium-filled balloon.
What do you say?

Which will register the greater weight: an empty flattened
balloon or the same balloon filled with air? Defend your
answer, then try it and see.

On a sensitive balance, weigh an empty, flat, thin plastic
bag. Then weigh the bag filled with air. Will the readings
differ? Explain.

Why is it so difficult to breathe when snorkeling at a
depth of I m and practically impossible at a 2-m depth?
Why can’t a diver simply breathe through a hose that
extends to the surface?

A little girl sits in a car at a traffic light holding a helium-
filled balloon. The windows are closed and the car is rela-
tively airtight. When the light turns green and the car
accelerates forward, her head pitches backward but the
balloon pitches forward. Explain why.

TP\
e
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How does the concept of buoyancy complicate the old
question “Which weighs more, a pound of lead or a
pound of feathers™?

Why does the weight of an object in air differ from its
weight in a vacuum (remembering that weight is the force
exerted against a supporting surface)? Cite an example in
which this would be an important consideration.

Would a bottle of helium gas weigh more or less than an
identical bottle filled with air at the same pressure? Than
an identical bottle with the air pumped out?

When you replace helium in a balloon with less-dense
hydrogen, does the buoyant force on the balloon change
if the balloon remains the same size? Explain.

A steel tank filled with helium gas doesn't rise in air, but a
balloon containing the same helium rises easily. Why?

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42

43,
44,
45.

46.

47.

48.

49.

50.
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If the number of gas atoms in a container is doubled, the
pressure of the gas doubles (assuming constant tempera-
ture and volume). Explain this pressure increase in terms
of molecular motion of the gas.

What, if anything, happens to the volume of gas in an
atmospheric research-type balloon when it is heated?
What, if anything, happens to the pressure of the gas in a
rubber balloon when the balloon is squeezed smaller?
What happens to the size of the air bubbles released by a
diver as they rise?

You and Tim float a long string of closely spaced helium-
filled balloons over his used-car lot. You secure the two
ends of the long string of balloons to different points on
the ground so that the balloons float over the lot in an arc.
What is the name of this arc? (Why could this exercise
have been included in Chapter 12?)

The gas pressure inside an inflated rubber balloon is
always greater than the air pressure outside. Explain.
"Two identical balloons of the same volume are pumped
up with air to more than atmospheric pressure and
suspended on the ends of a stick that is horizontally
balanced. One of the balloons is then punctured. Is the
balance of the stick upset? If so, which way does it tip?

Two balloons that have the same weight and volume are
filled with equal amounts of helium. One is rigid and the
other is free to expand as the pressure outside decreases.
When released, which will rise higher? Explain.

The force of the atmosphere at sea level against the outside
of a 10-m? store window is about a million N. Why does
this not shatter the window? Why might the window
shatter in a strong wind blowing past the window?

Why does the fire in a fireplace burn more briskly on a
windy day?

- What happens to the pressure in water as it speeds up

when it is ejected by the nozzle of a garden hose?

Why do airplanes normally take off facing the wind?
What provides the lift to keep a Frisbee in flight?

Imagine a huge space colony that consists of a rotating
air-filled cylinder. How would the density of air at
“ground level” compare to the air densities “above”?
Would a helium-filled balloon “rise” in the atmosphere of
a rotating space habitat? Defend your answer.

When a steadily flowing gas flows from a larger-diameter
pipe to a smaller-diameter pipe, what happens to (a) its
speed, (b) its pressure, and (c) the spacing between its
streamlines?

Compare the spacing of streamlines around a tossed baseball
that doesn't spin in flight with the spacing of streamlines
around one that does. Why does the spinning baseball veer
from the course of a nonspinning one?

Why is it easier to throw a curve with a tennis ball than a
baseball?

Why do airplanes extend wing flaps that increase the area
and the angle of attack of the wing during takeoffs and



264 PARTTWO  PROPERTIES OF MATTER

landings? Why are these flaps pulled in when the airplane 55.

has reached cruising speed?

51. How is an airplane able to fly upside down?

52. Why are runways longer for takeoffs and landings at
high-altitude airports, such as those in Denver and
Mexico City?

53. How will two dangling vertical sheets of paper move
when you blow between them? Try it and see.

54, What physics principle underlies these three observations?

When passing an oncoming truck on the highway, your 56.

car tends to sway toward the truck. The canvas roof of a
convertible automobile bulges upward when the car is
traveling at high speeds. The windows of older trains
sometimes break when a high-speed train passes by on the
next track.

PROBLEMS

1. What change in pressure occurs in a party balloon that is 4.

squeezed to one-third its volume with no change in tem-
perature?

2. Estimate the buoyant force that air exerts on you. (To do
this, you can estimate your volume by knowing your
weight and by assuming that your weight density is a bit

less than that of water.) 5.

3. A mountain-climber friend with a mass of 80 kg ponders
the idea of artaching a helium-filled balloon to himself to
effectively reduce his weight by 25% when he climbs. He

wonders what the approximate size of such a balloon * 6.

would be. Hearing of your physics skills, he asks you.
Share with him your calculations that show the volume of
the balloon to be about 17 m? (slightly more than 3 m in
diameter for a spherical balloon).

CHAPTER 14 ONLINE RESOURCES

Wharves are made with pilings that permit the free
passage of water. Why would a solid-walled wharf be
disadvantageous to ships attempting to pull alongside?

S &

Is lower pressure the result of fast-moving air, or is fast-
moving air the result of lower pressure? Give one example
supporting each point of view. (In physics, when two
things are related—such as force and acceleration or speed
and pressure—it is usually arbitrary which one we call
cause and which one we call ¢ffect.)

On a perfect fall day, you are hovering at low altitude in a
hot-air balloon, accelerated neither upward nor down-
ward. The total weight of the balloon, including its load
and the hot air in it, is 20,000 N.

a. Show that the weight of the displaced air is 20,000 N.
b. Show that the volume of the displaced air is 1700 m>.
Consider an airplane with a total wing surface of 100> m.
At a certain speed the difference in air pressure below and
above the wings is 4% of atmospheric pressure. Show that
the lift on the airplane is 400,000 N.

The weight of the atmosphere above 1 m? of Earth’s surface
is about 100,000 N. Density, of course, becomes less with
altitude. But suppose the density of air were a constant
1.2 kg/ m°. Calculate where the top of the atmosphere
would be.

—®
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Choose the best answer to the following:

1.

10.

If two protons and two neutrons are removed from the nucleus
of neon-20, a nucleus of which element remains?

(a) Magnesium-22.

(b) Magnesium-20.

(c) Oxygen-18.

(d) Oxygen-16.

. The nucleus of an electrically neutral iron atom contains

26 protons. The number of electrons this iron atom has is
(a) 52.

{b) 26.

(c) 24.

(d) None.

- How many electrons are there in the third shell of sodium, Na

(atomic number 11)?
(a) None.

(b) One.

(c) Two.

(d) Three.

. The crystals that make up minerals are composed of

(a) atoms with a definite geometrical arrangement.
(b) molecules that perpetually move.

(c) X-ray patterns.

(d) three-dimensional chessboards.

. If the volume of an object were to double, with no change in

mass, its density would
(a) halve.

(b) double.

(c) be the same.

(d) None of these.

. According to Hooke’s law, if you hang by a tree branch and

note how much it bends, then hanging with twice the weight
produces

(a) half the bend.

(b) the same bend if the branch doesn’t break.

(c) twice the bend.

(d) 4 times the bend.

- When you bend the branch of a tree by hanging on its end, the

top side of the branch is under
(a) tension.

(b) compression.

(c) Both.

(d) Neither.

- When you scale up an object to 3 times its linear size, the sur-

face area increases by

(a) 3 and the volume by 9.
(b) 3 and the volume by 27.
(©) 9 and the volume by 27.
(d) 4 and the volume by 8.

- Pumice is a volcanic rock that floats in water. The density of

pumice compared with water is

(a) less.

(b) equal.

(c) more.

(d) none, for it sinks.

The pressure at the bottom of 2 pond does NOT depend on the
(a) acceleration due to graviry.

(b) water density.

PART TWO MULTIPLE-CHOICE

PRACTICE EXAM

11.

(¢) depth of the pond.

(d) surface area of the pond.

A completely submerged object always displaces its own
(a) weight of fluid.

(b) volume of fluid.

(c) density of fluid.

(d) All of these.

12. A rock suspended by a weighing scale weighs 5 N out of water

13.

14.

15.

16.

17.

18.

19.

20.

and 3 N when submerged in water. What is the buoyant force
on the rock?

(a) 3N.

(b) 5N.

(c) 8N.

(d) None of these.

In a vacuum, an object has no

(a) buoyant force.

(b) mass.

(c) weight.

(d) All of these.

Atmospheric pressure is due to the weight

(a) of the atmosphere.

(b) and volume of the atmosphere.

(c) density and volume of the atmosphere.

(d) of planet Earth itself.

Consider two mercury barometers, one having a cross-sectional
area of 1 cm’ and the other 2 cm?. The height of mercury in the
narrower tube is

(a) half.

(b) twice.

(c) the same.

(d) None of these.

A barometer that uses water instead of mercury will be
(a) shorter.

(b) taller.

(¢) equal in height.

(d) inoperable.

When you squeeze an air-filled party balloon you increase its
(a) volume.

(b) mass.

(c) weight.

(d) density.

In a hydraulic press operation, the output piston cannot
(a) move farther than the input piston.

(b} exceed the force inpur.

{c) exceed the input piscon’s speed.

(d) produce increased energy.

The flight of a blimp best illustrates

(a) Archimedes’ principle.

(b) Pascal’s principle.

{c) Bernoulli’s principle.

(d) Boyle’s law.

When wind speeds up as it blows over the top of a hill,
atmospheric pressure there

(a) increases.

(b) decreases.

(c) isn't affected.

(d) reduces to zero.

Afier you have made thoughtful choices, and discussed them with
your friends, find the answers on page 681.
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