
This Week 

Living in Water 
For animals that live in water, the rules are 
different. 

Special properties of water 
• It’s dense. 
• It’s sticky. 
• It has a high heat capacity, a high heat of vaporization, and a high thermal 

conductivity. 
• It dissolves oxygen and other gases. Cold water dissolves more. 
• It’s electrically conductive. 

Metric Units
1 kilogram (kg) is about 2 pounds

1 meter is about 1 yard
1 cubic meter (m3) is about 1 cubic yard

1 cubic meter (m3) is 1000 liters or about 250 gallons

Physics Concept #1: 
Density

We express density in mass per volume, so
kilograms per cubic meter.

Density

442 C H A P T E R  13 Fluids

13.1 Fluids and Density
A fluid is simply a substance that flows. Because they flow, fluids take the shape of 
their containers rather than retaining a shape of their own. Gases and liquids are both 
fluids, and their similarities are often more important than their differences.

As you learned in ◀◀ SECTION 12.2, a gas, as shown in FIGURE 13.1a, is a system in 
which each molecule moves freely through space until, on occasion, it collides with 
another molecule or with the wall of the container. Gases are compressible; that is, 
the volume of a gas is easily increased or decreased, a consequence of the “empty 
space” between the molecules in a gas.

Liquids are more complicated than either gases or solids. Liquids, like solids, are 
essentially incompressible. This property tells us that the molecules in a liquid, as in 
a solid, are about as close together as they can get. At the same time, a liquid flows 
and deforms to fit the shape of its container. The fluid nature of a liquid tells us that 
the molecules are free to move around. Together, these observations suggest the 
model of a liquid shown in FIGURE 13.1b.

Density
Suppose we have several blocks of copper, each of different size. Each block has a 
different mass m and a different volume V. Nonetheless, all the blocks are copper, so 
there should be some quantity that has the same value for all the blocks, telling us, 
“This is copper, not some other material.” The most important such parameter is the 
ratio of mass to volume, which we call the mass density r (lowercase Greek rho):

Molecules are
far apart. This
makes a gas
compressible.

Gas molecule moving
freely through spaceContainer

Gas molecules occasionally
collide with each other c cor the wall.

(a) A gas

Molecules make weak bonds with each
other that keep them close together. But
the molecules can slide around each other,
allowing the liquid to flow and conform to
the shape of its container.

A liquid has a
well-defined surface.

(b) A liquid

Molecules are
about as close
together as they
can get. This
makes a liquid
incompressible.

FIGURE 13.1 Simple atomic-level models 
of gases and liquids.

 r =
m
V

 (13.1)

Mass density of an object of mass m and volume V

Therefore, an object of mass density r and volume V has mass

 m = rV (13.2)

The SI units of mass density are kg/m3. Nonetheless, units of g/cm3 are widely 
used. You need to convert these to SI units before doing most calculations:

1 g/cm3 = 1000 kg/m3

The mass density is usually called simply “the density” if there is no danger of 
confusion. Density is independent of the object’s size. That is, mass and volume are 
parameters that characterize a specific piece of some substance—say, copper—
whereas density characterizes the substance itself. All pieces of copper have the 
same density, which differs from the density of almost any other substance.

TABLE 13.1 provides a short list of the densities of various fluids. Notice the enor-
mous difference between the densities of gases and liquids. Gases have lower densi-
ties because the molecules in gases are farther apart than in liquids. Also, the density 
of a liquid varies only slightly with temperature because its molecules are always 
nearly in contact. The density of a gas, such as air, has a larger variation with tem-
perature because it’s easy to change the already large distance between the 
molecules.

What does it mean to say that the density of gasoline is 680 kg/m3? Recall in 
Chapter 1 we discussed the meaning of the word “per.” We found that it meant “for 
each,” so that 2 miles per hour means you travel 2 miles for each hour that passes. In 
the same way, saying that the density of gasoline is 680 kg per cubic meter means 
that there are 680 kg of gasoline for each 1 cubic meter of the liquid. If we have  
2 m3 of gasoline, each will have a mass of 680 kg, so the total mass will be 
2 * 680 kg = 1360 kg.

TABLE 13.1 Densities of fluids at 1 atm 
pressure

Substance R 1kg/m3 2
Hydrogen gas (20°C) 0.083

Helium gas (20°C) 0.166

Air (20°C) 1.20

Air (0°C) 1.28

Gasoline 680

Ethyl alcohol 790

Oil (typical) 900

Water 1000

Seawater 1030

Blood (whole) 1060

Glycerin 1260

Mercury 13,600
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 13.3 Buoyancy 453

A 2.0 g latex balloon is filled with helium. When it is completely inflated, its shape is 
approximately spherical with a diameter of 24 cm. If the balloon is released, what is its 
initial upward acceleration?

STRATEGIZE The balloon plus the helium inside it has 
a certain mass; this leads to a downward weight force. 
But the balloon displaces a certain amount of air, and 
this leads to an upward buoyant force. We’re told that 
the balloon accelerates upward, so we know that the 
upward buoyant force exceeds the downward weight 
force, as in FIGURE 13.18. This net force will produce an 
upward acceleration.

PREPARE We assume that the atmospheric pressure 
is 1 atm; we can also assume that the pressure inside 
the balloon is the same. Table 13.1 lists the densities for 
helium and for air at 1 atm pressure: rHe = 0.166 kg/m3 
and rair = 1.20 kg/m3. The volume of the balloon in m3 is

V =
4
3

 pr3 =
4
3

 p10.12 m23 = 0.00724 m3

The thickness of the latex is negligible, so this is the volume of helium in the balloon as 
well as Vf, the volume of fluid displaced.

SOLVE The total mass is the sum of the mass of the latex balloon 10.0020 kg2 and the 
mass of the helium:

m = 0.0020 kg + rHeV = 0.0020 kg + 10.166 kg/m3210.00724 m32 = 0.0032 kg

The weight force is

w = 10.0032 kg219.8 m/s22 = 0.031 N

The upward buoyant force is

FB = rfVg = 11.20 kg/m3210.00724 m3219.8 m/s22 = 0.085 N

The net force is the difference of these two forces:

Fnet = FB - w = 0.085 N - 0.031 N = 0.054 N

The initial acceleration of the balloon is

a =
Fnet

m
=

0.054 N
0.0032 kg

= 17 m/s2

ASSESS The buoyant force is much greater than the weight force, so we expect a very 
large initial acceleration. If you’ve ever been holding a helium balloon and loosened 
your grip for just a second, you’ve no doubt seen this in action! 

How fast will the balloon rise?EXAMPLE 13.8 

FB

wu

u Fnet
u

FIGURE 13.18 The forces 
acting on a helium balloon.

Hot air rising A hot-air balloon is filled 
with a low-density gas: hot air! You learned in 
Chapter 12 that gases expand upon heating, 
which lowers their density. The air at the top 
of a hot-air balloon is surprisingly toasty—
about 100°C. The density of the heated air 
is about 80% that of room-temperature air. 
The weight of the air displaced significantly 
exceeds the weight of the air inside the bal-
loon, allowing the balloon to lift the weight of 
the passengers and the basket.

 Video Buoyancy and Density Part 2

eText
2.0

TABLE 13.3 Densities of body 
components

Body Component Density (kg/m3)

Fat 0.90

Water 1.00

Blood 1.05

Muscle 1.06

Bone 1.28

Buoyancy and Bodies 
Different components of your body have different densities, as shown in TABLE 13.3. 
Of the different body components, only fat has a density lower than that of water. An 
average college student’s body is about 20% fat, with the balance a mix of water, 
muscle, blood, and bone. With this typical fat percentage, the overall density of the 
body is about 1050 kg/m3. Submerged in water, a person with this density would 
sink. But if the person takes a deep breath, she reduces her overall density to approx-
imately 990 kg/m3 and will float. This is a common experience for most folks: After 
taking a deep breath, you float; if you exhale as completely as possible, you sink.

In Example 13.5, we saw that the density of an object could be determined by 
weighing it both underwater and in air. The same thing can be done with a person. 
Since fat has a lower density than muscle or bone, a lower overall body density 
implies a greater proportion of body fat. To determine a person’s density, he is first 

Masters of density  A manatee may 
look chubby, but these mammals live in fresh 
water and must dive for their food. Too much 
fat would make them positively buoyant, 
which would cost them energy to forage. A 
typical body fat percentage for a manatee is 
about 7%, comparable to elite human athletes, 
and this reduces the energy cost for diving. 
Manatees have other adaptations to reduce the 
energy cost of moving in the water. They care-
fully adjust the amount of residual air in their 
lungs to achieve nearly neutral buoyancy. They 
can also move air from one lung to the other to 
roll, and from the top of the lungs to the bot-
tom to tip forward for a dive.
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900 
1000 
1050 
1060 
1280

Fat is less dense than 
water, muscle is more 

dense than water.

Gold is very dense.

7 inches long, 3½ inches wide, 1 ¾ inches deep
27 pounds

From Wikipedia
Gold cost $38.69 per 
troy ounce in 1968, so 
four million dollars in 
gold bars would have 
weighed about 3,200  kg 
(7,100  lb), requiring each 
of the three Minis to 
carry about 1,070  kg 
(2,360  lb) in addition to 
the driver and passenger. 
Since a 1968 Mini only 
weighs 630 kg (1,390  lb), 
each of these vehicles 
would have had to carry 
11⁄2 times its own weight 
in gold.

The Italian Job

Water density
1000 kg/m3

meaning

1.0 kg per liter



Mass
25 kg

Volume
25 liters

Fort Collins air density
1.0 kg/m3

Meaning

1.0 kg per m3

1.0 g per liter

Pressure

The air at the earth’s surface supports the weight of all the air 
above it: That’s the source of atmospheric pressure.

We define the pressure at sea level as 1 atmosphere.

Pressure vs. Height

As you go higher in the 
atmosphere, the pressure is 

lower.

Lower pressure on top

Higher pressure underneath

Buoyancy

Net upward force

Buoyancy

Buoyancy

The buoyant force is 
equal to the weight of 

fluid displaced.

Question:
Taking buoyancy into 

account, is the reading on 
the scale greater than, 
equal to, or less than 
your actual weight?



Submerged in Air

My volume: 70 liters
Mass of air displaced: 70 grams
Buoyant force: 70 grams (2½ oz)

Submerged in 
Water

My mass: 70 kilograms
My volume: 70 liters
Mass of water displaced: 70 kilograms
Buoyant force equals weight force!

Balloon volume: 12 liters
Mass of air displaced: 12 grams
Mass of balloon: 1 g
Mass of helium in balloon: 2 grams
Total lift: 9 grams (⅓ oz)

If the buoyant force is larger than the weight...

ρf > ρo :  floaty
ρo > ρf :  sinky

If an object is more dense than the fluid it is submerged in, it sinks.
If an object is less dense than the fluid it is submerged in, it floats.

Hippos and Manatees Hippos Can’t Swim

Despite appearances, hippos have very little body fat. The density of a hippo’s body is 
approximately 1030 kg/m3, so it sinks to the bottom of the freshwater lakes and rivers 
it frequents—and then it simply walks on the bottom.

What body fat percentage does a manatee have?

Questions:
Why must manatees be so lean?



Adaptations for efficient movement
• Almost neutral buoyancy
• Solid bones on lower parts, lungs long, horizontal, high along back. Two 

diaphragms control lung volumes separately
• Perhaps can control volume of gas in large intestine

Manatees
Very low energy food 
sources, and so very 

slow metabolism (half a 
typical mammal of the 

same size) From 
Crystal 
River, 

Florida

Swim 
Bladder

At the surface of the ocean, if I take a deep breath (about 4 liters, I figure) I float easily.
If I hold my breath and  dive to a depth of 10 m, if I stop swimming, I sink.

Water has a high heat capacity, and 
a high heat of vaporization

 High Heat 
Capacity

It takes a lot of energy to 
raise the temperature of 

water.

The amount of energy 
it takes to heat up 

water for a hot bath 
would take my Chevy 

Bolt to Longmont.

 High Heat of 
Vaporization

It takes a lot of energy to 
convert water from liquid to 

gas—to boil it.

The amount of energy it 
takes to boil away one 

gallon of water for a hot 
bath would take my Chevy 

Bolt to Loveland.

 High Heat Capacity

It takes a lot of energy to 
raise the temperature of 

water.

If you took the entire 
electric energy used by the 
United States in one year 

and used it to heat up Lake 
Superior, it would raise the 
temperature by about ½ 

of a degree. 

 High Heat of 
Vaporization

It takes a lot of energy 
to convert water from 

liquid to gas—to boil it.

If you used the entire 
electric energy used 
by the United States 

to boil away Lake 
Superior, it would take 

about 2,200 years. 

Thermal 
Conductivity

Which feels colder—
standing on a cold tile 

floor or a cold 
carpeted floor?

High Thermal 
Conductivity

If you are warmer than the 
water you swim in, it carries 

away heat very quickly.

You lose heat in cold 
water 25x as fast as you 

do in cold air.



If you live in 
water, you need 
fat and fur keep 

you warm.

Question:
Being fat is really good 

for keeping warm. But if 
you forage for food 

under the water’s surface, 
are there any downsides 

to having a lot of fat?

External gills on the axolotl.

Gills can pull 
oxygen out of 

the water.

Keeps moving so water goes over the gills

Sharks are more dense than water; when they 
swim, the resulting lift keeps them from sinking.
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Wrinkly respiration  The hellbender 
salamander, native to the eastern United 
States, can be over half a meter long, with a 
mass of 2 kilograms. Remarkably, this large 
amphibian doesn’t have lungs or gills. Instead, 
its extracts oxygen from water by diffusion 
through its skin. The wrinkles on the sides 
of the salamander aren’t just for looks; they 
increase the surface area of its skin so that  
diffusion can deliver sufficient oxygen.

Suppose the reservoirs are connected by a passageway with cross-section area A 
through which molecules diffuse. Diffusion is a random walk, so at any instant there 
are molecules moving in both directions. However, more molecules move from the 
high concentration toward the low concentration than in the other direction, so diffu-
sion causes a net transfer of molecules when there is a concentration difference 
∆c = cH - cL. If N molecules are transferred in a time interval ∆t, the rate of trans-
fer (molecules per second) is N/ ∆t.

According to Fick’s law, which can be derived from an analysis of random walks, 
the rate of molecule transfer is

 
N
∆t

= aDA
L

b∆c (12.42)

Rate of transfer of molecules across a concentration difference

where D is the diffusion constant. Fick’s law is exactly analogous to the heat-
conduction equation, Equation 12.35, with the diffusion constant D playing the same 
role as the thermal conductivity constant k. 

Carbon dioxide makes up 
about 0.040% of the atmo-
sphere. Carbon dioxide enters 
a green leaf, where photosyn-
thesis occurs, by diffusing 
through small pores called 
stomata, pores with a depth 
of about 10 mm. When the 
stomata are open, we can 
assume that their total area is 2.0% of the leaf area. Photosynthe-
sis consumes CO2, and the concentration within the leaf is about 
half the atmospheric value. Estimate, in both molecules/s and 
mmol/s, the rate of CO2 uptake by a leaf with an area of 
7.0 * 10-4 m2.

STRATEGIZE The atmosphere and the leaf are reservoirs with 
different concentrations of CO2 connected by pores through 

Carbon dioxide diffusion in photosynthesis
CO2 represents 0.040% of the molecules, so the concentration of 
CO2 in the high concentration reservoir is

cH = 10.000402N
V
= 10.0004022.5 * 1025

1.0 m3 = 1.0 * 1022 m-3

We’re told that cL ≈
1
2

 cH, so the concentration difference is 

∆c ≈
1
2

 cH.

SOLVE We use Fick’s law to calculate the rate at which mole-
cules diffuse from the air into the leaf. The area is the total area 
of the stomata; the length across which diffusion occurs is the 
length of the stomata:

 
N
∆t

= aDA
L

b∆c

 = a11.9 * 10-5 m2/s211.4 * 10-5 m22
10 * 10-6 m

b10.50 * 1022 m-32
 = 1.3 * 1017 molecules/s

We can convert to moles by dividing by Avogadro’s number:

 
N
∆t

=
1.3 * 1017 molecules/s

6.02 * 1023 molecules/mol

 = 2.2 * 10-7 mol/s = 0.22 mmol/s

ASSESS CO2 uptake by plants is more complicated than we’ve 
assumed, so it’s no surprise that our final number is a bit lower 
than typical values, but it is of the correct order of magnitude.

EXAMPLE 12.25 

which matter transfer can occur via diffusion. Fick’s law 
describes the rate of CO2 uptake.

PREPARE From Table 12.8, the diffusion constant of car-
bon dioxide through air at 25°C is D = 1.9 * 10-5 m2/s. The 
stomata depth is the length across which diffusion occurs, so 
L = 10 * 10-6 m, and the total area of the stomata is 2.0% of the 
leaf area, or 1.4 * 10-5 m2.

Now, let’s consider the concentration. We can use the 
ideal-gas law to determine the number of molecules in a cubic 
meter of air at 1 atm 11.013 * 106 Pa2 pressure and a tempera-
ture of 25°:

N =
pV
kBT

=
11.013 * 105 Pa211.0 m3211.38 * 10-23 J/K21298 K2 = 2.5 * 1025
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Hellbender salamander
½ meter long

No lungs, no gills. “Breathes” through the skin

Question:
Why is the 

hellbender so 
wrinkly?

You are pretty much 
made of water. Human brain:

2% of body’s mass

20% of metabolic energy

Fish brain:
3% body mass

60% of metabolic energy

The animal 
with the 
biggest 
brain...

Elephant nose
Gnathonemus petersii



You don’t lose 
20% (or 50%) 
of your heat 
through your 

head.

Your blood keeps your 
body temperature pretty 

uniform. Your head is 
about 10% of your body’s 

area, but much of it is 
covered with hair, so you 
lose about 7-10% of heat 

through your head.

OK, so a bit more loss for some.

⅘ of the length of the 
body is devoted to the 

electric organ. The 
shocks (up to 600 V) 

are used to catch prey.

Ampullae of 
Lorenzini

Sharks and rays have an exquisite electric sense, 
but other animals do this as well.

Animals with electric sense can detect electric fields.

Wide head 
means greater 
sensitivity, and 
also scanning a 
wider swath.

The shark knows you are there.

Can sense 0.0000001 N/C

Your heart makes one electric field when it beats.

652  CHAPTER  20 Electric Fields and Forces

heart is a large electric dipole. The orientation and strength of the dipole change 
during each beat of the heart as the depolarization wave sweeps across it.

The electric dipole of the heart generates a dipole electric field that extends 
throughout the torso, as shown in FIGURE 20.34b. As we will see in Chapter 21, an 
electrocardiogram measures the changing electric field of the heart as it beats. Mea-
surement of the heart’s electric field can be used to diagnose the operation of the heart.

FIGURE 20.35 The electric field inside and 
outside a charged conductor.

E  =  0

All excess charge is on the surface.

The electric field inside
the conductor is zero.

(a)

u u

E  =  0

E

Surface charge

The electric field at the surface
is perpendicular to the surface.

(b)

u

u

u

FIGURE 20.34 The beating heart  
generates a dipole electric field.

(a) The electric dipole of the heart

Depolarized
tissue

Tissue not yet
depolarized

A cross section of 
the heart showing 
muscle tissue

The charge separation at the line between 
the two regions creates an electric dipole.

This line separates 
cells that have 
depolarized and 
those that have not.

(b) The field of the heart in the body

The heart’s dipole 
field extends 
throughout the torso.

STOP TO THINK 20.6  Which of the following is the correct representation of the 
electric field created by two positive charges?

A. B. C. D.

20.6 Conductors and Electric Fields
Consider a conductor in electrostatic equilibrium (recall that this means that none  
of the charges are moving). Suppose there were an electric field inside the con- 
ductor. Electric fields exert forces on charges, so an internal electric field would  
exert forces on the charges in the conductor. Because charges in a conductor are  
free to move, these forces would cause the charges to move. But that would vio- 
late the assumption that all the charges are at rest. Thus we’re forced to conclude  
that the electric field is zero at all points inside a conductor in electrostatic  
equilibrium.

Because the electric field inside a conductor in electrostatic equilibrium is zero, 
any excess charge on the conductor must lie at its surface, as shown in FIGURE 20.35a. 
Any charge in the interior of the conductor would create an electric field there, in 
violation of our conclusion that the field inside is zero. Physically, excess charge 
ends up on the surface because the repulsive forces between like charges cause them 
to move as far apart as possible without leaving the conductor.

FIGURE 20.35b shows that the electric field right at the surface of a charged con-
ductor is perpendicular to the surface. To see that this is so, suppose E

u
 had a com-

ponent tangent to the surface. This component of E
u
 would exert a force on charges at 

the surface and cause them to move along the surface, thus violating the assumption 
that all charges are at rest. The only exterior electric field consistent with electrosta-
tic equilibrium is one that is perpendicular to the surface.

FIGURE 20.36 shows a positively charged metal sphere 
above a conducting plate with a negative charge. Sketch 
the electric field lines.

REASON Field lines start on positive charges and end 
on negative charges. Thus we draw the field lines from 
the positive sphere to the negative plate, perpendicular 
to both surfaces, as shown in FIGURE 20.37. The single 
field line that goes upward tells us that there is a field 
above the sphere, but that it is weak.

 Drawing electric field lines for a charged  
sphere and a plate
CONCEPTUAL EXAMPLE 20.9

FIGURE 20.36 The charged 
sphere and plate.
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Elephant nose sensory system

Gnathonemus petersii

The presence of a 
conducting object 
(like another fish) 
will alter the field 
lines. The fish can 
sense this change.



Decoding this signal 
requires a really big 

brain.

These fish are bright, 
sociable, and have 

individual personalities. 


