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Units of heat and thermal energy
The joule The metric unit for measuring heat is the joule. This is the same joule used to 

measure all forms of energy, not just heat. A joule is a small amount of heat. 
The average hair dryer puts out 1,200 joules of heat every second!

The calorie One calorie is the amount of energy (heat) needed to increase the temperature 
of 1 gram of water by 1 degree Celsius. One calorie is a little more than 
4 joules (Figure 11.2). You may have noticed that most food packages list 
“Calories per serving.” The unit used for measuring the energy content of the 
food we eat is the kilocalorie, which equals 1,000 calories. The kilocalorie is 
often written as Calorie (with a capital C). If a candy bar contains 210 
Calories, it contains 210,000 calories, or 879,060 joules!

The British thermal
unit

Still another unit of heat energy you may encounter is the British thermal unit,
or Btu. The Btu is often used to measure the heat produced by heating systems 
or heat removed by air-conditioning systems. A Btu is the quantity of heat it 
takes to increase the temperature of 1 pound of water by 1 degree Fahrenheit. 
One Btu is a little more than 1,000 joules.

Why so many units? The calorie and Btu units were being used to measure heat well before 
scientists knew that heat was really energy. The calorie and Btu are still used, 
even 100 years after heat was shown to be energy, because people give up 
familiar ways very slowly!

Unit Is Equal To

1 calorie 4.186 joules

1 kilocalorie 1,000 calories

1 Btu 1055 joules

1 Btu 252 calories

Heat and Work
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specific heat 

Material
Specific heat

(J/kg°C)

water 4,184
wood 1,800

aluminum 900
concrete 880

glass 800
steel 470

Specific heat
Temperature, mass,

and material
If you add heat to an object, how much will its temperature increase? It 
depends in part on the mass of the object. If you double the mass of the 
object, you need twice as much energy to get the same increase in 
temperature. The temperature increase also depends on what material you 
are heating up. It takes different amounts of energy to raise the temperature 
of different materials. 

The temperature increase of an object depends on 
its mass and the material from which it is made.

Temperature and
type of material

You need to add 4,184 joules of heat to one kilogram of water to raise the 
temperature by 1°C (Figure 11.3). You only need to add 470 joules to raise 
the temperature of one kilogram of steel by 1°C. It takes nine times more 
energy to raise the temperature of water by 1°C than it does to raise the 
temperature of the same mass of steel by 1°C. 

Specific heat Specific heat is a property of a material that tells us how much heat is 
needed to raise the temperature of one kilogram by one degree Celsius. 
Specific heat is measured in joules per kilogram per degree Celsius (J/kg°C). 
A large specific heat means you have to put in a lot of energy for each degree 
of increase in temperature. 

Uses for specific
heat

Knowing the specific heat tells you how quickly the temperature of a 
material will change as it gains or loses energy. If the specific heat is low
(like steel), then temperature will change relatively quickly because each 
degree of temperature change takes less energy. If the specific heat is high
(like water), then the temperature will change relatively slowly because each 
degree of temperature change takes more energy. Hot apple pie filling stays 
hot for a long time because it is mostly water, and therefore has a large 
specific heat. Pie crust has a much lower specific heat and cools much more 
rapidly. The table in Figure 11.4 lists the specific heat for some common 
materials.
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Why is specific heat different for different materials?
Why specific heat

varies
In general, materials made up of heavy particles (atoms or molecules) have 
low specific heat compared with materials made up of lighter ones. This is 
because temperature measures the average kinetic energy per particle. Heavy 
particles mean fewer per kilogram. Energy that is divided between fewer 
particles means more energy per particle, and therefore more temperature 
change.

An example: silver
and aluminum

Suppose you add 4,000 joules of energy to a kilogram of silver and 
4,000 joules to a kilogram of aluminum. Silver’s specific heat is 235 J/kg°C 
and 4,000 joules is enough to raise the temperature of the silver by 17°C. 
Aluminum’s specific heat is 900 J/kg°C. 4,000 joules only raises the 
temperature of the aluminum by 4.4°C. The silver has fewer atoms than the 
aluminum because silver atoms are heavier than aluminum atoms. When 
energy is added, each atom of silver gets more energy than each atom of 
aluminum because there are fewer silver atoms in a kilogram. Because the 
energy per atom is greater, the temperature increase in the silver is also 
greater.
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Material
Specific heat

(J/kg°C)

water 4,184
wood 1,800

aluminum 900
concrete 880

glass 800
steel 470
silver 235
gold 129

a. 35,200 J

b. 116.1 J

Calculating energy changes from heat
How could you figure out how much energy it would take to heat a swimming pool or boil a pot of 
water? The heat equation below tells you how much energy (E) it takes to change the temperature 
(T ) of a mass (m) of a substance with a specific heat value (Cp). Figure 11.5 shows the specific 
heat values for some common materials.

Solving Problems: Heat Equation

How much heat is needed to raise the temperature of a 250-liter hot tub from 
20°C to 40°C? (Hint: 1 liter of water has a mass of 1 kilogram.)

1. Looking for: You are looking for the amount of heat energy needed in joules.

2. Given: You are given the volume in liters, temperature change in °C, and specific 
heat of water in J/kg°C. You are also given a conversion factor for volume to 
mass of water.

3. Relationships: E = mCp(T2 – T1)

4. Solution: E = (250L  1kg/L)  4,184 J/kg°C (40°C  20°C) = 20,920,000 J

Your turn...

a. How much heat energy is needed to raise the temperature of 2.0 kg of 
concrete from 10°C to 30°C? 

b. How much heat energy is needed to raise the temperature of 5.0 g of gold 
from 20°C to 200°C?
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Section 11.1 Review

1. When you hold a piece of chocolate in your hand, why does the chocolate 
melt?

2. Which is a larger unit of heat: calorie, kilocalorie, Btu, or joule?
3. Which of the following would require more energy to heat it from 10°C to 

20°C?
a. 200 kg of water
b. 200 kg of aluminum
c. 100 kg of steel 

4. What is the difference between temperature and heat?
5. What conditions are necessary for heat to flow?
6. How much heat energy is required to raise the temperature of 

20 kilograms of water from 0°C to 35°C?
7. The temperature increase of an object depends on:

a. Its mass
b. Its velocity
c. The material from which it is made
d. Answers a and c
e. None of the above

8. On a night at the beach, which would you expect to cool faster: the ocean 
water or the beach sand? Explain your answer.

9. Why is the high specific heat of water important to our planet?
10. Which material would have a higher specific heat:

a. a material made of heavier particles
b. a material made of lighter particles
c. the mass of the particles does not affect specific heat
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heat transfer

heat conduction

thermal equilibrium

11.2 Heat Transfer
Thermal energy flows from higher temperature to lower temperature. This process is called heat
transfer. How is heat transferred from material to material, or from place to place? It turns out 
there are three ways heat flows: heat conduction, convection, and thermal radiation.

Heat conduction
What is conduction? Heat conduction is the transfer of heat by the direct contact of particles of 

matter. If you have ever held a warm mug of hot cocoa, you have 
experienced heat conduction. Heat is transferred from the mug to your hand. 
Heat conduction only occurs between two materials at different temperatures 
and when they are touching each other. In conduction, heat can also be 
transferred through materials. If you stir hot cocoa with a metal spoon, heat 
is transferred from the cocoa, through the spoon, and to your hand.

Heat conduction is the transfer of heat by the direct 
contact of particles of matter.

How does
conduction work?

Imagine placing a cold spoon into a mug of hot cocoa (Figure 11.6). The 
molecules in the cocoa have a higher average kinetic energy than those of the 
spoon. The molecules in the spoon exchange energy with the molecules in 
the cocoa through collisions. The molecules within the spoon itself spread 
the energy up the stem of the spoon through the intermolecular forces 
between them. Heat conduction works both through collisions and also 
through intermolecular forces between molecules.

Thermal equilibrium As collisions continue, the molecules of the hotter material (the cocoa) lose 
energy and the molecules of the cooler material (the spoon) gain energy. The 
kinetic energy of the hotter material is transferred, one collision at a time, to 
the cooler material. Eventually, both materials are at the same temperature. 
When this happens, they are in thermal equilibrium. Thermal equilibrium 
occurs when two objects have the same temperature. No heat flows in 
thermal equilibrium because the temperatures are the same.
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convection

Convection
What is convection? Have you ever watched water boil in a pot? Bubbles form on the bottom and 

rise to the top. Hot water near the bottom of the pan circulates up, forcing 
cooler water near the surface to sink. This circulation carries heat through the 
water (Figure 11.9). This heat transfer process is called convection.
Convection is the transfer of heat through the motion of matter such as air 
and water.

Natural convection Fluids expand when they heat up. Since expansion increases the volume but 
not the mass, a warm fluid has a lower mass-to-volume ratio (called density)
than the surrounding cooler fluid. In a container, warmer fluid floats to the 
top and cooler fluid sinks to the bottom. This is called natural convection.

Forced convection In many houses a boiler heats water and then pumps circulate the water to 
rooms. Since the heat is being carried by a moving fluid, this is another 
example of convection. However, since the fluid is forced to flow by the 
pumps, this is called forced convection. Natural and forced convection often 
occur at the same time. Forced convection transfers heat to a hot radiator. 
The heat from the hot radiator then warms the room air by natural 
convection. Convection is mainly what distributes heat throughout the room.
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Heat transfer, winds, and currents
Thermals are small

convection currents
in the atmosphere

Have you ever seen a hawk soaring above a highway and wondered how it 
could fly upward without flapping its wings? The hawk is riding a thermal—
a convection current in the atmosphere (Figure 11.12). A thermal forms 
when a surface like a blacktop highway absorbs solar radiation and emits 
energy as heat. That heat warms the air near the surface. The warmed air 
molecules gain kinetic energy and spread out. As a result, the heated air near 
the highway becomes less dense than the colder air above it. The heated air 
rises, forcing the colder air to move aside and sink toward the ground. Then 
this colder air is warmed by the heat from the blacktop, and it rises. A 
convection current is created.

Giant convection
currents

There are also giant convection currents in the atmosphere. These form as a 
result of the temperature difference between the equator and the poles. Warm 
air at the equator tends to rise and flows toward the poles. Cooler, denser air 
from the poles sinks and flows back toward the equator. When air flows 
horizontally from an area of high density and pressure into an area of low 
density and pressure, we call the flowing air wind.

Global wind cells While it might seem logical that air would flow in giant circles from the 
equator to the poles and back, the reality is more complicated than that. The 
warm air from the equator doesn’t make it all the way to the poles because of 
Earth’s rotation. In fact, the combination of global convection and Earth’s 
rotation sets up a series of wind patterns called global wind cells in each 
hemisphere (Figure 11.13). These cells play a large role in shaping weather 
patterns on Earth.

Ocean currents The global wind patterns and Earth’s rotation cause surface ocean currents to 
move in large circular patterns. Ocean currents can also occur deep within 
the ocean. These currents move slower than surface currents and are driven 
by temperature and density differences in the ocean. Surface and deep 
currents work together to move huge masses of water around the globe. 
Ocean currents play a big role in heating and cooling some parts of Earth.
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Section 11.2 Review

1. What is thermal equilibrium?
2. Which state of matter—solid, liquid, or gas—is the best at conducting 

heat? Why?
3. Cooking pots are made of metal but often the handle of a cooking pot is 

made of a type of plastic or rubber. Explain why this design makes sense.
4. A down jacket keeps your body warm mostly by reducing which form of 

heat transfer?
a. conduction
b. convection
c. thermal radiation

5. What is the advantage of designing a thermos so that it has a vacuum 
layer surrounding the area where hot liquids are stored?

6. What is the difference between forced and natural convection?
7. Examine the scene below. Explain what types of heat transfer are 

occurring in the scene and where each is occurring:

8. How does heat from the Sun get to Earth?
a. conduction
b. convection
c. thermal radiation

9. Explain the roles of density and temperature in convection.
10. A sailor on a sailboat depends on the process of convection. Explain why 

this is so.

Where Does Solar Radiation Go?

solar radiation
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Chapter 11 Assessment

Vocabulary

Section 11.1

Section 11.2

Concepts
Section 11.1

Section 11.2



Chapter 12.1 Reading and Paragraph 

Directions: Read section 12.1 on the Properties of Solids and write a five sentence paragraph about what 
you learned in the space provided below.  
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physical properties

chemical properties 

12.1 Properties of Solids
All matter is made up of tiny atoms and molecules. In a solid, the atoms or molecules are closely 
packed, and they stay in place. This is why solids hold their shape. In this section, you will learn 
how the properties of solids are a result of the behavior of atoms and molecules.

Matter has physical and chemical properties
Characteristics of

matter
Different kinds of matter have different characteristics. They melt and boil at 
a wide range of temperatures. They might be different colors or have 
different odors. Some can stretch without breaking, while others shatter 
easily. These and other properties help us distinguish one substance from 
another. These properties also help us choose which kind of material to use 
for a specific purpose.

Physical properties Characteristics that can you observe directly are called physical
properties. Physical properties include color, texture, density, brittleness, 
and state (solid, liquid, or gas). Substances can often be identified by their 
physical properties. For example, water is a colorless, odorless substance 
that exists as a liquid at room temperature. Gold is shiny, exists as a solid at 
room temperature, and can be pounded into very thin sheets.

Physical changes A physical change is any change in the size, shape, or phase of matter in 
which the identity of a substance does not change. For example, when water 
is frozen, it changes from a liquid to a solid. This does not change the water 
into a new substance. It is still water, only in solid form which we call ice. 
The change can easily be reversed by melting the solid water. Bending a steel 
bar causes another example of a physical change.

Chemical properties Properties that can only be observed when one substance changes into a 
different substance are called chemical properties. For example, if you 
leave an iron nail outside, it will eventually rust. A chemical property of iron 
is that it reacts with oxygen in the air to form iron oxide (rust). Any change 
that transforms one substance into a different substance is called a chemical
change (Figure 12.1). Chemical changes are not easily reversible. Rusted 
iron will not turn shiny again even if you remove it from oxygen in the air.
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Reviewing density
Reviewing the

definition of density
In Chapter 2, you learned that density is the ratio of mass to volume. 
Physicists and engineers use units of kilograms per cubic meter (m3) for
density. In classroom experiments, it is more convenient to use units of grams 
per cubic centimeter (cm3). Earlier, you measured volume in milliliters (mL). 
One milliliter is exactly equal to one cubic centimeter (1 mL = 1 cm3).

One milliliter (mL) is equal to 
one cubic centimeter (cm3).

Solids have a wide
range of density

Solids have a wide range of densities. One of the densest metals is platinum 
with a density of 21.5 g/cm3. Platinum is twice as dense as lead and almost 
three times as dense as steel. A ring made of platinum has three times as much 
mass as a ring of the exact same size made of steel. Rock has a lower density 
than metals, between 2.2 and 2.7 g/cm3. As you might expect, the density of 
wood is less than rock, ranging from 0.4 to 0.6 g/cm3.

Density of liquids
and gases

The density of water is 1.0 g/cm3 and many common liquids have densities 
between 0.5 and 1.5 g/cm3. The density of air and other gases is much lower. 
The air in your room has a density near 0.0001 g/cm3. Gases have low density 
because the molecules in a gas are far away from each other.

Atoms have different
masses

The density of a solid material depends on two things. One is the individual 
mass of each atom or molecule. The other is how closely the atoms or 
molecules are packed together. Solid lead is a very dense metal compared to 
solid aluminum. One atom of lead has 7.7 times more mass than one atom of 
aluminum. Solid lead is denser than solid aluminum mostly because a single 
lead atom has more mass than a single aluminum atom.

Atoms may be
“packed” loosely or

tightly

Density also depends on how tightly the atoms and molecules are “packed.” 
Diamond is made of carbon atoms and has a density of 3.50 g/cm3. The 
carbon atoms in diamond are relatively closely packed together. Paraffin wax 
is also mostly carbon but the density of paraffin is only 0.87 g/cm3. The 
density of paraffin is low because the carbon atoms are mixed with hydrogen 
atoms in long molecules that take up a lot of space (Figure 12.2).
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crystalline

amorphous

The arrangement of atoms and molecules in solids
Crystalline and

amorphous solids
The atoms or molecules in a solid are arranged in two ways. If the particles 
are arranged in an orderly, repeating pattern, the solid is called crystalline.
Examples of crystalline solids include salts, minerals, and metals. If the 
particles are arranged in a random way, the solid is amorphous. Examples 
of amorphous solids include rubber, wax, and glass.

Crystalline solids Most solids on Earth are crystalline. 
Some materials, like salt, exist as 
single crystals and you can see the 
arrangement of atoms reflected in 
the shape of the crystal. If you look 
at a crystal of table salt under a 
microscope, you’ll see that it’s cubic 
in shape. If you could examine the 
arrangement of atoms, you would 
see that the shape of the crystal 
comes from the cubic arrangement 
of sodium and chlorine atoms. 
Metals are also crystalline. They 
don’t look like “crystals” because 
solid metal is made from very tiny 

crystals fused together in a jumble of different orientations (Figure 12.3).

Amorphous solids The word amorphous comes from the Greek for “without shape.” Unlike 
crystals, amorphous solids do not have a repetitive pattern in the 
arrangement of molecules or atoms. The atoms or molecules are randomly 
arranged. While amorphous solids also hold their shape, they are often softer 
and more elastic than crystalline solids. This is because a molecule in an 
amorphous solid is not tightly connected to as many neighboring molecules 
as it would be in a crystalline solid. Glass is a common amorphous solid. 
Glass is hard and brittle because it is made from molten silica crystals that 
are cooled quickly, before they have time to recrystallize. The rapid cooling 
leaves the silica molecules in a random arrangement. Plastic is another useful 
amorphous solid.
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Mechanical properties of solids
The meaning of

strength
When you apply a force to an object, 
the object may change its size, 
shape, or both. The concept of 
strength describes the ability of a 
solid object to maintain its shape 
even when force is applied. The 
strength of an object can be 
determined based on the answers to 
the two questions in the illustration 
at the left. 

Tensile strength Tensile strength is a measure of how much stress from pulling, or tension, a 
material can withstand before breaking (Figure 12.4). Strong materials like 
steel have high tensile strength. Weak materials like wax and rubber have low 
tensile strength. Brittle materials also have low tensile strength.

Hardness Hardness measures a solid’s resistance to scratching. Diamond is the hardest 
natural substance found on Earth. Geologists sometimes classify rocks based 
on hardness. Given six different kinds of rock, how could you line them up in 
order of increasing hardness?

Elasticity If you pull on a rubber band, its shape changes. If you let it go, the rubber 
band returns to its original shape. Rubber bands can stretch many times their 
original length before breaking, a property called elasticity. Elasticity
describes a solid’s ability to be stretched and then return to its original size. 
This property also gives objects the ability to bounce and to withstand impact 
without breaking.

Brittleness Brittleness is defined as the tendency of a solid to crack or break before 
stretching very much. Glass is a good example of a brittle material. You 
cannot stretch glass even one-tenth of a percent (0.001) before it breaks. To 
stretch or shape glass you need to heat the glass until it is almost melted. 
Heating causes molecules to move faster, temporarily breaking the forces that 
hold them together.

strength

tensile strength

hardness

elasticity

brittleness
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ductility

malleability

thermal expansion

Ductility One of the most useful properties of metals is that they are ductile. A ductile 
material can be bent a relatively large amount without breaking. For 
example, a steel fork can be bent in half and the steel does not break. A 
plastic fork cracks when it is bent only a small amount. Steel’s high ductility
means steel can be formed into useful shapes by pulling, rolling, and 
bending. These processes would destroy a brittle material like glass. The 
ductility of many metals, like copper, allow them to be formed into wire, like 
the copper wire shown below.

What is malleability? Malleability measures a solid’s ability to be pounded into thin sheets. 
Aluminum is a highly malleable metal. Aluminum foil and beverage cans are 
two good examples of how manufacturers take advantage of the malleability 
of aluminum.

Thermal expansion As the temperature increases, the kinetic energy in the vibration of atoms and 
molecules also increases. The increased vibration makes each particle take 
up a little more space, causing thermal expansion. Almost all solid 
materials expand as the temperature increases. Some materials (like plastic) 
expand a great deal. Other materials (like glass) expand only a little. All 
bridges longer than a certain size have special joints that allow the bridge 
surface to expand and contract with changes in temperature (Figure 12.5). 
The bridge surface would crack without these expansion joints.
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Section 12.1 Review

1. Name one example of a physical change and one example of a chemical 
change.

2. Name one example of a material for each set of properties.
a. high elasticity and high tensile strength
b. amorphous and brittle
c. crystalline and brittle
d. amorphous and elastic
e. ductile and crystalline

3. The strength of a material determines
a. how dense the materials is
b. how much force it can withstand before breaking
c. how good a thermal or electrical conductor it is

4. Latex is a soft, stretchy, rubber-like material. Would you expect latex to 
be crystalline or amorphous?

5. Explain, from an atomic-level perspective, why expansion joints are used 
in bridges.

6. Which property of a metal describes why it can be formed into wire?
7. When installing wood floors, it is often recommended that you leave a 

half-inch of space between the flooring and the wall (Figure 12.6). Why 
do you think this space would be recommended?

8. Aluminum can be made into foil because aluminum has high ____.

Physical Property Flashcards

amorphous
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fluid

12.2 Properties of Fluids
A fluid is defined as any matter that flows when force is applied. Liquids like water are one kind of
fluid. Gases, like air, are also fluids. You may notice cool air flowing into a room when a window
is open, or the smell of someone’s perfume drifting your way. These examples provide evidence
that gases flow. What are some other properties of fluids?

Density of fluids
How could you find
the density of liquid

silver?

A piece of pure silver in the shape of a candle holder has the same density as 
a pure silver ring (Figure 12.7). Size and shape do not change a material’s 
density. But what if you heated a silver ring until it completely melted?

Atoms in liquid form
tend to take up more

space

The density of a liquid is the ratio of mass to 
volume, just like the density of a solid. The mass of 
the silver does not change when the ring is melted. 
The volume of the liquid silver, however, is greater 
than the volume of the solid silver. The particles in 
a solid, as you remember, are fixed in position. 
Although the silver atoms in a ring are constantly 
vibrating, they cannot switch places with other 
atoms. They are neatly stacked in a repeating 
pattern. The atoms in the liquid silver are less 
rigidly organized. They can slide over and around 
each other and they take up a little more space.

Temperature and
solid density

The density of solids usually decreases slightly as temperature increases 
because solids expand when heated. As the temperature of the solid silver 
increases, the volume increases slightly, even before the silver melts. This is 
due to the increased vibration of the silver molecules.

Water is less dense
in solid form

Most materials are more dense in their solid phase than in their liquid phase. 
Water is a notable exception. Ice is less dense than liquid water! When water 
molecules freeze into ice crystals, they form a pattern that has an unusually 
large amount of empty space (Figure 12.8). The molecules are more tightly 
packed in water’s liquid form! 
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Pressure
Forces in fluids When you push down on a bowling ball, what happens? Because the bowling 

ball is a solid, the force is transmitted down in the same direction as the 
applied force. Think about what happens when you push down on an inflated 
balloon. The downward force you apply creates forces that act sideways as 
well as down. Because fluids change shape, forces in fluids are more 
complicated than forces in solids.

Pressure A force applied to a fluid creates pressure. Pressure acts in all directions, not 
just the direction of the applied force. When you inflate a car tire, you are 
increasing the pressure in the tire. This force acts up, down, and sideways in 
all directions inside the tire.

Units of pressure The units of pressure are force divided by 
area (Figure 12.9). If your car tires are 
inflated to 35 pounds per square inch 
(35 psi), then a force of 35 pounds acts on 
every square inch of area inside the tire 
(left). The pressure on the bottom of the 
tire is what holds up the car! The metric 
unit of pressure is the pascal (Pa). One 
pascal is one newton of force per square 
meter of area (N/m2).

Balloon

Transmitted force

Solid

Bowling ball Applied force

pressure
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Pressure, energy, and force
The atomic level

explanation
What causes pressure? On the atomic level, pressure comes from collisions 
between atoms and molecules. Look at Figure 12.10. Molecules move 
around and bounce off each other and off the walls of the pitcher. It takes 
force to make a molecule reverse its direction and bounce the other way. The 
bouncing force is applied to the molecule by the inside surface of the pitcher. 
According to Newton’s third law, an equal and opposite reaction force is 
exerted by the molecule on the pitcher. The reaction force is what creates the 
pressure acting on the inside surface of the pitcher. Trillions of molecules per 
second are constantly bouncing against every square millimeter of the inner 
surface of the pitcher. Pressure comes from the collisions of those many, 
many molecules.

Pressure is
potential energy

Differences in pressure create potential energy in fluids just like differences 
in height create potential energy from gravity. A pressure difference of one 
newton per m2 is equivalent to a potential energy of one joule per m3. We get 
useful work when we allow a fluid under pressure to expand. In a car engine, 
high pressure is created by an exploding gasoline-air mixture. This pressure 
pushes the cylinders of the engine down, doing work that moves the car.
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Pascal’s principle

Hydraulics and Pascal’s principle
Hydraulic devices

use pressure to
multiply forces

Hydraulic lifts and other hydraulic devices use pressure to multiply forces 
and do work. The word hydraulic refers to anything that is operated by a 
fluid under pressure. Hydraulic devices operate on the basis of Pascal’s 
principle, named after Blaise Pascal. Pascal’s principle states that the 
pressure applied to an incompressible fluid in a closed container is 
transmitted equally in all parts of the fluid. An incompressible fluid does not 
decrease in volume when pressure is increased.

Input and output
forces

Pressure is force divided by area (Figure 12.13). Suppose you have a small 
and large cylinder connected by a tube. If you apply a small force (the input 
force) to a piston at the small cylinder, you generate a given pressure. 
According to Pascal's principle, the pressure would be the same in the larger 
cylinder. Since the larger cylinder has more area, the output force exerted by 
the piston at the larger cylinder would be greater.

How a hydraulic lift
multiplies force

To show this mathematically, rearrange P = F/A, to solve for force:
F = P  A (Figure 12.14) The pressure stays the same in the larger cylinder, 
but area increased, resulting in a larger output force exerted by the piston. 
The greater the differences in the areas of the cylinders, the greater the 
output force exerted by the piston at the larger cylinder.
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You can’t get
something for

nothing

In a hydraulic lift, a small input force produced a much larger output force. 
Does this mean we get more work for less? Unfortunately, no. Like a lever, 
the hydraulic lift converts work (force  distance) at the smaller piston for the 
same work at the larger one. In the example shown in Figure 12.15, a smaller 
piston in a hydraulic lift moves a distance of 5 m and displaces 500 cm3 of 
fluid. The amount displaced moves the piston in the larger cylinder only 1 m. 
This means a smaller force and larger distance has been exchanged for a large 
force through a smaller distance.

Solving Problems: Pressure and Force

On a hydraulic lift, 5 N of force is applied over an area of 0.125 m2. What is 
the output force if the area of the larger cylinder is 5.0 m2?

1. Looking for: You are looking for output force.

2. Given: You are given the input force, input area, and output area.

3. Relationships: P = Finput A and Foutput = PA

4. Solution: First, calculate the pressure exerted: P = 5N  0.125 m2 = 40 N/m2.

Next, calculate the output force from the pressure: 

Foutput = (40 N/m2)  (5.0 m2) = 200 N

Your turn...

a. 35 N of force is exerted over a cylinder with an area of 5 cm2. What 
pressure, in pascals, will be transmitted in the hydraulic system?

b. 500 N of force is applied to a 5 cm2 cylinder. What output force will be 
produced in the larger cylinder (500 cm2)?

a. 70,000 Pa

b. 50,000 N
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viscosity

Viscosity
What is viscosity? Viscosity is the measure of a fluid’s resistance to flow. High-viscosity fluids 

take longer to pour from their containers than low-viscosity fluids. Ketchup, 
for example, has a high viscosity and water has a low viscosity.

Viscosity and motor
oils

Viscosity is an important property of motor oils. If an oil is too thick, it may 
not flow quickly enough to parts of an engine. However, if an oil is too thin, 
it may not provide enough “cushion” to protect the engine from the effects of 
friction. A motor oil must function properly when the engine is started on a 
bitterly cold day, and when the engine is operating at high temperatures (see 
Science Fact on the next page).

Viscosity and
particles

Viscosity is determined in large part by the shape and size of the particles in 
a liquid. If the particles are large and have bumpy surfaces, a great deal of 
friction will be created as they slide past each other. For instance, corn oil is 
made of large, chain-like molecules. Water is made of much smaller 
molecules. As a result, corn oil has greater viscosity than water.

As a liquid gets
warmer, its viscosity

decreases

As the temperature of a liquid is raised, the viscosity of the liquid decreases. 
In other words, warm liquids have less viscosity than cold liquids. Fudge 
topping, for example, is much easier to pour when it’s warm than when it’s 
chilled. Why is this? When temperature rises, the vibration of molecules 
increases. This allows molecules to slide past each other with greater ease. 
As a result, the viscosity decreases (Figure 12.16).
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Section 12.2 Review

1. Explain why liquid silver is less dense than solid silver.
2. The pressure at the bottom of Earth’s atmosphere is about 100,000 N/m2.

This means there is a force of 100,000 N acting on every square meter of 
area! Your body has about 1.5 square meters of surface. Why aren’t you 
crushed by the atmosphere?

3. The pressure at the bottom of the ocean is great enough to crush 
submarines with steel walls that are ten centimeters thick. Suppose a 
submarine is at a depth of 1,000 meters. The weight of water above each 
square meter of the submarine is 9,800,000 newtons.

a. What is the pressure?
b. How does this pressure compare with the air pressure we experience 

every day on Earth’s surface (100,000 N/m2)?
4. What does pressure have to do with how a car engine works?
5. Bernoulli’s principle relates the speed, height, and pressure in a fluid. 

Suppose speed goes up and height stays the same. What happens to the 
pressure?

6. At the atomic level, what causes fudge topping to pour faster when it is 
heated?

Motor Oil Numbers
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buoyancy

12.3 Buoyancy
If you drop a steel marble into a glass of water, it will sink to the bottom. The steel does not float 
because it has a greater density than the water. And yet many ships are made of steel. How does a 
steel ship float when a steel marble sinks? The answer has to do with gravity and weight. 

Weight and buoyancy
Weight and mass are

not the same
We all tend to use the terms weight and mass interchangeably. In science 
however, weight and mass are not the same thing. Mass is a fundamental 
property of matter. Weight is a force caused by gravity. It is easy to confuse 
mass and weight because often heavy objects (more weight) have lots of 
mass and light objects (less weight) have little mass.

Buoyancy is a force It is much easier to lift yourself in a swimming pool than to lift yourself on 
land. This is because the water in the pool exerts an upward force on you that 
acts in a direction opposite to your weight (Figure 12.17). We call this force 
buoyancy. Buoyancy is a measure of the upward force that a fluid exerts on 
an object that is submerged. 

Pushing a ball
underwater

The strength of 
the buoyant force 
on an object in 
water depends on 
the volume of the 
object that is 
underwater. 
Suppose you have 
a large beach ball 
that you want to 

submerge in a pool. As you keep pushing downward on the ball, you notice 
the buoyant force getting stronger and stronger. The greater the part of the 
ball you manage to push underwater, the stronger the force trying to push it 
back up. The strength of the buoyant force is proportional to the volume of 
the part of the ball that is submerged. 
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Archimedes’ principle 
What is Archimedes’

principle?
In the third century BCE, a Greek mathematician named Archimedes realized 
that buoyant force is equal to the weight of the fluid displaced by an object. 
We call this relationship Archimedes’ principle. For example, suppose a 
rock with a volume of 1,000 cubic centimeters is dropped into water 
(Figure 12.18). The rock displaces 1,000 cm3 of water, which has a mass of  
1 kilogram. The buoyant force on the rock is the weight of 1 kilogram of 
water or 9.8 newtons. 

A simple buoyancy
experiment

Look at the illustration above. A simple experiment can be done to measure 
the buoyant force on a rock (or any object) using a spring scale. Suppose you 
have a rock with a volume of 1,000 cubic centimeters and a mass of 
3 kilograms. In air, the scale shows the rock’s weight as 29.4 newtons. The 
rock is then gradually immersed in a container of water, but not allowed to 
touch the bottom or sides of the container. As the rock enters the water, the 
reading on the scale decreases. When the rock is completely submerged, the 
scale reads 19.6 newtons.

Calculating the
buoyant force

Subtracting the two scale readings, 29.4 newtons and 19.6 newtons, results in 
a difference of 9.8 newtons. This is the buoyant force exerted on the rock, and 
it is the same as the weight of the 1,000 cubic centimeters of water the rock 
displaced.
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Archimedes’ principle
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Sinking and floating
Comparing buoyant

force and weight
Buoyancy explains why some objects sink and others float. A submerged 
object floats to the surface if the buoyant force is greater than the object’s 
weight (Figure 12.19). If the buoyant force is less than its weight, then the 
object sinks.

Equilibrium Suppose you place a block of foam in a tub of water. The block sinks 
partially below the surface. Then it floats without sinking any farther. The 
upward buoyant force perfectly balances the downward force of gravity (the 
block’s weight). But how does the buoyant force “know” how strong it needs 
to be to balance the weight? 

Denser objects float
lower in the water

You can find the answer to this question in the illustration above. If a foam 
block and a wood block of the same size are both floating, the wood block 
sinks farther into the water. Wood has a greater density, so the wood block 
weighs more. A greater buoyant force is needed to balance the wood block’s 
weight, so the wood block displaces more water. The foam block has to sink 
only slightly to displace water with a weight equal to the block’s weight. A 
floating object displaces just enough water to make the buoyant force equal 
to the object’s weight. 
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Density and buoyancy 
Comparing densities If you know an object’s density, you can immediately predict whether it will 

sink or float—without measuring its weight. An object sinks if its density is 
greater than that of the liquid it is submerged into. It floats if its density is less 
than that of the liquid.

Two balls with the
same volume but

different densities

To see why, picture dropping two balls into a pool of water. The balls have the 
same size and volume but have different densities. The steel ball has a density 
of 7.80 g/cm3 which is greater than the density of water (1.0 g/cm3). The 
wood ball has a density of 0.75 g/cm3, which is less than the density of water.

Why one sinks and
the other floats

When they are completely underwater, both balls have the same buoyant force 
because they displace the same volume of water. However, the steel ball has 
more weight since it has a higher density. The steel ball sinks because steel’s 
higher density makes the ball heavier than the same volume of water. The 
wood ball floats because wood’s lower density makes the wood ball lighter 
than the same volume of displaced water.

Buoyancy and Submarines

Alvin

Alvin
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An object with an average 
density GREATER than 
the density of water will 

sink.

An object with an average 
density LESS than the 

density of water will float.

Boats and average density
How do steel boats

float?
If you place a solid chunk of steel in water, it immediately sinks because the 
density of steel (7.8 g/cm3) is much greater than the density of water 
(1.0 g/cm3). So how is it that thousands of huge ships made of steel are 
floating around the world? The answer is that average density determines 
whether an object sinks or floats (Figure 12.20).

Solid steel sinks
because it is denser

than water

To make steel float, you have to reduce the average density somehow. 
Making the steel hollow does exactly that. Making a boat hollow expands its 
volume a tremendous amount without changing its mass. Steel is so strong 
that it is quite easy to reduce the average density of a boat to 10 percent of 
the density of water by making the shell of the boat relatively thin. 

Increasing volume
decreases density

Ah, you say, but that’s an empty ship. True, so the 
density of a new ship must be designed to be under 1.0 
g/cm3 to allow for cargo. When objects are placed in a 
boat, the boat’s average density increases. The boat 
must sink deeper to displace more water and increase 
the buoyant force. If you have seen a loaded cargo 
ship, you might have noticed that it sat lower in the 
water than an unloaded ship nearby. In fact, the limit to 
how much a ship can carry is set by how low in the 
water the ship can get before rough seas cause waves to 
break over the sides of the ship.
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Section 12.3 Review

1. The buoyant force on an object depends on the _______ of the object that 
is underwater. 

2. What happens to the buoyant force on an object as it is lowered into 
water? Why?

3. The buoyant force on an object is equal to the weight of the water it 
________________.

4. When the buoyant force on an object is greater than its weight, the object 
___________.

5. A rectangular object is 10 centimeters long, 5 centimeters high, and 
20 centimeters wide. Its mass is 800 grams.
a. Calculate the object’s volume in cubic centimeters.
b. Calculate the object’s density in g/cm3.
c. Will the object float or sink in water? Explain.

6. Solid iron has a density of 7.9 g/cm3. Liquid mercury has a density of 
13.5 g/cm3. Will iron float or sink in mercury? Explain.

7. Why is it incorrect to say that heavy objects sink in water? 
8. Steel is denser than water, yet steel ships float. Explain.
9. A rock sinks in water, but suppose a rock was placed in a pool of mercury. 

Mercury is a liquid metal with a density of 13.5 g/cm3. The density of 
rock is 2.6 g/cm3. Will the rock sink or not? Explain how you got your 
answer.
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Chapter 12 Assessment
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Section 12.1

Section 12.2

Section 12.3

Concepts
Section 12.1
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Section 12.2

Section 12.3

Applying Your Knowledge
Section 12.1

Section 12.2

Section 12.3



Chapter 12.2 Reading and Paragraph 

Directions: Read section 12.2 on the Properties of Fluids and write a five sentence paragraph about what 
you learned in the space provided below.  

 
 


