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Momentum and
Collisions

PHYSICS IN ACTION

Soccer players must consider an enormous
amount of information every time they set
the ball—or themselves—into motion.
Once a player knows where the ball should
go, the player has to decide how to get it
there. The player also has to consider the
ball’s speed and direction in order to stop
it or change its direction. The player in the
photograph must determine how much
force to exert on the ball and how much
follow-through is needed. To do this, he
must understand his own motion as well as
the motion of the ball.

« International regulations specify the mass of
official soccer balls. How does the mass of a
ball affect the way it behaves when kicked?

s How does the velocity of the player’s foot
affect the final velocity of the ball?

CONCEPY REVIEW

Newton's Inws of motion
(Sactions 4-2 and 4-3)

Kinetic energy (Section 5-2)

Conservation of enorgy
(Section 3-3)
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Compare the momentum of
differant moving objects.

Compare the momentum of
the sama object moving with
differant velocities.

Identify examples of changs
in the momentum of an

object.

Describe changes in
momentum in tarms of force
and time.

momentum

a vector quantity defined as the
product of en object’'s mass and
velocity

208

Figure 8-

When the bowhing ball
strikes the pin, the accel-
eraton of the pin depends
on the bafls momentum,
which Is the product of is

Chapter 6

mass and its velocky.

6-1
Momentum and impulse

LINEAR MOMENTUM

When a soccer player heads & moving ball during a game, the ball’s velocity
changes rapidly. The speed of the ball and the direction of the ball's motion change
once it is struck so that the ball moves across the soccer field with a different speed
than it had and in 2 different direction than it was travcling before the collision.

The quantities and kinematic equations from Chapter 2 can be used to
describe the motion of the ball before and after the ball is struck. The concept
of force and Newton’s laws from Chapter 4 can be used to explain why the
motion of the ball changes when il is struck. In this chapler, we will examine
how the force and the duration of the collision between the ball and the soccer
player affect the motion of the ball.

Momentum describes an object’s motion

To address such questions, we need a new concept, momentum, Momenitum
is a word we use every day in a variety of situations. In physics, of course, this
word has a specific meaning. The linear momentum of an object of mass m
moving with a velocity v is defined as the product of the mass and the velocity.
Momentum is represented by the symbol p.

MOMENTUM
=mv

momentum = mass X velocity

As its definition shows, momentum is a vector quantity, with its direction
matching that of the velocity. Momentum has dimensions mass X length/time,
and its S1 units are kilogram-meters per second (kg+m/s).

If you think about some examplcs of the way the word momentiom
is used in everyday speech, you will see that the physics definition

conveys a similar meaning. Imagine coasting down a hill of uni-

form slope on your bike without pedaling or using the brakes.

Because of the force of gravity, you will accelerate at a constant rate

so that your velocity will increase with time. This is often expressed
by saying that you are “picking up speed” or “gathering momen-
tum.” The faster you move, the mere momentum you have and the
more difficult it is to come to a stop.
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Imagine rolfing a bowling ball down one lane at a bowling alley and rolling
a playground ball down another lane at the same speed. The more-massive
bowling ball, shown in Figure 6-1, will cxcrt more force on the pins because
the bowling ball has more momentum than the playground ball. When we
think of a massive object moving at a high velocity, we often say that the
object has a large momentum. A less massive object with the same velocity has
a smaller momentum.

On the other hand, a small object moving with a very high velocity has a
large momentum. One example of this is hailstones falling from very high
clouds. By the time they reach Earth, they can have enough momentum to
hurt you or cause serious damage to cars and buildings.

Did you know?

Momentum is so fundamenial In

Newton's mechanics that Newton
called it simply “quantity of motion.”

The symbol for momentum, p,

comaes from Leibalzs use of the term

progress, defined as “the quantity of
modion with which a body proceeds

in a certain direcdon”

SAMPLE PROBLEM &6A

Momentum
PROBLEM
A 2250 kg pickup truck has a velocity of 25 m/s to the east. What is the
momentum of the truck?
SOLUTION
Given: m=2250kg  v=25m/so the cast
Unknowm:  p=? CALCULATOR SOLUTION
Use the momentum cquation from page 208. Your calculator will give you the
p = mv = (2250 kg)(25 mfs) answer 56250 for the momentum.

Tha value for the velocity has only two

" slgnificant figures, so the answer
P =5.6 X 10" kgsm/s to the east must be reported as 5.6 x 10%.

PRACTICE 64

Momentum

1. An ostrich with a mass of 146 kg is running to the right with a velocity of

17 m/s. Find the momentum of the ostrich.

2. A21kgchild is riding a 5.9 kg bike with a velocity of 4.5 m/s to the northwest.
a. What is the total momentum of the child and the bike together?

b. What is the momentum of the child?
¢. What is the momentum of the bike?

3. What velocity must a car with a mass of 1210 kg have in order to have
the same momentum as the pickup truck in Sample Problem 6A?

Copyright € by Holl, Rinshail and Winston. A Kgiss rexeived,
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Figure 8-2

Whan the ball is moving very fasc,
the player must axert a large force
over a short time to change the
ball's momaentum and quicldy bring

tha bail to a stop.

ntornel connect Vs

SC[!NKS_
I
TOPIC: Momentum

60 TO: www.aclinks.org
sILINKS CODE: HF2051

impulse

for a constant external force, the
product of the force and the time
over which } acts on an object

210 Chapter 6

A change in momentum takes force and time

Figure 6-2 shows a player stopping a moving soccer ball. In a given time inter-
val, he must cxert rore force to stop a fast ball than to stop a ball that is mov-
ing more slowly. Now imagine a toy truck and a real dump truck starting from
rest and rolling down the same hill at the same time. They would accelerate at
the same rate, so their velocity at any instant would be the same, but it would
take much more force to stop the massive dump truck than to stop the toy
truck in the same time interval. You have probably also noticed that a ball
moving very fast stings your hands when you catch it, while a slow-moving
ball causes no discomfort when you catch it.

From cxamples like these, we sec that momentum is closely related to force.
In fact, when Newton first expressed his second law mathematically, he wrote
it not as F = /nm, but in the following form.

F= A_p
At
change in momenium
force=

time interval

We can rearrange this equation 1o find the change in momentum in terms
of the net external force and the time interval required to make this change.

IMPULSE-MOMENTUM THEGREM

FAt=Ap or  FAt=Ap=mvi— mv;

force x time interval = change in momentum

This cquation states that a net external force, B, applied to an object for a
certain time interval, At, will cause a change in the object’s momentum equal
to the product of the force and the time interval. In simple terms, a small force
acting for a long time can produce the same change in momentum as a large
force acting for a short time. In this book, all forces exerted on an object are
assumed to be constant unless otherwisc stated.

The expression FAt = Ap is called the impulse-momentum theerem. The
term on the left side of the equation, FA!, is called the impulse of the force P
for the time interval At.

‘The equation FAt = Ap explains why follow-through is important in so
many sports, from karate and billiards to softball and croguet. For example,
when a batter hits a ball, the ball will experience a greater change in momen-
tum if the batter follows through and keeps the bat in contact with the ball for
a longer time. Follow through is also important in many cveryday activitics,
such as pushing a shopping cart or moving furniture. Extending the time
interval over which a constant force is applied allows a smaller force to causea
greater change in momentum than would result if the force were applied for 2
very short time.
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' : SAMPLE PROBLEM GB

Force and impulse

PROBLEM
A 1400 kg car moving westward with a velocity of 15 m/s collides with a
utility pole and is brought to rest in 0.30 5. Find the magnitude of the force
exerted on the car during the collision.

SOLUTION
Given: m= 1400 kg vi= 15 m/s to the west =15 m/s
At=0,30s ve=0m/s

Unknown: F=1?
Use the impulse-momentum theorem.
FAt= Ap = mvg— mvy
_ mve=mv;
T At
(1400 kg)(0 m/s) ~ (1400 kg)(~15m/s) _ 21 000 kgem/s
- 0.30s T 0.30s

F

F

F=7.0% 10" N to the east

PRACTICE 6B

Force and momentum

1. A0.50 kg football is thrown with a velocity of 15 m/s to the right. A sta-
tionary receiver catches the ball and brings it to rest in 0.020 s. What is
the force exerted on the receiver?

2. An 82 kg man drops from rest on a diving board 3.0 m above the surface
of the water and comes to rest 0.55 s after reaching the water, What force
does the water exert on him?

3. A 0.40 kg soccer ball approaches a player horizontally with a velocity of
18 mv/s to the north. The player strikes the ball and causes it to move in
the opposite direction with a velocity of 22 m/s. What impulse was deliv-
ered to the ball by the player?

4. A0.50 kg object is at rest. A 3.00 N force to the right acts on the object
during a time interval of 1.50s,
a. What is the velocity of the object at the end of this interval?
b. At the end of this interval, a constant force of 4.00 N to the left is
applied for 3.00 s. What is the velocity at the end of the 3.00 s?

. Momentum and Collisions 211
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Stopping distences

]

AR R N

48 km/h (30 mi/h)

Figure 6.3

Tha loaded ouck must undergo a
greatar change in mamentum in
order to stop than tha truck with-
out a load.

SAMPLE PROBLEM &C :

Stopping times and distances depend on the
impulse-momentum theorem

Highway safecty engincers use the impulsc-momentum theorem to deter-
mine stopping distances and safe following distances for cars and trucks.
For cxample, the truck hauling a foad of bricks in Figure 6-3 has twice the
mass of the other truck, which has no load. Therefore, if both are traveling
at 48 km/h, the loaded truck has twicc as much momenium as the
unloaded truck. If we assume that the brakes on cach truck exert about the
same force, we find that the stopping time is two times longer for the
loaded truck than for the unloaded truck, and the stopping distance for the
loaded truck is two times greater than the stopping distance for the truck

without a lead.

Stopping distance

PROBLEM

A 2250 kg car traveling to the west slows down uniformly from 20.0 m/s to
5.00 m/s. How long does it take the car te decelerate if the force on the car
is 8450 N to the east? How far does the car travel during the deceleration?

SOLUTION
Given:

Unknown:

m=2250 kg v; = 20.0 m/s to the west ==20.0 m/s

ve= 5.00 m/s to the west = =5.00 m/s
P = 8450 N to the east =+8450 N

Ar=? Ax=1?
Use the impulse-momentum theorem from page 210.

FAt=Ap

1Hvg—

|
A= (2250 kg){—5.00 m/s) — (2250 kg)(—-20.0 m/s)
8450 kg-mzis2

Ar=4.00s
Ax = (v + V)AL

212 Chapter 6

Ax =2(~20.0 m/s = 5.00 m/s}(4.00 5)

Ax = —50,0 m=50.0 m to the west

Copyright © by Holt, Flinetuest and Winsion, ANl rights rescrved,



PRACTICE 6C

Stopping distance

1.

2.

How long would it take the car in Sample Problem 6C to come to a stop
from 20.0 m/s to the west? How far would the car move before stopping?
Assumc a constant acceleration.

A 2500 kg car traveling to the north is slowed down uniformly from an
initial velocity of 20.0 m/s by a 6250 N braking force acting opposite the
car's motion. Use the impulse-momentum thcorem to answer the fol-
lowing questions:

a. What is the car’s velocity after 2.50 s?

b. How far does the car move during 2.50 s?

¢. How long does it 1ake the car to come to a complete stop?

Assume that the car in Sample Problem 6C has a mass of 3250 kg.

a. How much force would be required to cause the same acceleration as
in item 1? Use the impulse-momentum theorem.

b. How far would the car move before stopping?

A change in momentum over a longer time
requires less force

The impulse-momentum theorem is used to design safety
cquipment that reduces the force exerted on the human body
during collisions. Examples of this are the nets and giant air
mattresscs fircfighters use to catch people who must jump out
of tall burning buildings. The relationship is also used to
design sports equipment and games.

Figare 6-4 shows an Inupiat family playing a traditional
game. Common scnse tells us that it is much beller for the
girl to fall onto the outstretched blanket than onto the hard
ground. In both cases, however, the change in momentum of

Figure 8-4
In this gams, the girl is protected from injury because the

the falling giri is cxactly the same. The difference is that the  blankec reduces the force of the coliision by allowlng k o
blanket “gives way” and extends the time of collision so that ke place ovar a longer tima interval.

the change in the girl's momentum occurs over a longer time
interval. A longer time interval requires a smaller force to
achieve the same change in the girl’s momentum. Therefore,
the force exerted on the girl when she lands on the out-
stretched blanket is less than the force would be if she were to
land on the ground.

Copyrighi @ by Holt. Rinehart and Winston. Al rights roscrved.,
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Now consider a falling egg. When the egg
hits a hard surface, like the plate in Figure
6-5(a), the cggg comces to rest in a very short
time interval. The force the hard plate exerts
on the egg duc to the collision is large. When
the egg hits a floor covered with a pillow, as in
Figure 6-5(b), the cgg undergocs the same
change in momentum, but over a much
longer time interval. In this case, the force
required to accelerate the egg to rest is much
smaller, By applying a small force to the egg
over a longer time interval, the pillow causcs
the same change in the egg's momentum as
the hard plate, which applies a large force over
a short time interval. Because the force in the
second situation is smaller, the egg can with-
stand it without breaking.

Figure 6-3
A large force exerted over a short time (a) causes the same
change in the egg’s momantum as a small force exerted over a

longer time (b}).

Section Review

1. The speed of a particle is doubled.

8. By what factor is its momentum changed?
b. What happens (o its kinetic energy?

2. A pitcher claims he can throw a 0.145 kg bascball with as much momen-
tum as a speeding bullet. Assume that a 3.00 g bullet moves at a speed of
1.50 % 10° m/s.

s. What must the baseball’s speed be if the pitcher’s claim is valid?
b. Which has greater kinetic encrgy, the ball or the bullet?

3. When alorce is exerted on an object, does a large force always produce a
larger change in the object’s momentum than a smaller force does? Explain.

4, What is the relationship between impulse and momentum?

5. Physics in Action A 0.42 kg soccer ball is moving downfield with
a velocity of 12 m/s. A player kicks the ball so that it has a final velocity of
18 m/s downfield.
a. What is the change in the ball’'s momentum?
b. Find the constant force exerted by the player’s foot on the ball if the
two are in contact for 0.020 5.

214 Chapter6
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6-2
Conservation of momentum

MOMENTUM IS CONSERVED 8-2 SECTION OBJECTIVES
So far in this chapter, we have considered the momentum of only one abject at * Describe the interaction

a time. Now we will consider the momentum of two or more objects interact- m&x c':‘bll:;: ‘:‘"

ing with each other, Figure 6-6 shows a stationary soccer ball set into motion momentum of each object.

by a collision with a moving soccer ball. Assume that both balls arc on a ¢ Compare the total moman-

smooth gym floor and that neither ball rotates before or after the collision. tum of two objects before
and after they intaract.

Before the collision, the momentum of ball B is equal to zero because the ball
is stationary. During the collision, ball B gains momentum while ball A loses ~ * State the law of conservation

of momentum,
momentum. As it lurns out, the momentum that ball A loses is exactly equal the final of
. a m Mﬂ
to the momentum that ball B gains. objocts aftar collisions, given
tha inkial velociting,

-

~j~

A B A B
Figure 8-8
Table 8-1 shows the velocity and momentum of each soccer ball both  (a) Before the Cm :3“ ha? has
before and after the collision. The momentum of each ball changes due to the mm_%) After the connn;n.
collision, but the total momentum of the two balls together remains constant. balt B gains momenwm pg.

Table 6-1 Momentum in a collisisn

BallA Ball B

Mass Velocity Momentum Mass Velocity Momentum
belore 047 ig 0.84 m/s 0.40 kgem/s 0.47 kg 0 mis 0 kgom/s
z‘;:’m on 0.47 kg 0.04 s 0.02 kgomis 0.47 kg 0.80 m/s 0.38 kgems

Momentum and Collisions 2153
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Conceptual

$ challenge

1. Ice skating

W a reckless ice skatar col-
lides with another skater
who is sanding on the ice, is
it possible for bath skaters to
be at rest after the collision?

1. Space travel

A spacecraft undergoes a
changas of velocity when its
rockats are fired. How
does the spacecralt
change velocity in empty
space, where there s
nothing for the gases
emiued by the rockets
to push against?

In other words, the momentum of ball A plus the momentum of ball B before
the collision is equal to the momentum of ball A plus the momentum of ball B
after the collision.

PA1+ PRI = PASTPBS
This relationship is true for all interactions between isolated objects and is
known as the law of conserration of momentun:.

CONSERVATION OF MOMENTUM
vy g+ MoV = vy i+ 1V ¢

total initial momentum = total final momentum

In its most general form, the law of conservation of momentum can be
stated as follows:

The total monentum of all objects interacting with one another remains constant
regurdless of the nature of the forces between the objects,

Momentum is conserved in collisions

In the soccer-bail example, we found that the momentum of ball A does not
remain constant and the momentum of ball B does not remain constant, but
the total momentum of ball A and ball B docs remain constant. In general, the
total momentum remains constant for a system of objects that interact with
onc another. In this case, in which the floor is assumed to be frictionless, the
soccer balls are the only two objects interacting. If a third object exerted a
force on either ball A or ball B during the collision, the total momentum of
ball A, ball B, and the third object would remain constant.

In this book, most conservation-of-momentum problems deal with only
two isolated objccts. However, when you use conservation of momentum to
solve a problem or investigate a situation, it is important to include all objects
that are involved in the interaction, Frictional forces—such as the frictional
force between the soccer balls and the floor—will be disregarded in most
conservation-o[-momentum problems in this book.

Momentum is conserved for objects pushing away from each other

Another example of conservation of momentum is when two or more inter-
acting objects that initially have no momentum begin moving away from each
other. Imagine that you initially stand at rest and then jump up, leaving the
ground with a velocity v. Obviously, your momenturn is not conserved; before
the jump, it was zcro, and it became iy as you began to risc. However, the
total momentum remains constant if you include Earth in your analysis. The
total momentum for you and Earth remains constant.

If your momentum after you jump is 60 kg=m/s upward, then Earth rmust
have a corresponding momentum of 60 kgem/s downward, because total

Gopyright © by Holt, Rinshart and Winsion. AN rights ressived.



momentum is conserved. However,
because Earth has an enormous mass
6 x 108 kg), that momentum corre-
sponds to a tiny velocity (1 x 1072* mis).

Imagine two skaters pushing away
from each other, as shown in Figure 6-7.
The skaters arc both initially at rest with
a momentum of py;= pa; = 0. When
they push away from cach other, they

Consumer

move in opposite dircctions with equal
but opposite momentum so that the Figure 8-7
total final momentum is also zeso (py g+ () When the skaters sand facing (b) When the skatars push away from
_ each other, both skaters have zero each other, their momantum is equal
P2,£=0). momantum, 30 the toml mamentum but epposite, so the total momentum
of both skaters is zero, is stil zero.

/"“-
A

BOCUS Surviving a Collision

\

Pucksmdcamonmdchphyﬂcshbsaﬂdmtﬁm forces will break your hold on the baby. Because of

with Hude damage. But when cars colfide on a free-
way, the resulting rapid change In speed can cause
injury or death to tha drivers and any passengars.

Many types of collislons are dangerous, but head-on
coflisions involva the greatast accelerations and thus
the greatest forces. VWhen two cars going 100 km/h
{62 mi/h) collide head-on, each car dissipates the
sama amount of kinedc enargy that it would dissi-
pate # it hit the ground after being dropped from the
roof of a 1 2-story bullding.

The kay to many automobile-safety features is the
concept of impulse. One way today's cars make use
of the concept of impulse is by crumpling during
impact, Pliable sheet metal and frame structures
absorb energy until the force reachas the passenger
compartment, which is built of rigid mewl for protec-
tlon. Because the crumphing slows tha car gradually, it
is an important factor in keeping tha driver alive.

Evan taking imto account this bulltdn safery feature,
the National Safety Council estimates that high-speed
collisions involve accelerations of 20 times the free-
fall acceleraton. In other words, an 89 N (20 Ib)
infant could experience a force of 1780 N
(400 Ib) in 2 collision. If you are holding a baby in your
lap during a collision, it is very Blely that these largs

inertia, the baby will continue at the car’s original
vefocity and collide with the front windshield.

Seat beks are necessary to protect a body from
forcas of such large magnitudes. They stretch and
extand the time it takes g passenger’s body to stop.
theraby reducing the force on the parson. Seat belts
also prevent passengers from hitng the inside
frame of the car. During a collision, a person not
wearing a seat belt is likely to hit the windshield, the
steering wheel, or the dashboard—often with trau-
matic resules.

Copyrighi £ by Hotl, Ringhart and Winsion, Al riphts reserved.
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SAMPLE PROBLEW 6D

PROBLEM

SOLUTION
7. DEFINE

3. CALCULATE

4. EVALUATE

218 Chapter 6

Conservation of momentum

A 76 kg boater, initially at rest in a statiomary 45 kg boat, steps out of the
beat and onto the dock. If the boater maves out of the boat with a velocity
of 2.5 m/s to the right, what is the final velocity of the boat?

Given: my =76 kg mz=45kg v =0
v =0 vy §= 2.5 m/s to the right

Unknown: v 5=
Diagram: my=T76 kg vif= 2.5 mis
e i—————e

mp=45kg

Choose an equation or situation: Because the total momentum of an iso-
lated system remains constant, the total initial momentum of the boater and
the boat will be equal to the tota! final momentum of the boater and the boat.

T

Nyt MpV = Yyt MY g
Because the boater and the boat are initially at rest, the total initial momen-
tum of the system is equal to zero.
nyv g+ vy =0
Therefore, the final momentum of the system must also be equal to zero.
vy g+ MMV =0
Substitute the values into the equation(s) and solve:
vy g+ mava = (76 kg x 2.5 m/s) + (45 kg X va,0)
190 kgem/s -+ 45 kg(vy ) = 0
45 kg(vy ) =~190 kgem/s
- ~190 kgem/s

Y
BT 45 kg

vy ¢=—4.2m/s

The negative sign for vo ¢ indicates that the boat is moving to the left, in the
direction opposite the motion of the boater.

vz 1= 4.2 m/fs to the left

Copyright € by Holt. Rinwhart and Winston. Afl ights reserved.



- PRACTICE 6D

Conservation of momentum

1. A 63.0 kg astronaut is on a spacewalk when the tether line to the shuttle
breaks. The astronaut is able to throw a 10.0 kg oxygen tank in a direction
away from the shuttle with a speed of 12.0 m/s, propelling the astronaut
back to the shuttle. Assuming that the astronaut starts from rest, find the
final speed of the astronaut after throwing the tank.

2. An 85.0 kg fisherman jumps from a dock into a 135.0 kg rowboat at rest
on the west side of the dock. If the velocity of the fisherman is 4.30 m/s
to the west as he leaves the dock, what is the final velocity of the fisher-
man and the boat?

3. Each croquet ball in a set has a mass of 0.50 kg. The green ball, traveling
at 12.0 m/s, strikes the bluc ball, which is at rest. Assuming that the balls
slide on a frictionless surface and all collisions are head-on, find the final
speed of the blue ball in cach of the following situations:

a. The green ball stops moving after it strikes the blue ball.

b. The green ball continues moving after the collision at 2.4 m/s in the
same direction.

¢ The green ball continues moving after the collision at 0.3 m/s in the
same direction.

4, Aboyon a 2.0 kg skateboard initially at rest tosses an 8.0 kg jug of water
in the forward divection. If the jug has a speed of 3.0 m/s relative to the
ground and the boy and skateboard movce in the opposite direction at

0.60 m/s, find the boy's mass.
Newton’s third law leads to conservation of momentum S,
Consider two isolated bumper cars, n7; and m1,, before and after they collide. W _'f' o
Before the collision, the velocitics of the two bumper cars are vy and vy, Module 7 uro¥
respectively. After the collision, their velocities are vy ¢ and v, ¢, respectively. The “Conservation of Momen-
impulsc-momentum theorem, FAr= Ap, describes the change in momentum of z;:: “I:d"':""*‘:‘t"’h RUHI: W"ﬂb! tive

. . . ad problem-

one of the.bumper cars. Applied to m,, the impulse-momentum theorem gives salving practice to teach you
the following: about momentum and momaen-

twm conservadon.
FlAf= mpvgg— tﬂ}\".i -

Likewise, for nr, it gives the following:
FpAt=myvyq — nizvyy

Momentum and Collisions 219
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Figure 6.8

Because of the collision, the force
exerted on ezch bumper car causes
a change in momentum for each car.
The total momentum is the same
before and after the collision.

Figure 6-9

This graph shows the force on each
bumper car during the collision.
Although both forces vary with
time, Fy and Fy are always equal in
magnitude and opposite in direction,

220 Chapter8

F, is the force that m1, exerts on m1; during the coilision, and F, is the force
that m) exerts on m, during the collision, as shown in Pigure 6-8. Because the
only forces acting in the collision are the forces the two bumper cars exert on
cach other, Newton's third law tells us that the force on iy is equal to and
opposite the force on ny (Fy = —F,). Additionally, the two forces act over the
same time interval, At. Therefore, the force n1; exerts on mj; multiplied by the
time interval is equal to the force my exerts on m; multiplied by the time
interval, or F;At= —F,At. That is, the impulse on m, is equal to and opposite
the impulse on m;. This relationship is true in every collision or inleraction
between two isolated objects.

Aftar colligion

Belore coliision

Yl

Because impulse is equal to the change in momentum, and the impuise on
m; is cqual to and oppositc the impulse on mi, the change in momentum of
m; is equal to and opposite the change in momentum of m;. This means that
in every interaction between two isolated objects, the change in momentum
of the first object is equal to and opposite the change in momentum of the
second object, In equation form, this is expressed by the following equation.

nyvyg— myvy g =(myvy g — vy )

This equation means that if the momentum of one object increases after a col-
lision, then the momentum of the other object in the situation must decrease
by an equal amount. Rearranging this equation gives the following equation
for the conservation of momentum.

mvyg + IgVa g = VL[ + Hpva g

Forces in real collisions are not constant

As mentioned in Section 6-1, the forces involved in a collision are treated as
though they are constant. In a rcal collision, howevcr, the forces may vary in
time in a complicated way. Figure 6-9 shows the forces acting during the col-
lision of the two bumper cars. Al all times during the collision, the forces on
the twao cars are equal and opposite in direction. However, the magnitudes of
the forces change throughout the collision—increasing, reaching a maximum,
and then decreasing,

When solving impulse problems, you should use the average force during the
collision as the value for force. In Chapter 2, you learned that the average velocity
of an abject undergoing a constant acceleration is equal 1o the constant velocity
required for the object Lo travel the same displacement in the same time interval.
Similarly, the average force during a collision is equal to the constant force
required to cause the same change in momentum as the real, changing force.
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Section Review

1. A 44 kg student on in-line skates is playing with a 22 kg exercise ball. Dis-
regarding friction, explain what happens during the following situations.
a. The student is holding the ball, and both are at rest. The student then
throws the ball horizontally, causing the student to glide back at
15mfs.

b. Explain what happens to the ball in part (a) in terms of the momen-
tum of the student and the momentum of the ball.

¢. The student is initially at rest. The student then catches the ball, which
is initially moving to the right at 4.6 m/s.

d. Explain what happens in part () in terms of the momentum of the
student and the mementum of the ball.

2. Aboy stands at one end of a {loating raft that is stationary relative to the
shore. He then walks in a straight line to the opposite end of the rafi,
away from the shore.

a. Does the raft move? Explain.

b. What is the total momentum of the boy and the raft before the boy
walks across the raft?

€. What is the total momentum of Lhe boy and the raft after the boy
walks across the raft?

3. High-speed stroboscopic photographs show the head of a 215 g golf club
traveling at 55.0 m/s just before it strikes a 46 g golf ball at rest on a tee.
After the collision, the club travels (in the same direction) at 42.0 m/s.
Use the law of conservation of momentum to find the speed of the golf
ball just after impact.

4. Two isolated objects have a head-on collision. For cach of the following
questions, explain your answer.

a. If you know the change in momentum of onc object, can you find the
change in momentum of the other object?

b. If you know the initial and final velocity of one object and the mass of
the other object, do you have enough information to find the final
velocity of the second object?

¢ If you know the masses of both objects and the final velocities of both
objects, do you have enough information to find the initial velocities
of both objects?

d. If you know the masses and initial velocities of both objects and the
final velocity of one object, do you have enough information to find
the final velocity of the other object?

e. If you know the change in momentum of one object and the initial
and final velocities of the other object, do you have enough informa-
tion to find the mass of either object?
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6-3 SECTION OBJECTIVES

+ Identify different types of
collistons.

* Determine the changes in

kinetic energy during per-
fectly inelastic collistons.

s Compare conservation of
momentum and conserva-
tion of kinetic energy in per-
factly inelastic and elastic
colfisions.

*  Find the final valocity of
an object in parfectly

insdastic and elastic collisions.

perfectly inelastic collision

& collision in which two objects
stick together and move with a8
comimon velocity after colliding

Figure 6-10

Whan an arrow pierces a target and
remains stuck In the target, the
arrow and target have undergone a
perfecdy inelastic codlislon {assum-
ing no debris is chrown out).

222 Chapter6

6-3
Elastic and inelastic collisions

COLLISIONS

As you go about your day-to-day activities, you prabably witness many colli-
sions without really thinking about them. In some collisions, two objects col-
lide and stick together so that they travel together after the impact. An example
of this is a collision between an arrow and a target, as shown in Figure 6-10.
The arrow, sailing forward, collides with the target at rest. In an isolated system,
the target and the arrow would both move together after the collision with a
momentum equal to their combined momentum before the collision, In other
collisions, like a collision between a tennis racquet and a tennis ball, two objects
collide and bounce so that they move away with two different velocities.

The total mementum remains constant in any type of collision. However,
the total kinetic encrgy is gencrally not conscerved in a collision because some
kinetic energy is converted to internal energy when the objects deform. In this
section, we will exumine different types of collisions and determine whether
kinetic energy is conserved in each type. We will primarily explore two extreme
types of collisions, elastic and perfectly inelastic.

Perfectly inelastic collisions

When two objects collide and move together as one mass, like the arrow and
the target, the collision is called perfectly inelastic. Likewise, if 2 meteorite
collides head on with Earth, it becomes buried in Earth and the collision is
nearly perfectly inelastic,
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Perfectly inelastic collisions are casy to analyze in terms of momentum
because the objects become essentially one object after the collision. The final
mass is equal to the combined mass of the two objects, and they move with
the same velocity after colliding,

Consider two cars of masses mt; and n1; moving with initial velocities of
v1,i and vy, along a straight line, as shown in Figure 6-11. The two cars stick
together and move with some common velocity, vy, along the same linc of Vi,i Vi
motion after the collision. The total momentum of the two cars before the
collision is cqual to the 1otal momentum of the two cars aficr the collision.

PERFECTLY INELASTIC COLLISION

vyt mava = (my + my) vg

This simplified version of the equation for conservation of momentum is my+
useful in analyzing perfectly inclastic collisions, When using this equation, it is Figure 6-11
important to pay attention to signs that indicate direction. In Figure 6-11,v;;  The total momentum of the two cars
" . . . . before the coliision (a) is the same
has a positive value (m; moving to the right), while v has a negative vaiue

as the rotal momentum of the two
{m; moving to the left), cars sfter the inelastic coflision (b).

SAMPLE PROBLEM &E

Perfectly inelastic collisions

PROBLEM
A 1850 kg luxury sedan stopped at a traffic light is struck from the rear
by & compact car with a mass of 975 kg. The two cars become entangled
as a result of the collision, If the compact car was moving at a velocity of
22.0 m/s to the north before the collision, what is the velocity of the
entangled mass after the collision?
sSoLETION
Given: n1y= 1850 kg my;=975kg V=0 m/s
¥2,1 = 22.0 m/s to the north
Unknown: vp=1?
Usc the equation for a perfectly inclastic collision.
MV g+ mgve={(m;+ my) v
m

LT M B Lot X
niy+ m;

e L1850 kg)(0 mis) + (975 kg)(22.0 mfs) _ 2.14 10* kgem/s
= 1850 kg + 975 kg 2820 kg

vg = 7.59 m/s to the north
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Copyright © by Holt, Pinshart and Winsion. All riphts resstred. —



_ PRACTICE GE

Perfectly inelastic collisions

1.

A 1500 kg car traveling at 15.0 nv/s to the south collides with a 4500 kg
truck that is initially at rest at a stoplight. The car and truck stick togeth-
cr and move together after the collision. What is the final velocity of the
two-vehicle mass?

A grocery shopper losses a 9.0 kg bag of rice into a stationary 18.0 kg gro-
cery cart. The bag hits the cart with a horizontal speed of 5.5 m/s toward
the front of the cart. What is the final speed of the cart and bag?

A 1.50 % 10" kg railroad car moving at 7.00 m/s to the north collides with
and sticks to another railroad car of the same mass that is moving in the
same direction at 1,50 m/s. What is the velocity of the joined cars afier
the collision?

A dry cleaner throws a 22 kg bag of laundry onto a stationary 9.0 kg cart.
The cart and laundry bag begin moving at 3.0 m/s to the right. Pind the
velocity of the laundry bag before the collision.

A 47.4 kg student runs down the sidewalk and jumps with a horizontal
speed of 4.20 m/s onto 2 stationary skateboard. The student and skateboard
move down the sidewalk with a speed of 3,95 my/s. Find the following:

a. the mass of the skateboard

b. how fast the student would have to jump to have a final speed of 5.00 m/s

Incernal energy will be discussed in
Chaptar 10,

224 Chapter 6

Kinetic energy is not constant in inelastic collisions

In an inelastic collision, the total kinetic energy does not remain constant when
the objects collide and stick together, Some of the kinctic energy is converted to
sound energy and internal energy as the objects deform during the collision.

This phenomenon helps make scnse of the special use of the words elastic
and inelastic in physics. We normally think of elastic as referring to something
that always returns to, or keeps, its original shape. In physics, the most impor-
tant characteristic of an elastic collision is that the objects maintain their orig-
inal shapes and are not deformed by the action of forces. Objects in an
inelastic collision, on the other hand, arc deformed during the collision and
lose some kinetic energy.

The decrease in the total kinetic energy during an inelastic collision can be
calculated using the formula for kinetic encrgy from Chapter 5, as shown in
Sample Problem 6F, It is important to remember that not all of the initial
kinetic energy is necessarily lost in a perfectly inelastic collision.
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: SANMPLE PROBLEM 6F

Kinetic energy in perfactly inelastic collisions

PROBLEM

Two clay balls collide head-on in a perfectly inelastic collision. The first
ball has a mass of 0.500 kg and an initial velocity of 4.00 m/s to the right.
The mass of the second ball is 0.250 kg, and it has an initial velocity of
3.00 m/s to the left. What is the final velocity of the composite ball of clay after
the collisiont What is the decrease in kinetic energy during the collision?

SOLUTION
Given: mp=0500kg  my;=0250kg vy,;=4.00 m/s to the right = +4.00 m/s
va;= 3.00 m/s to the left = 3,00 m/s
Unknown: vp=? AKE=1?

Use the equation for perfectly inelastic collisions from page 223.

Mg+ mipvg = (m;+ ) v
_ vy + nig¥y

!"I + M2
. (0:500 kg)(4.00 m/s) +(0.250 kg)(—3.00 m/s)
= 0.500 kg + 0.250 kg

_125 kgem/s
0.750 kg

v

v¢ = 1.67 m/s to the right

Use the cquation for kinetic cnergy from Chapter 5.
Initial: KE;=KE| ;+ KE;;

KE;= -:;m i sz +§mzr-'2',~2
KE;=3(0.500 kg)(4.00 m/s)? +3(0.250 kg)(~3.00 m/s)?
KE;=5.12]
Final: KEp=KE r+ KEp¢
KEfzg(m p+m z)ufz
KEy=3(0.750 kg)(1.67 m/s)?
KE=1.05]
AKE= KE— KE;= 1.05]-5.12]

AKE=-4.07]
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PRACTICE 6F

Kinetic energy in perfectly inelastic collisions

1. A 0.25 kg arrow with a velocity of 12 m/s to the west strikes and pierces
the center of a 6.8 kg target.
a. What is the final velocity of the combined mass?
b. What is the decrease in kinetic energy during the collision?

2, During practice, a student kicks a 0.40 kg soccer ball with a velocity of
8.5 m/s to the south into a 0.15 kg bucket lying on its side. The bucket
travels with the ball after the collision.

a. What is the final velocity of the combined mass?
b. What is the decrease in kinetic energy during the collision?

3. A 56 kg ice skater traveling at 4.0 m/s to the north suddenly grabs the
hand of a 65 kg skater traveling at 12.0 m/s in the opposite dircction as
they pass. Without rotating, the two skaters continue skating together
with joined hands.

a. What is the final velocity of the two skaters?
b. What is the decrease in kinetic energy during the collision?

ELASTIC COLLISIONS

When a player kicks a soccer ball, the collision between the ball and the player's

foot is much closer to elastic than the collisions we have studied so far. In this case,

clastic colllsion clastic means that the ball and the pla?ner's foot rcmam separate after th.e coll_ision.
, In an elastic collision, two objects collide and return to their original

a collision in which the total shapes with no change in total kinetic energy. After the collision, the two

momentum and the total kinetic bi v [ Jasti llision. both the total " d

enargy remein constant abjects move scparately. In an elastic collision, e {olal momentum an

the total kinetic cnergy remain constant.

nternciconnect Most collisions are neither elastic nor perfectly inelastic

SC[ In the everyday world, most collisions are not perfectly inelastic. Thau is, col-
INKS. liding objects do not usually stick together and continue to move as one
mﬁm object. However, most collisions are not elastic, either. Even nearly elastic col-
GO TO: www.scilinks.org lisions, such as those between billiard balls or between a football player’s foot

ScILINKS CODE: HF2064 and the ball, result in some decrease in kinetic energy. For example, a football

deforms when it is kicked. During this deformation, some of the kinetic en-
ergy is converted to internal elastic potential energy. In most collisions, some
of the kinetic energy is also cenverted into sound, such as the click of billiard
balls colliding. In fact, any collision that produccs sound is not clastic; the
sound represents a decrease in kinetic energy.

2286 Chapteré
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Elastic and perfectly inelastic collisions are limiting cases; most collisions
actually fall into a category between these two extremes. In this third category
of collisions, called inelastic collisions, the colliding objects bounce and move
scparately after the collision, but the total kinetic encrgy decreases in the colli-
sion. For the problems in this book, we will consider all collisions in which the
objects do not stick together to be eclastic collisions. This means that we will
assumc that the total momentum and the total kinctic cnergy remain constant
in all collisions that are not perfectly inelastic,

Kinetic energy is conserved in elastic collisions

Figure 6-12 shows an clastic head-on collision between two soccer balls of
equal mass. Assume, as in earlier examples, that the balls are isolated on a fric-
tionless surface and that they do not rotate. The first ball is moving to the
right when it collides with the sccond ball, which is moving to the left. When
considered as a whole, the entire system has momentum to the left.

After the clastic collision, the first ball moves to the left and the sccond
ball moves to the right. The magnitude of thc momentum of the first ball,
which is now moving to the lcf, is greater than the magnitude of the
momentum of the second ball, which is now moving to the right. When con-
sidered together, the entire system has momentum to the left, just as before
the collision.

Another example of a nearly elastic collision is the collision between a golf
ball and a club. After a golf club strikes a stationary golf ball, the golf ball moves
ata very high speed in the same direction as the golf club. The golf club contin-
ues 10 move in the same direction, but its velocily decreases so that the
momentum lost by the golf club is equal to and opposite the momentum
gained by the golf ball If a collision is perfectly elastic, the total momentum and
the total kinetic energy remain constant throughout the collision.

MOMENTUM AND KINETIC ENERGY REMAIN CONSTANT
IN AN ELASTIC COLLISION

nyvyg + nY = mn vif + Myva 4

I
';li"'z v+ 32 vat= i'": ”1.[2 + ';*mz "z.f2

Remember that vis positive if an object moves to the right and negative if it
moves to the Icft.

) Initial @) Impulse o Final
PB Apa=FAt  App=-Fat PA PB
~f———— —
A B
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Quick Lah

Elastic and lnelastic
Collisions

MATERIALS LIST

¢ 2 or 3 small balls of
different types

P
0 SAFETY CAUTION

Perform this Iah in an open space,
preferably outdoors, away from
furniture and other people.

Drop one of the balls from shoul-
der height onto a hard-surfaced
floor or sidewalk. Cbserve the
motion of the ball before and after it
collides with the ground. Next,
throw the ball down from the same
height. Perform several trials, giving
the ball x different velocity each
time. Rapeat with the other balls.

During each trial, observe the
height to which the ball bounces.
Rate the collisions from most nearly
ehstic to most Inelastic, Describe
what evidence you have for or
against conservation of kinetic
energy and conservation of
momentum for each coliision,
Based on your abservations, do you
think the equation for slastic colli-
sions is usefd to make predictions!

Figure 8-12

In an ekastic collision lika this

one {b), both objects return to
their original shapes and move sep-
arately after the collision ().
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SAMPLE PROBLEM 6G

Elastic collisions

PROBLEM

A 0.015 kg marble moving to the right at 0.225 m/s makes am elastic head-
on collision with a 6.030 kg shooter marble moving to the left at 0.180 m/s.
After the collision, the smaller marble meves to the left at 0.315 m/s.
Assume that neither marble rotates before or after the collision and that
both marbles are maving on a frictionless surface. What is the velocity of
the 0,030 kg marble after the cellision?

SOLUTION
1. DEFINE  Glven: ;= 0.015 kg ny =0.030 kg

vy,1* 0.225 m/s to the right = +0.225 m/s

¥3,; = 0.180 m/s to the left =—0.180 m/s

vy,f=0.315 m/s to the left w—0.315 m/s
Unknewn: vy¢=1?

Diagram: 0225m/s  —0.180 m/s
nij ma
0.015 kg 0.030 kg

2,PLAN Choose an equation or situation: Usc the equation for the conservation of
momentum to find the final velocity of my, the 0.030 kg marble.

vy RpYL = IV + MV

Rearrange the equation(s) te solve for the unknown(s): Rearrange the equation
to isolate the final velocity of m,.

RV =MV + nipva — MV g
niVy g+ MgV — Mg

m;

2. CALCULATE Substitute the values into the equation(s) and solve: The rearranged conservation-of-
momentum cquation will allow you to isolate and solve for the final velocity.

(0.015 kg)(0.225 m/s) + (0.030 kg)(—0.180 mis) — (0.015 kg)(—0.315 m/s)
u 3

0.030 kg
Vg (3.4 % 1072 kg=m/s) + (=5.4 X 107> kgem/s) = (=4.7 x 107 kgemis)
0.030 kg
27X 107 kgem/s
V;_J =

3.0x 107 kg

V2,0 =9.0% 1072 m/s to the right

228 Chapter B
—_— Gopyrght & by Hok, Ringhart and Winsion. Af rights resarved.



a. EVALUATE  Confirm your answer by making sure kinetic cnerpy is also conserved using
these values.

Conservation of kinetic energy
[ 2,1 2_1 2,3 2
FULT R mpu T =Sy et R mavy ¢

KE; =3(0.015 kg)(0.225 m/s) + ${0.030 kg)(~0.180 m/s) =
8.7x 10 kgem?/s® = 8.7 x 107*)

KE; =3(0.015 kg)(0.315 m/s)? + 1(0.030 kg)(0.090 m/s) =
8.7 % 107 kgem?is? = 8.7 % 1071]

Kinetic encrgy is conserved.

' : : ' PRACTICE 6G

Elastic collisions

1. A0.015 kg marble sliding to the right at 22,5 cm/s on a frictionless surface
makes an elastic head-on collision with a 0.015 kg marble moving to the left
at 18.0 cm/s, After the collision, the first marble moves to the left at 18.0 am/s.
a, Find the velocity of the second marble after the collision.

b. Verify your answer by caiculating the total kinetic energy before and
after the collision.

2. A16.0 kg canoe moving to the left at 12 m/s makes an elastic head-on col-
lision with a 4.0 kg raft moving to the right at 6.0 m/s. After the collision,
the raft moves to the left at 22.7 m/s. Disregard any effects of the water,

a. Find the velocity of the canoe afier the collision,
b. Verify your answer by calculating the total kinetic energy before and
after the collision.

3. A 4.0kgbowling ball sliding to the right at 8.0 m/s has an elastic head-on
collision with another 4.0 kg bowling ball initially at rest. The first ball
stops after the collision.

a. Find the velocity of the second ball afier the collision.

b. Verify your answer by calculating the total kinetic energy before and
after the collision.

4. A25.0 kg bumper car moving to the right at 5.00 m/s overtakes and col-
lides clastically with a 35.0 kg bumper car moving to the right. After the
collision, the 25.0 kg bumper car slows to 1.50 m/s to the right, and the
35.0 kg car moves at 4.50 m/s to the right.

. Find the velocity of the 35 kg bumper car before the collision.

b. Verify your answer by calcutating the total kinetic energy before and
after the collision.
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Table 62  Types of collisions

Type of Diagram What happens Conserved
collision quantity
niy+ 142

perfectly mi v (ﬁ The two objects stick momentum
inelastic G 7Y VHE ) A together after the collision

- — - so that thelr final velocities

Pi P2 Pt are the same.

ny nia i} 12
elastic (S— ) The two cbjects bounce momentum
¥Li 32’,_@ Y1, G'z,f after the collision so that they kinatic energy

PLi P PLs Pas move separately.

inelastic m; ny 1] —~J12 The wwo objects deform momentum
Gv—‘; ;2—’!@ “’t{j’ @v 2t il;:ng the coflision so that
- - - total kinetic energy
Py P1i Pis Pag decreases, but the objects
mave separately after the collision.

Section Review

230 Chapter8

S.

Give two examples of elastic collisions and two examples of perfectly
inclastic collisions.

If two automobiles collide, they usually do not stick together. Does this
mean the collision is elastic?

A 90.0 kg fullback moving south with a speed of 5.0 m/s has a perfectly

inelastic collision with a 95.0 kg opponent running north at 3.0 m/s.
a. Calculate the velocity of the players just after the tackle.

b. Calculate the decrease in total kinetic energy as a result of the collision.

A rubber ball collides elastically with the sidewalk.

2. Does each object have the same kinetic energy after the collision as it
had before the collision? Explain.

b. Does each object have the same momentum after the collision as it
had before the collision? Explain.

Physics in Action Two 0.40 kg soccer balls collide clastically in a
head-on collision. The first ball starts at rest, and the second ball has a
speed of 3.5 mis. After the collision, the second ball is at rest.

a. What is the final speed of the first ball?

b. What is the kinetic energy of the first ball before the collision?

<. What is the kinctic encrgy of the second ball after the collision?
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CHAPTER 6

Summary
KEY IDEAS KEY TERMS
Section 6-1 Momentum and impulse clastic collision (p. 226)
. Mumcntl.tm is & vector quantity defined as the product of an object’s mass impulse (p. 210)
and velocity, p= mv.
* A net external force applicd constantly to an object for a certain time momentum (p. 208)
interval will cause a chan'ge il"l the object’s momentum equal to the prod- perfectly inelastic collision
uct of the force and the time interval, PAr= Ap. (p.222)

* The product of the constant applicd force and the time interval during which
the force is applied is catled the impulse of the force for the time interval.

Section 6-2 Conservation of momentum

* Inall interactions between isolated objects, momentum is conserved.

* In every inleraction between two isolated objects, the change in momen-
tum of the first object is equal to and opposite the change in momentum
of the second object.

Section 6-3 Elastic and inelastic collisions

* In a perfectly inclastic collision, two objects stick together and move as
one mass after the collision,

* Momentum is conscrved but kinctic energy is not conserved in a perfectly
inelastic collision.

* Inan inelastic collision, kinelic energy is converied io internal elastic
potential encrgy when the objects deform. Some kinctic energy is also
converted to sound energy and internal energy.

* Inan clastic collision, two objects return to their original shapes and move
away from the collision separately.

* Both momentum and kinctic cnergy are conserved in an clastic collision.

+ Few collisions are elastic or perfectly inelastic.

Variable symhols
Quantities Units
P momentum kgem/s
kilogram-meters per second
PAt impulse Nes Newton-seconds =
ldlogram-maters per second
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MOMENTUM AND IMPULSE

Review questions  SERENNNINNE
1. If an object is not moving, what is its momentum?

2, If a particle’s kinetic energy is zero, what is its
momentum?

3. If two particles have equal Kinctic energics, do they
have the same momentum? Explain.

4. Show that F= maand P:%—E are equivalent,

Conceptual questions IR

5. A truck loaded with sand is moving down the
highway in a straight path.
a. Whal happens to the mementum of the truck
il the truck’s velocity is increasing?
b. What happens to the momentum of the truck
il sand lcaks at a constant rate through a hole
in the truck bed while the truck maintains a
constant velocity?

6. Gymnasts always perform on padded mats. Usc the
impulse-momentum theorem to discuss how these
mats protect the athletes.

7. When a car collision occurs, an air bag is inflated,
protecling the passenger from serious injury. How
does the air bag soften the blow? Discuss the physics
involved in terms of momentum and impulse.

8. If you jump from a table onto the floor, are you
more likely to be hurt if your legs are relaxed or if
your legs arc stiff and your knees arc locked?
Explain.

9. Consider a ficld of insects, all of which have essen-
tially the same mass.
a. If the total momentum of the insects is zero,
what does this imply about their motion?
b. If the total kinetic energy of the insects is zero,
what does this imply about their motion?

232 Chapteré

CHAPTER 6
Review and Assess

10. Two students hold an open bed sheet loosely by its
corners to form a “catching net” The instructor asks
a third student to throw an egg into the middie of
the sheet as hard as possible. Why doesn't the egg's
shell break?

11. How do car bumpers that collapse on impact help
protect a driver?

Practice problems ISR

12. Calculate the linear momentum for each of the fol-
lowing cases:
a. a proton with mass 1.67 X 10°¥ kg moving
with a velocity of 5.00 x 10% m/s straight up
b. a 15.0 g bullet moving with a vclocity of
325 m/s to the right
¢. a 75.0 kg sprinter running with a velocity of
10.0 m/s southwest
d. Earth {1 = 5.98 x 10?1 kg) moving in its orbit
with a velocity cqual to 2.98 x 10* my/s forward
(Scc Samplc Problem 6A.)

13. What is the momentum of a 0.148 kg baseball
thrown with a velocity of 35 m/s toward home plate?
{See Sample Problem 6A.)

14. A 2.5 kg ball strikes a wall with a velocity of 8.5 m/s
to the left. The ball bounces off with a velocity of
7.5 m/s to the right. If the ball is in contact with the
wall for 0.25 s, what is the constant force cxerted on
the ball by the wall?
{Scc Sample Problem 6B.)

15. A football punter accelerates a 0.55 kg football from
rest to a speed of 8.0 m/s in 0.25 s. What constant
force does the punter exert on the ball?

(See Sample Problem 6B.)

16. A 0.15 kg bascball moving at +26 m/s is slowed to a
stop by a catcher who exerts a constant force of
=390 N. How long does it take this force to stop the
ball? IHow far docs the ball travel before stopping?
(Sce Sample Problem 6C.}
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CONSERVATION OF MOMENTUM

Review questions  IE———""

17, Two skaters initially at rest push against each other
so that they move in opposite directions. What is
the total momentum of the two skaters when they
begin moving? Explain.

18. In a collision between two soccer balls, momentum
is conserved. Is momentum conserved for cach soc-
cer ball? Explain.

19. Explain how momentum is conserved when a ball
bounces against a floor.

Conceptual questions  EEETEEE———

20. As a ball falls toward Earth, the momentum of the
ball increases. How would you reconcile this obser-
vation with the law of conscrvation of momentum?

21. In the early 1900s, Robert Goddard proposed send-
ing a rocket to the moon. Critics took the position
that in a vacuum such as exists between Earth and
the moon, the gases emitted by the rocket would
have nothing to push against to propel the rocket. To
settle the debate, Goddard placed a gun in a vacuum
and fired a blank cartridge from it. (A blank car-
tridge fires only the hot gases of the burning gun-
powder.) What happened when the gun was fired?
Explain your answer.

22. An astronaut carrying a camcra in spacce finds her-
sclf drifting away from a spacc shuttle after her teth-
er becomes unfastened. If she has no propulsion
device, what should she do to move back to the
shutile?

23. When a bullet is fired from a gun, what happens to
the gun? Explain your answer using the principles
of momentum discussed in this chapter.

Praclice problems  msswwesmm—es: -

24. A 65.0 kg ice skater moving to the right with a veloci-
ty of 2.50 my/s throws a 0.150 kg snowball to the right
with a velocity of 32.0 m/s relative to the ground.

a. What is the velacity of the ice skater after
throwing the snowball? Disregard the friction
between the skates and the ice.

Copyripil £ by Holt, Rinshurt and Winaion, AX rights resecved.

b. A second skater initially at rest with a mass of
60.0 kg catches the snowball. What is the
velocity of the second skater after catching the
snowball in a perfectly inelastic collision?

(See Sample Problem 6D.)

23. A tennis player places a 55 kg ball machinc on a fric-
tionless surface, as in Figare 6-13, The machine fires
a 0.057 kg tennis ball horizontally with a velocity of
36 m/s toward the north. What is the final velocity of
the machine?
(See Sample Problem 6D.)

Figure 8-13

26. After being struck by a bowling ball, a 1.5 kg bowl-
ing pin sliding to the right at 3.0 m/s collides head-
on with another 1.5 kg bowling pin initially at rest.
Find the final velocity of the second pin in the fol-
lowing situations:

&. the first pin moves to the right after the colli-
sion at 0.5 m/s
b. the first pin slops moving when it hils the
second pin
{See Sample Problem 6D.}

ELASTIC AND INELASTIC COLLISIONS

Review questions IR

27. Consider a perfectly inelastic head-on collision
between a small car and a large truck traveling at
the same speed. Which vehicle has a greater change
in kinetic energy as a result of the collision?

28, Given the masses of two objects and their velocities
before and after a head-on collision, how could you
determine whether the collision was elastic, inelas-
tic, or perfectly inelastic? Explain.
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29. in an clastic collision between two objects, do both
objects have the same kinetic energy after the colli-
sion as before? Explain.

30. If two objects collide and onc is initially at rest, is it
possible for both to be at rest afier the collision? Is it
possible for one to be at rest after the collision? Explain.

Practice problems

31. Two carts with masses of 4.0 kg and 3.0 kg move
toward each other on a frictionless track with speeds
of 5.0 m/s and 4.0 m/s respectively. The carts stick
together after coltiding head-on. Find the final speed.
(Sec Sample Problem 6E.)

32. A 1.20 kg skateboard is coasting along the pavement
at a speed of 5.00 m/s when a 0.800 kg cat drops from
a tree vertically downward onto the skateboard. What
is the speed of the skatcboard-cat combination?
{Sce Sample Problem 6E.)

33, Two carts with masses of 10.0 kg and 2.5 kg move in
opposite directions on a frictionless horizontal track
with speeds of 6.0 m/s and 3.0 m/s, respectively. The
carts stick together afier colliding head on. Find the
final speed of the two carts,

{Sec Sample Problem 6E.)

34, A railroad car with a mass of 2.00 x 10 kg moving
at 3.00 m/s collides and joins with two railroad curs
alrcady joined together, each with the same mass as
the single car and initially moving in the same
direction at 1.20 m/s.

a. What is the speed of the three joined cars after
the collision?
b. What is the decrease in kinetic energy during
the collision?
(See Sample Problem 6F.)

35. An 88 kg fullback moving cast with a speed of
5.0 m/s is tackled by a 97 kg opponent running west
at 3.0 m/s, and the collision is perfectly inclastic.
Calculate the following:

#. the velocity of the players just alter the tackle
b. the decrease in kinctic energy during the
collision
(See Sample Problem 6E)

234 Chapter 6

36.

37.

38,

39.

40.

A 5.0 g coin sliding to the right at 25.0 cm/s makes
an elastic head-on collision with a 15.0 g coin that is
initially at rest. After the collision, the 5.0 g coin
moves to the left at 12.5 cm/s.

a. Find the fina! velocity of the other coin.
b. Find the amount of kinetic encrgy transferred
to the 15.0 g coin.
(Sce Sample Preblem 6G.)

A billiard ball traveling at 4.0 m/s has an clastic
head-on collision with a billiard ball of equal mass
that is initially at rest. The first ball is at rest after the
collision. What is the speed of the second ball after
the collision?

(See Sample Problem 6G.)

A 25.0 g marble sliding to the right at 20.0 cm/s
overtakes and collides clastically with a 10.0 g mar-
ble moving in the same direction at 15.0 cm/s. After
the collision, the 10.0 g marble moves to the right at
22.1 cms. Find the velocity of the 25.0 g marble
after the collision.

{Sce Sample Problem 6G.)

A 15.0 g toy car moving to the right at 20.0 cm/s has
an elastic head-on collision with a 20.0 g toy car
moving in the opposite direction at 30.0 cm/s. After
colliding, the 15.0 g car moves with a velocity of
37.1 cm/s to the left. Find the velocity of the 20.0 g
car after the collision.

(See Sample Problem 6G.)

"Two shufflcboard disks of equal mass, onc erange and
the other yellow, are involved in an clastic collision.
The yellow disk is initially at rest and is struck by the
orange disk moving initially to the right at 5.00 m/s.
Aller the collision, the orange disk is at rest. What is
the velocity of the yellow disk after the collision?

{See Sample Problem 6G.)

MIXED REVIEW

4].

42.

If a 0.147 kg bascball has a momentum of
p = 6.17 kgem/s as it is thrown from home to
second base, what is its velocity?

A moving object has a kinetic energy of 150 J and a
momentum with a magnitude of 30.0 kgem/s.
Determine the mass and speed of the object.

Copyright < by Holt, Rinahart and Winston. Al rights reserved.



43. A 0.10 kg ball of dough is thrown straight up into  50. A 0.400 kg bead slides on a straight frictioniess wire

45.

47.

48,

49,

the air with an initial speed of 15 m/s.
a. Find the momentum of the ball of dough at its
maximum height.
b. Find the momentum of the ball of dough
halfway te its maximum height on the way up.

. A 3.00 kg mud ball has a perfecily inelastic collision

with a second mud ball thal is initially at rest. The
composite sysiem moves with a speed equal to one-
third the original speed of the 3,00 kg mud ball.
What is the mass of the second mud ball?

A 5.5 g dart is fired into a block of wood with a
miass of 22.6 g. The wood block is initially at rest on
a 1.5 m tall post. After the collision, the wood block
and dart fand 2.5 m from the base of the post. Find
the initial speed of the dart.

» A 730 N student stands in the middle of a frozen

pond having a radius of 5.0 m. He is unable to get to
the other side because of a lack of friction between
his shoes and the ice. To overcome this difficulty, he
throws his 2.6 kg physics textbook horizontally
toward the north shore at a speed of 5.0 m/s. How
long does it take him to reach the south shore?

A 0.025 kg golf ball moving at 18.0 m/s crashes
through the window of a housc in 5.0 x 107~ s. After
the crash, the ball continues in the same direction
with a speed of 10.0 m/s. Assuming the force excrted
on the ball by the window was constant, what was
the magnitudc of this force?

A 1550 kg car moving south at 10.0 m/s collides
with a 2550 kg car moving north. The cars stick
together and move as a unit after the collision at a
velocity of 5.22 m/s to the north. Find the velocity
of the 2550 kg car before the collision.

A 2150 kg car moving cast at 10.0 m/s collides with
a 3250 kg car moving cast. The cars stick together
and move cast as a unit after the collision at a veloc-
ity of 5.22 m/s.
a, Find the velocity of the 3250 kg car before the
collision.
b. What is the decrease in kinetic energy during
the collision?

Copyright £2 by Holt, Rineharl and Winston, Afl righis reserved.

51

52,

53,

with a velocity of 3.50 cm/s to the right, as shown
in Pigure 6-14. The bead collides elastically with a
larger 0.600 kg bead initially at rest. After the col-
lision, the smaller bead moves to the left with a
velocity of 0.70 cm/s. Find the distance the larger
bead moves along the wire in the first 5.0 s following
the collision.

Flgure 8-14

An 8.0 g bullet is fired into a 2.5 kg pendulum bob
initially at rest and becomes embedded in it. If the
pendulum rises a vertical distance of 6.0 cm, calcu-
late the initial speed of the builet.

The bird perched on the swing in Figure 6-15 has a
mass of 52.0 g, and the base of the swing has a mass
of 153 g. The swing and bird are originally at rest,
and then the bird takes off horizontally at 2,00 m/s,
How high will the base of the swing rise above its
original level? Disregard friction.

—_— ]

- Figure 8.15

An 85.0 kg astronaut is working on the engines of a
spaceship that is drifting through space with a con-
stant velocity. The astronaut turns away to look at
Earth and scveral seconds later is 30.0 m behind the
ship, at rest relative to the spaceship. The only way
to return to the ship without a thruster is to throw a
wrench directly away from the ship. If the wrench
has a mass of 0.500 kg, and the astronaut throws the
wrench with a speed of 20.0 m/s, how long does it
take the astronaut to reach the ship?

Momentum and Collisions 2385



54. A 2250 kg car traveling at 10.0 m/s collides with a

2750 kg car that is initially at rest at a stoplight. The
cars stick together and move 2.50 m before friction
causes them to stop. Determine the coefficient of
kinetic friction between the cars and the road, assum-
ing that the negative acceleration is constant and that
alt wheels on both cars lock at the time of impact.

Tochnology@ 2 Learning

55. A constant force of 2.5 N to the right acts on a

1.5 kg mass for 0,50 s.

B4 e

tiatly at rest.
b. Find the final velocity of the mass if it is ini-
tially moving along the x-axis with a velocity

of 2.0 m/s to the left.

Graphing calculators
Refer to Appendix B for instructions on download-
ing programs for your calculator. The program
“Chapé” allows you to analyzc a graph of force ver-
sus time,

Force, as you learned carlier in this chapter,
relates to momentum in the following way:

A
F= -Zl% where Ap = v~ vy

The program “Chapé6” stored on your graphing
calculator makes use of the equation that relates
force and momentum. Once the “Chap6” program is
executed, your calculator will ask for the mass, initial
velocity, and final velocity. The graphing calculator
will use the following equation to create a graph of
the force (Y)) versus the time interval (X). The rela-
tionships in this cquation arc the same as those in
the force equation shown above. {Note that F in the
equation below stands for “final,” not force.)

Yy = M(F-1)/X
8. The equation used by the calculator can also

be derived from another equation that relates
force and mass. What is this equation?

Exccute “Chap6” on the {ma4] menu, and press
to begin the program. Enter the values for the
mass, initial velocity, and (inal velocity (shown
below), and press after cach value.

The calculator will provide a graph of the force
versus the time interval. (If the graph is not visible,
press and change the settings for the graph win-
dow, then press [omm].)

Press [moe), and use the arrow keys to trace along
the curve. The x-valuc corresponds to the time inter-
val in scconds, and the y-value corresponds to the
force in newtons. The force will be negative in cases
where it opposes the ball's initial velocity.

Determine the force that must be exerted on a
0.43 kg soccer ball in the given time interval to cause
the changes in momentum in the following situations
(b—e). When entering negative values, make sure to
use the {3 J key, instead of the _=_J key.

b. the ball slows from 15 m/s to 0 m/s in 0.025 s

¢ the ball slows from 15 m/s Lo 0 m/sin 0.75 5

d. the ball speeds up from 5.0 m/s in one direction

to 22 m/s in the opposite direction in 0.045 5
¢, the ball speeds up from 5.0 m/s in one direction
to 22 m/s in the opposite direction in 0.55 s
f. In what quadrant would the graph appear if
the ball accelerated from rest?
Press (= ) (e ] to stop graphing. Press to
input a new valuc or to end the program.

236 Chapter 6
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56. A 55 kg pole-vaulter falls from rest from a height of
5.0 m onto a foam-rubber pad. The pole-vaulter
comes to rest 0.30 s after landing on the pad.

a. Calculate the athlete’s velocity just before
reaching the pad.

b. Calculate the constant force exerted on the
pole-vaulter due to the collision.

57. A 7.50 kg laundry bag is dropped from rest at an
initial height of 3.00 m.

a. What is the speed of Earth toward the bag just
before the bag hits the ground? Use the value
5.98 x 10%* kg as the mass of Earth.

b. Use your answer to part (a) to justify dis-
regarding the motion of Earth when dealing
with the motion of objects on Earth.

38. Two billiard balls with identical masses and sliding
in opposite directions have an elastic head-on colli-
sion. Before the collision, each ball has a speed of
22 cmis. Find the speed of each billiard ball immedi-
ately after the collision. (See Appendix A for hints on
solving simultancous equations. )

59. An unstable nucleus with a mass of 17.0 x 107 ke
initially at rest disintegrates into three particles. One
of the particles, of mass 5.0 x 10727 kg, moves along
the positive y-axis with a speed of 6.0 x 10° m/s.
Another particle, of mass 8.4 X 1072 kg, moves along
the positive x-axis with a speed of 4.0 x 10% mys.
Determine the third particle’s speed and direction of
maotion. {Assume that mass is conserved.)

Alternative Assessment

Performance assessment

1. Design an experiment that uses a dynamics cart
with other easily found equipment to test whether it
is safer to crash into a steel railing or into a contain-
er filled with sand. How can you measure the forces
applicd to the cart as it crashes into the barrier? If
your tcacher approves your plan, perform the
experiment.

2, Obtain a videotape of onc of your school’s sports
teams in action. Create a play-by-play description of
a short segment of the videotape, explaining how
momentum and Kinetic energy change during
impacts that take place in the segment.

3. An inventor has asked an Olympic biathlon tcam to
test his new rifles during the target-shooting segment
of the event. The new 0.75 kg guns shoot 25.0 g bul-
lets at 615 m/s. The team's coach has hired you to
advise him about how these guns could affect the
biathletes' accuracy. Prepare figures to justify your
answer. Be ready to defend your position.

Copyright © by Holl, Rinekar and Wirsion. Al rights resetved,

Portfolio projects

4, Investigate the elastic collisions between atomic
particles. What happens after an clastic collision
between a hydrogen atom at rest and a helium atom
moving at 150 m/s? Which direction will each parti-
cle move after the collision? Which particle will
have a higher speed after the collision? What hap-
pens when a neutron moving at 150 m/s hits a
hydrogen atom at rest? Research the masses of the
particles involved. Draw diagrams of each collision.

9. Ancngincer working on a space mission claims that
if momentum concerns are taken into account, a
spaceship will need far less fuel for its return trip
than it did for the first half of the mission. Prepare a
detailed report on the validity of this hypothesis.
Research the principles of rocket operations. Select
specific examples of space missions, and study the
nature of cach mission and the amounts of fuel
used. Your report should include diagrams and
calculations.
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Name: Period: Date:
Physics: 6-1 Momentum, Impulse, and Collision.

Weekly Assessment

Multiple Choice Questions:
Tdentify the leiter of the choice that best completes the statement or answers the question.

1. Linear momentum is the
a. quantity of motion used with objects c. angular momentum and torque

rotating about a fixed axis
b. average force and the time interval over d. product of the mass and velocity of a
which it acts moving object

2. When the net external force on a closed system is zero, it is described as
a. motionless ¢. an isolated system
b. anormal system d, non-accelerating

3. FAt = mAvis the equation for .
a, linear momentum c. impulse-momentum
b. net force d. angular momentum

4, The impulse-momentum theorem states that .
a. the force on a moving object is equal to ¢. the impulse on an object is equal to the

the magnitude of the impulse change in momentum it causes
b. the impulse on an object is less than the d. the impulse on an object is greater than
change in momentum if causes the change in momentum it causes

5. Your sister's mass is 43.5 kg, and she is riding her 8.00-kg bicycle. What is the combined
momentum of your sister and her bike if they are going 2.40 m/s?

a. 85 kgm/s? c. 104 kgm/s

b. 124 kgm/s? d. 124 kgm/s

6. A constant force of 4.5 N acts on a 7.2-kg object for 10.0 5. What is the change in the
object's velocity?

a. 63m/s ¢ l2m/s

b. 3.2m/s d. 45m/s

7. The law of conservation of momentum states that .
a. the momentum of any closed system ¢. momentum is neither created nor

with no net external force does not destroyed
change

b, the momentum of any closed system d. the momentum of any system does not
does not change change



8. A 4.75-g bullet is fired with a velocity of 120.0 m/s toward a 20.0-kg stationary solid
block resting on a frictionless surface. What is the change in momentum of the bullet if it is
embedded in the block?

a. 5.7 kgm/s c. -1.20 = 10% kgm/s

b. -0.57 kg.m/s d. 1.20x 10° kg.m/s

9. Two campers dock a canoe. One camper has a mass of 100.0 kg and moves forward at 3.0
m/s as he leaves the canoe to step onto the dock. With what speed do the canoe and other
camper move if their combined mass is 175.0 kg?

a. 40m/s c. L7m/s

b. 53m/s d 825m/s

10. Two balis of dough collide and stick together, Identify the type of collision,
a, elastic c. inelastic

b. combination d. None of the above

11, A billiard ball collides with a stationary identical billiard bail in an elastic head-on
collision. After the collision, which is true of the first ball?

a. It maintains its initial velocity. c. It comes to rest.

b. It has one-half its initial velocity. d. It moves in the opposite direction.

12. A bar of soap (mass 0.1 kg) is sliding at 1.5 m/s, before smashing into a motionless bar of
soap {mass 0.08 kg). After hitting each other, the soap sticks together and continues to
shid. Ignore friction. What is the momentum before the bars hit each other?

a. .15 Kg.m/s c. 12 Kgm/s

b. A5N d. 8Kam/s

13. A bar of scap (mass 0.1 kg) is sliding at 1.5 m/s, before smashing into a motionless bar of
soap (mass 0.08 kg). After hitting each other, the soap sticks together and continues to
slid. Ignore friction. What is the momentum after the bars hit each other?

a. .15 Kgm/s c. 12Kgm/s

b. A5N d. .8 Kgm/s

14, A bar of soap (mass 0.1 kg) is sliding at 1.5 m/s, before smashing into a motienless bar of
soap (mass 0.08 kg). After hitting each other, the seap sticks together and continues to
shid. Ignore friction. What is the velacity of the bars of soap after sticking together?

a. I5m/s c. .B3m/s

b. 2m/s d. .18m/s



mmmmm > . o
16 kg 24 kg 16kg 24%g
BEFORE AFTER

15, Two blocks slide on a frictionless surface and collide as seen above, What is the
velocity of the 1,6 kg block after the collision?

a. 21m/s c. 74m/s

b. 1.9m/s d. 3.im/s

16. If the two blocks slide on a frictionless surface and collide as seen above. What is the
kinetic energy of the system before the collision?

a 2427 c. 3217

b. 757 d 427
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CHAPTER 10

Heat

PHYSICS IN ACTION

Whether you pop corn by putting the ker-
nels in a pan of hot oll or in a microwave
oven, the hard kernels will absorb energy
until, at a high temperature, they rupture.
At this point, superheated water suddenly
turns to steam and rushes outward, and
the kernels burst open to form the fluffy,
edible puffs of starch. But what actually
happens when water turns into steam, and
what do we mean when we talk about heat
and temperature!

In chis chapter you will study what dis-
tinguishes temperature and heat and how
different substances behave when energy is
added to or removed from them, causing a
change in their temperature or phase.

e Why do the kernels require steam, not just
superheated water, to produce popcorn?

» What role does oil play in the preparation
of popcorn?

CONCEPT REVIEW

Work (Saction 3-1)
Enargy (Section 3-2)

Conservation of snergy
{(Section 5-3)
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10-1
Temperature and thermal equilibrium

10-1 SECTION OBJECTIVES DEFINING TEMPERATURE

* Relate temperaturs to the When you hold a glass of lemonade with ice, like that shown in Figure 10-1,
kinetic enargy of atoms and fecl a sh N hand th describe as “cold” Likewi
molecules. you feel a sharp sensation in your han at we describe as “cold.” Likewise,

+ Describe the changes in you experience a hot feelmg. when you touch a cup of hot chocolate. We
the temperatures of two oftcn associate temperature with how hot or cold an object fecls when we
m reaching thermal touch it. Our sense of touch serves as a qualitative indicator of temperature.

m,

However, this sensation of hot or cold also depends on the lemperature of the
* Identify the various tempera- skin and therefore is misleading. The same object may feel warm or cool,

ture scales, and be able to
convert kom one scale to depending on the properties of the object and on the conditions of your bedy.
another. Determining an object’s temperature with precision requires & standard

definition of temperature and a procedure for making measurements that
establish how “hot™ or “cold” objects are.

Adding or removing energy usually changes
temperature

Consider what happens when you use an electric
range to cook food. By turning the dial that
controls the clectric current delivered to the heat-
ing clement, you can adjust the element’s tempera-
ture. As the current is increased, the temperature
of the element increases. Similarly, as the current
is reduced, the temperature of the clement de-
creases. In general, energy must be either added

Figure 10-1 to or removed (rom a substance to change ils
m at low temperatures feel cold to the mm‘.h. while OHIH:U tcmpcrature’

at high tamperaturas feel hor. However, the sensation of hot and

cold can be misleading.

0"'@“ ',ab éﬁ} SATETy SR Fill the dhird basin with an equal mixture

Usa only hoe tap water. The temperature  of hot and cold wp water,

of tha hot water must not excesd 50°C Placa your left hand in dha hot water
Sensing Temperature (22°R), and your right hand in the cold wacar for
MATERIALS LIST 15 5, Then plice both hands in che bazin of
Fill one basin with hot tap water. Fill hkewarm water for 15 s. Describe whether
v 3 identical basins another with cold tap water,and add ice  the water feeks hot or cold to either of
v hot and cold tap water wntll about one-third of the mbxture isice.  your hands.

v e
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‘Temperature is proportional to the kinetic energy
of atoms and molecules

In Section 9-2 you lcarned that temperature is propor-
tional to the average kinetic energy of particles in a sub-
stance. A substance's temperature incrcascs as a direct
result of added energy being distributed among the par-
ticles of the substance, as shown in Figure 10-2.

For a monatomic gas, temperature can be under-
stood in terms of the translational kinetic energy of the
atoms in the gas. For other kinds of substances, mol-
ecules can rotate or vibrate, so rotational kinetic energy

or vibrational kinctic and potential energies also exist gas (b).

Figure 10-2

Tha low average kinatic energy of the particles {a), and thus the
temperature of the gas, increases when energy is added to the

(scc Table 10-1). ; "
The energies associated with atomic motion are referred to as internal en- nierna’ encrgy
ich i i 2 . i the energy of a substance due to
ergy, \:;uch is p;oportnonal:l to thcthsubstanccs tcmp:r;turc I-':(r) an ideal g:l:, the e Y otions af its com-
internal energy depends only on the temperature of the gas. For gases with two panelntnpa: rticles and equal to the
or morc atoms per mokecule, as well as for liquids and solids, other propertics total energy of those particles
besides temperature contribute to the internal energy. The symbol U stands for
internal energy, and AU stands for a change in inlernal energy.
Temperature is meaningful only when it is stable
Imagine a can of warm fruit juice immersed in a large beaker of cold water.
After about 15 minutes, the can of fruit juice will be cooler and the water sur-
rounding it will be slightly warmer. Eventually, both the can of fruit juice and
Table 10-1 Examgiios of different forms of anargy
Form of Macroscopic Microscopic Energy
energy examples examples
Translational airplane in flight, CO; molecule in
roller coastar ac linear motion
bottom of rise
Rotadonal spinning top CO; molecule
spinning about
its center of mass
Vibrational plucked guitar bending and kinetic and potential energy
string stratching of bonds ‘ fheg s
between atoms in ErAN Y\
a CO4 molecule s
ot A
i r‘n
Heat 3%9
Copyeight & by Holt, Finehart and Winsion, AN righis reservad. —



thermal equilibrium

the state in which two bodles in
physical contact with each other
have Identical temperaturaes

Conceptual
gﬁlwllongo

1. Hot chocolate

If two cups of hot chocolate,
one at 50°C and the other
at 60°C, are poured togeth-
er in a large container, will
the final temperature of the
double batch be

a, }ess than 50°C!
b. batween 50°C and 60°C}
c. greater than 60°C1

Explain your answer,

1.Hot and cold liquids

A cup of hot tea is poured
from a teapot, and a swim-
ming pool is filled with
PR cold water. Which one

, has a higher total inter-
nat enargy! Which has

the water will be at the same temperature. That temperature will not change
as long as conditions remain unchanged in the beaker. Another way of
expressing this is to say that the water and can of juicc arc in thermal equillb-
rium with each other.

Thermal equilibrium is the basis for measuring temperature with ther-
mosmeters. By placing a thermometer in contact with an object and waiting
until the column of liquid in the thermometer stops rising or falling, you
can find the temperature of the object. This is because the thermometer is
at the same temperature as, or is in thermal equilibrium with, the object.
Just as in the case of the can of fruit juice in the cold water, the temperature
of any two objects at thermal equilibrium always lies between their initial
temperaturcs.

Matter expands as its temperature increases

You have learned that increasing the temperature of a gas may cause the vol-
ume of the gas to increase. This occurs not only for gases, but also for liquids
and solids, In general, if the temperature of a substance increases, so does its
volume. This phenomenon is known as thermal expansion.

You may have noticed that the concrete roadway segments of a bridge are
separated by gaps several centimeters wide. This is necessary because concrete
expands with increasing temperature. Without these gaps, the force from the
thermal expansion would cause the segments to push against each other, and
they would cventually buckle and break apart.

Different substances undergo different amounts of expansion for a
given temperature change. The thermal expansion characteristics of a
material are indicated by a quantity called the coefficient of volume expan-
sion. Gases have the largest values for this coefficient. Liquids have much
smaller valucs.

In general, the volume of a liquid tends to increase with increasing temper-
ature. However, the volume of water increases with decreasing temperature in
the range between 0°C and 4°C. This explains why ice floats in liquid water.
It also explains why a pond (reczes from Lhe top down instead of from the
bottom up. If this did not happen, fish would likely not survive in freczing
temperatures.

Solids typically have the smallest cocfficient of volumne expansion values. For
this reason, liquids in solid containers expand more than the container. This
property allows some liguids Lo be used lo measure changes in temperature.

MEASURING TEMPERATURE

In order for a device to be used as a thermometer, it must make use of a change
in some physical property that corresponds to changing temperature, such as
the volume of a gas or liquid, or the pressure of a gas at constant volume. The
most common thermometers use a glass tube containing a thin column of mer-
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cury, colored alcohol, or colored mineral spirits. ‘
When the thermometer is heated, the volume of @ ¥
the liquid cxpands. Because the cross-sectional '
arca of the tube remains nearly constant during
temperature changes, the change in length of the
liquid column is proportional to the temperature
change (scc Figure 10-3).

Volume of mercury at
0°C=0.100 mL = Vj

Calibrating thermometers requires fixed
temperatures
A thermometer must be more than an unmarked, thin glass tube of liquid. For a
thermometer to measure temperature in a variety of situations, the length of the
liquid column at different temperatures must be known. One reference point is
etched on the tube and refers o when the thermometer is in thermal equilibri-
um with a mixture of water and ice at onc atmosphere of pressure. This temper-
ature is called the ice point of water and is defined as zero degrees Celsius, or 6°C.
A sccond reference mark is made at the point when the thermometer is in ther-
mal equilibrium with a mixture of stearn and water at one atmosphere of pres-
sure. This temperature is called the steant poine of water and is defined as 100°C.
A temperature scale can be made by dividing the distance between the ref-
erence marks into equally spaced units, called degrees. The scale assumes the
expansion of the mercury is lincar.

Temnperature units depend on the scale used

The temperature scales most widely used today are the Fahrenheit, Celsius,
and Kelvin (or absolute} scales. The Fahrenhcit scale is commonly used in the
United States. The Celsius scale is used in countries that have adopted the
metric system and by the scientific community worldwide.

Celsius and Fahrenheit temperature measurements can be converted to
cach other using this equation.

CELSIUS-FAHRENHEIT TEMPERATURE CONVERSION

Tp= %Tc+ 320

Fahrenheit tunperaturea@ x Celsius temperaturej-+ 32.0

The number 32.0 in the equation indicates the difference between the ice
point value in each scale. The point at which water freczes is 0.0 degrees in the
Celsius scale and 32.0 degrees in the Fahrenheit scale.

Temperature values in the Celsius and Fahrenheit scales can have positive,
negative, or zero values. But because the kinetic energy of the atoms in a sub-
stance is positive, the absolute temperature that is proportional to that energy
should be positive also. A temperature scale with only positive values is suggested

Coperght & by Hot, Fénehart and Wittton. Al righta rsserved.
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Volume of mercury at

S500C= 010l mL=
Vi+ 0.00l mL

Figurs 10-3

The change in the mercury’s volume
from a temperanire of 0°C {a) to a
temparature of 50°C (b) is smali,
buc because the mercury is limited
to expansion in only one direction,
the finear change is large.
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Did you know?

Wyhen 2 thermomatar reaches ther-
mal equilibrium with an object, the
object’s tamperature changes
shightly. In most cases the object is
so massive compared with the ther-
mometer that the object’s tempera-
ture change s insignificant.
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in the graph of volume versus temperature for

1200 Volume-Temperature Graph for an Ideal Gas an ideal gas, shown in Figure 10-4. As the tem-
perature of the gas decreases, so does its vol-
1000 ume. If it were possible to compress the matter
a 800 in a gas to zcro volume, the gas temperature
s o0 would equal ~273.15°C. This temperature is
|5 designated in the Kelvin scale as 0.00 K, where
$ 400 K is the symbol for the temperature unit called
200 the kelvin. Temperatures in this scale are indi-

-~ =273.15°C=0K cated by the symbol T.
_2%335 =300 —100 3 100 300 300 A temperature difference of one degree is
Temperature (°C) the same on the Celsius and Kelvin scales.
The two scales differ only in the choice of
Figure 10-4 zero point. Thus, the ice point (0.00°C)
1€ an idezl gas could be compressed cquals 273.15 K, and the stcam point {100.00°C) equals 373.15 K (sce Table

to zero volume, its temperature
would be =273.15°C,or 0 K,

10-2). The Celsius temperature can thercfore be converted to the Kelvin tem-
perature by adding 273.15.

CELSIUS-KELVIN TEMPERATURE CONVERSION
T=Tc+273.15

Kelvin temperature = Celsius temperature +273.15

Kelvin temperatures for various physical processes can range from around
1 000 000 060 K (l()9 K), which is the temperature of the interiors of the most
massive stars, to less than 1 K, which is slightly cooler than the boiling point of
liquid helium. ‘The temperature 0 K is often referred to as absolute zero.
Absolute zcro has never been reached, although laboratory experiments have
reached temperatures of 0.000 001 K.

Table 10-2 Temperature scales and thelr uses

Scale Ice point Steam point Applications

Fahrenheit 3F 212°F meteorology, medicine, and non-
scientific uses (US.)

Celsius ¢°C 100°C meteorology, medicine, and non-
scientific uses {outside US.),
other sciences (international)

Kelvin (absolute) 273.15K 37315 K physical chemistry, gas laws,

362 Chapter 10

astrophysics, thermodynamics,
low-temperature physics
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SAMPLE PROBLEM 10A

Temperature conversion

PROBLEM
What are the equivalent Celsius and Kelvin temperatures of 50.0°Ft

SOLUTION
Given: T =50.0°F

Unknown: Te=? T=1
Use the Celsius-Fahrenheit equation from page 361.
Tr=3Tc+32.0
To=3(Tr~32.0)
Te=(50.0 - 32.0)°C = 10.0°C
Use the Celsius-Kelvin equation from page 362.
T=Tc+273.15
T=(10.04+273.2)K=283.2K

Te= 10.0°C
T=2832K

PRACTICE 10A

Temperature conversion

1. The lowest outdoor temperature ever recorded on Earth is —128.6°F,
recorded at Vostok Station, Antarctica, in 1983. What is this temperature
on the Celsius and Kelvin scales?

2, The temperatures of one northeastern state range from 105°F in the sum-

mer to —25°F in wintcr. Express this temperature range in degrees Celsius
and in kelvins.

3. The normal human body temperature is 98.6°F. A person with a fever
may record 102°F, Express these terperatures in degrees Celsius.

4. A pan of water is heated from 23°C to 78°C. What is the change in its
temperature on the Kelvin and Fahrenheit scales?

5. Liquid nitrogen is used Lo cool substances to very low temperatures.
Express the boiling point of liquid nitrogen (77.34 K at 1 atm of pres-
sure) in degrees Fahrenheit and in degrees Celsius.

Heat
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Section Review

1. Two gases that are in physical contact with each other consist of particles
of identical mass, In what order should the images shown in Figure 10-3
be placed to correctly describe the changing distribution of kinetic en-
ergy among the gas particles? Which group of particles has the highest
temperature at any time? Explain,

Figure 10-5

2. Ahot copper pan is dropped into a tub of water. If the water’s tempera-
ture rises, what happens to the temperature of the pan? How will you
know when the water and copper pan reach thermal equilibrium?

3. Oxygen condenses into a liquid at approximately 90.2 K. To what tem-
perature does this correspond on both the Celsius and Fahrenheit tem-
perature scales?

4. The boiling point of sulfur is 444.6°C. Sulfur’s melting point is 586.1°F
lower than its boiling point.
a. Determine the melting point of sulfur in degrees Celsius.
b. Find the melting and boiling points in degrees Fahrenheit.
¢. Find the melting and boiling points in kelvins.

S. Physics in Action Which of the following is true for the water
molecules inside popcorn kernels during popping?
a. Their temperature increases.
b. They are destroyed.
«. Their kinetic energy increases.
d. Their mass changes.

8. Physics in Action Referring to
Figure 10-6, dctermine which of the
following pairs represent objects that
are in thermal equilibrium with each
other.

a. the hot plate and the glass pot
b. the hot oil and the popcorn kernels
¢ the outside air and the hot plate

Figure 10-6

364 Chapter 10
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10-2 |
Defining heat L

HEAT AND ENERGY

Thermal physics often appears mysterious at the macroscopic level. Hot objects
become cool without any obvious cause. To understand thermal processes, it is
helpful to shift attention to the behavior of atoms and molecules. Mechanics can
be used to explain much of what is happening at the molecular, or microscopic,
level. This in turn accounts for what you observe at the macrascopic level.
Throughout this chapter, the focus will shift between these two viewpoints.

Recall the can of warm fruit juice immersed in the beaker of cold water
(shown in Figure 10-7). The tempcerature of the can and the juice in it is low-
ered, and the water’s temperature is slightly increased, until at thermal equilibri-
um both final temperatures are the same. Energy is transferred from the can of
juice to the water because the two objects are at different temperatures. This
energy that is transferred is defined as heat.

The word heat is sometimes used to refer to the process by which energy is
transferred between objects because of a difference in their temperatures. This
textbook will use heat to refer only to the encrgy itself.

Energy is transferred between substances as heat

From a macroscopic viewpoint, energy transferred as heat always moves from
an object at higher temperature to an object at lower temperature. This is sim-
ilar to the mechanical behavior of objects moving from a higher pravitational
potential energy Lo a lower gravitational potential encrgy. Just as a pencil will
drop from your desk to the floor but will not jump from the floor to your

Copyright © by Holl. Rinehar] and Winsios, AN rights reserved,

10-2 SECTION OBJECTIVES

* Explain heat as the energy
transferred between sub-
stances that are at different

temperatures,

*  Apply the principle of energy
conssrvation to calculate
changes in potential, kinetic,
and internal energy.

heat

the energy transferred between
objects because of a difference
In their temperatures

Figure 10-7
Energy is uansferred as heat from

objects with higher tamperatures
(the frult juice and can) to those
with lower temperawras {the cold
water).
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Flgure 10-8

Energy is transferred as heat from
the higher-anergy particles to
lower-energy particles (a). Tha net
anergy transferred is zoro when
thermal equilibrium is reached (b).

internetconnect
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g
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transferved
ot of can
into water

Figure 10-9

At thermal equilibrium, the net
energy exchanged between two
objects equals zero.
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desk, so energy will travel spontancously from an object at higher temperature
to onc at lower temperature and not the other way around.

The direction in which energy travels as heat can be explained at the atomic
Yevel, At first, the molecules in the (ruit juice have higher average kinetic energies
than do the water mokecules that surround the can, as shown in Figure 10-8. This
energy is transferred from the juice to the can by the molecules in the juice colliding
with the metal atoms of the can. The atoms vibratc more becausc of their increased
energy, and this energy is transferred to the surrounding water molecules.

As the cnergy of the water molecules gradually increascs, the energy of the
molecules in the fruit juice and the atoms of the can decreases until all of the
particles have, on the average, equal kinetic energies. However, it is also pos-
sible for some of the encrgy to be transferred through collisions from the
lower-energy water molecules to the higher-energy metal atoms and fruit-juice
particles. Therefore, energy can move in both dircctions, Because the average
kinetic energy of particks is higher in the body at higher temperature, more
encrgy is transferred out of it as heat than is transferred into it. The net result is
that cnergy is transferred as heat in only one direction.

The transfer of energy as heat alters an object’s temperature

Thermal equilibrium may be understood in terms of cmergy exchange
between two objects at equal temperature, When the can of fruit juicc and the
surrounding water are at the same temperature, as depicted in Figure 10-9,
the quantity of cnergy transferred from the can of fruit juice to the water is the
same as the energy transferred from the water to the can of juice. The net
energy transferred between the two objects is zero.

This reveals the difference between temperature and heat. The atoms of all
objects are in continuous molion, so all objects have some internal energy.
Because temperature is a measure of that cnergy, all objects have some
temperature. Heat, on the other hand, is the energy transferred from one
object to another because of the temperature difference between them. When
there is no temperature difference between a substance and its surroundings,
no net energy is transferred as heat.

Energy transfer depends on the difference of the temperatures of the two
objects. The greater the temperature difference between two objects, the
greater the amount of encrgy that is transferred between them as heat.
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For example, in winter, energy is transferred as heat from a car’s surface at
30°C to a cold raindrop at 5°C. In the summer, encrgy is transferred as heat
from a car’s surface at 45°C to a warm raindrop at 20°C. In cach casc, the
amount of energy transferred is the same, because the substances and the
temperature difference (25°C) are the same (sce Figure 10-10),

The concepts of heat and temperature help to explain why hands held in
scparatc bowls containing hot and cold water subsequently sense the tempera-
ture of lukewarm water differently. The nerves in the outer skin of your hand
detect energy passing through the skin from objects with temperatures differ-
ent than your body temperature. If onc hand is at thermal equilibrium with
cold water, more energy is transferred from the outer layers of your hand than
can be replaced by the blood, which has a temperature of about 37.0°C
(98.6°F). When the hand is immediately placed in water that is at a higher tem-
perature, energy is transferred from the water to the cooler hand. The energy
transferred into the skin causes the water 10 feel warm. Likewise, the hand that
has been in hot water temporarily gains energy from the water. The loss of this
cnergy 1o the lukewarm water makes that water feel cool.

Heat has the units of energy

Before scientists arrived al the current mode! for heat, several different units for
measuring heat had already been developed. These units are stifl widely used in
many applications and thercfore are listed in Table 10-3. Because heat, like work,
is crergy in transit, all heat units can be converted to joules, the S1 unit for cnergy.

Just as other forms of energy have a symbol that identifies them (PE for
potential energy, KE for kinetic energy, U for internal encrgy, W for work),
heat is indicated by the symbeol Q.

Traindrop ™= 5°C

Traindrop ™ 20°C

Tﬂll‘ = 45°C

Flgure 10-10

The energy tansferred as heat
from the car's surface to the rain-
drog is the same for low tempera-
tres (a) as for high remperacures
{b), provided the emperawre dif-
ferences are the same.

Table 10-3 Thermal units and their valnes in jaules
Haeat unit Equivalent value Uses
m?.

joule (]) equal to L kg » (_sr) SI unit of energy

caloria (cal) 4186 ) non-SI unit of heat; found
especialy in older works of
physics and chemistry

kilocalorie (keal) 4186 %107 ) non-SI unit of heat

Calorle, or dietary Calorie 4186 x10° ) = | keal food and nutritional science

British thermal unit (Btu) 1055 x 10° ) English unit of heat; used In
angineering, alinconditioning,
and refrigeration

therm 1.055 x10% equal to 100 000 Btu; used to
measure natural-gas usage

Gopyrighi 3 by Holt, Finshar! and Winsion. AN tights rassrved.
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Quick Lab

Work and Heat
MATERIALS LIST

HEAT AND WORK

Hammer a nail into a block of wood. After scveral minutes, pry the nail loose
from the block and touch the side of the nail, It feels warm to the touch, indi-
cating that cnergy is being transferred from the nail to your hand. Work is
donc in pulling the nail out of the wood. The nail encounters friction with the
wood, and most of the energy required to overcome this friction is trans-
formed into internal cnergy. The increase in the internal encrgy of the nail
raises the nail’s temperature, and the temperature difference between the nail
and your hand results in the transfer of energy to your hand as heat.

Friction is just one way of increasing a substance’s internal energy. In the
case of solids, internal energy can be increased by deforming their structure.
Commeon cxamples of this are when a rubber band is stretched or a picce of
metal is bent.

Total energy is conserved

When the concept of mechanical energy was introduced in Chapter 5, you dis-
covered that whenever friction between two objects exists, not all of the work
done in overcoming friction appears as mechanical energy. Similarly, not all of
the kinetic energy in inelastic collisions remains as kinetic energy. Some of
this encrgy is absorbed by the objects as internal energy. This is why, in the
case of the nail pulled from the wood, the nail (and if you could touch it, the
wood inside the hole) feels warm. If changes in internal energy are taken into
account along with changes in mechanical energy, the total energy is a univer-
sally conserved property.

CONSERVATION OF ENERGY

APE+AKE+AU=0

the change in potential energy + the change in kinetic energy +
the change in internal energy =0

s
i
" _SAFETY CAUTION rubber band to your lip and note haw it

To avoid breaking the rubber band, do not  feels. Rapidly stretch the rubber band and
stretch it more than a few inches. Donot  keep it stretched. Touch the middle section
point a stretched rubber band at another  of the rubber band to your lip again. Notice

¢ 1large rubber band about 7-10 mm
wide
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person, whether the rubber band's temperature has
changed. (You may have to repeat this pro-
Hold the rubber band between your cedure several times before you can clearly
thumbs. Touch the middie section of the distinguish the temperature differance.)
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SANPLE PROBLEM 10B

PROBLEM

EOLUTION

3. CALCULATE

4, EVALUATE

Copytight © by Holt. Rinehart and Wanston. Al rights reserved.

Conservation of energy

An srrangement similar to the one used to demonstrate
energy conservation is shown at right, A vessel contains
water. Paddles that are propelled by falling masses turn in
the water, This agitation warms the water and increases
its internal energy. The temperature of the water is then
measured, giving an indication of the water’s internal-
energy increase. If a total mass of 11.5 kg falls 1.3 m and
all of the mechanical energy is converted to internal ener-
gy, by how much will the internal energy of the water
increase? (Assume no energy is transferred as heat out of
the vessel to the surroundings or from the surroundings
to the vessel’s interior.)

Given: m=11.5kg h=13m g=9.81 m/s’

Unknown: APE=? AKE=? AU=?

Choose an equation(s) or situation: The equation for conservation of
cncrgy can be cxpressed as the initial total energy equal to the final total
energy. Because there is no kinetic energy in the apparatus when the mass is
released or when it comes to rest, both KE; and KEy equal zero, Because all of

the potential energy is assumed to be converted to internal energy, PE; can
be set equal to mgh if PEgis sct equal to zcro.

APE+AKE+AU=0
PE;+ KE;+ U;= PEg+ KEg + Uy
PE;= mgh
PEf ={
KE;=0
KEf= 0
mgh+0+Uj=0+0+ Uy
AU= Up— U= mgh
Substitute values into the equation{s) and solve:
AU=(11.5 kg)(9.81 m/s?)(1.3 m)

=1.5%10%] CALCULATOR SOLUTION
Because the minimum number of sig-
AU=15x10%] nificant figures in the deta is two, the

calculator answer, 148.6595 ),

The answer can be estimated using rounded values for shotikd be rotinded to two digis.

nrand g. If m= 10 kg and g= 10 m/s?, then AU = 130},

which is close to the actual valuc calculated,
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PRACTICE 10B

Conservation of energy

1. In the arrangement described in Sample Problem 10B, how much would
the water's internal energy increase if the mass fell 6.69 m?

2. A worker drives a 0.500 kg spike into a rail tie with a 2.50 kg sledgeham-
mer. The hammer hits the spike with a speed of 65.0 m/s. If one-third of
the hammer's kinetic energy is converted to the internal energy of the
hammer and spike, how much does the total internal energy increase?

3. A3.0x 107 kg copper penny drops a distance of 50.0 m to the ground. If
65 percent of the initial potential energy goes into increasing the internal
energy of the penny, determine the magnitude of that increase.

4, A2.5 kg block of ice at a temperature of 0.0°C and an initial speed of
5.7 m/s slides across a Jevel floor. 1 3.3 x 10° ] are required to melt 1.0 kg
of ice, how much ice melts, assuming that the initial kinetic energy of the
ice block is entirely converted to the ice’s internal energy?

8. The amount of internal encrgy needed to raise the temperature of
0.25 kg of water by 0.2°C is 209.3 ). How fast must a 0.25 kg baseball
travel in order for its kinetic energy to equal this internal energy?

Section Review

1. Abottle of water at room temperature is placed in a freezer for a short
time. An identical bottle of water that has been lying in the sunlight is
placed in a refrigerator for the same amount of time. What must you
know to determine which situation involves more energy transfer?

2. Usc the microscopic interpretations of temperature and heat to explain
how you can blow on your hands to warm them and also blow on a bowl
of hot soup to cool it.

3. If abottle of water is shaken vigorously, will the internal cnergy of the
walter change? Why or why not?

4. Water at the top of Niagara Falls has a temperature of 10.0°C, Assume
that all of the polential encrgy goes into increasing the internal energy of
the water and that it takes 4186 J/kg to increase the water’s temperature
by 1°C. If 505 kg of water falls & distance of 50.0 m, what will the tempera-
ture of the water be at the bottom of the falls?

370 Chapter 10
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10-3

Changes in temperature and phase l

SPECIFIC HEAT CAPACITY

You have probably noticed on a hot day that the air around a swimming pool
(like thc onc shown in Figure 10-11) is hot but the pool water is cool. This
may seem odd, because both the air and water receive enerpy from sunlight.
The water may be cooler than the air, in part because of evaporation, which is
a cooling process. However, there is another property of all substances that
causes their temperatures to vary by different amounts when equal amounts
of encrgy are added to or removed from them.

This property can be explained in terms of the motion of atoms and mol-
ccules in a substance, which in turn affects how much the substance’s temper-
ature changes for a given amount of energy that is added or removed, Each
substance has a unigue value for the encrgy required 10 change the lempera-
ture of 1 kg of that substance by 1°C. This value, known as the specific heat
capacity (or sometimes just specific heat) of the substance, relates mass, tem-
perature change, and energy transferred as heat.

The specific heat capacity is related to energy transferred, mass, and tem-
perature change by the following equation:

SPECIFIC HEAT CAPACITY

c =—Q-
T AT

energy transferred as heat
mass X change in temperature

specificheat capacity =

The subscript p indicates that the specific heat capacity is measured at con-
stant pressure. Maintaining constant pressure is an important detail when
determining certain thermal properties of gases, which are much more affect-
ed by changes in pressure than are solids or liquids. Note that a tempcrature
change of 1°C is equal in magnitude to a temperature change of 1 K, so that
AT gives the lemperalure change in either scale.

The cquation for specific heat capacity applies to both substances that
absorb energy from their surroundings and those that transfer energy to their
surroundings. When the temperature increases, AT and Q are taken to be pos-
itive, which corresponds to energy transferred into the substance. Likewise,
when the temperature decreases, AT and Q arc negative and encrgy is

Copyright © by Hokt, Rinehart and Wintion, AN righi seserved.

10-3 SECTION OBJECTIVES
s Perform calculations with
specific heat capacity.

+ Perform calculations involy-
ing latent heat.

¢ Interpret the various sec-
tions of a hoating curve.

Figure 10-11

The air around the pool and the
water in the pool receive energy
from sunkight. Howsver, tha increase
In temperature is greater for the air
than for tha water.

specific heat capacity

the quantity of enargy naeded to
ralse the temperature of 1 kg of
a substance by 1°C at constant
prassure
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calorimetry

an exparimental procedure used
to measure tha energy trans-
ferred from one substance to
another as heat

Flgure 10-12

A simple calorimatar akows the spa-
cific heat capacity of a substance 1o
be detarmined.
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Table 10-4 Specific heat capacities

Substance <p (Jikg+°C) Substance p (kg="C)
ahuminum 899 x 102 fead 128 x 10
copper 387 x 10* mercury 138 x 10?
ghss 8.37 x 10 silver 2.34 x 10
gold 129 x 10 steam 201 x 10°
ice 209 x 10° water 4186 % 107
iron 448 x 102

transferred from the substance. Table 10-4 lists specific heat capacities that
have been determined for several substances.

Determining specific heat capacity

To measure the specific heat capacity of a substance, it is necessary to measure
mass, temperature change, and encrgy transferred as heat. Mass and tempera-
ture change are directly measurable, but the direct measurement of heat is dif-
ficult. However, the specific heat capacity of water (4.186 kl/kg+°C) is well
known, so the energy transferred as heat between an object of unknown spe-
cific heat capacity and a known quantity of water can be measured.

If a hot substance is placed in an insulated container of cool walcr, energy con-
servation requires that the energy the substance gives up must egual the energy
absorbed by the water. Although some encrgy is transferred to the surrounding
container, this effect is small and will be ignored in this discussion. Energy con-
servation can be used to calculate the specific heat capacity, ;. of the substance
(indicated by the subscript x). For simplicity, a subscript w will always stand for
“water” in problems involving specific heat capacities.

energy absorbed by water = energy released by the substance
Quw=0Qy
Cpwyl Ty = e ATy
The energy gained by a substance is usually expressed as a positive quantity,
and cnergy released usually has a negative value. The minus sign of the latter
quantity can be eliminated if AT, and ATy, arc written as the larger tem-
perature value minus the smaller one. Therefore, AT should always be written
as a positive quantity for this equation.

This approach to determining a substance’s specific heat capacity is called
calorimetry, and devices that are used for making this measurement are called
calorimeters. A calorimeter also contains a thermometer for measuring the final

temperaturc when the substances are at thermal equilibrium and a stirrer to
casure the uniform mixture of energy throughout the water (sce Figure 10-12).
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SAMPLE PROBLEM 100

Calorimetry

PROBLEM
A 0.050 kg metal bolt is heated to an unknown initial temperature. It is
then drepped into a beaker containing 0.15 kg of water with an initinl
temperature of 21.0°C. The bolt and the water then reach a final tempera-
ture of 25.0°C. If the metal has a specific heat capacity of 899 J/kg*°C, find
the initial temperature of the metal.

SOLUTIONR
1. DEFINE  Given; Myperai= My = 0.050kg 5, =899 /kg+°C

Mypater= M, =015 kg Cpw = 4186 J/kg+"C
Tater= Thy=210°C Tﬁ:ml= T[= 25.0°C

Unkmewn: Twetal= Tz

Before placing hot sample After thermal equilibrium
Diagram: ilf calor?mctcr P has been reached
-
ity = 0.050 kg 1y, = 0,15 kg Tr=25.0°C
T, =21.0°C

2,PLAN Choose an equation(s) or situation: Equate the energy removed from the
bolt to the energy absorbed by the waler.

energy removed from mctal = energy absorbed by water
Cpan My ATy = cp My, AT,y
Rearrange the equation to iselate the unknown:
AT, = My Wi
MyCp.m
3. CALCULATE Substitute values into the equation(s) and solve:

Note that AT, has been made positive.
AT, =T~ T, =25.0°C - 21.0°C = 4.0°C

(.15 kg)(:mfé)(wm
AT,y= g
. 899]
continued on Bkt
next page (0,050 kg}(kg-"C)

Heat 373
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. PRACTICE 10C

Calorimetry

1.

2.

3.

a.

5.

G,

7.

AT,,= 56°C
Tﬂl = Tj’+ ATm
T, = 25°C + 56°C =81°C

T,y= 81°C

What is the final temperature when a 3.0 kg gold bar at 99°C is dropped
into 0.22 kg of water at 25°C?

A 0.225 kg sample of tin initially at 97.5°C is dropped into 0.115 kg of
water initially at 10.0°C. If the specific heat capacity of tin is 230 J/kg+°C,
what is the final equilibrium temperature of the tin-water mixture?

What is the final temperature when 0.032 kg of milk at 11°C is added to
0.16 kg of coffee at 91°C? Assume the specific heat capacities of the two
liquids are the same as water, and disregard any energy transfer to the
liquids’ surroundings.

A cup is made of an experimental material that can hold hot liquids
without significantly increasing its own temperature. The 0.75 kg cup has
an initial temperature of 36.5°C when it is submerged in 1.25 kg of water
with an initial temperature of 20.0°C. What is the cup's specific heal
capacity if the final temperature is 24.4°C?

Brass is an alloy made from copper and zinc. A 0.59 kg brass sample at
98.0°C is dropped into 2.80 kg of water at 5.0°C. If the equilibrium tem-
perature is 6.8°C, what is the specific heat capacity of brass?

The air temperature above coastal areas is profoundly influenced by the
large specific heat capacity of water. How large of a velume of air can be
cooled by 1.0°C if energy is transferred as heat from the air to the water,
thus increasiog the temperature of 1.0 kg of water by 1.0°C? The specific
hcat capacity of air is approximately 1000.0 J/kg+"C, and the density of
air is approximately 1.29 kglma.

A hot, just-minted copper coin is placed in 101 g of water to cool. The
water temperature changes by 8.39°C and the temperature of the coin
changes by 68.0°C. What is the mass of the coin? Disregard any energy
transfer to the water’s surroundings.

374 Chapter 10
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Tomorrow's

%‘l'echnology

As the carliest cave dwellers knew, a good way 10
stay warm in the winter and cool in the summer
is to go underground. Now scientists and engi-
ncers are using the same premise—and using
existing technology in a new, more efficient
way—1o heat and cool aboveground homes for
a fraction of the cost of conventional systems,

“At any given occasion, the earth tempera-
ture is the scasonal average temperature,” said
Gunnar Walmet, of the New York State Energy
Rescarch and Development Authority
(NYSERDA). “In New York state, that's typi-
cally about 50°F all year long."

Although the average specific heat capacity
of earth has a smaller value than the specific
heat capacity of air, the carth has a greater den-
sity. That means there are more kilograms of
earlh than there are of air near a house and
that a 1°C change in temperature involves
transferring more energy to or from the
ground than to or from the air. Thus, in the
wintertime, the ground will probably have a
higher temperature than the air above it, while
in the summer, the ground will likely have a
lower temperature than the air.

An carth-coupled heat pump enables home-
owners to tap the earth'’s belowground tempera-

Heating and Cooling from the Ground Up

ture to heat their homes in the winter or cool
them during the summer. The system includes a
network of plastic pipes placed in trenches or
inserted in holes drilled 20 3m (6 to 10 /)
beneath the ground's surface. To heat a home, a
fluid circulaies through the pipe, absorbs cnergy
from the surrounding carth, and transfers this
energy to a heat pump inside the house.

The heat pump uses a compressor, tubing,
and refrigerant to transfer the energy from the
liquid to the air inside the house. A blower-
and-duct system distributes the warm air
through the home, According to NYSERDA,
the system can deliver up to four times as
much energy into the house as the electrical
energy needed to drive it.

Like other heat pumps, the system is
reversible. In the summer, it can transfer en-
crgy from the air in the house to the system
of pipes belowground.

There are currently tens of thousands of
earth-coupled heat pumps installed through-
out the United States. Although the system can
function anywhere on Earth’s surface, it is most
appropriate in severe climates, where dramatic
temperature swings may not be ideal for air-
based systems.

-t .?’ B
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LATENT HEAT

If you place an ice cube with a temperature of ~25°C in a pan and then place the
pan on a hot range element or burner, the temperature of the ice will increase
until the ice begins to melt at 0°C. By knowing the mass and specific heat capac-
ity of ice, you can calculate how much energy is being added to the ice from the
element. However, this procedure only works as long as the ice remains ice and
its temperature continues to rise as energy is transferred to it.

The graph in Figure 10-13 and data in Tuble 10-5 show how the tempera-
wre of 10.0 g of icc changes as encrgy is added. You can sce that as the ice is
heated there is a steady increase in temperature from —25°C to 0°C {segment
A of the graph).

e e e e .- -
e o —— -

Stesm
{
Figure 10-13 A B '
This idealized graph shows the tem- o f Water |
perature change of 10.0 g of ice as it U lceswater | l
Is heated from ~25°C in the ice _gs¥ - '
phase to steam above 125°C ac k_f).SZZ 3.85 8.04 306 311
atmospheric pressura. Heat (x 10 J) ———pm
The situation at 0°C is very different. Despite the fact that energy is conlin-
vously being added, there is no change in temperaturc. Instead, the nature of
the ice changes. The ice begins to melt and change into water at 0°C (segment
B). The icc-and-water mixture remains at this temperature until all of the ice
melts. From 0°C to 100°C, the water’s temperature steadily increases (segment
C). At 1006°C, howcver, the temperature stops rising and the water turns into
Table 10-8 Changes ocowrring during the heating of 18.8 g of ice
Segment Type of change Amount of energy Temperature
of graph transferred as heat range of segment
A temperature of ce Increases 522) =25°C w0 0°C
B ice melts; becomas water 133%10°) 0°C
C temparature of water increases 419 %10 ] 0°C to 100°C
D water boils; becomes steam 2.26 x 10%) 100°C
E temperature of steam increases 502 ] 100°C to 125°C

376 Chapter 10
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stecam (segment D). Once the water has completely vaporized, the tempera-
ture of the stcam increases (segment E). Steam whose temperature is greater
than the boiling point of water is referred to as superheated.

When substances melt, freeze, boil, condense, or sublime (change from a
solid to vapor or from vapor to a solid), the energy added or removed changes
the internal energy of the substance without changing its temperature. These
changes in matter arc called phase changes.

The existence of phase changes requires that the definition of heat be
cxpanded. Heat is the energy that is exchanged between two objecis at different
teniperatures ar between two objects at the same temperature when one of them
is undergoing a phase change.

Phase changes involve potential energy between particles

To understand the behavior of a substance undergoing a phase change, you
will need to recall how energy is transferred in collisions. Potential energy is
the encrgy an object has because of its position relative to another object.
Examples of potential energy are a pencil about to fall from your desk or a
rubber band held in a tightly stretched position. Potential energy is present
among a collection of particles in a solid or a liquid in the form of attractive
bonds. These bonds result from the charges within atoms and molecules.
Potential energy is associated with the electric forces between these charges.

The equilibrium separation between atoms or molecules corresponds to a
position at which there is a minimum potential encrgy. The potential cnergy
increases with increasing atomic separation from the equilibrium position.
This resembles the elastic potential encsgy of a spring, as discussed in Chapter
5. For this reason, a collection of individual atorns or molecules and the bonds
between them are often modeled as masses at the ends of springs.

If the particles arc far enough apart, the bonds between them can break. The
work needed to increase potential energy and break a bond is provided by colli-
sions with energetic atoms or molecules, as shown in Figure 10-14. Just as
bonds can be broken, new bonds can be formed if atoms or molecules are
brought close together. This involves the collection of particles going from a
high potential energy (large average separation) to a lower potential energy
{small average separation). This decrease in potential energy involves a release
of energy in the form of increasing kinctic energy of nearby particles.

Copynight & by Holt. Rinehart snd Wirston A (ights reserved,

phase change

the physical change of & sub-
stance from one state (soild,

fiquid, or gas} to another at con-
stant temperature and pressure

Figure 10-14

Energy added to 2 subsance {(a)
can increase the vibrational kinetic

energy of its particles or break the
bonds berween those particles (b).

Heat
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Figure 30-15

The heat of fusion is the diffarence
betwaen the energy needed to
break bonds in a solid and the
energy released when bonds form
in a liquid.

heat of fusion

the energy per unit mass trans-
ferred in order to change & sub-
stance from solid to liquid or
from liquid to solld at constant
temperature ang pressure

heat of vaporization

the energy per unit mass trans-
ferred in order to change a sub-
stance from liquid to vapor or
from vapor to liquid at constant
temperature and pressure

378 Chapter 10

Energy required to melt a substance goes into rearranging
the molecules

Phase changes result from a change in the potential encrgy between particles
of a substance. When energy is added to or removed from a substance under-
going, a phase change, the particles of the substance rearrange themsclves to
make up for their change of energy. This occurs without a change in the aver-
age kinetic energy of the particles.

For instance, if ice is melting, the absorbed energy is sufficient to break the
weak bonds that hold the water molecules together as a well-ordered crystal.
New but different bonds form between the liquid water molecules that have
separated from the crystal, so some of the absorbed energy is released again.
The difference between the potential energies of the broken bonds and the
newly formed bonds is equal to the net energy added to the ice, as shown in
Figure 10-15. As a result, the energy used to rearrange the molecules is not
available to increase the molecules’ kinetic energy, and therefore no increase in
the temperature of the ice-and-water mixture occurs,

Energy absorbed in . Energy released by forming
order to break bonds - weaker bands between
between molecules in molecules of liquid water
the ice crystal \

Net energy added to the ice
to conver! it to liquid water =
latent heat of fusion of water

P00t AU

For any substance, the energy added to the substance during melting equals
the difference between the total potential encrgics for particles in the solid and
the liquid phases. This energy per unit mass is called the heat of fusion.

Energy required to vaporize a substance mostly goes into separating
the molecules

As in a solid, the molecules are close together in a liquid, and in liquid water
they are even closer together than in ice. The forces between liquid water mol-
ecules are stronger than those that exist between the more widely separated
water molccules in steam. Therefore, at 100°C, all the energy absorbed by
water goes into overcoming the attractive forces between the liquid water
molecules. None is available to increase the kinetic energy of the molecules.

The energy added to a substance during vaporization equals the difference
in the potential energy of attraction between the particles of 4 liquid and the
potential cnergy of attraction between the gas particles (sce Figure 10-16).
This encrgy per unit mass is called the heat of vaporization.

Lopyright 5 by Mok, Rizshert aad Winstor. All righls reserved.



Because they have few close neighbors, the particles in the gas phase gain
very little energy from weak bonding. Therefore, more energy is required to
vaporize a given mass of substance than to melt it. As a result, the heat of
vaporization is much greater than the heat of fusion. Both the heat of fusion

and the heat of vaporization arc classified as Iatent heat.

Energy released by forming

latent heat

the energy per unit mass that Is

transferred during a phase

weak bonds between water change of a substance

Energy absorbed in
order to break bonds
between liquid water
molecules

LATENT HEAT

Q=mL

molecuies in the vapor phase

Net energy added to the

liquid water to convert it
to vapor = latent heat of
vaporization of water

Figure 10-18

The heat of vaporization is mostly

the energy required to separate

molecules from the liquid phase.

Energy transferred as heat during a phase change = mass x latent heat

For calculations involving melting or freezing, the latent heat of fusion is
noted by the symbol L. Similarly, for calculations involving vaporizing or
condensing, the symbol L, is used for latent heat of vaporization. Table 10-6

lists latent heats for a few substances.

Table 10-6 iatent heats of fusion and vaporization at

standard pressure

Substance  Melting Ly (Mkg)

Boiling L, (Jikg)

point (°C) point (°C)
nitrogen ~209.97 255x10'  -195.8] 2.01 x 10°
oxygen -21879 138x10t 18297 213%10°
ethyl alcohol  ~114 104x10° 78 8.54 x 10°
water 0.00 333x10° 100,00 2.26 x 10
lead 327.3 245%x10° 1745 870 x 10°
aluminum 660.4 397x10° 2467 134 %107

Copysight © By Holt. Rinehast and Winston, Al tights reserved.
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SANIPLE PROBLEM 10D

PROBLEM

SOLUTION
1. DEFINE

2. PLAN

a. CALCLRATE

380 Chapter 10

Heat of phase change

How much energy is removed when 10.0 g of water is cooled from steam at
133.0°Cto liquid at 53.0°C2

Given: Tyeam=T;=133.0°C Twater® Ty =53.0°C
Cpstoum ™ Cps =201 X 10° J/kg+°C
Cpwater = Cpw = 4186 % 10° J/kge°C
1,=2.26x%10%)/kg
m=100g=10.0x 10" kg

Unknown: Qpopat=1?

Diagram: Steam cools  Steam condenses Liquid water cools
133.0°C , from 133.0°C 1o form liquid from 190.0°C
to 100.0°C  water at 100.0°C 10 53,0°C

100.0°C !

Temperature °C)

530°C

Heat

Choose an equation(s) or situstion: Heat is calculated by using Q= mcpAT
when no phase changes occur. When steam changes to liquid water, a phase
change occurs and the equation for the heat of vaporization, Q= L, must
be used. Be surc that AT is positive for each step.

To cool the steam to 100.0°C: Q; = ch.,AT

To change steam to water at 100.0°C: Q2= mL,

To cool the walter to 53.0°C: Q3= ntc,, , AT

Substitute values into the equation(s) and solve: Find AT for steam cooling
and water cooling, Calculate Q for both cooling steps and the phase change.

For the cooling steam:

AT,= 133.0°C — 100.0°C = 33.0°C

Q= mcy AT=(10.0X 107 kg)(Z.OI x 10° kgL())(SB.(FC)

=663 ]

For the steam condensing to water:
Q,=mL,=(10.0x 107 kg)(2.26 x 10° é)

=2.26%10%)

Copytight £ by Holt, Riashart and Winston, AX 1ights roserved.



For the cooling waler:

AT, = 100.0°C - 53.0°C = 47.0°C

Q3= mcp,, AT=(10.0x 107 kg)(4. 186 X 103-123—%;6)(47.0**(:)

=1.97 x 10°]
CALCULATOR SOLUTION
Qotat= Q1 + Q2+ Q3= Because of the significant flgure rute
663 J+(2.26 10 n for addition, the calculator answer,
+(1.97%10° ) =2.52% 10°] 27323, should be rounded to 2.52 x

Quotal = 2.52 % 10" ] semoved

4. EVALUATE  Most of the energy is added to or removed from a substance during phase
changes. In this example, about 90 percent of the energy removed from the
steam is accounted for by the heat of vaporization,

- PRACTICE 10D

Heat of phase change

1. How much cnergy is required to change a 42 g ice cube from ice at ~11°C
to steam at 111°C? (Hint: Refer to Tables 10-4 and 10-6.)

2. Liquid nitrogen, which has a boiling point of 77 K, is commonly used Lo
cool substances to low temperatures. How much energy must be removed
from 1.0 kg of gaseous nitrogen at 77 K for it to completely liquefy?

3. How much energy is needed to melt 0.225 kg of lead so that it can be
used to make & lead sinker for fishing? The sample has an initial tempera-
ture of 27.3°C and is poured in the mold immediately after it has melted.

4, How much energy is needed to melt exactly 1000 aluminum cans, each with
a mass of 14.0 g, for recycling? Assume an initial temperature of 26.4°C.

5. A0.011 kg cube of ice at 0,0°C is added to 0.450 kg of soup at 80.0°C.
Assuming that the soup has the same specific heat capacity as water, find
the final temperature of the soup after the ice has melted. (Hint: There is
a temperature change after the ice melts.)

6. Ata foundry, 25 kg of molten aluminum with a temperature of 660.4°C is
poured into a mold. If this is carried out in a room containing 130 kg of air
at 25°C, what is the temperature of the air after the aluminum is completely
solidificd? Assume that the specific heat capacity of air is 1.0 x 10° J/kge°C.

4 Heat 2381
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Section Review

1. A jewcler working with a heated 47 g gold ring must lower the ring’s
temperature to make it safe to handle. If the ring is initially at 99°C, what
mass of water at 25°C is nceded to lower the ring's temperature to 38°Ct

2. Using the concepts of latent heat and internal energy, explain why it is
difficult to build a fire with damp wood.

3. Why does steam at 100°C cause more severe burns than does liquid
water at 100°C?

4, From the heating curve for a 15 g sample, as shown in Figure 10-17,
estimate the following properties of the substance.
a. the specific heat capacity of the liquid
b. the latent heat of fusion
c. the specific heat capacity of the solid
d. the specific heat capacity of the vapor
e. the latent heat of vaporization

400
Gas
E 300 »
200
Sald
100
'—
0 Solid + liquid Liquid Liquid + g
1.27 8.37 15.8 795 796
Heat (k) =
Figure 10-17

5. Physics in Action How much encrgy must be added to a bowl of
125 popcorn kernels in order for them 1o reach a popping temperature of
175°C? Assumc that their initial temperature is 21°C, that the specific
heat capacity of popcorn is 1650 J/kg+°C, and that each kernel has a
mass of 0.105 g,

6. Physics in Action Bccausc of the pressure inside a popcorn ker-
nel, water does not vaporize at 100°C. Instead, it stays liquid until its
temperature is about 175°C, at which point the kernel ruptures and the
superhcated water turns into steam. How much cnergy is needed to pop
95.0 g of corn if 14 percent of a kernel’s mass consists of water? Assume
that the latent heat of vaporization for water at 175°C is 0.90 timcs its
value at 100°C and that the kernels have an initial temperature of 175°C.

382 Chapter 10
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10-4 |

Controlling heat

THERMAL CONDUCTION

When you first place an iron skillet on a range burner or element, the metal
handle fecls comfortable to the touch, But after a few minutes the handle
becomes too hot to touch without a cooking mitt. During that time, energy is
transferred as heat from the high-temperature burner to the skillet. This type
of energy transfer is called thermal conduction.

Thermal conduction can be understood by the behavior of atoms in a
metal, Before the skillet is placed on the heating element, the skillet’s iron
atoms have an encrgy proportional 1o the temperature of the room. As the
skillet is heated, the atoms necarest the heating clement vibrate with greater
energy. These vibrating atoms jostle their less energetic neighbors and transfer
somc of their encrgy in the process. Gradually, iron atoms farther away from
the element gain more energy.

The rate of thermal conduction depends on the properties of the substance
being heated. A metal ice tray and a package of frozen food removed from the
freezer are at the same temperature. However, the metal tray feels colder because
metal conducts encrgy more casily and more rapidly than cardboard at the
place where it comes into contact with your hand. In contrast, a piece of ceram-
ic conducts cnergy very slowly, as may be scen in Figure 10-18. The end of the
ceramic piece that is embedded in ice is barely affected by the energy of the
flame surrounding the other end. Substances that rapidly transfer energy as heat
are called thermal conductors, while those that slowly transfer energy as heat are
called thermal insulators.

in general, metals arc good thermal conductors.
Materials such as asbestos, cork, ceramic, cardboard,
and fiberglass are poor thermal conductars (and there-
fore good thermat insulators). Gases also are poor ther-
mal conductors. The gas particles are so far apart with
respect to their size that collisions between them are
rare, and their kinetic energy is transferred slowly.

Although cooking oil is not any better as a thermal
conductor than most nonmetals, it is useful for transfer-
ring energy uniformly around the surface of the food
being cooked. When popping popcorn, for instance,
coating the kernels with oil improves the energy transfer
to cach kernel, so that a higher percentage of them pop.  photograph.

Figure 10-18

Copyright & by Holt. Renshvni end Winston. AX rights ressrved.
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10-4 SECTION OBJECTIVES

» Explain how energy Is trans-
forred as heat through
the process of thermal
conduction,

s Recognize how snargy trans-
fer can ba controlled with
clothing.

thermal conduction

the process by which energy is
transferred as heat through a8
material betweer two points at
different temperatures

Ceramics are poor tharmal conductors, as indicated in this

Heat
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CONCEPT PREVIEW

Electromagnetic radiadon will be dis-
cussed In more deaail in Chapter 14,

Figure 10-19
The Inuplat parka, called an otigl,
consists today of a canvas shefl aver
shaepskin. The wool provides layers

of insulating air between the wearer
and the cold.
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Convection and radiation also transfer energy

There are two other mechanisms for transferring encrgy betwcen places or
objects at different temperatures. Convection involves the displacement of
cold matter by hot matter, such as when hot air over a flame rises upward.
This mechanism does not involve heat alone. Instead, it uses the combined
effects of pressure differences, conduction, and buoyancy. In the case of air
over a flame, the air is heated through particle collisions (conduction), caus-
ing it to expand and its density to decrease. The warm air is then displaced by
denser, colder air from above.

The other principal energy transfer mechanism is electromagnetic radia-
tion, which includes visible light. Unlike convection, energy in this form does
not involve the transfer of matlter. Instead, objects reduce their internal energy
by radiating electromagnetic radiation with particular wavelengths. This
cnergy transfer often takes place from high temperaturc to low temperature,
so that radiation is frequently associated with heat. The human body emits
cnergy in the infrarcd portion of the clectromagnetic spectrum.

CLOTHING AND CLIMATE

To remain healthy, the human body must maintain a temperature close to
37.0°C (98.6°F). This becomes increasingly difficult as the surrounding air
becomes hotter or colder than body temperature.

Without proper insulation, the body’s temperature will drop in its attempt
Lo reach thermal equilibrium with very cold surroundings. If this situation is
not corrected in time, the body will enter a state of hypothermia, which lowers
pulse, blood pressure, and respiration. Once the body temperature reaches
32.2°C (90.0°F), the person can losc consciousness. When the body tempera-
ture reaches 25.6°C (78.0°F), hypothermia is almost always fatal,

Insulating materials retain energy for cold climates

To prevent hypothermia, the transfer of cnergy from the human body to the
surrounding air must be hindered. This is done by surrounding the body with
heat-insulating material. An extremely effective and common thermal insula-
tor is air. Like most gases, air is a very poor thermal conductor, so cven a thin
layer of air near the skin provides a barrier to energy transfer.

The Inupiat Eskimo people of northern Alaska have designed clothing to
protect them from the severe Arctic climate, where average air temperatures
range from 10°C (50°F) to —37°C (~35°F). The Inupiat clothing is made from
animal skins that make use of air’s insulating properties. Until recently, the
traditional parka (atigi} was made [rom caribou skins. Two separate parkas
arc worn in layers, with the fur lining the inside of the inncr parka and the
outside of the outer parka. Insulation is provided by air trapped between the
short inner hairs and within the long, hollow hairs of the fur. Today, inner
parkas are made from sheepskin (sce Figure 10-19).
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Evaporation aids energy transfer in hot climates

At the other extreme, the Bedouins of the Arabian Desert have developed
clothing that permits them to survive another of the harshest cnvironments
on Earth. Bedouin garments cover most of the body, thus protecting the wear-
er from direct sunlight and preventing excessive loss of body water from evap-
otalion, These clothes are also designed to cool the wearer. The Bedouins
must keep their body temperatures from becoming too high in desert temper-
atures, which often are in excess of 38°C (100°F). Heat exhaustion or heat-
stroke will result if the body’s temperature becomes too high.

Although there are a number of differences among the types of clothing
worn by different tribes and by men and women within tribes, a few basic gar-
ments are common to all Bedouins. One of these is the loose-fitting, elon-
gated linen shirt called a dish-dash or dish-dasha, depending on whether
it is worn by men or women, respectively. This shirt is worn close to the body,
usually over an undergarment.

The loosc fit and flared cut of the dish-dash permits air to flow over the
wearer’s skin. This causes any perspiration that has collected on the skin’s sur-
face Lo evaporate. During evaporation, water molecules enter the vapor phase.
Because of the high specific heat capacity and latent heat of vaporization for
water, evaporation removes a good deal of energy from the skin and air, thus

. . Figure 10-20
causing the skin to cool. The Bedouin headcloth, calied a
Another common article of clothing is the kefiyah, a headcloth worn by kefiyah, emplays evaporation to
Bedouin men, as shown in Figure 10-20. A similar garment made of two scp- remove energy from tha air close to

arate cloths, which are called a mandil and a hatta, is worn by Bedouin the head, thus cooling the wearer.

women. Firmly wrapped around the head of the wearer, the cloth absorbs per-
spiration and cools the wearer during cvaporation. This same garment is also
useful during cold periods in the desert. Wound snugly around the head, the
garment traps air within its folds, thus providing an insulating layer to kecp
the head warm,

Section Review

1. Why do fluffy down comforters feel warmer than thin cloth blankets?

2. Explain how conduction causes water on the surface of a bridge to frecze
sooner than water on the road surface on either side of the bridge.

3. On a camping trip, your friend tells you that fluffing up a down sleeping
bag before you go to bed will keep you warmer than sleeping in the same
bag when it is still crushed from being in its storage sack. Explain why
this happens. (Hint: A large amount of air is present in an uncrushed
slecping bag.)

Heat 385
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CHAPTER 10

Summary

KEY TERMS KEY IDEAS
j calorimetry (p. 372) Section 10-1 Temperature and thermal equilibrium
% heat (p. 365) + Temperature can be changed by transferring energy to or from a substance.
- » ‘Thermal equilibrium is the condition in which the temperature of two
;» heat of fusion (p. 378) objects in physical contact with cach other is the same.
.
; heat of vaporization (p.378)  Section 10-2 Defining heat

internal energy (p. 359) * Heat is energy that is transferred from objects at higher temperatures to
g objects at lower temperatures.
i latent heat (p. 379) + Energy is conserved when mechanical energy and internal energy are
% 2 phase change (p. 377) taken into account.
1 specific heat capacity (p. 371) Section 10-3 Changes in temperature and phase
- i | « Specific heat capacity, which is a measure of the energy
§ conduction (p. 383) needed to change a substance’s temperature, is described
%ﬁ thermal equilibrium (p. 360) by the following formula: =
m
- + Latent heat, the energy required to change the phasc of 2 Q
substance, is described by the following formula: Ln=

m

Section 10-4 Controlling heat
« Energy is transferred by thermal conduction through particle collisions.

Variable symbols
Quantities Units
T  temperature (Kelvin) K kelvins
Tc temperature (Celsius) °C  degrees Celsius
Tr  temperature (Fahrenheit) °F degrees Fahrenheit
AU change in internal energy ) joules
Q  heat J joules
cp  spedific heat capacity at J
constant pressure kg +°C
L latant heat

L
kg
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CHAPTER 10

Review and Assess
TEMPERATURE AND Practice problems  NN———GG0TT5712
THERMAL EQUILIBRIUM 9, The highest recorded temperature on Earth was

Review questions  MENRNNINN

L.

What is the relationship between temperature and
internal energy?

2. What property of two objects determines if the two

3

4‘

are in a state of thermal equilibrium?

What are some physical properties that could be
used in developing a temperature scale?

What property must a substance have in order to be
used for calibrating a thermometer?

Conceptual questions  ENERESNEE=GE:

5.

7I

Which object in cach of the following pairs has
greater total internal cnergy, assuming that both
objects in cach pair are in thermal equilibrium?
Explain your reasoning in cach casc.
a. a metal knifc in thermal equilibrium with a hot
griddle
b. a 1 kg block of ice at ~25°C or seven 12 g ice
cubes at =25°C

Assume that each pair of objects in item 5 has the
same internal energy instead of the same tempera-
ture. Which item in each pair will have the higher
temperature?

Why are the stecam and ice points of water better
fixed points for a thermomcter than the tempera-
ture of a human body?

How does the temperature of a tub of hot water as
measured by a thermometer differ from the water’s
temperature before the measurement is made?
What property of a thermometer is necessary for
the difference between these two temperatures to be
minimized?

Copytigint £ oy Hol, Rineharl and Winaton. AR righls resevad,
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136°F, at Azizia, Libya, in 1922. Express this tempera-
ture in degrees Celsius and in kelvins.
(Scc Sample Problem 10A.)

The melting point of gold is 1947°F. Express this
temperature in degrees Celsius and in kelvins.
{Sce Sample Problem 10A.)

DEFINING HEAT

Review questions  SREEUMNMMIOTYE

11.

12.

13,

Which drawing in Figure 10-21 correctly shows the
direction in which the nct energy is transferred
by heat between an ice cube and the freezer walls
when the temperature of both is —10°C? Explain
your answer.

& 8 U >8

Flgure 10.21

A glass of water has a temperature of 8°C. In which
situation will more energy be transferred, when the
air's temperature is 25°C or 35°C?

)

How much cnergy is transferred between a piece
of toast and an oven when both are at a tempera-
ture of 55°C? Explain.

Conceptual questions (NN

14.

If water in a scaled, insulated container is stirred, is
its temperature likely to increase slightly, decrease
slightly, or stay the same? Explain your answer.
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15. Given your answer to item 14, why does stirring a
hot cup of coffee cool it down?

16. Given any two bodics, the onc with the higher
temperature contains more heat. What is wrong
with this statement?

17. Use the kinetic theory of atoms and molecules to
explain why energy that is transferred as heat always

goes from objects at higher temperatures to those at
lower temperatures.

18. In which of the two situations described is more
cnergy transferred? Explain your answer.
a. a cup of hot chocolate with a temperature of
40°C inside a freezer at —20°C

b. the same cup of hot chocolate at 90°C in a
room al 25°C

Practice problems

19. A force of 315 N is applied horizontally to a wooden
crate in order to displace it 35.0 m across a level floor
at a constant velocity. As a result of this work the
crate’s internal energy is increased by an amount
equal to 14 percent of the crate’s initial internal en-
ergy. Calculate the initial internal energy of the crate.
(See Sample Problem 10B.)

20. A 0.75 kg spike is hammcred into a railroad tic. The
initial spced of the spike is equal to 3.0 m/s.

a. If the tic and spike together absorb 85 percent
of the spike’s initial kinctic energy as internal
cnergy, caleufate the increase in internal en-
ergy of the tie and spike.

b. What happens to the remaining energy?

(See Sample Problem 10B.}

CHANGES IN TEMPERATURE
AND PHASE

Review questions

21. What data are required in order to determine the

specific heat capacity of an unknown substance by
means of calorimetry?

388 Chapter 10

22. What principle permits calorimetry to be used to
determine the specific heat capacity of a substance?
Explain.

23. Why docs the temperature of mclting ice not

change cven though cnergy is being transferred as
heat to the ice?

Conceptual questions

24. Why does the evaporation of water cool the air near
the water’s surface?

25. Ethyl alcohol has about one-half the specific heat

capacity of water. If equal masses of alcohol and
water in separate beakers at the same temperature
are supplied with the same amount of energy, which
will have the higher final temperature?

26. Until refrigerators were invented, many people

stored fruits and vegetables in underground cellars.
Why was this more effective than keeping them in
the open air?
27. During the winter, the people mentioned in item 26
would often place an open barrel of water in the cel-
lar alongside their produce. Explain why this was
done and why it would be effective.

28. During a cold spell, Florida orange growers often
spray a mist of water over their trees during the

night. What does this accomplish?

29, From the heating curve for a 23 g sample (see Fig-

ure 10-22), estimate the following properties of the
substance.

a. the specific heat capacity of the liquid

b. the latent heat of fusion

¢. the specific heat capacity of the solid

d. the specific heat capacity of the vapor

e. the latent heat of vaporization

&00
0 Liquid Gag
2 450 + gas
% 300 Solid + Liquid “
g |Solid liguid
£ 150
0783 20 166 855 857
Heat () s——
Figure 10.22
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Practice problems  IESIGEEGGG_mER0

30, A 25.5 g silver ring (cp =234 J/kg+°C) is heated to a
temperature of 84.0°C and then placed in a
calorimeter containing 5.00 x 1072 kg of water at
24.0°C. The calorimeter is not perfectly insulated,

. however, and 0.140 k} of energy is transferred to
the surroundings before a final temperature is
reached. What is the final temperature?

(See Sample Problem 10C.)

31. When a driver brakes an automobile, friction between
the brake disks and the brake pads converts part of the
car’s translational kinetic energy to internal energy. If a
1500 kg automobile traveling at 32 m/s comes to a halt
after its brakes are applied, how much can the temper-
ature rise in each of the four 3.5 kg steel brake disks?
Assume the disks are made of iron (cp =448 I/kg=°C)
and that all of the kinetic energy is distributed in equal
parts to the internal energy of the brakes.

(See Sample Problem 10C.)

32. A plastic-foam container used as a picnic cooler con-
tains a block of ice at 0°C. If 225 g of ice melts, how
much heat passes through the walls of the container?
(See Sample Problem 10D.)

33. The largest of the Great Lakes, Lake Superior, con-
tains about 1.20 x 10'® kg of water. If the lake had a
temperature of 12.0°C, how much encrgy would
have to be removed to freeze the whole lake at 0°C?
(Sec Sample Problem 10D.)

THERMAL CONDUCTION AND
INSULATION

Review questions

34. How does 2 metal rod conduct energy from one
end, which has been placed in a fire, to the other
end, which is at room temperature?

35. How does air within winter clothing keep you warm
on cold winter days?
Conceptusl questions  IESRENRNNGEG:: "

36. A metal spoon is placed in one of two identical cups
of hot coffec. Which cup will be cooler after a few
minutes?

Copyright 2 by Holl. Pinahart and Winston, Al rights ressrved.

37. A tile floor may feel uncomfortably cold to your
bare feet, but a carpeted floor in an adjoining room
at the same temperature feels warm. Why?

Why is it recommended that several items of cloth-
ing be worn in laycrs on cold days?

39. Why does a fan make you feel cooler on a hot day?

40. A paper cup is filled
with water and then
placed over an open
flame, as shown in
Figure 10-23, Explain
why the cup does not
catch firc and burn.

MIXED REVIEW

41. Absolute zero on the Rankine temperature scale is
Tg = 0°R, and the scale’s unit is the same size as the
Fahrenheit degree.

8. Write a formula that celates the Rankine scale
to the Fahrenheit scale.

b. Write a formula that relates the Rankine scale
to the Kelvin scale.

Figure 10-23

42, A 3.0 kg rock is iniliaily al rest at the top of a clifl.
Assuming the rock [alls into the sea at the oot of
the cliff and that its kinetic energy is transferred
entirely to the water, how high is the cliff if the tem-
perature of 1.0 kg of water is raised 0.10°C?

43, Convert the following temperatures to degrees
Fahrenheit and kelvins,
&. the boiting point of liquid hydrogen (-252.87°C)
b. the temperature of a roomn at 20.5°C

44. The freczing and boeiling points of water on the
imaginary “Too Hot” temperature scale are selected
to be exactly 50 and 200 degrees TH.

a. Derive an equation relating the Too Hot scale
to the Celsius scale. (Hint: Make a graph of
one temperature scale versus the other, and
solve for the equation of the line.)

b. Calculate absolute zero in degrees TH.
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45. Show that the temperature —40° is unigue in that it
has the same numerical value on the Celsius and
Fahrenheit scales.

46. A hot-water heater is operated by solar power. If the
solar collector has an arca of 6.0 m? and the power
dclivered by sunlight is 550 W/m?, how long will it
take to increase the temperature of 1.0 m° of water
from 21°C to 61°C?

47. A student drops two metallic objects into a 120 g steel
container holding 150 g of water at 25°C. One object
is a 253 g cube of copper that is initially at 85°C, and
the other is a chunk of aluminum that is initially at
5°C, To the surprise of the student, the water reaches
a final temperature of 25°C, its initial temperature.
What is the mass of the aluminum chunk?

Technology L Loaming

Graphing calculators
Refer to Appendix B for instructions on download-
ing programs for your calculator. The program
“Chap10” allows you to analyze a graph of tempera-
ture versus energy absorbed for a sample with a
known mass and specific heat capacity.
Specific heat capacity, as you learned earlier in

this chapter, is described by the lollowing equation:

Q

CP-—E}'

The program “Chap10” stored on your graphing
calculator makes use of the equation for specific
heat capacity. Once the “Chap10” program is cxe-
cuted, your calculator will ask for the initial tem-
perature, mass, and specific heat capacity of the
sample. The graphing calculator will use the follow-
ing equation to create a graph of temperature (Y;)
versus the encrgy absorbed (X).

Yy =T+ (XAMC))

a. The graphing calculator equation is the same
as the specific heat capacity equation shown
above, Specify what cach variable in the graph-
ing calculator equation represents.

Execute “Chap10” on the (=] menu and press
to begin the program. Enter the values for the
mass, specific heat capacity, and initial temperature
(shown below), pressing (ea] after cach onc,

The calculator will provide a graph of the tem-
perature versus the energy absorbed. (If the graph is
not visible, press and change the settings for
the graph window so that Xmin is the lowest energy
value required and Xmax is the highest value
required, then press{em],)

Press and use the arrow keys to Lrace along
the curve. The x value corresponds to the absorbed
energy in joules, and the y value corresponds to the
temperature in degrees Celsius.

Determine the temperature of a 0.050 kg piece of
aluminum foil (specific heat capacity cquals 899 )/kg»
°C) originally at 25°C that absorbs the following
amounts of encrgy by heat:

b.75]

€. 225]

d. 475}

e. 825}

f. If the initial temperature were 10°C instead of

25°C, how would the graph be different?

Press (3 ) (o] to stop graphing. Press to
input a new value or (6=) to end the program.

380 Chapter 10
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48. At what Fehrenheit temperature ase the Kelvin and  50. A jar of tea is placed in sunlight until it reaches an

49.

Alternative Assessinient

Fahrenheit temperatures numerically equal?
(Sec Sample Problem 10A.)

A 250 g aluminum cup holds and is in thermal
equilibrium with 850 g of water at 83°C, The com-
bination of cup and water is cooled uniformly so
that the temperature decreases by 1.5°C per minute.
At what rale is energy being removed?

equilibrium temperature of 32°C. In an attempt to
cool the liquid, which has a mass of 180 g, 112 g of
ice at 0°C is added. At the time at which the temper-
ature of the tea is 15°C, determine the mass of the
remaining ice in the jar. Assume the specific heat
capacity of the tea to be that of pure liquid water.

Performance assessment

1-

2.

3.

According to legend, Archimedes determined
whether the king'’s crown was pure gold by compar-
ing its water displacement with the displacement of
a picce of pure gold of cqual mass. But this proce-
dure is difficult to apply to very small objects.
Design a method for determining whether a ring is
pure gold using the concept of specific heat capacity.
Present your plan to the class, and ask others to sug-
gest improvemnents to your design. Discuss each sug-
gestion's advantages and disadvantages.

The host of a cocking show on television claims that
you can greatly reduce the baking time for potatoes
by inserting a nail through each potato. Explain
whether this advice has a scientific basis. Would this
approach be more efficient than wrapping the pota-
toes in aluminum foil? List all arguments and discuss
their strengths and weaknesses.

The graph of decreasing temperature versus time of
a hot object is called its cooling curve. Design and
perform an experiment to determine the cooling
curve of water in containers of various materials
and shapes. Draw cooling curves for cach one
Which trends represent good insulation? Use your
findings and graphs to design a lunch box that
keeps food warm or cold.

Copyright & by Holl, Rinshar) and Wingion. All Hights renereed.

Portfolio projects

4.

Research the life and work of James Prescott Joule,
who is best known for his apparatus demionstrating
the equivalence of work and heat and the conserva-
tion of cnergy. Many scicntists of the day initially
did not accept Joule's conclusions. Research the rea-
soning behind their objections. Preparc a presenta-
tion for a class discussion cither supporting the
objections of Joule’s critics or defending Joule’s
conclusion before England’s Royal Academy of
Sciences.

Get information on solar water heaters available
where you live. How does each type work? Compare
prices and operating expenses for solar water
heaters versus gas water heatees. What are some of
the other advantages and limitations of solar water
heaters? Prepare an informative brochure for home-
owners interested in this technology.

Research how scientists measure the temperature of
the following: the sun, a flame, a velcano, outer
space, liquid hydrogen, mice, and insects. Find out
what instruments are used in each case and how
they are calibrated to known temperatures. Using
what you learn, prepare a chart or other presenta-
tion on the tools used to measure temperature and
the limitations on their ranges.
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CHAPTER 10
Laboratory Exercise

SPECIFIC HEAT CAPACITY

OBJECTIVES
*Measure tempaerature. In this experiment, you will use calorimetry to identify various metals. In each
*Apply the upaciﬂc heat trial, you will heat a sample of metal by placing it above a bath of water and
Lmnetry o calcu!ate bnng_mg the water. u.) a boil. When the sample is t}eated, you u.nll place l'l ina
the specific heat capaci- calorimeter containing cold water. The waler in the calorimeter will be
ty of a metal. warmed by the mectal as the metal cools. According to the principle of energy
* Identify unknown metals conservation, the total amount of energy transferred out of the metal sample
bﬁim::gg "ﬁ:m, as it cools equals the encrgy transferred into the water and calorimeter as they
ﬂ:d es for spe- are warmed. In this lab, you will use your measurements to determine the spe-
cific heat capacities. cific heat capacity and identity of each metal.
MATERIALS LIST S0
v 2 heaksrs SAFETY @~
:::;ofnﬂuumhh o When using a burmer or hot plate, always wear goggies and an apron to
protect your syes and clothing. Tis back loag hair, secure leose cloth-
v mstal calorimeter and stirring Ing, and remove kooss jeweky, If your clotising catches on fire, walk to
rod the emergency Lab shewer and use the shewer to put out the fire,
::m * Never leave a hot plate unattended while it is turned on.
v metal heatig vesse with ¢ 1t a thermometer breaks, notify the teacher immediately.
metal heating dipper * Du net heat glassware that is broken, chipped, or cracked. Use tongs
v small plastic dish or a mitt to handle heated glassware and other squipment becauss it
doas not always Jook kot when it is hot. Allew all equipmenst io cool
PROCEDURE before storing R,
CBL AND SENSORS * Never put broken glass or coramics in a regular waste conlaioer. Use a
v CBL mﬁm:dMthMMu::aumm
v graphing calculator with kink y
cahle
v 2 temperature probes
THER . PREPARATION
v hand-held magnifying lens 1. Determine whether you will be using the CBL and sensors procedure or
v 2 thermometers the thermometers. Read the entire lab for the appropriate procedure, and

plan what steps you will take. Plan efficiently. Make sure you know which
steps can be performed whike you are waiting for the water to heat.

2. Preparc a data table with four columns and cight rows in your lab note-
book. In the first row, label the second through fourth columns Triul 1,
Trial 2, and Trial 3. In the first column, label the sccond through cighth
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raws Sample nuntber, Mass of metal, Mass of calorimeter cup and stirrer,
Mass of water, Initial temperature of metal, Initial temperature of water
and calorimeter, and Final temperature of metal, water, and calorimeter.

3. In Appendix E, look up the specific heat capacity of the material the
calorimeter is made of and record the information in the top left corner

of your data table.

Thermometer procedure begins on page 395.

PROCEDURE

Finding the specific heat capacity of a metal

4, Choose a location where you can sct up the experi-
ment away from the edge of the table and away
from other groups. Make surc the hot plate is in the
“off™ position before you plug it in.

8. Fill a metal heating vessel with 200 mL of water and
place it on the hot plate. Turn on the hot plate and
adjust the heating controls to heat the water.

8. Set up the temperature probe, CBL, and graphing
calculator as shown in Figure 10-24. Connect the
CBL to the graphing calculator with the unit-to-
unil link cable using the I/O ports located on each
unit. Connect the first temperature probe to the
CHI port. Connect the second temperature probe
to the CH2 port. Turn on the CBL and the graphing
calculator. Start the program PHYSICS on the
graphing calculator.

Copyright © by HoW, Finehart and Winston. M rights reserved.

8. Select option SET UP PROBES from the MAIN
MENU. Enter 2 for the number of probes.
Select the temperature probe from the list.
Enter 1 for the channe! number. Select the tem-
perature probe from the list again, and enter 2
for the channel number.

b. Select the COLLECT DATA option from the
MAIN MENU. Select the TRIGGER option
from the DATA COLLECTION menu.

7. Obtain about 100 g of the metal sample. First find the
mass of the small plastic dish. Place the metal shot in
the dish and determine the mass of the shot, Record
the number and the mass of the sample in your data
table. Place one temperature probe in the metal heat-
ing dipper, and carcfully pour the sample into the
metal heating dipper. Make sure the temperature
probe is surrounded by the metal sample,

Figure 10-24

Stap 5: Start heating the water befors you
set up the CBL and probes.
Never lsave a hot plate unactended when ltis
wrned on.

Step T: Be very caraful when pouring the
metal sample in thae dipper arcund the tem-
parature proba.

Step 17: Begin taking temperatura readings
a few seconds before adding the sample o
che calorimeter.

Step 19 Record the highest tamperature
reached by the water, sample, and calorimeter

combination, not the firal temperature.
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8. Place the dipper with metal contents into the top of
the heating vessel, as shown in Figure 10-24, Make
sure the temperature probe leads do not touch the
hot plate or any heated surface.

9. While the sample is heating, find the mass of the
empty inner cup of the calorimeter and the stirring
rod. Record the mass in your data table. Do not
leave the hot plate unattended.

10. For the water in the calorimeter, you will need
about 100 g of water that is a little colder than
room temperature. Put the water in a beaker, Use
the sccond CBL temperature probe to find room
temperature. Look at the temperatures on the CBL
and read the temperature reading for the second
probe. Place the second sensor in the water to check
the water’s temperature, (Do not use water colder
than 5°C below room temperature. You may need
to use ice to get the initial temperature low enough,
but make sure all the ice has melied before pouring
the water into the calorimeter.)

1 1. Place the calorimeter and stirrer on the balance and
carefully add 100 g of the waler. Record the mass of
the water in your data table. Replace the cup in its
insulating shell, and cover.

12, When the CBL displays a constant temperature for
several readings, press TRIGGER on the CBL to
collect the temperature reading of the metal sam-
ple. Record the temperature reading in your data
table as the metal’s initial temperature. Select
CONTINUE from the TRIGGER menu on the
graphing calculator.

13. Carefully remove the first temperature probe from
the dipper. Sct the probe aside to cool.

14, Use the stirring rod to stir the water in the calorime-
ter. Place the second temperature probe in the
calorimeter. When the CBL displays a constant tem-
perature for several readings for the calorimeter
water, press TRIGGER on the CBL to collect the
temperature readings. Record the initial tempera-
ture of the water and calorimeter. Select STOP from

394 Chapter 10

the TRIGGER menu on the graphing calculator.
Leave the probe in the calorimeter.

18, Sclect COLLECT DATA from the MAIN MENU on
the graphing calculator. Select the TIME GRAPH
oplion from the DATA COLLECTION mecnu. Enter
2.0 for the time between samples. Enter 99 for the
number of samples, Check the values you entered,
and then press ENTER. Press ENTER to continue. If
you made a mistake entering the time values, select
MODIFY SETUP, reenter the values, and continue.

16, From the TIME GRAPH menu, select LIVE
DISPLAY. Enter 0 for Ymin, enter 100 for Ymax,
and enter 5 for Yscl,

47. Press ENTER on the graphing calculator to begin
collecting the temperature readings for the water in
the calorimeter.

18. Quickly transfer the metal sample to the calorimeter
of cold water and replace the cover. Use a mitt when
handling the mctal heating dipper. Use the stirring
rod to gently agitate the sample and to stir the water
in the calorimeter. If you are not doing any more
trials, make sure the hot plate is turned off. Other-
wise, make sure there is pienty of water in the heating
vessel, and do not fcave the hot plate unattended.

19. When the CBL displays DONE, use the arrow keys
to trace the graph. Time in seconds is graphed on
the x-axis, and the tcmperature readings arc
graphed on the y-axis. Record the highest tempera-
ture reading from the CBL in your data table.

20. Prcss ENTER on the graphing calculator. On the
REPEAT? menu, select NO. If you are going to pet-
form another trial, select the COLLECT DATA
option from the MAIN MENU. Sclect TRIGGER
from the DATA COLLECTION menu.

214.1f time permits, make additional trials with other

samples. Record data for all trials in your data table.

Analysis and Interpretation begins on page 396.
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PROCEDURE

8. Use the second thermometer to measure room tem-
perature, For the water in the calorimeter, you will

Finding the specific heat capacity of a metal

4, Choosc a location where you can set up the experi-

ment away (rom the edge of the table and from
other groups. Make sure the hot plate is in the "ofl”
position before you plug it in.

8. Fill a metal heating vessel with 200 mL of water and

place it on the hot plate, as shown in Figure 10-25.
Turn on the hot plate and adjust the heating con-
trol to heat the water.

8. Measure out about 100 g of the metal sample.

Record the number of the metal sample in your data
table. Hold the thermometer in the metal heating

need about 100 g of water that is a little colder than
room temperature. Put the water in a beaker. Place
the thermometer in the water to check the tempera-
ture of the water. (Do not use water colder than 5°C
below room temperature. You may need to use ice to
get the initial temperature low enough, but make
surc all the icc has melted before pouring the water
into the calorimeter.)

9. Place the calorimeter and stirrer on the balance,

and carcfully add 100 g of the water. Record the
mass of the water in your data table. Replace the

dipper, and very carefully pour the sample into the
metal heating dipper. Make sure the bulb of the
thermometer is surrounded by the metal. Place the
dipper with metal contents into the heating vessel.
Hold the thermometer while the sample is heating.

cup in its insulating shell, and cover.

10. Usc the thermomcter to measure the temperature
of the sample when the water is boiling and the
sample reaches a constant temperature. Record this
temperature as the initial temperature of the metal
sample. (Note: When making temperature read-
ings, take carc not to touch the hot plate and the
water.) Use the hand-held magnifying lens to esti-
mate to the ncarcst 0.5°C. Make surc that the

7. While the sample is heating, determine the mass of
the stirring rod and empty inner cup of the
calorimeler. Record the mass in your data table. Do
not leave the hot plate unattended.

Figurs 10-23

Step 5: Sart headng the water befors you
begin the rest of the kb, Never leave a hot
plate unattended when it is turned on,
Step 6: Be very careful when pouring the
metal samphe in the dipper around the ther-
momater. Maka sure the thermometer bulb
is surrounded by the metal sample,

Stap 12: Begin taking tamparature read-
ings 2 faw seconds before adding the sample
to the calorimetsr.

Step 15: Record the highest temperature

reached by the water, sample, and calorim-
eter combinaton.

Heat
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thermometer buib is completely surrounded by the handling the metal heating dipper. If you are not

mectal sample, and keep your line of sight at a right doing any more trials, make sure the hot plate is
angle to the stem of the thermometer. Reading the turned off. Otherwise, make surc there is plenty of
thermometer at an angle will cause considerable water in the heating vessel, and do not leave the hot
crrofs in your measurements. Carefully remove the plate unattended.

thermometer and set it aside inas . - .
eter ecure place 14. Usc the stirring rod to gently agitate the sample and

11. Use the stirring rod to gently stir the water in the stir the water in the calorimeter. Do net use the
calorimeter. Do not use the thermometer to stir thermometer to stir the water,
the water. . . .
15. Tuke readings cvery 5.0 s until five consccutive
12.Place the second thermometer in the covered readings are the same. Record the highest reading
calorimeter. Measure the temperature of the water in your data table.

in the calorimeter to the nearest 0.1°C. Record this
temperature in your data table as the initial tem-
perature of the water and calorimeter.

16. If time permits, make additional trials with other
metals. Record the data for all trials in your data table.

17. Clean up your work area. Put equipment away safely

13, Quickly transfer the sample to the cold water in the so that it is ready to be used again.

calorimeter and replace the cover. Use a mitt when

ANALYSIS AND INTERPRETATION
Calculations and data analysis

1. Organizing data For each trial, calculate the temperature change of
the water and calorimeter.

2. Analyzingdata Use your data for each trial.

a. Calculate the energy transferred to the calorimeter cup and stirring
trod as heat, using the value for the specific heat capacity you found
in step 3.

b. Calculate the energy transferred to the water as heat.

3. Applying ideas Calculate the total encrgy transferred as heat into the
water and the calorimeter.

4. Analyzing results For each trial, find the temperature change of the
sample and calculate the specific heat capacity of the sample.

Conclusions

5. Evaluating data  Use the accepted values for the specific heat capacities
of various metals in Table 10-4 on page 372, to determine what metal
cach samplc is made of.
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6. Evaluating results Calculate the absolute and relative crrors of the
cxperimental values. Check with your teacher to sce if you have correctly
identified the metals.

a. Use the following equation Lo compute the absolute error:
absolute error = | experimental — accepted |

b, Use the following equation to compute the relative error:
(experimental — accepted)

accepted

relative error =

7. Evaluating methods Explain why the cnergy transferred as heat into
the calorimeter and the water is equal to the energy transferred as heat
from the metal sample.

8. Evaluating methods  Explain why it is important to calculate the tem-
perature change using the highest temperature as the final temperature,
rather than the last temperature recorded.

9. Evaluating methods Why should the water be a few degrees colder
than room temperature when the initial temperature is taken?

10. Applying conclusions How would your results be affected if the initial
temperature of the water in the calorimeter were 50°C instead of slightly
cooler than room temperature?

11. Relating ideas How is the temperature change of the calorimeter and
the water within the calorimeter affected by the specific heat capacity of
the metal? Did a metal with a high specific heat capacity raise the tem-
perature of the water and the calorimeter morce or fess than a metal with
a low specific heat capacity?

12, Building models An environmentally conscious engineering team
wants to design tea ketties out of a metal that will allow the water to reach
its boiling point using the least possible amount of energy from a range
or other heating source. Using the values for specific heat capacity in
Table 10-4 on page 372, choosc a material that would work well, consid-
ering only the implications of transfer of energy as heat. Explain how the
specific heat capacity of water will affect the operation of the tea kettle.

Extensions

13. Evaluating methods What is the purpose of the outer shell of the
calorimeter and the insulating ring in this experiment?

14. Designing experiments [f there is time and your tcacher approves,
design an experiment to measure the specific heat capacity of the
calorimeter. Compare this measurcd valuc with the accepted value from
Table 10-4 on page 372. Are they the same? If not, how would using the
experimental value affect your results in this lab?

Copyright £ by Hol, Rinehart ang Winstan, Al rights reseeved.
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Climatic Warming

5cicntists typically devisc solutions to problems and
then test the solution to determine if it indeed solves the
problem. But somctimes the problem is only suggested
by the evidence, and there are no chances to test the
solutions. A current example of such a problem is
climatic warming.

Data recorded from various locations around the
world over the past century indicate that the average
atmospheric temperature is 0.5°C higher now than it
was 100 years ago. Although this sounds like a small
amount, such an increase can have pronounced effects.
Increased temperatures may eventually cause the ice in
polar regions to melt, causing ocean levels to increase,
which in turn may flood some coastal areas.

Small changes in temperature can also affect living
organisms, Most trees can tolerate only about a 1°C
increase in average temperature. If a tree does not
reproduce often or easily enough to “migrate” through
successive gencrations 10 a cooler location, it can
become extinct in that region. Any organisms
dependent on that type of tree also will suffer.

But such disasters depend on whether global
temperatures continue to increase, Historical studies
indicate that some short-term fluctuations in climate
are natural, like the “little ice age” of the seventeenth

398

century. If the current warming trend is part of a
natural cycle, the dire predictions may be overstated
or wrong,

Even if the warming is continuous, climatic systems
are very complex and involve many unexpected factors.
For example, if polar ice melts, a sudden increase in
humidity may result in snow in polar arcas. This could
counter the melting, thus causing ocean levels to
remain stable.

Greenhouse Gases

Most of the curreat attention and concern about
climatic warming has been focused on the increase in
the amount of “greenhouse gases,” primarily carbon
dioxide and mcthanc, in the atmosphere. Molecules of
these gases absorb enerpy that is radiated from Earth's
surface, causing their lemperature to rise. These
molecules then release encrgy as heat, causing the
atmosphere to be warmer than it would be without
thesc gascs.




While carbon dioxide and methane are natural
components of the air, their levels have increased
rapidly during the last hundred years. This has been
determined by analyzing air trapped in the ice layers of
Greenland. Deeper sections of the ice contain air from
earlier times. During the last ice age, there were about
185 ppm of carbon dioxide, CO;, in the air, but the
concentration from 130 years ago was slightly below
300 ppm. Today, the levels are 350 ppm, an increase
that can be accounted for by the increase in
combustion reactions, primarily from coal and
petroleum burning, and by the decrease in CO,-
consuming trees through deforestation.

But does the well-documented increase in
greenhouse gas concentrations enable detailed
predictions? Atmospheric physicists have greatly
improved their models in recent years, and they are
able to correctly predict past ice ages and account for
the cnergy-absorbing qualitics of occans. But such
models remain oversimplified, partly because of a lack
of detailed long-term data. In addition, the impact of
many variables, such as fluctuations in solar encrgy
output and volcanic processes, are poorly understood
and cannot be factored into predictions. To take all
factors into account would require more-complex
modecls and morc-sophisticated supercomputers than
are currently available. As a result, many question
whether meaningful decisions and planning can occur.

|\ Researching te issue

3. Carbon dioxide levels in the atmosphere have
varied during Earth’s history. Research the roles of
volcanoes, plants, and limestone formation, and
determine whether these processes have any bearing
on the current increase in CO; concentrations. Can
you think of any practical means of using these
processes to reduce CO, concentrations? What
would be the advantages and disadvantages?

i € by Holt, Rinehact and Winston, AN nghts reservad.

(2isk of Action and Inaction

The evidence for climatic warming is suggestive but
not conclusive. What should be done? Basically, there
are two choices: cither do something or do nothing.

The risks of doing nothing are that the situation may
worsen. But it is also possible that waiting for better
evidence will ailow for a greater consensus among the
world’s nations about how to solve the problem
efficiently. Convincing the world’s population that
action taken now will have the desired benefit decades
from now will not be casy.

Acting now also involves risks. Gas and coal could
be rationed or taxed to limit consumption. The
development of existing energy-efficient technologies,
such as low-power electric lights and more efficient
moters and engines, could cut use of coal and gasolinc
in half. However, the economic effects could be as
severe as thosc resulting from climatic warming.

But none of these options can guarantee results.
Even if the trend toward climatic warming slops, it
will be hard to prove whether this was due to human
reduction in greenhouse gases, to natural cyclic
patterns, or to other causes.

This map shows the
reflecting properties
of the Earth's surface.
Reglons colored in
blue or green absorb
much of the energy

striking them.

2. Find out what technological developments have
been suggested for slowing climatic warming. Can
they be easily implemented? What are the drawbacks
of these methods?
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Section

1.

3.

HOLT PHYSICS

I[|™§ Math Skills

Temperature and Thermal Equilibrium

The temperature at one of the Viking sites on Mars was found to vary
daily from ~90.0°F to =5.0°C. Convert these temperatures to Kelvin.

Mercury boils at 357°C and freezes at ~38.9°C,

a. Convert these temperatures to Kelvin,

b. Cana mercury thermometer be used to measure temperatures be-
tween 500°C and 600°C? between 100°C and 200°C?

You walk out of a sauna at 45°C into a tub in which the water
temperature is 309 K,

a. Is your skin initially in thermal equilibrium with the walter?

b. s your bath going to feel cold or warm?

Nitrogen becomes a liquid at -195.8°C under atmospheric pressure.
Oxygen becomes a liquid at -183.0°C,

a, Convert these temperatures to Kelvin,

b. A sealed tank containing a mixture of nitrogen and oxygen is cooled
to 82.8 K and maintained under atmospheric pressure. Are the con-
tents now a liquid or a gas? Explain.

Chapter 10



NAME DATE CLASS

BTi®] Concept Review
o | Defining Heat

1. A 1.000 x 10° kg car is moving at 0.0 km/hr (25.0 m/s) as it exits a free-
way. The driver brakes to meet the speed limit of 36.0 km/hr (10.0 m/s).

a. What was the car’s kinetic energy on the freeway?

b. What is its kinetic energy after slowing down?

c. Did the internal energy of the car, road, and air increase or decrease
in this process? By how much?

. Was work done by the car brakes and other friction forces in the
process? How much?

2. A 2.00 x 107 kg sled is sliding downhill at a constant speed of 5.00 m/s
until it passes a tree 20.0 m down.

a. What was the potential encrgy associated with the sled and the sled’s
kinetic energy and total mechanical encrgy at the top of the hill?

b. What were these cnergies at the bottom of the hill?

©. What was the change in the sled's total energy?

d. What was the changge in the internal energy of the sled and its envi-
ronment? How might that change be observed in the snow?

HAW material copyrighted under notics appearning sarfer in this book.

B2 Holt Physics Saction Review Worksheets



HAW material copyrighted under notice appearing eariior in this book,

NAME

Section

HOLT PHYSICS

DATE CLASS

TI%] Graph Skills

Changes in Temperature and Phase

A 20.0 kg ice block is removed from a freezer whose temperature is —25.0°C
and placed in an ice box with freshly caught fish. After a few hours, all the
Ice was melted. The final temperature of the water and the fish was 5°C.

The melting point of ice is 0.00°C, The heat capacities and latent
heats are given as ¢, (jce) = 2.09 x 10° fkge°C; Ly (ice) = 3.33 X 10° ) kg3
cp (water) =4.19% 10 J/kg+°C. Use this information to answer the
questions belaw.

1.

4,

How much encrgy did the solid ice absorb to reach its meling point and
remain solid?

How much energy was absorbed to turn the ice into water?

How much cnergy was absorbed to bring the temperature of that water

to 5°C?

Draw a graph showing all of the process. (Let cach box on the grid repre-
sent 0.4 % 10°] or 0.5 x 108 J.)

e

]
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10

4 Concept Review

Controlling Heat

What is the role of the silver coating inside a thermos bottle?

You are cooking spaghetti atop a stove in a copper-coated stainless-steel pan
filled with water. How is energy transferred from the flame to the spaghetti?

You are making toast for breakfast. Is most of the energy transferred
from the heating element to the bread by convection or by radiation?

How would you answer item 3 differently if you were cooking chicken on
a barbecue grille?

Why docs wearing a wet shirt on a hot day make you feel cooler?

34 Holt Physics Section Raview Workshests

HRW material copyrightad under notices appearing saddiar In this book.



