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Just algebra!
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Why not START

the easy way?
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The historical approach

e Newton’s laws

e Collisions

e Momentum (and conservation)
e Work and energy

e Conservation of energy



Ernst Mach (1838-1916)

e Collisions

e Conservation of momentum
e Newton’s laws

e Work and energy

e Conservation of energy



Ernst Mach (1838-1916)

e Collisions (experimental)

e Conservation of momentum (experimental)
e Newton’s laws

e Work and energy

e Conservation of energy



wouldn’t it be nice if we could start simple?






ERIC MAZUR




Principles and Practice of Physics

e Conservation of momentum
e Conservation of energy

e Interactions

e Force

e Work



Principles and Practice of Physics

e Conservation of momentum (experimental)
e Conservation of energy (experimental)

* Interactions

* Force

e Work
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Energy

5.1 Classification of collisions
5.2 Kinetic energy

5.3 Internal energy

5.4 Closed systems

5.5 Elastic collisions

5.6 Inelastic collisions

5.7 Conservation of energy
5.8 Explosive separations




he motion we have been dealing Wit

text is called translational motion

This type of motion involves no ch
ject’s orientation; in other words, all the particle
object move along identical parallel tr
rotational motion, which we begin t0 s
ter, the orientation of the object changes,
in an object follow different circular P
a straight line called the axis of rotation
Generally, the motion of rigid objects is a combi
these two types of motion (Figure 11.1¢
see in Chapter 12 this combined motion ca
down into translational and rotational parts th:
analyzed separately. Because we alrea
describe translational motion, knowing how
descripti

rotational motion will complete our
motion of rigid objects.

As Figure 11.1b shows, each particle in a rot

traces out 2 circular path, moving in what we ¢

Figure 11 1 Translational and rotational motion of a rigid object.

(a) Translational motion

All points on object follow identical trajectories.

(b) Rotational motion

a)

h so far in this
(Figure 11.1a).
ange in an ob-

ectories. During
tudy in this chap-
and the particles
aths centered on
(Figure 11.1b).
nation of
), but as we shall
n be broken
at can be
dy know how to
to describe
on of the

All points on object trace circles centered on axis of rotation.

axis of rotation-

(c) Combined translation and rotation

Different points on abject follow different trajectories-

*
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all circular

1A CIRCULAR MOTION AT CONSTANT SPEED 255

motion. We therefore begin our analysis of rotational mo-
tion by describing circular motion. Circular motion 0ccurs
all around us. A speck of dust stuck to a spinning CD> 2
stone being whirled around on 2 string, a person ona Ferris
wheel—all travel along the perimeter of a circle, repeating
their motion over and over. Circular motion takes place ina
plane, and so in principle we have already developed all the
tools required to describe it. To describe circular and rota-
tional motion we shall follow an approach that is analogous
to the one we followed for the description of translational
motion. Exploiting this analogy, we can then use the same
results and insights gained in carlier chapters t0 introduce a
third conservation law.

11.1 Circular motion at constant speed

Figure 11.2 shows two examples of circular motion: @ block
dragged along 2 circle by a rotating turntable and 2 puck
constrained by 2 string to move in 2 cirdle. The block and
puck are said to revolve around the vertical axis through
the center of each circular path. Note that the axis about
which they revolve is external to the block and puck and
perpendicular to the plane of rotation. This is the defini-
tion of revolve—1o move in circular motion around an
external center. Objects that turn about an internal axis,
such as the turntable in Figure 11.2a, are said to rotate.
These two types of motion are closely related because 2
rotating object can be considered as a system of an enor-
mous number of particles, each revolving around the axis
of rotation.

Figure 11 .2 Examples of circular motion.

(a) Block revolves on rotating turntable

\ axis of rotation

Block revolves because |
axis is external to it. |

Turntable rotates
because axis 18 internal to it. 1

(b) Tethered puck revolves on il table
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5.5 Elastic collisions
5.6 Inelastic collisions
5.7 Conservation of energy

ERIC 5.8 Explosive separations
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6.5 GALILEAN RELATIVITY 133

6.5 Galilean relativity

Consider two observers, A and B, movin
other. Suppose they observe the same event and describe it relative to their

gure 6.13a). Observer A sees the
eventas happening at Position 7, at clock reading t, . (Figure 6.13b).* Observer B
sees the event at position 7y, at clock reading f,. What is the relationship be-
tween these clock readings and positions?

If, as we discussed in Chapter 1, we assume time is absolute—the same every-
where—and if the two observers have synchronized their (identical) clocks, they
both observe the event at the same clock readings, which means

Lae = lg,. (6.1)

Because the clock readings of the two observers always agree, we can omit the
subscripts referring to the reference frames:

=ty =t (6.2)

From Figure 6.13 we see that the position 7as of observer B in refer-
ence frame A at instant Lo is equal to B’s displacement over the time interval

At=1t —-0= fe> and so 7, = 3, t. because B moves at constant velocity
Uap. Therefore

ae = Fap + Fre = Typt, + The. (6.3)

Equations 6.2 and
frame to data on the same event e collected in a r

Figure 6.13 Two observers moving relative to each other observe the same event. Observer B moves at constant v
relative to observer A, (a) The origins O of the two reference frames overlap at instant ¢
occurs, the origin of observer B’ reference frame has

elocity ¥,
= 0. (b) At instant te, when the event
a displacement Uapl, relative to reference frame A.

7 Onan L = collisions

A B A
v, . ==
— ﬂ < tic collisions
L i — brvation of energy
1 I
H |
Both observers start at origin

I
at clock reading ¢ = 0,

event

sive separations

Tap = Uppt, <. Ty

In time interval show n, observer B
advances this distance.

S7001 JAILVLILNVYNO

_

*Remember our subscript form: The capital letter refers to the reference frame; the lowercase e is for

“event” Thus the vector Txe Tepresents observer A’s measurement of the position at which the event
oceurs.
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(a) Earth reference frame (observer E)

5 o 5 o
0,=0 Y
. ) -
E M
car2 carl

Relative to observer E, car 2 is at rest and car 1 moves to the right.

@

Earth reference frame

v, (m/s)
121

cart 2

! . 1 1(ms)
20 40 6 80 100 120

-04

(a) Reference frame A

(b) Reference frame of car 1 (observer M)
S5 N N
Uy UmE Umi =0
- o= .
E M
car 2 car 1

But relative to observer M, car 1 is at rest while car 2, observer E,
and the earth move to the left.

(b) Reference frame M (b, = -0.20 m/s)

i
vy, (m/s)
121

cart 2

0 L L L L L 1 1(ms)

20 40 60\ 80 100 120

-04

(b) Reference frame B

cyclist

2

Vi =15 Vs =—15ms

()

(a)

position (b) position
___Position | —posen

Position vectors are cach other’s opposites.
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=
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12
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70 ms
o8l
Avge,
cart
80 ms 0.4
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0 20 40 60 80 100 120
90 ms
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PETTETEIT
A H
= isolated
110 ms H
(a) Earth reference frame (observer E) (b) r M)
) F o @
H . <e— H
.} . (! 1] H .
% cart 2 cart 1 cart 2 cart 1

Observers E and M both see both carts as isolated and as having constant momentum

(a)

Marble on car floor

Earth reference frame (observer E) (b)

Relative to observer E,

car accelerates to the right

Reference frame of accelerating car (observer M)

Relative to observer M,

environment accelerates to the left

Marble’s inertia causes
it to resist accelerating

relative to observer E.

Relative to observer M

Q marble accelerates

toward back of car
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e concepts before quantitative tools
e checkpoints to thinking

e 4-step worked examples
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192 CHAPTER 11 PRACTICE MOTION INA CIRCLE

eloping @ Feel

Make an urder—of—magnitude estimate of each of the following quanti
hints below. Use them as needed to guide your thinking:

—

The speed ¥ of a point on the equator as Earth rotates (D> P)

_ The rotational inertia of a bowling ball about an axis tangent to
its surface (A, R, X)

. Your rotational inertia as you turn over in your sleep W, 0

The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E» 1,0, AA, S)

The angular momentum of 2 spinning ice skater with each arm

held out to the side and paral\e\ to the ice (G» X, N, U)

IS)

W

o

Hints
If needed, see Key for answers to these guiding questions.

A. What is the inertia of a bowling ball?
B. Howlongatime interval is needed for Earth to make one revolu-
tion around the Sun?

C. What simple geometric shape is an appropriate model for a
sleeping person?

. What is Earth’s rotational speed?

. Whatis the combined inertia of the wheel and tire?

What is the relationship between force and acceleration for this

orbit?

How can you model the skater’s shape during her spin?

_ What is the inertia of a midsize car?

What is the radius of the tire?

How many turns are needed to rewind the yo-yo?

. What s the yo-yo's rotational inertia?
What is the radius of Barthis orbit?

. What is the perpendicular distance from the house to the car’s
line of motion?
What is the skater’s rotational inertia with arms held out?

. How can you model the combined rotational inertia of the wheel
and tire?
What is Earths radius?

. What is the final rotational speed?

. What is the radius of a bowling ball?

What is the rotational speed of the tire?

What is the required centripetal acceleration?

mm Y

oz EZFATTES

RN Nk

ties. Letters in parentheses T

efer to

6. The speed you would need to orbit Earth in alow orbit (B P)
7. The magnitude of the force exerted by the Sun on Earth to hold
Earth in orbit B,L T, 7)
8. The kinetic energy associated with Earth's rotation (Z, B D)
9. The angular momentum, about vertical axis through your
house, of a large cat driving down your street (H, Y, M)
10. The kinetic energy of a spinning YO-Y© KW],Q

U. Whatis the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

X. What is needed in addition to the formulas in Principles
Table 11.3 in order to determine this quantity?

Y. Whatisa typical speed for a car moving on a city street?

. What s Earth's inertia?
AA. Whatisa typical freeway cruising speed?

ey (all values approximate)

A.7kg B. 1y=3 % 107 s; C. solid cylinderuf radius 0.2 M3
D. period = 24h,s0o0 =7% 1055 E 10" kg F
Egs. 8.6, §.17,and 11.16, }_,l- — md, somg = mv/ r; G.a solid
cylinder with two thin-rod arms of inertia 4 kg held out perpen-
dicularly; H.2 % 10° kg 1. 03m; J.2 X 10" turns;
K.6 X 10~ kg me (with yo-yo modeled as solid c)]indcr);
L2 % 10" ms M.2 X 10" m; N. 4 kg’m"; 0. between MR
(cylindriial shell rcpreseming tire) and MR?/2 (solid cyl'mdcr

> P6 X 10°m; Q. about twice
the average rotational speed, or @ 5% 10%s 5 R 0.1 m;
S. no slipping, s0 ©® = v/r= 102s 7 T.8 X 10 > m/s%s
U.w=10 s V.7 X 10" kg; W.0.5 X. the pamlle\—a\xis
theorem; Y.3 X 10" mi/h; Z.6 X 10% kg; AA.3 X 10' m/s

from

representing wheel)—say, 3MR"/
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Make an urder—of—magnitude estimate of each of the following quanti
hints below. Use them as needed to guide your thinking:

—

The speed ¥ of a point on the equator as Earth rotates (D, P)

_ The rotational inertia of a bowling ball about an axis tangent to
its surface (A, R, X)

. Your rotational inertia as you turn over in your sleep W, 0

The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E» 1,0, AA, S)

The angular momentum of 2 spinning ice skater with each arm

held out to the side and paral\e\ to the ice (G» X, N, U)

IS)

W

o

Hints
If needed, see Key for answers to these guiding questions.

A. What is the inertia of a bowling ball?
B. Howlongatime interval is needed for Earth to make one revolu-
tion around the Sun?

C. What simple geometric shape is an appropriate model for a
sleeping person?

. What is Earth’s rotational speed?

. Whatis the combined inertia of the wheel and tire?

What is the relationship between force and acceleration for this

orbit?

How can you model the skater’s shape during her spin?

_ What is the inertia of a midsize car?

What is the radius of the tire?

How many turns are needed to rewind the yo-yo?

. What s the yo-yo's rotational inertia?
What is the radius of Barthis orbit?

. What is the perpendicular distance from the house to the car’s
line of motion?
What is the skater’s rotational inertia with arms held out?

. How can you model the combined rotational inertia of the wheel
and tire?
What is Earths radius?

. What is the final rotational speed?

. What is the radius of a bowling ball?

What is the rotational speed of the tire?

What is the required centripetal acceleration?

mm Y

oz EZFATTES

RN Nk

ties. Letters in parentheses T

efer to

6. The speed you would need to orbit Earth in alow orbit (B P)
7. The magnitude of the force exerted by the Sun on Earth to hold
Earth in orbit B,L T, 7)
8. The kinetic energy associated with Earth's rotation (Z, B D)
9. The angular momentum, about vertical axis through your
house, of a large cat driving down your street (H, Y, M)
10. The kinetic energy of a spinning YO-Y© KW],Q

U. Whatis the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

X. What is needed in addition to the formulas in Principles
Table 11.3 in order to determine this quantity?

Y. Whatisa typical speed for a car moving on a city street?

. What s Earth's inertia?
AA. Whatisa typical freeway cruising speed?

ey (all values approximate)

A.7kg B. 1y=3 % 107 s; C. solid cylinderuf radius 0.2 M3
D. period = 24h,s0o0 =7% 1055 E 10" kg F
Egs. 8.6, §.17,and 11.16, }_,l- — md, somg = mv/ r; G.a solid
cylinder with two thin-rod arms of inertia 4 kg held out perpen-
dicularly; H.2 % 10° kg 1. 03m; J.2 X 10" turns;
K.6 X 10~ kg me (with yo-yo modeled as solid c)]indcr);
L2 % 10" ms M.2 X 10" m; N. 4 kg’m"; 0. between MR
(cylindriial shell rcpreseming tire) and MR?/2 (solid cyl'mdcr

> P6 X 10°m; Q. about twice
the average rotational speed, or @ 5% 10%s 5 R 0.1 m;
S. no slipping, s0 ©® = v/r= 102s 7 T.8 X 10 > m/s%s
U.w=10 s V.7 X 10" kg; W.0.5 X. the pamlle\—a\xis
theorem; Y.3 X 10" mi/h; Z.6 X 10% kg; AA.3 X 10' m/s
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representing wheel)—say, 3MR"/
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Make an urder—of—magnitude estimate of each of the following quanti
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hints below. Use them as needed to guide your thinking:
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Hints
If needed, see Key for
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_ The rotational inertia of 2 bowling ball aboutan axis

. Your rotational inertia as you turn over in yo

The speed ¥ of a point on the equator as Earth rotates (D, P)

its surface (A, R, X)

eep (Vs C)
‘heel/tire combi-
nation on your car as you cruise on the eway (E, 1,0, AA, S)
fce skater with each arm

The angular momentum around the axle ©

The angular momentum of a spinni
held out to the side and parallel

ers to these guiding questions.

o rtia of a bowling ball?

. How logdfa time intervalis needed for Earth to imake one revolu-

tiongfound the Sun?
fat simple geometric shape is an appropriate model for a
eeping person?

. Whatis E arth’s rotational speed?
. What is the combined inertia of the wheel and tire?

What is the relationship between force and acceleration for this
orbit?

. How can you model the skater’s shape during her spin?
_ What is the inertia of a midsize car?

What is the radius of the tire?
How many turns are needed to rewind the yo-yo?

. What s the yo«yo‘s rotational inertia?

What is the radius of Earths orbit?

. What is the perpendicular distance from the house to the car’s

line of motion?

What is the skater’s rotational inertia with arms held out?

How can you model the combined rotational inertia of the wheel
and tire?

What is Earths radius?

. What is the final rotational speed?
. What is the radius of a bowling ball?

What is the rotational speed of the tire?
What is the required centripetal acceleration?

ties. Letters in parentheses T

efer to

6. The speed you would need to orbit Earth in alow orbit (B P)
7. The magnitude of the force exerted by the Sun on Earth to hold
Earth in orbit B,L T, 7)
8. The kinetic energy associated with Earth's rotation (Z, B D)
9. The angular momentum, about vertical axis through your
house, of a large cat driving down your street (H, Y, M)
10. The kinetic energy of a spinning YO-Y© KW],Q

U. Whatis the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

X. What is needed in addition to the formulas in Principles
Table 11.3 in order to determine this quantity?

Y. Whatisa typical speed for a car moving on a city street?

. What s Earth's inertia?
AA. Whatisa typical freeway cruising speed?

ey (all values approximate)

A.7kg B. 1y=3 % 107 s; C. solid cylinderuf radius 0.2 M3
D. period = 24h,s0o0 =7% 1055 E 10! kg; F from
Egs. 8.6, §.17,and 11.16, }_,l- — md, somg = mv/ r; G.a solid
cylinder with two thin-rod arms of inertia 4 kg held out perpen-
dicularly; H.2 % 10° kg 1. 03m; J.2 X 10" turns;
K.6 X 10~ kg me (with yo-yo modeled as solid c)]indcr);
L2 % 10" ms M.2 X 10" m; N. 4 kg’m"; 0. between MR
(cylindriial shell rcpreseming tire) and MR?/2 (solid cyl'mdcr

> P6 X 10°m; Q. about twice
the average rotational speed, or @ 5% 10%s 5 R 0.1 m;
S. no slipping, s0 ©® = v/r= 102s 7 T.8 X 10 > m/s%s
U.w=10 s V.7 X 10" kg; W.0.5 X. the pamlle\—a\xis
theorem; Y.3 X 10" mi/h; Z.6 X 10% kg; AA.3 X 10' m/s

representing wheel)—say, 3MR"/
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Make an urder—of—magnitude estimate of each of the following quanti
hints below. Use them as needed to guide your thinking:

—

The speed ¥ of a point on the equator as Earth rotates (D, P)
_ The rotational inertia of 2 bowling ball aboutan axis
its surface (A, R, X)

Your rotational inertia as you turnt over in yo!
The angular momentum around the axle © theel/tire combi-
nation on your car as you cruise on the geway (B,1,0,AA, S)
The angular momentum of 2 spinnipéice skater with each arm
held out to the side and parallel

IS)

w

eep (Vs C)

e

o

Hints
If needed, see Key for gfswers to these guiding questions.
A. What is thggiertia of a bowling ball?
B. How lopda time intervalis needed for Earth to imake one revolu-
tiongfound the Sun?
fat simple geometric shape is an appropriate model for a
eeping person?
D. WhatisE arth’s rotational speed?
. What is the combined inertia of the v
E Whatis the relationship between force an
orbit?
. How can you model the skater’s shape during her
_ What is the inertia of a midsize car?
What is the radius of the tire?
How many turns are needed to rewind the yo-yo?
. What s the yo-yo's rotational inertia?
What is the radius of Barthis orbit?
. What is the perpendicular distance from the house to the car’s
line of motion?
What is the skater’s rotational inertia with arms held out?
How can you model the combined rotational inertia of the wheel
and tire?
What is Earths radius?
. What is the final rotational speed?
. What is the radius of a bowling ball?
What is the rotational speed of the tire?
What is the required centripetal acceleration?

1 and tire?
celeration for this

<]

oz grATTES

RN Nk

ties. Letters in parentheses T

efer to

6. The speed you would need to orbit Earth in alow orbit (B P)
7. The magnitude of the force exerted by the Sun on Earth to hold
Earth in orbit B,L T, 7)
8. The kinetic energy associated with Earth's rotation (Z, B D)
9. The angular momentum, about vertical axis through your
house, of a large cat driving down your street (H, Y, M)
10. The kinetic energy of a spinning YO-Y© KW],Q

U. Whatis the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

X. What is needed in addition to the formulas in Principles
Table 11.3 in order to determine this quantity?

Y. Whatisa typical speed for a car moving on a city street?

. What s Earth's inertia?
AA. Whatisa typical freeway cruising speed?

ey (all values approximate)
A 7ke; B.1y=3X% 107 s; C. solid cylinder of radius 0.2 M3
E.10' kg F
Eqgs. 8.6, §.17,and 11.16, SF = md,somg = mv?/r; G.2 solid
cylinder with two thin-rod arms of inertia 4 kg held out perpen-
dicularly; H.2 % 10° kg 1. 03m; J.2 X 10" turns;
K.6 X 10~ kg me (with yo-yo modeled as solid c)]indcr);
L2 % 10" ms M.2 X 10" m; N. 4 kg’m"; 0. between MR
(cylindriial shell rcpreseming tire) and MR*/2 (solid cylinder
representing wheel)—say; 3MR?/4; P.6 X 10° m; Q.about twice
the average rotational speed, or @ 5% 10°s 5 R 0.1 m;
S. no slipping, s0 ©® = v/r= 102s 7 T.8 X 10 > m/s%s
U.o=10 s V7 X 10" kg; W.0.5 X. the pamlle\—a\xis
theorem; Y.3 X 10" mi/h; Z.6 X 10% kg; AA.3 X 10' m/s

from
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Make an urder—of—magnitude estimate of each ofthcfollnwing quantities. Letters in parentheses refer to

hints below. Use them as needed to guide your thinking:

The speed ¥ of a point on the equator as Earth rotates (D, P) 6. The speed you would need to orbit Earth in alow orbit (B P)
_ The rotational inertia of a bowling ball about an axis 1ng tto 7. The magnitude of the force exerted by the Sun on Earth to hold

o=

its surface (A, R, X) Earth in orbit B,L T, 7)

3. Your rotational inertia as you turn over in your Seep Y. C) §. The kinetic energy associated with Earthis rotation (Z, P,D)

4. The angular momentum around the axle of awheel/jffte combi- 9. The angular momentum, about vertical axis through your
nation on your car as you cruise o the fréeway (EfL 0,AA,S) house, of a large cat driving down your street (H, Y M)

5. The angular momentum of 2 spinning ice skater gith each arm 10. The kinetic energy of a spinning YO-Y© KW],Q

held out to the side and parallel to the ice (G

Hints
If needed, see Key for grswers to these guidjftg questions.

A. What s the jhertia of a bowling bgfi¢ U. Whatis the skater’s initial rotational speed?
B. Howlongatime interval is need for Earth to make one revolu- V- ‘What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

tion afound the Sun?

C. WhMat simple geometric shaffe is an appropriate model for a

sleeping person? X. What is needed in addition to the formulas in Principles
D. Whatis Eartl's rotationa peed? Table 11.3 in order to determine this quantity?
E. Whatis the combined jfiertia of the wheel and tire? Y. Whatisa typical speed for a car moving on a city street?
E Whatis the relationsjffp between force andacceleration for this . What is Barth’s inertia?
orbit? AA. Whatisa typical freeway cruising speed?
G. How can you mo | the skater’s shape during her spin?
H. What is the ingfid of a midsize car? — ——— ——— ——— —
1 Whatis the rgfiius of the tire? ey (all values approximate)
J. How many ins are needed to rewind the yo-yo? A.7kg B.1Y = 3 % 107 5; C.solid cylinder of radius 0.2 M3
K. Whatist yo-yo's rotational inertia? D. period = 24 h,sow =7 %10 5. . 10" kg E from
L. What isghe radius of Earth’s orbit? Eqs. 86,817, and 11.16, 2F = ma, so mg = MU/ G. a solid
M. Whatjf the perpendicular distance from the house to the car’s cylinder with two thin-rod arms of inertia 4 kg held out perpen-
i motion? dicularly; H.2 X 10° kg; 1.0.3m3 J.2 X 10" turns;
N. t is the skater’s rotational inertia with arms held out? K.6 % 107 kg" me (with yo-yo modeled as solid c)]indcr);
O w can you model the combined rotational inertia ofthe wheel 1.2 % 10" m; M.2 X 10' m; N.4kg* m?; O. between MR
and tire? (cylindrical shell rcpreseming tire) and MR?/2 (solid cyl'mdcr
p. WhatisE arth’s radius? representing wheel)—say; 3MR?/4; P.6 X 10° m; Q.about twice

2 1

5% 10°s R.0.1m;

Q. Whatis the final rotational speed? the average rotational spced, or @

R. What is the radius of a bowling ball? _y/r=10s5 T g% 1077 m/ss

S. Whatis the rotational speed of the tire? U.w=10s" V.7 % 10" kg; W.058 X. the parallel-axis

T. Whatis the required cemripetal acceleration? theorem; Y.3 % 10" mi/hs 7.6 X 10 kg AA.3 X 10' m/s

S. no slipping, sO
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eloping @ Feel

Make an urder—of—magnitude estimate of each of the following quanti
hints below. Use them as needed to guide your thinking:

—

The speed ¥ of a point on the equator as Earth rotates (D, P)

_ The rotational inertia of 2 bowling ball aboutan axis tang
its surface (A, R, X)

. Your rotational inertia as you turn over in your Sleep

The angular momentum around the axle ofawheel/

nation on your car as you cruise on the feway (§

IS)

W

o

The angular momentum of 2 spinning ice skater,
held out to the side and paral\e\ wo'the ice (G,

Hints
If needed, see Key for grswers to these guidjftg questions.

A. What s the jhertia of a bowling bgfi¢

B. Howlongatime interval is need for Earth to make one revolu-
tion afound the Sun?

C. WhMat simple geometric she
sleeping person?

D. Whatis Earth’s rotationa

. What is the combined j

What is the relations,

orbit?

How can you m

o is an appropriate model for a

peed?
ertia of the Wheel and tire?
p between force and acceleration for this

offt] the skater’s shape during her spin?

ins are needed to rewind the yo-yo?

yo-yo's rotational inertia?

What isfhe radius of Barthis orbit?

the perpendicular distance from the house to the car’s

.g;-?:v*:-‘_mg:
jor]
El
]
]

1t is the skater's rotational inertia with arms held out?
w can you model the combined rotational inertia of the wheel

oz

and tire?

ties. Letters in parentheses T

efer to

6. The speed you would need to orbit Earth in alow orbit (B P)
7. The magnitude of the force exerted by the Sun on Earth to hold
Earth in orbit B,L T, 7)
8. The kinetic energy associated with Earth's rotation (Z, B D)
9. The angular momentum, about vertical axis through your
house, of a large cat driving down your street (H, Y, M)
10. The kinetic energy of a spinning YO-Y© KW],Q

U. Whatis the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to
reach the end of the string?

X. What is needed in addition to the formulas in Principles
Table 11.3 in order to determine this quantity?

Y. Whatisa typical speed for a car moving on a city street?

. What s Earth's inertia?
AA. Whatisa typical freeway cruising speed?

ey (all values approximate)

A.7kg B.1Y = 3 % 107 s; C. soli 1 cylinder of radius 0.2 m;
D. period = 24h,s0® = S % 10°s ; E.10'kg F

Egs. 8.6, §.17,and 11.16, SFE = md,somg = mv?/r; G.2 solid
cylinder with two thin-rod arms of inertia 4 kg held out perpen-
dicularly; H.2 % 10° kg 1. 03m; J.2 X 10" turns;

K.6 X 10~ kg me (with yo-yo modeled as solid c)]indcr);
L2 % 10" ms M.2 X 10" m; N. 4 kg’m"; 0. between MR
(cylindriial shell rcprcsen\i)ﬁ tire) and MR?/2 (solid cylinder

from

P. Whatis Earth’s radius? =

Q. Whatis the final rotational speed?

R. What is the radius of a bowling ball?

S. Whatis the rotational speed of the tire?

T. Whatis the required centripetal acceleration?

T Q. about twice
the average rotational speed, or @ = 2 % 10*s 3 R.0.1ms

S. no slipping, s0 ©® = v/r= 102s 7 T.8 X 10°°? m/ss
U.w=10 s V.7 X 10" kg W. 0.5s X.the pamlle\—a\xis
theorem; Y.3 X 10" mi/h; Z.6 X 10% kg; AA.3 X 10' m/s
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needed to guide your thinking:

w orbit (B P)
o hold

Make an ord

hints below. Use them as
d need to orbit Earth in alo

ed by the Sun on E;

6. The speed you woul

7. The magnitude of the force exer
Earth in orbit B,L T, 7)

§. The kinetic energy associa

9. The angular momentum,

house, of a large cat dri

10. The kinetic energy ofa

as Barth rotates (D, P)
xis tahggfit to

t on the equator
of a bowling ball aboutana

1. The speed ¥ of a poin
2. The rotational inertia
its surface (A, R, X)

Your rotational inertia as you turnt over in your Sleep
The angular momentum around the axle ofawheel/
nation on your car as you cruise on the frleeway B O, AA, S)
The angular momentum of 2 spinning ice skater,
held out to the side and parallel w'the ice (G

ted with Earth’s rotation
about a vertical axis thr

bl

>

o

Hints

If needed, see Key for grswers to these guidjftg questions.

 skat@s initial rotatio’

A. What s the jhertia of a bowling bgfi?
B. Howlongatime interval is need for Ear - inc
tion afound the Sun? long a time interval does the yo-y© take to
C. WhMat simple geometric S ? string?
sleeping person? is needed in addition to the formulas in Principles
; ’ 1.3 in order to determine this quantity?
What is a typical speed for a car moving on a city street?
7. Whatis Earth's inertia?
AA. Whatisa typical freeway cruising speed?
the@ater s I during her spin?
ize c‘
. ? Key (all values approximate)
ns are needed 10 rewind the yo-yo? A.7kg B.1Y = 3% 10°s; C solid cylinder of radius 0.2 m;
D. period = 24 hsow=7%10 551, B.10 kg B from
F = md,somg = mv*/r; G.a solid

yo-yo's rotational inertia?
radius of Earthis orbit? Eqs. 8.6, §.17,and 11.16, >
inder with two thin-rod arms of inertia 4 kg held out perpen-

the perpendicular distance from the house to the car’s cyl
3 1.0.3m; J.2 X 10" turns;
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dicularly; H.2 X 10° kg;
K.6 X 107 7Kkg" me (with yo-yo modeled as solid cylindcr);
0. between MR

1t is the skater's rotational inertia with arms held out?
L2 % 10" ms M.2 % 10'm; N.4kg'm?;
tire) and MR?/2 (solid cylinder
Q. about twice

w can you model the combined rotational inertia of the wheel
(cylindrical shell rcpresenlllﬁ
R.0.1m;

oy, oA

wveavERy
ge rotational speed, or @ = 2 X 107s 5
Cq02s T.8 X 107 Sm/s

and tire?
P. Whatis Earth's radius?
Q. Whatis the final rotational speed?
S. no slipping, so @ = ¥ 4
10" kg; W.0.5 X. the pamllel—a\xls

Work \
ed an d B .
I R. What is the radius of a bowling ball?
) S. Whatis the rotational speed of the tire? U.w= 1085 V.7 %
Pr 2 g T. Whatis the required centripetal acceleration? theorem; Y.3 % 10" mi/h; Z. 6 X 102 kg; AA- 3 % 10" m/s
:l I l
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238 CHAPTER 13 PRACTICE GRAVITY

Worked Problem 13.3 Escape at last

The Mars Colony wants to launch adeep-space Probe, but they have © Execure PLAN Let us uge i for the initial Mars-probe radjal
10 rocket engines, They decide to launch a probe with an electro- center-to-center Separation distance, 7t = = for the fina] separa-

magnetic cannon, which means they must launch at €scape speed.  tion distance, Ry for the radiys of Mars, and g and my, for the two
P RA‘ I I Determine this speed. masses. We begin with Eq. 13.23:

o X . mymy
GETTING STARTED Let us do a quick sketch to help our think- Epeeh = %sz'vf\C —G——=9
] ing (Figure WG 13.3). We select the Mars-probe system for analysjs, Ry
In order to reach “deep space the probe must attain a very great 15 my
w O L distance from Mars, This will require o significant amount of initia] 2Vese GE =0
kinetic energy, which the probe must acquire during launch, After m
launch, the kinetic energy immediately begins to decrease, and the 302, = G
| | Potential energy of the Mars-probe System increases as the separa- Ru
[} tion distance increases. We assume a reference frame where Mars R [ my
‘ is fixed and only the probe moves, When the probe is far enough Vese = vV ZGE,;
e I m away (infinity, really, but Practically it doesn't neeq to go quite this _
far), the kinetic energy has its minimym value, which we can take _ - ‘
re to be zero because the colonists Presumably do not wang ¢, supply Yese = \/2(6'67 XI0TN - m'/kg . 10°m

any more energy than needeq to get the probe out there. The gravi-
tational potentia] energy has its maximum value, which is also zero.
(Remember that universal gravitational potential energy js nega-
tive.) We also assume that the Sun angd other planets have 5 negli-
gible influence on our system, and we ignore the rotation of Mars.

=502X10°m/s = 5km/s. v

Notice that this speed does not depend on the mass of the probe, A
probe of any other size shot from the cannon would need the same
minimum speed to break free of Mars’s 8ravitational puy],

(4] EVALUATE REsyLT Our algebraic expression for the escape
speed is plausible because it involves the mags of Mars, the inj.

Figure wG13.3

Viaunch = Ves,

——e— e v tial center-to-center radia] Separation distance of our two objects
o, Yoo ich e Mas Sy X . .
%Obe e (which is Mars’s radlius)., and G. We expect L.N .to mcr.case with
zero speed myp because the ravitational pu]] increases with Increasing mass,
Mars is left We also expect Vesc to decrease as the distance between the launch

2] DEVISE PLAN we can use conservation of energy because the
Probe has all of the needed kinetic energy at the beginning, as it js tion distance. All this s :
shot from a cannop, As the probe travels, this kinetic energy is con-
verted to gravitational potential energy of the Mars-probe System. of) the escape speed from Earth, and 5o the answer is not unreasonable,
We want to know the initial speed of the probe acquired at launch, We assumed that the Initial Mars-probe Separation distance js
The initial potentia] Cnergy is the value when the probe is still near €qual to the planets radius. Of course, the length of the cannon may

304 the Martian surface, The final state of the probe is zero speed atan be tens of meters, but this tiny difference woylq have no impact
C h a pte r S u m m a ry infinite distance from Mars, The Principles volume analyzes a simj- i i 3

on the numerica] answer. We ignored the rotation of Mars, which
lar situation in Section 13.7, leading to Eq. 13.23, 50 there is no need

- t H n S 305 toderive this result again here. We bcgin. with Eq. 13 23, solving this ignored the effect of the Sun, which is fine for getting away from the
R Vl eW Q u es I o version of an €nergy conservation €quation for v; = Vesc in terms of surface of Mars, but we would need to account for it if the destina-
e the known quantities.

Developi ng a Feel 306 Guided Problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided 5, pg the spring js compressed, is the gravitational potentia]

to use a compressed SPring to launch 5 Spacecraft. If the spring energy of the Earth-spacecrafy System affected? If so, cap you
w constant is 100,000 N/m and the mass of the Spacecraft is 10,000 ignore this effect?
31 1 '(:) kg, how far must the spring be compressed in order to launch the ¢, What equation allows you to relate the initial and fina] states?
. a nd P ro b I e ms 2 craft to a position outside Earth’ gravitational influence? O Execute PLAN
Q u est I 0 n S o 7. What is your target unknown quantity? Algebraically isolate it
. tio n S 31 6 = (1] GETTING STARTED on one side of your €quation,

t RGVleW Q u es 1. Describe the problem in your own words, Are there similarities g, Substitute the numerica] values you know to 8et a numerica)

An swers 0 to Worked Problem 13,37 answer,

2. Draw a diagram showing the initial and fina] states. What is

= 31 6 o o owing O EvaLuate RESULT
rs to G ul ded Pro ble ms 5 ;};e s;:jacenriftﬁ S”ua“"? m_thehﬁnal stase? ) o 9. Is your algebrajc expression for the compression plausible
An Swe  ow does the spacecra tgain the flecessary escape speeds for how the compression changes as the SPring constant and

Earth’s mass and radius change?
@ Devise PLAN 10. If you were the head of a design team, would you recommend
4. What law of physics should you invoke? Ppursuing this launch method?

I drcnitecuure




PRACTICE
Waves in Two L
Three Dimensi

Chapter Summary 304
Review Questions 305
Developing a Feel 306

Questions and Problems 311 ,
Answers to Review Questions 3 ;
Answers to Guided Problems 31

1 drcrnitecuure

w
©
=
2
o
o

238 CHAPTER 13 PRACTICE GRAVITY

The Mars Colony wants to launch a deep-space Probe, but they have
10 rocket engines, They decide to launch a probe with an electro-
magnetic cannon, which means they must launch at escape speed,
Determine this speed.

Let us do a quick sketch to help our think-
ing (Figure WG 13.3). We select the Mars-probe system for analysjs,
In order to reach “deep space the probe must attain a very great
distance from Mars, This will require o significant amount of initia]
kinetic energy, which the probe must acquire during Jaunch, After
launch, the kinetic energy immediately begins to decrease, and the
Ppotential energy of the Mars-probe System increases as the separa-
tion distance increases. We assume a reference frame where Mars
is fixed and only the probe moves. When the probe i far enough
away (infinity, really, but practically it doespt need to go quite this
far), the kinetic energy has its minimum value, which we can take
to be zero because the colonists Presumably do not wang ¢, supply
any more energy than needeq to get the probe out there. The gravi-
tational potentia] energy has its maximum value, which is also zero.
(Remember that universal gravitational potential energy js nega-
tive.) We also assume that the Syp and other planets have 5 negli-
gible influence on our system, and we ignore the rotation of Mars.

Figure wG13.3

always slowing
Viaunch = Ves, . /dOW”
o T =0
atry, e =
of rp=co
robe zero speed/ f
isleft

We can use conservation of energy because the
Probe has all of the needed kinetic energy at the beginning, as it js
shot from a cannop, As the probe travels, this kinetic energy is con-
verted to gravitationa] Potential energy of the Mars-probe system,
We want to know the initia] speed of the probe acquired at launch,
The initial potentia] energy is the value when the probe is still near
the Martian surface, The final state of the probe is zero speed at an
infinite distance from Mars. The Principles volume analyzes a simj-
lar situation in Section 13.7, leading to Eq. 13.23, 50 there isno need
to derive this regy]¢ again here, We begin with Eq.13.23, solving this
version of an €nergy conservation €quation for v; = Vesc in terms of
the known quantities.

Guided Problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided
to use a compressed SPring to launch 5 Spacecraft. If the spring
constant is 100,000 N/m and the mass of the Spacecraft is 10,000
kg, how far must the spring be compressed in order to launch the
craft to a position outside Earth’ gravitational inflyence?

© GETTING STARTED
L. Describe the problem in your owp words. Are there similarities
to Worked Problem 1332
2. Draw a diagram showing the initial and fina] states. What js
the spacecraft’s situation in the fing] state?
3. How does the Spacecraft gain the necessary escape speed?

O DEVISE pLay
4. What law of physics should you invoke?

Let us use 7i for the initia] Mars-probe radial
center-to-center Separation distance, 7t = = for the fina] separa-
tion distance, Ry for the radiys of Mars, and g and my, for the two
masses. We begin with Eq. 13.23:

iy,
Ryt

2 =1,.2 _
Eech = 2MVee — G

My
T - M _

Vese =

[ 642 X 107 kg
Vese =1/2(6.67 X 10711« 2 kgh———— 8
e \/ ( m/kg) 3.40 X 10°m

=502X10°m/s = 5km/s. v

Notice that this speed does not depend on the mass of the probe, A
probe of any other size shot from the cannon would need the same
minimum speed to break free of Mars’s 8ravitational puy],

Our algebraic expression for the escape
speed is plausible because it involves the mags of Mars, the inj.
tial center-to-center radia] Separation distance of our two objects
(which is Mars radius), and G, We expect Yesc 10 increase with
myp because the gravitational puyl increases with increasing mass.
We also €Xpect vy, to decrease ag the distance between the launch
Position and Mars’s center increases because the 8ravitational force

An escape speed of 18,000 km/h is smaller than (but on the order
of) the escape speed from Earth, and 5o the answer is not unreasonable,

We assumed that the Initial Mars-probe Separation distance js
€qual to the planets radius. Of course, the length of the cannon may
be tens of meters, but this tiny difference would have no impact
on the numerica] answer. We ignored the rotation of Mars, which
could supply a smaj| amount of the needed kinetic energy. We also
ignored the effect of the Sun, which is fine for getting away from the
surface of Mars, byt we would need to account for it if the destina-
tion was another star.

5. As the spring is compressed, is the gravitational potentia]
energy of the Earth-spacecrafy System affected? If so, cap you
ignore this effect?

6. What equation allows you to relate the initial and fing] states?

O £xEcuTE pLAN
7. What is your target unknown quantity? Algebraically isolate it
on one side of your equation,

O EvALUATE ResyLT
9. Is your algebraic €xpression for the compression plausib]e
for how the compression changes as the SPring constant and
Earth’s mass and radius change?
10. If you were the head of a design team, would you recommend
Ppursuing this launch method?
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Worked Problem 13.3 Escape at last

The Mars Colony wants to launch a deep-space Probe, but they have © Execure PLAN Let y,
10 rocket engines, They decide to launch a probe with an electro- center-to-center s

magnetic cannon, which means they must launch at escape speed.  tiop distance,
P RAC I I Determine this speed. masses. We
u
D - I ‘

the initja Mars-probe radial
i = % for the fina] separa-
> and my, and my, for the two

2 —
v =0

G v
Ryt

m!v;

Vese = /2621
/2( 7 X 10N -kt 642 X 10% kg
Vege = 6.6 cm Ao T——
supply SL Yryree 10°m

out th.erei The gravi- =502 x 10° m/s = 5 km/s. o/
e, which is also zero,

ntial energy js nega-
Planets have 5 negli-
he rotation of Mars,

Notice that this speed does not depend on the mass of the probe, A
probe of any other size shot from the cannon would need the same
minimum speed to break free of Marg's 8ravitational puy],

O cvaLuare RESULT Our algebraic expression for the escape

V=0 tial center-to-center radial separation distance of our two objects
®e_ ‘0

atry, T remeo (which is Mars radius), and G, We expect Yesc 10 increase with
zero speed f my; because the gravitational puyl increases with increasing mags,

is left We also CXpect Ve, to decrease a5 the distance between the launch

Position and Mars’s cener increases because the 8ravitational force

= DEVISE PLAN We cap use conservation of energy because the exerted by the planet on the probe decreases with increasing separa-
Probe has all of the needed kinetic energy at the beginning, asitis tion distance. A]] this is just what our result predicts,

shot from a cannop, As the probe travels, this kinetic energy is con- An escape speed of 18,000 kmv/h is smafler than (but on the order

verted to gravitational potential energy of the Mars-probe System. of) the escape speed from Earth, and s the answer is not unreasonable,

We want to know the initial speed of the probe acquired at launch, We assumed that the initja] Mars-probe Separation distance js

The initial potentia] Cnergy is the value when the probe is still near equal to the planet’s radiys, Of course, the length of the cannon may

the Martian surface, The final state of the probe is zero speed atan be tens of meters, but this tiny difference woylq have no impact

? infinite distance from Mars. The Principles volume analyzes a simj- on the numerica] answer. We ignored the rotation of Mars, which

lar situation in Section 13.7, leadj

Chapter m
Review Q ions
Developin gel 306
© EXECUTE pLay

Q u eSt i 0 n S a n d P rO b I e m S 3 7. What is your target unknown quantity? Algebraically isolate j
1 ns 31 6 o GETTING STARTED on one side of your €quation,
A e rs tO R eVi ew Q u est I o 1. Describe the problem in your own words, Are there similarities 8. Substitute the numerica]
nsw

values you know to 8et a numerical
to Worked Problem 1332 answer,

2. Draw a diagram showing the initja] and final states, What is
i ro b I e m s 3 1 6 the spacecraft’s situation in the fing] state? ° N RESULT
Answers to Guide

3. How does the Spacecraft gain the necessary escape speed?

’ 1810 Eq. 13.23, 50 there isno need could supply a smal] amount of the needed kinetic energy. We also
to derive this result again here. We begin with Eq.13.23, solving this ignored the effect of the Sun, which js fine for getting away from the

version of an €nergy conservation €quation for y; = Pesc In terms of surface of Mars, byt we would need to account for it if the destina-

the known quantities.

Guided Problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided 5, pg the spring js compressed, is the gravitational potentia]
to use a compressed SPring to launch 5 Spacecraft. If the spring energy of the Earth-spacecrafy System affected? If so, cap you
constant is 100,000 N/m and the mass of the Spacecraft is 10,000 ignore this effect?

kg, how far must the spring be compressed in order to launch the ¢, What equation allows

you to relate the initja] apq final states?
craft to a position outside Earth’ gravitational inflyence?

PRACTICE

Earth’s mass and radius change?
@ Devise PLAN 10. If you were the head of a design team, would you recommend
4. What law of physics should you invoke? Ppursuing this launch method?

I draniiecuure
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Worked Problem 13.3 Escape at last

The Mars Colony wants to launch adeep-space Probe, but they have © Execure PLAN Let us uge i for the initial Mars-probe radjal
10 rocket engines, They decide to launch a probe with an electro- center-to-center Separation distance, 7t = = for the fina] separa-

magnetic cannon, which means they must launch at €scape speed.  tion distance, Ry for the radiys of Mars, and g and my, for the two
P RA‘ I I Determine this speed. masses. We begin with Eq. 13.23:

(1] GETTING STARTED Let ug doa quick sketch to help our think- Epeeh = %sz'vf\C - Gﬁﬂﬁ =0
] ing (Figure WG 13.3). We select the Mars-probe system for analysjs, Ry
In order to reach “deep space” the Probe must attain 5 very great Lo My
w O L distance from Mars, This will require o significant amount of initia] 2Vese GE =0
kinetic energy, which the probe must acquire during launch, After m
launch, the kinetic energy immediately begins to decrease, and the 308, = M

Potential energy of the Mars-probe System increases as the separa- Ru
tion distance increases. We assume a reference frame where Mars [2 iy

|
u I M
‘ is fixed and only the probe moves, When the probe is far enough Vese = vV GRM
away (infinity, really, but Practically it doesn't neeq to go quite this _
far), the kinetic energy has its minimym value, which we can take Vo = \/2(6.67 X 1011y kg S 07 kg

to be zero becayse the colonists Presumably do not wan¢ to supply
any more energy than needeq to get the probe out there. The gravi-
tational potentia] energy has its maximum value, which is also zero.
(Remember that universal gravitational potential energy js nega-
tive.) We also assume that the Sun angd other planets have 5 negli-
gible influence on our system, and we ignore the rotation of Mars.

=502X10°m/s = 5km/s. v

Notice that this speed does not depend on the mass of the probe, A
probe of any other size shot from the cannon would need the same
minimum speed to break free of Mars’s 8ravitational puy],

(4] EVALUATE REsyLT Our algebraic expression for the escape
speed is plausible because it involves the mags of Mars, the inj.

Figure wG13.3

Viaunch = Ves,

——e— e v tial center-to-center radia] Separation distance of our two objects
o, Yoo ich e Mas Sy X . .
%Obe e (which is Mars’s radlius)., and G. We expect L.N .to mcr.case with
zero speed myp because the ravitational pu]] increases with Increasing mass,
Mars is left We also expect Vesc to decrease as the distance between the launch

2] DEVISE PLAN we can use conservation of energy because the exerted by the plane
Probe has all of the needed kinetic energy at the beginning, as it js tion distance. All this s :
shot from a cannop, As the probe travels, this kinetic energy is con-
verted to gravitational potential energy of the Mars-probe System. of) the escape speed from Earth, and 5o the answer is not unreasonable,
We want to know the initial speed of the probe acquired at launch, We assumed that the Initial Mars-probe Separation distance js
The initial potentia] Cnergy is the value when the probe is still near €qual to the planets radius. Of course, the length of the cannon may

304 the Martian surface, The final state of the probe is zero speed atan be tens of meters, but this tiny difference woylq have no impact
C h a pte r S u m m a ry infinite distance from Mars. The Principles volume analyzes a simj- i i 3

on the numerica] answer. We ignored the rotation of Mars, which
lar situation in Section 13.7, leading to Eq. 13.23, 50 there is no need

- to derive this result again here, We begin with Eq.13.23, solving this Ignored the effect of the Sun, which is fine for getting away from the
Review Questions 305

version of an €nergy conservation €quation for y; = Pesc In terms of surface of Mars, byt we would need to account for it if the destina-
the known quantities.

tion was another star,
Developing a Feel 306 |

Suppose that, instead of using chemical rockets, NASA decided 5, pg the spring js compressed, is the gravitational potentia]

to use a compressed SPring to launch 5 Spacecraft. If the spring energy of the Earth-spacecrafy System affected? If so, cap you
w constant is 100,000 N/m and the mass of the Spacecraft is 10,000 ignore this effect?
31 1 '(:) kg, how far must the spring be compressed in order to launch the ¢, What equation allows you to relate the initial and fina] states?
. a nd P ro b I e ms 2 craft to a position outside Earth’ gravitational influence? O Execute PLAN
Q u est I 0 n S o 7. What is your target unknown quantity? Algebraically isolate it
. tio n S 31 6 = (1] GETTING STARTED on one side of your €quation,

t RGVleW Q u es 1. Describe the problem in your own words, Are there similarities g, Substitute the numerica] values you know to 8et a numerica)

An swers 0 to Worked Problem 13,37 answer,

2. Draw a diagram showing the initial and fina] states. What is

= 31 6 o o owing O EvaLuate RESULT
rs to G ul ded Pro ble ms 5 ;};e s;:jacenriftﬁ S”ua“"? m_thehﬁnal stase? ) o 9. Is your algebrajc expression for the compression plausible
An Swe  ow does the spacecra tgain the flecessary escape speeds for how the compression changes as the SPring constant and

Earth’s mass and radius change?
@ Devise PLAN 10. If you were the head of a design team, would you recommend
4. What law of physics should you invoke? Ppursuing this launch method?
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Worked Problem 13.3 Escape at last

The Mars Colony wants to launch a deep-space probe, but they have
10 rocket engines, They decide to launch a probe with an electro-
magnetic cannon, which means they must launch at escape speed,
Determine this speed.

© Execure P‘et us
center-to-center Separation
tion distance, Ry f

ing (Figure WG 13.3). We select the Mars-probe sys I analysi
In order to reach “deep space the probe must atta)
distance from Mars. This wil] require a sig,
kinetic energy, which the probe must acq
launch, the kinetic energy immediate]

(1] GETTING STARTED Let us do a quick sketch to heli our think-

sC
Ryt

'S [, my
Vese = /2621
Ry
/2( 7 X 10N -kt 642 X 10% kg
Vege = 6.6 cm Ao T——
o /kg 3.40 X 106

=502X10°m/s = 5km/s. v

is fixed and only the probe mov,
away (infinity, really, b
far), the kinetic ene,
to be zero becayse

nal potential energy is negq-
nd other planets have a negli-
We ignore the rotation of Mars.

Notice that this speed does not depend on the mass of the probe, A
probe of any other size shot from the cannon would need the same
minimum speed to break free of Mars's 8ravitational puy],

always slowing (4] EVALUATE REsyLT Our algebraic expression for the escape
/down speed is plausible because it involves the mass of Mars, the inj.
- o V=0 tial center-to-center radial separation distance of our two objects
/'\::oo (which is Mars radius), and G, We expect Yesc 10 increase with

zero speed f my; because the gravitational puyl increases with increasing mags,
is left We also CXpect Ve, to decrease a5 the distance between the launch

2] DEVISE PLAN we €an use conservation of energy because the
Probe has all of the needed kinetic energy at the beginning, as it js
shot from a cannop, As the probe travels, this kinetic energy is con-
verted to gravitationa] Potential energy of the Mars-probe system,
We want to know the initia] speed of the probe acquired at launch,
The initial potentia] energy is the value when the probe s still near
the Martian surface, The final state of the probe is zero speed at an

exerted by the planet on the probe decreases with increasing separa-
tion distance. All thig Is just what our regu]t predicts.
An escape speed of 18,000 km/h is smaller than (but on the order
of) the escape speed from Earth, and s the answer is not unreasonable,
We assumed that the Initial Mars-probe Separation distance js
€qual to the planets radius. Of course, the length of the cannon may

be tens of meters, but this tiny difference woulq have no impact
infinite distance from Mars. The Principles volume analyzes a simj- on the numerica] answer. We ignored the rotation of Mars, which

lar situation in Section 13.7, leading to Eq. 13.23, 50 there is no need could supply a small amount of the needed kinetic energy. We also
toderive this result again here. We begin with Eq.13.23, solving this ignored the effect of the Sun, which is fine for getting away from the
version of an €nergy conservation €quation for y; = Pesc In terms of surface of Mars, byt we would need to account for it if the destina-
the known quantities.

Suppose that, instead of using chemical rockets, NASA decided
to use a compressed SPring to launch 5 Spacecraft. If the spring
constant is 100,000 N/m and the mass of the spacecraft s 10,000
kg, how far must the spring be compressed in order to launch the
craft to a position outside Earth’ gravitational inflyence?

5. As the spring is compressed, is the gravitational potentia]
energy of the Earth-spacecrafy System affected? If so, cap you
ignore this effect?

6. What equation allows you to relate the initial and fing] states?

O EXECuTE pLAy
7. What is your target unknown quantity? Algebraically isolate it
on one side of your equation,

8. Substitute the numerical values you knoyw to get a numerica]
answer,

@ cerring STARTED

L. Describe the problem in your owp, words. Are there similarities
to Worked Problem 1332

2. Draw a diagram showing the initja] and final states, What is o EVALUATE RESULT
the spacecraft’s situation in the fing] state?

3. How does the Spacecraft gain the necessary escape speed?

Earth’s mass and radius change?
10. If you were the head of a design team, would you recommend
Ppursuing this launch method?

O DEVISE pLay
4. What law of physics should you invoke?
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_.denotes initial condition
¥ (before collision)
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.. denotes final condition
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_.denotes initial condition
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.. denotes final condition
v (after collision)
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elastic: relative speed unchanged

V12i — V1of

==

MV T MyUsi = MV T MUy g

1 2 1 2 1 2 1 2
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elastic vs. inelastic

before or after?
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elastic vs. inelastic

elastic: reversible

inelastic: irreversible
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elastic vs. inelastic

type relative speed state
elastic unchanged unchanged
inelastic changed changed
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elastic vs. inelastic

type relative speed state
elastic unchanged unchanged
inelastic changed changed
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elastic vs. inelastic

type relative speed state

elastic unchanged unchanged

inelastic changed changed
AK AE_
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conservation of energy

L=K+ L
It
closed system:

AE =0
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7.4 The effects of interactions

2 7.2 Potential energy
% 7.3 Energy dissipation
% 7.4 Source energy
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Force

8.1 Momentum and force

2 8.2 The reciprocity of forces
o 8.3 ldentifying forces
% 8.4 Translational equilibrium
o 8.5 Free-body diagrams
8.6 Springs and tension
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E 8.9 Hooke’s law
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Work

&) 9.1 Force displacement

% 9.2 Positive and negative work

% 9.3 Energy diagrams

o 9.4 Choice of system

»

2

3

= 9.5 Work done on a single particle
w

> 9.6 Work done on a many-particle system
=

< 9.7 Variable and distributed forces
= 0.8 Power

<

>

(<]

1 architecture

2 content



how much work is It
to switch?

1 architecture 2 content



Traditional Principles and Practice

1. Physics and measurement 1. Foundations

2. Motion in one dimension 2. Motion in one dimension
3. Vectors 3. Acceleration

4. Motion in two dimensions 4. Momentum

5. The laws of motion 5. Energy

6. Circular motion 6. Principle of relativity

7. Work and kinetic energy 7. Interactions

8. Potential energy and CoE 8. Force

9. Momentum and collisions 9. Work

10. Rotation about a fixed axis 10. Motion in a plane

11. Rolling motion and angular momentum 11. Motion in a circle

12. Static equilibrium and elasticity 12. Torque

13. Oscillatory motion 13. Gravity

14. The law of gravity 14. Special Relativity

15. Fluid mechanics 15. Periodic Motion

16. Wave motion 16. Waves in one dimension
17. Sound waves 17. Waves in 2 and 3 dimensions
18. Superposition and standing waves 18. Fluids
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