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Summary: The eatire goal af motion anatysis is to deseribe, calculate,
and predict where an object is, how fast it's moving, and how much te
speed is changing, In this ehapter you'll review twe separate aparoaches

cHaPTER 1D Motion in asuaight Line to make these predictians and descriptions: graphs and algebra,
cHarTer 11 Forces and Newton’s Laws Definitions
cHaPTER 12 Collisions: Impulse and Momentum @ The cart's position () tells where the cart is an the Lrack,
: @ The cart's spead (v} tells how fast the cart s meving.?
cHarTER 13 Work and Eﬂu‘g}' @ Acceleration (a) tells how much the ebject’s speed changes in cne
cHAPTER 14  Roiation second. When an object speeds up, its scceleration is in the direction of
i . its mation; when an object slows down, s acceleration |z opposite the

CHAPTER 15 Gravitation direction of its motian.
CHAPTER 16 Electticity: Conlemb’s Law and & Displacement (Ax ) telis how far the cbject ends up awaey from its start-

Circuits ing point, regardiass of any metion in between starting and ending

' posttions.

cHapTER 17 Waves and Simple Harmonic & The graphical analysis of motion includes position-time graphs and

Motion velacity-time graphs. On 2 position-time graph, the slope is the ohject's
cHarter 18 Futra Dirills on Difficalt but speed, and the object's pasition is read from the vertical axis. Fer velocity-

Frequently Tested Topics

time graphs, the speed is read from the vertical axis, and the slope iz the
object’s accateration.

Te're disoussing medan with oonsmne amceleradon; thae covers precty much all motan in o stmighe dine in AL Physier £

exeept Yilaps anashed ro springs. -

Suicty meaking, speed is the magninde—the amaunt—of the velbaity vector Velociny cel's how fast somethlng
meves, 3 well a5 (8 which direedon It moves. T eend ro wie "speed” and “velocine” Tnierchangeably: ecpeclaly 1n this ain
tse distincrion baween the wa iz noc mpartanc here,
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@ The five principal motion variables are:
vy initial velocity
v final velocity
Ax displacement
a acceleration
t tirne

& In any case of sccelerated mation, when three of the five principal mation
variables are known, the remaining variables can be solved for using the
kinematic sguatians.

O Free fall mesns no forces ather shan the object’s weight are acting an
the objact.

& A projectile s an object in free falt, butitisn't falling in & suraight vertical
line. To approach a projectile problem, meke two motion charts: one for
vertizal motion and one for horizantal motien.

Introduction to Motion in a Straight Line

Prery much ali motion problems can be demonswaced with a earr on a track, like in the
diagrarn. abave. The motion detector can read che facation of the cart up to 50 times cach
sccond. This detector can make graphs of position or velocity versus sime.

The entire goal of motion. analysts it w0 describe, calculare, aned predice where the

cart fs; how fast its moving aod haw muach its specd is changing. You'l use two separate.

approaches v make those predictions and descripions: graphs and algebra.

Graphical Analysis of Motion

Before you start any analysis, tell yourmelf ~which kind of graph you're Jooking at. The
087 cormpn mistake in studying maran graphs is to lacerpres 2 velacintime praphasz
position-time graph, or vice versa.

Fasition-Time Graphs
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Example 1: The preceding pasition-time graph represents the cast an the reack.
The motion decectar is located at pesicion x= {; the pasitive direction ks to

the lefr.

An AP Bxam questioa could ask all sores of questions abour thie carr. How should they
be approached? Use chese faces, and reason from them.

FACT: 1o a position-Ume graph, the objecr’s positon is zead from the vertcal azis.

Look ar the vertical @xis in Example 1. At the beginning of the meron, the can is
located 40 om o the Jef of the dereeror.? ARee 2 s, the cart Is located 10 cm beft of the
detectar. Fhetefore, in the fiest 2 s of i motion, the cart meved 3D cm 1o dhe right.

EACT: In a position-tme geaph, the object’s speed it the slope of the graph. The
steeper the slape, the fascer the object moves. [Ethe slopeisa Frent stash {f), the
movetnent is in the positive direction; if the dope is 2 backelash (1), the move-
ment is in the negative direction.

Wair a secand, how can I cell the slope of 2 curved graph? Just look ac haw the praph ts
sloped at ane specific place on the graph. 17} wanc 1 koow how fast the object Is maving
afrer 2 scconds of modon, | ke the slope drawn in the following figure.

40

<
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1 2 3 q
Thme (s)

Pozilan {cm)

Mathemarically, chis means you divide {change in y-valuc)/{change in z-value) o gera
speed thar's a bit less than & cmfs. The exacr caleulation is net someching ta obsess over.
I¥'s tmore impertant fo think in terms of comparisons.

You'te uot often going to be asked “Calculase the speedt of the cartas 1= 2 5.° Instead,
you'll be asked to describe the motion of the cact in words and ta justfy your answer. When
you describe motion, use normal language thav yous grandparents would undecstand.
Avoid vechnical woms like “accsleration” and “negative.” Justify your answer with dicect
refercncr o the facts.

Referring back to Bxample 1, because the sfope was stecper 2t carlier times and shal-
lower ac later droes, the cart must be slowing dewn, The car is moving 10 the righe the
whale time, because the slape is always a baclslash.

Ty not 40 cm ta the sight of the detesror? Becauss the posittan vabue 1s +40 cm and the positve direction it lefe
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velocity-Time Graphs

2mis

Valorty:

Example 2 The preceding velociy-time graph represents a different cart on the
track The pasidve directlon is the left.

FACT: In a velacigy-time graph, the abject’s specd. is eead from the vertical axls.
The diseciion of motan is indicated by the sign on the vertical axis.

In Example 2, at the beginniog of the motion, the vertleal zdis reads 1.8 mfs. This
means that inidally, the cart was moviog 1.8 m/s 0 the lef, Afet one secand, the cart was
moving about §.8 mis. A bit Jess than cwo <oconds into the motion, the vertical oxs reads
zexa, sa the cart sopped.

FACT: In a velocig-time graph, the object's aceeleration Is the slope of the graph.

You could do the risefrun calcularion tw find the amount of the acceleration, or you
zould use che definition of acceleradon o sce that the object lost 1 mls of specd in one
scrond, rmaliing che woccleration 1 mift per sccond.! The carr in Bxample 2 was sowing
down and moving to the lefi, When ao objeee slews down, its aceeleration is oppusice the
direction of itz motien; chis cart bas an accelermtion to the right.

The Wistale .

Acceleration I not che same thing as speed ot velogity. Speed smys haw fast something
moves; accelerarion says haw quickly speed changes. Accelestlon docsn's say amythiang
shas which way samething is moviag, unless you know whetber the thing is speeding
up or is tlowing down.

Tendbooks 1nd prablemy an the AP Foam will ity a5 1 e, Well, duat’s ltpewhar the heck i & “secomid
squared,” mnyiray? When yau sec \hvae notadon, read it a1 “erent per resnd per secand” 1 smgrest you always wile the

ynle nt weerlerstlan ai "mis per second.” Then pau'll be far e 1kely 18 make "Ths hflsake”

i
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Semeane who says, "This rar has an acceleration of 4 mfs per second, 50 it is raoving u
abaut 2 jogEiog pace,” has made “The Miscake.” The car is speeding up or slowing down by
4. /s every second; che car could well be an Indy 500 meeear travellng 94 m/s right now,
but oaly 90 mis « secand lacsr. '

Sameone who says "The car in Figuze 2 has a negaxive acczleracion, so it is meving
oo the right" has mace “The Misrake.” A acecleration to the right means either speeding
up and moving right, or siowing dawn and mmaoving lef. “While the cart's acceleradan s
negacive—afier all, the slope of the line is & backslash-~the car was dowing down, maldig
che velncity's diecction opposite the acceleearion’s direction, The acceleration is right, and
the velociny is Jefe.

Tt cakes 2 lac of practice og avoid “The Iisealee.” Just conginually remicd yo nrself of the
mmeaning of acceleradion {how much an object’s speed changes lo one secand), and you'i

get there.

FACT: The ahject's displacemait is given by the arca berween thé fraph and che
hotzaaal ads. The lagadon of the sbjece can’t be derermined from a veloeiny-
time praph; only how fac the object ended up from its stardlag point can be
determined.

To Rad haw far the cart in Example 2 moved, tke che area of the miangle in the
graph® giving about 1.6 m. Since the cart's velocity as read from, the vertical axis was posi-
tive that whale rime, snd the pasidve direction is lefy, the carc ended up 1.6 m lefr af where
it started. Bu exacdy where it started, no ent lenoiws.

© Algebraic Analysis of Motion

Example 3: A model toclet is launched simight upward with an Inldal speed of
50 ms. [t speeds up with a constant upward acceteration of 1.0 m/s per secand
wneil its engines scop ac an aldwde of 150 m,

Somedimes you'll be asked w analyze motion froma description and moca graph. St
your analysis by defining a posidve direction and clearly smting the starr and che end of
the mation you're considering. For mample, cale the upward direcdon as positive,® and
consider from the launch o when che engines stop.

Mexe, make a chart giving the values of the five principal moton variables. Include 2
plur or mivus sign on cvery one {evcept time—a negative cime value means you'Te in a Star
Trek-sryle movie), If 2 vaciable isn'c given in the problem, lsave thar variabla Plank,

The Five Brincipal Motion varfables for Your Char
vy inicial veloclty
oy final velocity
Ax displacement
£ atcelerntion
£ time

TThe arew of 3 mangle I (1) base 2 heighe
60puld [ bave called she devenward diectlon positivel Suse, Thea sigat af displagzmant, velaciy, 1nd aereleration
wonld all be swiiched. .
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For Example 3, the chace looks like this:

" +50 mls

w

hx +150 m

2 +2.0 m/s per sscond
+

The accelerarion is positive because the rocker was speeding ups therefore, acceleration
is 1 the samea direcrion as the mation, which was upward. Upward was defined as the posi-
tive direction heree.,

EACT: [n any wasc of acceleraced modon when three of the five printipal motion
wacizhles are knewn, the remaining variables mn he solved far using the kinematic
equarics, -

+

I Emrlnple 3, we know three of the five motion variables; therefore, we can find che
athers, and the physics is done.

Whoa there. Urn, now is the physics “done”? Don't we have to plug the numoers
In 1o the kinematic sguations, which intidentalty you haven’t mentioned yet?

Well, remember the AP Physics 1 revolution: While yauwill accasionally be asked, say,
co calculate how much cime the engines tun for, you'll juse as aften be astied semething that
doeset involve caleulation. For oample, "Is it possible wo derermine the uaning dme of
the engines?” Oz, “When che engines have ron for hall of their total run sime, is the roclkec
ar 2 height geeatcr than, less than, or equal ca 73 m™

Mare o the point, sctually doing the mach heee Is, well, 2 marh skill nor a physics
oldll. As long as your answers are reasonable—a model racket will likely burn for a Few
seconds, not a [ew thousands of seconds—the mam is likely award close 1o fuld, or
sametimes even full, credic for a correer chart and for recognizing the cozcect equation
W use.

FACT: Ta calcubate the missing values In a mation chars, use the chree kinemaric
equations |lsted as follows. Choosz whichever cquation vors mathematically.
Never solve a quadraric equation. 1f the mach hecomes overly complicated, wy
solving for & different missing variable Sest.

Kinetnatic Equations

Low, =y tat
Lo

2. ﬁxzunr+—2-at

3, up= vy + Lakx

The aruswee i frs than 75 m. The rodier & speading up theaughont the dme when the cngines bum. T the socand half
oF the buen dme, the rockct is {on aveage) moving Faeree, tnd 5o ic covers maore distance,

©
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Contiruing with Example 3, we can use equation {3] w salve For the final velocity of the
rocket this s about 56 mfs® Then we cao use equation (L) to get the time before the engines
chut off, which is 3 seconds. 1 you had ried 10 use equadan (2) 10 solve for time, you would
have gorien 2 quadracic: tha's why T said m use equation (3) and then (1},

Objects in Fres Fall
FACT: When an object is in free fal), irs acseteration is 10 /s per secand'® roward
the ground. *Free fall” means oo forces other than the abject’s weight ace acting
on the object.

Ler's do more with the rocker in Example 3. When che engiaes swp, the rocket i
/oving wpward at 56 mfs. The roclest daesn’t juststop ana dime. It keeps maving upward,
bue it siews down, losing 10 m/s of speed every second-

Try making a chart for the metion frem when the engines stop to when che rocket
ceaches the peals of irs flight. We'll keep the pasitive direcden s upward,

2y +56 mfs

v { (The peak of Right is wheno che ebject stops ta turn around.)

Ax

a —10 rmfs per sceond {There is negarive acceleration beeause free-fall accel-

eracon [s ahways down.)
I3

Thees of the five varizbles are known so the physics is dome.

Naw, be ceful that you lkeep grounded in what's pbysically happening, nor in the
ajpebra For example. you might be asked for the maximurn heighe that the cackee in
Bsample 3 reaches,

Good job sccopnizing that you need equation {3) to solve for Ax. Dcopping the units
during the celculation, that gives 07 = 567 + 2(~12}(4 ). Saiving with 2 calcularar you ger
about 160 m for Ax

Wait a second] Think what the 160 m 2nswer means—thar’s the disrance the rocker
goves berween when che englnes stop and when the racker reaches ity highest helght, That's
not the height above the ground, jusc che additional heiglic afier the =npines stop! The
acoual maximuny helghe is this 160 m, plus the 15¢ m thar the rocler gained with it
cagines on, for 2 weal of 310 m.

If you wers blindly plugging aumbers inco equatisns, you would have totally missed
the meaning behind chese different distaaces, The AP Physics } Exam will repearediy ask
rargeted questions tha check o see whesher you undessrand physical meaning. Calcubladon?
Pah. In comparizan, it's 0ot st important.

Frojectile Metion

A preqecsite 5 defined as an object in fiee fall, But chis object doesn't have 1 be moving in
a seraight line. What if the object wese faunched aran angle? Then yoo tweat the horizoneal
and verrical components of its motion separately.

"Fhis caleubation rquires o talowlzms, of coucs: et = (50 pld? + 2{3 mus por seennd){I50 m). See, Jweee's another
reasen yow're probably nor gelng w haee w acpeally cary out thls mich—you're ot bkcly o need 3 edeukawer mee than
a [ew cimes on the et ouam

dor 35 E7TE4363 mis, ot make me ¥ yaur chemisay teadher ro calk 1o peue ahoot signlficaer figuras again. Josc
s were o e Agures on il values, 2ad we'll al be bappy

190Js, seoip It wheh the 9.8 mis per szcond. The CollepeBonrd Is very clear dhar you ean and should usea fee-faliaccders
sen of 10 /s per seopd. Keally, Eimited ealrulator wre semembert
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Example 4: A ball is shot out of a cannon pointed at an angle of 307 above the
hoejzoatal. The ball's inidal speed is 25 m/s. The ball lands on ground chat s
level with the canneon. ’ :

FACT: A projectile bas no hatlzonta] acceleration and so moves 3t constant spead
horizontally. A prajectile is in free fll, 50 its vertical arceleracion 1e 10 mis per
second dewnward.

To approach a prajectile problem, make oo modon chares: ont foc vertical motion and
une For harizonml motlen.

EACT: To find the versical component of a velockty atan angle, mulsiply the speed
by the vine of the angle. To find the horizontal compenent of a velociy ac an
angle, multiply the speed by the cosine of the angle. This always works, as lang
as the angle is measured from the herizontal.

Flece are the two charts for this ball's motian I Example 4. Consider up and right
to be the positive dircerinns. Ler's contider the motan while te ball is I free fall—hat
ncans, Starting right after the ball weas shae, and ending sight before che ball hits the
ground. Note that the inidal vertical velocity is (25 mishsin 307 = 13 mis. The initlal
harizoneal velocisy is (29 mfs)(cos ap™ = 22 mfs. Yau needed to wse your caleulator to
get these values.

Vertical Hlocizantal
uy+ 22 mis v+ 13 mfs
r b

A O Ax

2—10 mJs per second 20

¥ I3

T entries here are ticky, Remember that displacement only means the distance
traveled stact to end, regardless of what happeos in becween. Well, this ball landed on
“level ground.” That means that the bafl ends up af rhe sume verdeal height from which it
was shots it didn't end up any higher ac lowes than i¢ searced, Thus, vertical displacement
is 2cr0.

Seeond, the final verdeal velocicy it unknowsa, not zera. Succ, once the ball hits the
ground ic smps; but chen ire aotin Free fall anymore, The “final” velocity bere Is he velae-
ity in the insant before the dall hits the ground. -

EACT: The harizonml and verdcal motion charts for a projeetile must use the
same value for dme. .

The vertical chart is complerely solvable, becanse chree of the five vasiables are ideot-
fied. Onee the tme of Aight is calcalated from the vertical chart, thar Tme ean be plugged
inte the horizontal charr, and voile, we have theee of Ave harizontah variables idencfied:
the chare @a be completed.

[
H

% Practice Problems
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Note: Bxra deills on deseribing modion based on
praphs an be found Ly Chaprer 18,
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1, The velocip-time graphs represenc the metion
of owo cars, Car A and Car B, Juscify all answers
tharoughly. :

(2) Which car is maving faster ac the start el the
mmarton? ’

{h) Which car ends up farther from it swarding
point

{c) WWhich car expericnces 1 greater rvagaicude af
aceeleratian?

L)

w
E=1

L o

Posilion [#]
=

-
=1

2 A § B L] 12
Tume {5y

2. The following quesdans tefer to the preceding
position-tirne graph, which s the readous of an
castwrard-polnting moton detecrof, Juscify all
angwers thoroughly

{a) Rank the speed of the objeer in cach ol the four
Jabeled repions of the graph, fiom fastest ta
clowest. Tf the ohjeet has the same speed in two
or mere regions, indicate s in your ranldng,

(b} Whar mtal distance did the ohjecr wavel in
the 12 5, including all pans of the motioni
{e) How far from the object’s stacting point did
the object end up afeer the: 12 8
(d) Which of e following abjects could reason-
ably perform this motion?
(&) A baby c:awlj.ng
[B) Asprinter
(C) A cac on the freeway
(D) A jec 2leplane dusing takeoff
(B} Au armpeha inoa pooi dich

. A ball is dropped frem rest near Earth. Megleer alr

resistance. " Justify all avswers charcughly.

(@) Abour how far will the ball fal) 1n 3 52

() The same ball is dropped from res¢ by an
aseeonatt on the Moon, where the free-fall
sceeleration is one-skxeh that on Futh. Tn 3 5,
will the ball on the moon fall:
(A) One-sixth 15 far as the balt on Earch
B) One-36th as fa as che ball on Farth
(€3 The same dismnce as the ball on Barth
(D) Six times a5 far as the ball on Earth
(5} Thicry-six tirnes as far a5 the ball on Earth

DataTable
Frejeells | milial Horzoatel | Inkial Verics! Tiene af
Spasd {m'e) Seemed [mvay Flight (s}
M 400 294 so0 |
B B0.0 10.8 400 |
[ 50.0 .5 ETR
o | 80.0 [ e | ep0 |

4

Four projectiles, A B, C, and D, wese faunched
[rom and rerurned o Level ground. The preceding
diaca, table shows the initial herizontal speed, inical
verticat speed, and cime of fight for each projee-
dle. Juacify alk answers theroughiy.

{a) Ranlecthe projecriles by die harizapral distance
traveled while in the air

(bt Rank che projectiles by the maximum vertical
height reached.

{c} Rank the projecriles by the magnicude of their
acecleratan while in the ain

W Abaey neglect alt unlers Ieke dy; sbundandy, and

e, bl sbour “reeminal velagieg)-

Iy eless from the problam’s sanceze thar alf resistance i5 imprrianT
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1. {q)

" solutions to Practice Problems

Oa 2 velocity-time graph, speed is read off
of the vercical axis, At ume = 0, Car A has a
higher vertical axis ceading tha Car B, s0 Car
A is moviag faseer

(b} Displacement is derermined by the area under

(=)

I
—
=l

avelachy-ime graph, Car Als graph iz a small
triangls; Car BYs geaph ls & trapezoid of obvi-
amssty larger atea, Both card graphs are always
ayave the hotizoneal axis, so both cacs move
in the me direedon the whele time; Car T
moves farther away from itz srarting polht

Acceleradan is the slope of the velocin-time
graph. Car As graph is steepet, so It accelera-
lion s Jacger. {Surc, che slope of Car A’s graph
is pegative, but thar just means acceleration
is in the negative direerion, wharever thar is;
the question asks for the “magnitudd” of the
aceeleradon, meaning the amount, regardless

of direcrion]

1y 5 I = 1 > [I. Speed is the steepness oo
« position-time grogh, without reference to
Sirectian (ie., whether the slope is positlve or
negadve}. Segmenr TV i5 stecpest. Sagents
1 and Il scem o be the same steepness,
Segment 11 has O slope, so l¢ ropresents azl
object thac doesn’t move.

b} Ir's 2 position-time graph, so scad the vegrigal

“axis to figuce our where the ohject is at any

tirae. The object travels from its oclginal posi-
citn a1 = 0 m 10 x = 40 m, then badlaracks
another 20 m. The otal distance waveled is
60 m.

1¢s u pusiden-cime graph, so mad the verrical
axic 1g figure ouc where the abject is av the
beginning and after 12 5. At the beginning the
object was at x = {) m; after 12 5, the object was
ar posidon x =20 m, The abject trzveled 20 m.
{IE your justification didn't explicidy mention
that the object smrted 2t x =  m, or that you
st find the difffrence benween the final and
initlal positions, duen it's Ineomplere.}

{d} At frs wp speed in segment IV, the object

cavele 20 o in about 2 5 Thats a speed of
10 m/s. [Fyou'e funiliar with rrack and field,
you'll Yarow that the best sprinters run the

2pe 20 Anwrican, who dossmt unetlly lmow from meters pee sesond (miih

ot kmihe

3. @

B

106-m dash in somewhere in the ncighbar-
hood of 10 s, 5o the sprinter is an obvious
choice. Tt mighs be easies'” to approximate
a conversion ta miles per hour. The resule
of 1 /s is 4 bit maee than 2 miles per hour,
This ohjcer goes berween 20 and 25 miles per
hour. This is thespeed of a car on a neigh-
borhood street, There it no way 4 baby or an
amaeba can keep ups takeoff speeds for most
aieplanes are at least In the high tens of miles
perhour and yau'd be a danger 1o yoursclf and
others iF you deove on che freeway as 25 mifes
pes hour. '

Use che equation Ax= oyt +4ar” with 1 =
0 and a = 10 ms per scoond. You should ger
about 45 om.

In the equation we use in (@), the dme of
4 5 is sl the same, 45 §5 vy The oaly dif-
Jerence is the acceleration 4, which is in the
numecaror and Is oeither squared nor square
raoted. Therefore, reducing 4 by ope-sixth
alio seduces the distancs fallen by ane-sixth,
Thats choice & {By the way, if your answce
s A bur your jusdfication included “serdng
up a proportion” or anything without specific
eeference to this equarion, your answer is
incarrect.)

Horizonwl speed remains canstant throngh-
out & projectile’s flighe. Use Ax= vt +Lar
horizontally with the acecleration term equal
0 peco. That ‘means youre multiplying the
horizoneal speed by the dme of flight. This
gres D> > A=B.

() Regardless of the dme of Bight, the vertical

(€

speed is direetly relared to the inaximum height
reachcd, Why? Use o5 =] +2abx versically
with uy= 0 and 4 = 10 m/fs per second. The
bigger che m, the bigger the fe S0 A > C»
B=0.

Basy—all objects in free fall havea dovmward
acceleration of 10 mfs per sccond, A= B =
C=D.

anyweay. 1[youd prefer kb, rauldply ipeeds in mds by shaurd @
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» Rapid Review

= Tna position-time graph, ghe objecc’s posiden is read from the vertieal avis

“

In a position-time graph, the abjeces speed is the slope of the graph. The secper the
slope, the faster the object moves. I the slopeis a fron stash (), the movement is in the
posicive direction; if the slape is 2 backedarh (4}, the movement is in the segative dircetion,

a

In 2 velocity-rime graph, the objece’s speed is read from. the vertieat avis, The dirterion
of motion is indicared by the sign on the verdcal axis. .

u

In & velocity-time graph, the object’s acceleration is the slape of the graph.

1n a velocioy-time praph, the objeet’s displacement is given by the area between the praph
ansd the horizontal axie. The location of the abject tan’c be devermined from @ velocley- -
time graph; only how far ir ended up from its szaring peint can be derermined.”

In any case of acraforated motion when three of the five principai.'motion variables are
known, the remaining variables can be solved for using the kinemade equations.

« To caleulate the missing values in » motion chast, use the chree kinematlc equarions
listed below. Choose whichever cquation works machematically.

() vy=rvytar
{2} fAx= unr-l-%a:]
(3} v}=u3+2a&x

\When an ohject is in free foll, is acceleracion is 10 s per second!® roward the graand.
“Eree Fll" means no forees other than che object’s welght 1re acdng on the object.

A projectile hias oo horizontal aceeleraton, and so It moves ar consrant speed horizon-
tally, A projectile is in frec fall, so irs vercical accelesation is 10 miz per second dowsward.

To find the verrical component of a velocity at ah angle, multiply the speed by the
sine of the angle. To find the hatizoneal component of 2 velocity at an angle, multiply the
speed by the cosine of dic anghe. This always works, 25 fong as the angle Is measured from
the horizenral

The hatizontal znd verticol mation chares far 2 projeccile must use the same value
far time.




FER:

Summary: A force is a push or 2 putl applied by ane ohject on ansther
object. This chapter describes the construction and use of frae-body dia-
geamns, which are key ta spproaching proklems involving ferces.

Definitians .

© Adforce is a push ar a pull applied by one objeet and experianced by
another vhjact.

¢ The net foree an an object is the single force that could replace all the
indivicus! forces acting on an object and preduce the same effect. Forces
acting in the sarme directlon add together to determine the ret force;
forces arcting in opposite directians subtract to determine the ret ioree.

@ Welght is the force of a planet on an abject near that planet.

& The force of frictlan is the force of 2 surface on an object. The frictlon
foree acis parallel to the surface. [¢Inetic frictien Is the friction force
when somathing is moving akang the surface and acis opposite the
dirertion of motion. Static frictian is the friction foree between two
surfaces that aren’t moving relative to ene another.

o The normal force is also the force of a surface on an chject. The nermal
fnsce acts parpendicular to the surface.

r The coefhelent of frictlon is 2 number that tells how sticky twa surfaces are.

€ Mewten's thicd law says that the force of Ohject A on Object B Is equal
in amaunt and oppaesite in direction i the foree of Object B en Ohject A

O Mewion’s second law states that an objerts accelecation is the net
farce it expariences divided by its mass, and is in the direction of the
ret force.

By
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Describing Forces: Free-Body Diagrams

A focce is & push or = pull applied by one object and experienced by another object. A force in
e labararory is often measured by a spring scale, a5 In the preceding picture. In AP Physics 1
we have to undersand two aspects of [orces. Firsr, we have to deseribe che applicstion of the
Facce: What are the objects invalyed, and how much force is applied and in which direction?
Mexe, we have to conneer the ner force acring on an object to thar abject’s change In velocity.

Srart with correct hanguage: an objest can “prpericae” a force, but an shject cannot
“have” 1 force. Dor't ter youeself sy, “Hall A has 2 bigger force than Ball B—that means
nathing. “The pet force on Balt A s bigger than on Ball B is &ne. as s “The Earth pulls
harder on Ball A than oa Ball B

The canpnical method of describing forces acting on 21 object s to draw a frec-body
diagram. A free-body diagram should include two eleents:

{1) A labeled amow representiog asch force, with each arrow brginning on the object
and pointing in the direcdon in which the foree aces ’

(1 A bist of all the Forces acdng on thse objecr, indicaring the abject applying the force
and the object experiencing the farce

O the AP Exam you'll be asked somathing like, “Dyeaw and label che forces (not com-
ponents) that act on the carasit slows down.” This means “Draw a free-hody diagram.”

FACT; Cnly gravimrional and clecwical Forces can act an an object without cogtact.

Example 1t A car maving to the sight oa the freeway applies the brales and shids
10 2 SOp-

Prewy rouch alwaye star with the farce of thie Farch on the object, which Is commonly
Ienown a5 fts weight Don't call this foree “ gravicy ——that's 0 ambiguous L Weight acts
Jownward and doest’t require any coQTcE with the Farth in order w exisc? Diravy a downoward
ancow on e dot, label it “weight.” and in the list wries “Weight force of Barth on the @

“in AP Plpries 1, anyway

Chaptee 15, on graviction, exphin mast shout how o find the welghs of a6 objecrin s graviadonal Held.

ghy ne ml i “Forte of gravicy on die cas?® Wll, ocaasse all fortes must be cverecd by an pbfect on annther ebjert.
S when ic “grvie wn objec? &

Farees and Newton's Laws < 51

Any other forces raust be @ result of contactwith the car. What's the ear souching? Ir's
teuching jusc the pround. Since the car is touching the pround, the ground exers e normal
force perpendicular to the surfece, Draw 1o upwasd arrow on the doc, label jt somcthlng
Jike “£.," and in the Hpemwlen *F,: The forceof the sround on the car™

Since the car is sliding alang the ground, the ground ceests 3 force of (kinede) frie-
tion. By definidion, kineric friction mus alsways ace in the opposie direction of modon—
the car skids right along the ground, the Friction force acts o the lefe, Deaw 3 lefoward
arcow on the dor, tabel it By and (n the lise walee “Fp The force of the ground oxn the
car.™

The car is not bn conract wich anything else, so we're done

Fa

7 Forge of ground sn car
Fe: Farge of ground o car

‘Weloht: Poret of Earth on car
Fr

e lahs

Whoa therel The car is moving te the right, so what about the force of its motion?

There's no stch thing as the “farce of motion.” All foroes must be exerced by an iden-
GRable object; and all pongravitational and nondlecrrical forces must be 1 resulc of contacr.
The car Is not in coneact with anyching that pushes the car forward,

Then how is the car moving 1o the right?

It just is. It is erdcally imporene forus o7y on the problem as stated, QJuestions
ahout what happened before the problem staceed are ircelevanc Perhaps ar firse che car was
pushed by the engine, or pulled by a ream of donkeys, ca start it moving perhaps it had
been in motion singe the beginning of dme. Ir doesn't macter. All thar macrers i¢ thacwhen
we rune in w the action, the car is moving right and slowing dowa.

I the car had been pulled by 2 team of donkeys to start it moving, wouldn't we put
the force of the donkeys on the car on the free-bady diagram?

[, because the Free-body diagram includes only forces thar acc now, not foraes chat
scted catlice, or forces that will act in the furure, 1f donkeys pulled the cas, dhe force of the
donleys would appear on the frec-body while the domkeys were acnually pulling. Afrer they
tet go and the car is dowing down, the donkeys might as well have aever cxisted.

Whils it's impermant o loarn how to daw & Free-body diagram, ir's just as impormant
10 learn how to #ep drawing 2 free-body diagram. Dign’c make up forces. Unless you can
elearly idencify the source of the fores, dan’t include the force.

Ap makes no difference what pou. Sahek che areaw A loog U you dcfiste thve Labal in 2 Mot You wane o eall ic N inatead
of £2 Be my guest.
s, bach the {ietion fcce and the narmel foces are propesly liszest ar the foree af the ground an the @
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Exam Tip from an AP Physlcs Veteran ’
1f you see a problem Involving forees, wy drawing 3 free-body diagram for rach objectin] ..

the problem, or for a system inclading muldgte objeees. A free-body diagram will abways
be wseful, even ifyou're not explicidy aked to make cae. |

Determining the.Net Force

To derermlne the ner force on an object, weat each dircetion, separarely. fdd forces that
paint in the same directien; subtract forces that point in opposite directions. Or, if you
know the sccelemtion in o direcion, use By = ma.

FACT: "When an object maves along a surface, the acceleration in 1 direction per-
pendicular to that sarface mast be zern. Therefore, tic net force peependicular
to the surhace is also zero. -

In Example 1, the net force harizenlly is equal w the force of friction, because chat's
the only foree acting lp the horizontal dicection—there’s no other force w add or subtrace,
Verically, the et foree is vqual co the normal Force minus the weight Bue sinee the
is moving along, the swrlice, the verdical acceleration and the vertleal nec force oo the car
AT 2AIO, ’

We ean conelude, then, that the oormal foree on the ear is equal to the car's weight.

“This isn’t a general facr, though-—a normal focce is noralways equal to 1n object’s welghn IF

more vertical forcer are acring, or if the surface Is changing specd vertically (as in an clevasar),
the normal force ran be different from the weight,

EACT: The fricrion faece is equal o the cocfficlent of Ficdon dmes the notnal force.

A good AP question might deserlbe 2 second car, identicat In mass and initial speed to
the cac in Bxumple 1, but on a wes freeway. The quesdon might ask yau to explain why
this second car skids £ 1 stop aver a longer disrance.

The cachictent of frictian is 2 propetty of the surfaces In ronmcr. Here, since 7 wee
coad is less “stieley” than o dry rosd, the coefficient of friorion has decreased. But sloce the
sccand car it Idendical to the fimr, i weight and thus dhe notmal force of the surface an
the car s the same a8 befoce, Theeéfore, by the cquation Fr= uF, the aevr car experlences
1 smaller force of friedon.

Wit 2 smakber ner farce'on e second cax, its arceleration is also smaller by F, = ma.
Then the distance traveled during the slid depeads on the qr's 2cceleration by the kine-
mades equation (3), 'u; =11+ 2adux. Taiee the intdal speed vy ta zere and salve for Ax to
see thar acerleration o is in the denominator of the equaton. Thas, ¢ smaller accelermtion
means 3 largee disance w stap.

Statlc and ICnetic Friction

“You may heve learnedl that the coeflicient of friction takes cwo forms: static and Jonede
friction, Use tbe coefficicnt of staric fetdon il sormething is statinnacy, and the coefficiant
of kinetic feton If the abject it moving. The cquadan for the foree of friction is cssendally
the same in eicher case: Fr = ify.

Foress and Newlon's Lawe & 53

The oaly strange past about static fricrion is thar the cocfliciens af scatie fiction is a
pracimtan value. Thinle about this foz 2 moment—if 2 boole just sits o 2 table, it doesn’t
ared any fickion to stay In place, But that boolewon'e slide if yau apply a very small hasi-
zontal pushing Ferce to ft, s swatie Friedan can ace on the boole To find the marmusm
coeficient of staric friction, find eut how much horlzonmi pushing fercs will just barely
cause the book to move; then use Fr= 1Fy

Newton's Third Law

FACT: The foree of Object A on Object B Is equal in amuunc and pppesite in
Jirecrion sa dhe faree of Objece B on Obfect A, These owo farees, which act on
different abjente, are called Newton's thilrel law companion Forces.t

In Example 1, then, what's the Tiewton’s third law companion force o the Ascmal
foree? Ir's tempting to say, "Oh, che weight." After all, the weighe is eual to the nogmal
Force and is opposite in dirsecian to che normal force, But that's wiong.

To find the campanion fozzz, lavk at the description of the foree in the fee-bedy dia
ram, ind revesse the sbjeces applying and axperiencing the fores. The narenal foroe is the
force of the ground on the cxr, and that aces upward. Therelore, the thied law companien
facee is the force of dhe caz on the ground, acting downward,

EACT: If che net Borce has boch a vertical and 1 horlza ntal component, wi the
Pythagorean theorern o determine the magnitude of the ner focce, and we the
tangent funerion to decermine the direction of thie net force.

in maosc AT problems, though, the nec Encce will be zero in one ar hath diseetions.
In Erample 1, che magaite af the net fovce is pqual 1 oaly che magnitude of the fricden
Force, because the vertical farces must submact [0 22r0.

TF chis were an AP problem, chances are irwould ask 350U the connection berween the
net force and the change in the object’s speed, We'll cvisic this example later.

Forces at Angles

A force at an ange is dawa oo e free-hody diagram just like any ot faree, Buc when
you're ready to da any analysis on the frec-budy diagram, start by breaking the angled foree
Into COMPONENds.

£r, mmermes, this 1t @lied 2 Newtan's dinlrd by Forer pair



94 % STEP 4. Review the Knowledge You Meed 1o Score High

Example 2: A pair of fuzzy dice Is hanging by a suring from your rearview
snictor, a5 shown in the preceding Bgure. You speed up from 2 swplighe.
Druring the acceleration, dhe dice do not move vetcically; the sering makes an
angle of 8= 22° with the vertical. The dice have mass 0.10 kg

Na matrer what thie problem ends up ssldag, yowll want o draw 2 free-body dia-
gram. What forees act on the dice? Certainly the weigh of the dice {the farce of the Earth
on the dice) acrs downvard, Mo electrical forees exist, so all other forces must be conrace
Forces. The only object acrually in cantacr wich the dice is the sring. The soring pulls up
on the dice at an angle, a5 shown in the pictuce, I tabeled che foree of the suing on the
dice *T” which stands For “rensien”—which means the force of a steing,

r

‘Weightc Farpg of Earth on dics
Clee T: Farce Of sting an dlce

W
Welatt

Wwhat about the force of the car an the dice?

What about it? The car is not in contace with the dice, the swing is. 1¢'s the string, not
the ear, applying the foree o che dice.

Determining the Net Force

I¢'s likely thatyou'd be asked 1o determine the net fares on these dice. Bux the tension acts
both up and to the right. How do you deal with che vertica) and horizonmt forces, thea?

FACT: Wihen a foree scrs ac an angle 8 measured from the horizonal:

' The vertical compenenc of that force is equal to the amount of the force inself times
sin &,

+ The horizontal compenenc of thar farce is equal to the amount of the force inself
rimes cos B, )

Before pou do any farther work 1 find the ner force, break ail individual forces into
horlzoatal and verdcal compancnss as best as you can. Here, the weighe is already vertical.
The tention becomes two separate companents: Thin 687 goes in the vertical direction,
and Teas 68° goes in the horizontal direction. Naw you're ceady o answer any possible
ptoblem.

Exarn Tig from an AP Physles Veteran

Do nez pur farce components an the same diagram g5 the farce irself, Yo won't eam full
credic. Ficst, deaw all Foscas ac whatever angle s appropriate. Then, on » separate diagram,
redraw the forces with the angled forces hroken into compornents.

Forces and Mewtan's Laws % 95

FACT: The arreleration of an abject is Fydre. This is the same thing as saying

P =ma

Whoa. | get that the net force is the horizantal TeossB®, and that | can wiite that
TeoséB? = (0.1 kglz). But the problem didn"t give me an acceleratan, i didnt
give the tenslon—I'm stuck ta solve for anything. The Celiege Board screwed this
preklern wp, fight?

{r's vanishingly unlikely that the prablem is unsolvable 48 posed. You obvicudy can't asle
questions of the College Board duging the AP Enam. So if you'ce absoluely suce the cmam
is screvwed up. you can just state where you think the problem is unclear, make up the infor-
mation you need, and do your best. Chances are, though, that vou need ma fad @ crcative
alternare way to solve the problem, :

Lol at the problem statement: Te caid that the diee have 2 mass of 0,10 kg, This means
char the weight of the dice Is 3.0 N.7 Siace the dice arc maviag only in 2 hosizoneal direc-
tien, vertical acceleration {and the vertical ner force on the dice) must be zero. Forees in
oppasite directiong subtract to decermine the net force. Here, that means that the up force
raust equal the down foree of 10N, The up foree is Tiin 68°, which equals 1.0 N. Plugin
from your caleataror that the sine of 6B degreas i 0.93, and then solve w find the renston
s 1N

Mo deal wich the horizantal direction. The horizongl et focee is Teos 68%, which is
(1.1 N){0.37) = 0.41 N. Slace there's wo vertical ner force, @.41 M 1o the right is the entire
net force. Apd then g = Fy/m, so acceleration s 0.41 N/0.10 kg = 4.1 mis pee second.
Tha's prerry much everything chere is 1o caleulare.

The Mistake
1r's temping e use this equanion in a1 soms of circurnerances, For sxemple, I'm sitting in
2 chair, Sinee V'en near the Earth, the force of the Farth on me Is equal to my weight of
930 M. 1 lenow my mass is 93 kg, Use 2= B, Jm. My acceleration must be 930 /93 kg,
or 10 ms per second,
U, no. Vi siing In 2 chair. My speed 1sn't changing, so my acceicmtion is zero.
The value of 10 mfs per serond of acoclerstion means T'm in free Bl Whac went wrong?
I expesiznce mare forces than just the force of the Sarth, of cousse, The chair is push-
ing up an toc. Sinee 1 lenow that fy acceleration is zera, the chiic pushes up o me with
420y N of force. Naw the up force and che davea Torce on me subtract ta zero. Phew.
Cply the nes force equals mass times acceleration, Never ser a force equal w0 ma

unless ir's the net force.

What Else Could You Be Asked?
The AP Exam dorsa’s like ta ask for caloularions. 5o what sisz could be asked relating o
Example 22

76m the Barch, 1 ke of mass weighs 10 M. This fact ir discussd in mose desail in Chaprer 15, Graviadon-
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Forces and Newion's Laws <

TFlere's onc thought: I the diae wese 1o nscead hang from. 2 bigger angle chan 22° from
the vertical, would the ension go up, go down, of sy the samc? .

The best way to answer this type of question is to make the calculation, and thea ’ nos
explain what part of the calcularion feads to the correet answer. Thae's the whole merhed :
behind 2nswerng questions thar involve qualirative-quanticative translation, as discussed
in Chzprer 8. - :

Make up a higger angle: call it 60° from che verdeal, {Or choose any aumber; just
make a significant difference in the new simadon. Don't choase 23°.) Start back fram the
beginning: The dice still have 2 0.10-kg mass, and the welght of the dice is slll 1.0 N. The :
verdeal acceleration is scill zero, which means we can ser the up fowe equal to the down
focee. But now the up force has changed, from 7 sin 68° m 7 sin 30°.F Now we ser T'sin
30° equal to 1.0 N, giving a easien of 2.0 M.

The answer, then, is that the teasion increases. The weight remains the same and che
wertical component of tension must stay the same, bur since to calculate tension we ead
up dividing the 1.0-N weighe by the sinc of the angle from the herizontal, a smaller angle
from tht horizontal gives a bigger wension,

Multiple Objects

Witen rwa magses are connened over a publey, it's wlten easiest ta st by eonsidering horh
objeces as 1 single sysiem. Draw the Fees-body diagram for the eatire system, and uss g =
£, o find the acceleration af the spstem, Then, if you need ta Find the tension in the
connecting rape, at if you necd ro salle abows just ane of the swo cannected ohjects, drw
2 new Free-body diagrarn just for that object

FACT: Qe rope has just one tension.®

An alternarive approach is (o stare by drawing wo scparate free-bndy diagrams, ooe for
cach, object. Wrise Fyo = ma Far each object separaely. Then, recognizing thar che rentlon
is the same i each equation, salve algebraically Far che aeceleration and ceasion.

% Practice Problems

tel Which sxpericnees 3 greater net force?
{A) The doiver
{8y The car

Noter Exera drills oo peoblems including repes and

Exam Tip fram an AP Physics Vataran inclined planes can be found in Chapeer 15,

If you are asked whether something Increases, decreases, or staps the same, you might

want 1o start by making a caleulation 10 see numerically whar happéns e the answes, Be
suze to explaln why the calentaton came our the way It did.

- Fy

JON

() Bodh the driver and tive car xperience the
same nex farce.

3. A car slides up = Kictionlass Inchined plane. How
i 1. £ 7.0-N block sits on o rough surface. It is being does the normal force of the jncline on the car
!l?chnebd Planas - s oulled by a force Fy at an angle 6= 80° above che cotnpare with the weight of the car?
rar objects on inclines the same a5 any other objecs, Draw a free-bady diagram, break horigonal, as shown abave. The block is initially o : - . ]
[a:ngicd ior:s into oa;mponcnu, and use ¢ = F,/m in each direedion. The only major dif- mevlng ta the cighe with speed 5 mfs. The coeffi- ® \:'l;cgl:.tormﬂ foree must be squal to e car®
erenice Is that you den't ose hatizoneat and verdcal _comi:onenn for the forces. Inswead, cienc of Frietion berweent the block and the surface - : r p
you lnok separately ac the forces paraltel to the incline and at the Forces perpendientar ta is L= 0.20. Justify 2ll answess. @ izﬁ]é:?rmﬂ force mast be less than the 2263
the incline. ' G .
Any narmal force will be perpendicular to the incling, and so won't have to be broken [a) Isir pﬂlssihlc far FhE b.lack wbe sluwiﬂg dowa? ©7 n’i :\0..1';1.11 force must be greater whaa the
into components as long as the objeer is moving up or down the incline. Any frictlon foree 1F sa, give = possible value of the magnimde of o ?; VLR I:i ; s
wlil be paralic! to the Incline and so won't have to be braleen into components. ['s the £ thas wmﬂd, allow the bloc-.?c w0 slow down. ¥ The potma foree mast beete:
weighe—the Force of the Barth—that will be broken into components, If no, oepliin why ot with wference © 4 Bers, Ernie, and Osesr ate discussing the gas

FACT: On an indine of angle & (measred from the hacizontal), break the welghe
inte components: .

- The camponent of the weigh thet is parallel to the lncline is equal ta the weight

Newrons second Jaw.

(k) T order to double the blocl's initial speed o
10 mfs, how muse the magoimde of the force
F, change?
{43 It must double.

rileage of cars, Specifically, they arc wondering
whather 2 cac gers beteer mileage an 3 city soreet
or on & (tecway All agree [correcdly) thar che gas
mileage of o car depeads an the foree that it pro-
duced by the car's engine—the cac ges Frweer miles

times sia & (8) Te must quadeaple. per peiian i the engine must produce eore foree,
. "ljhe compgnenr of the weight that is perpendicular w she incling is equal r the weight {C) Tt does sor have o change. Whose explanation is campletely sorreet?
tjrmes cos 8.

Example probiems and exrra drills on this Frequendy tested eopic are avalble in
Chapter 18.

Msnember we bad i mesire fram tae bachonml sccordiog to the fact on the previais page-

4. A drag-racing car speeds ap fram rest oo 22 mfs in

3 5. The ear has mats 800 kg; the deiver has mass

80 kg.

fa} Caleulare che acreleration of the drag racee.
(k) Calculare the net force on the deag racer.

Bert saysi Gas mileage is broer en the {reevesy.
n towes dhe car bs ahways speeding up and dowing
dpwn bresuse of the rafic lghts, o bectse B =
mice and acceleration is bucge, the engine must pro-
duce a lor of foree. Heweves, on the feeevray, the

SThis i cowe unless the mpe is tied ta or coanerted gver a rmas. For samgle, 10 the pulley leself had mass, ches the ropa mun hiawe dlferent werokons

on tmdl slde af the pullgy, Bur thad's = mre happening, and dhat cerminly showjdn't require a5y cadeulacion.
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cac maves with consmot velocin, and aeceleration
i¢ zero, So the engine produces no force, allowing
for better gas mileage.

Frnie suys: Gas mileage is bewer in town. In
tawn, the speed of the car is slower than the speed
an the fasway., Acceleration is velocity divided
by time, so the acccleration in Town is svalfer.
Because Fy, = m4, then, che force of the engine i
snraller itz town giving better gas mileage.

* Snlutions to Practice Problems

STER 4, Review the Knowlsdge You Need to Scare High

Oscar says: Gas mileage is berer on the feeway.
The force of the engine oaly has ta be enough
10 equal the foree of air wsistance—che engine
doesm’t have ta accelerar che car becanse the cac
maintains 3 constant speed, Whereas in town, the
force of the engine must often be greater than the
farce of ficrion and aic resismnce in order to let
the car speed up.

1. [} When an ebjeck slews down, it acceleration
fand therefore the ner foree 1 experiences) is
oppesite the dicection of ke motion. Hete che
metien s to the right so if the net force is lef,
ir wilt slow down, The fricton fazee is (tFy
wwhers the normal foree Fiq Is in this case equal
ta the 7-MT weight The fricdon farce value is
1.4 N. The horzonrl companeat of F, is the
magnitude of F) times the easine of 30°, Make
F, equal 1o 1.4 N. Then the hotizontal compe-
nent of F, is something less than 14 N; che left
force will be bigger than the cight foree; the net
force will be to the left, opposice the motion;
and the black will slow down.

(b} While the ner force is related o acccleration,
the net foree has uo effect an an object’s speed.
Beyond that, no one has said anything about
what happuns befare the problem, abaa haw
thar inital speed came abent. The forces can
all be 2 indicated], and the objecr can have any
inirial speed.

2. (1) The car’s spieed changes by 22 mfs in 2 5. Sa
the car changes is speed by 11 mfs in b s,
which js what s meant by an acceleration ef
11 m/s per second,

i) Mewtons second low says that the nec force
nn the racer is che drag raced’s mass of B00 kg
tienes the 11 ous per second acceleragon, Thac
gives a net force of B,200 M.

M0 e el the drver would Rl pue of dhe

{€) The driver and che car must experience the
same accelerstion because they move togeeher;
when the car changes its speed by 11 mis in
ane second, so does the drives® Ta calcalote
the ner force on the driver, the driver's 80-kg
mase must be used in Newron's second law,
E_ =ma Wih che same 2 and 3 smaller mass,
the driver expericnces a smaller net force (and
the €ar experiesices a greater ne¢ force).

3. (B) The normal force excrred on an object on an.

inclined plane equals mg (cos 8, where 8 is the
angle of che incline. If 8 is greater then 0, then
ros B is Jess than L, 5o the necmal Foece is Jass than
the ohject’s weight.

. Although Bert is right thar acceleration Is 2 on

the freeway, this means that the ner force s 2er0)
the engine still must praduce 2 force T coupteract
air resisrance. This is what Oscar says, so his answer
is currect. Brnies answer is way off—acceleration
i not veloclry/deme, acceberation (s a change in
veloclty aver time.

Forces and Mewian's Laws € 9%

__ » Rapid Review

Orly gravirational 2nd electrical forces can acy on an objeet withoue contace (in AP
Physics 1.

When an object maves along 2 sucface, the aceelecation in a direction porpendicular o
dhuat sutface must be zeco, Therefore, the net focce perpendicular so che surface is alse 2ero,
The fricion farce is equal to the coefficient of friction rimes the noemal force, Fp= 5.

The farce of Object A on Dbject B is equal in amount and opposite in direction ta the
farce of Object B on Object A, These two forces, which act on different ohjocts, arc
called Wewton's third law companion farces.

1F the net force has both a vertical and a horizontal component, use the Pythagarean
Thearern to demrmineg the magnitude of the net force, and use the rangent funcdon @
dercrmine the direction of the net Force.

When = farce acts at an angle @ measured from the horizoncal:

« The vervical cormponent of that force is equal w the amount af the farce icelf denes
sin 8,

¢ The horizoncal camponcat of that foree is cqual o the amoust of the force lrself
times cos B,

« The acceleration of an objcsr i Fofm (which is the same rhing 25 saying Fu = ma).

"

O an incline af angle 6 {measured fom the hosizental}, break the weighe inte compopents:

s The component of the weight that i paraliel to the incline is cqual ro the welght
diones gin 8.

+ The component of the weight that is perpendicuiar to the indine i equal to the
weighe times cos &

Que rope has just one tension.




Collisions: Impulse
and Momentum

AIS.CHAPTER

Surmmary: Whenever youd seg 2 eoilisien, the technigues of impulse and
imamentum are likely to be useful in descriking or presicting the result af
+he cellision. In paficular, momentum is conserved ln all collisians—this
means that the total momanium of 3}l ubjects is the same befare and
after tre collision, When an cbjact (or a system af objects) sxperiences

a net force, The impulse momentum theorem Ap=F- &tcen be used for
predictions and caleuations.

Definltions

& A rnoving object’s mamentum is iis mass times its velocity. M emeatum
is in the direction of motion.

& [mpulse is the change inan objecr’s momentam, which is zlsa equal o
the net force on the object multiplied by the time during which the force
acts. lmpulse is in the dlrection of the net lore.

@ A system is made up of several objects that can be trzated a3 a singls
thing. It's impartant 1@ define the system you are considering before you
troat 3 set of oljects 8§ a sysiem.

& While total marnentum is conserved in ali coliisions, kinetic energy is
canserved only in an elastic calllsion.




102 7 SYEF 4. Review the Knowledge You Nead 1o Score High

Momentum is 2 useful quanziry ta caloulate beeause It is ofien conserveds thar is, the toral
amount of momentum avallable In most situadons cannot change. Whenever you sz 2 cok-
lision, che rechaiques of impulie and momenmm a5 st Yikely 1o be useful. Try impulse

and momenwum fiest, before trying to use force o energy approaches.

The impulse-Momentum Theorem '

Here is the impulse-momentum cheaserm:

2.0 4 .0 ]
Time (8}

Example 1¢ A teacher whose weight is 900 I jumps ~vertically fram rescwhile
standing an 2 plarform scale. The scale reading as 2 funcrion of time is shawn
the preceding figure,

A Farce vegsus time graph is essendally an invization w caleulate impulse. Since impulse
iz dafined as F- As, fram e fores versus dme graph, impulse is the ares undec the graph.

you can with rectangles and wiangles.

3 the scale reading In secess of the person’s $00-1 weight.

Strategy: When you need 10 Take the area of an exprrimental graph, approzimate s best

This graph for Bxample 115 tricky—impudse calculacions should use the net Foree on an
object. The scale reading on dhe vertieal axis of the graph is not the net force; the net foree

Collisions: Impulse and Momentuen < 103

To estimare the impulse given to the jumper ia this example, drew g horizonel lne at
the 900N mark as a zero point for caleulating the net farce:

2,400

fime (5]

Regions ] and 2 have somewhat close m the ame area, uae shave and onc abeve the
ze¢0 net force fing; 5o these arcas cancel out, Region 3 looks samewhac like a cectangle, with
base something like 0.25 s and helght {1,800 I — 300 ) = 900 N. The impulse is chen
9pg M dmes 0.25 5, oc something like 220 W

e ———
'| Exam Tip from an AF Fhysics Vateran
L Yau must be camforiable with this kind of rough appraximarion. Sure, she impulse
I conld well be mare liks 228 Nos, o 210 W.y. Who caces? On a frec-cespense iem ir
| will be che reasoning behind youe caloulation that cacns gredit, much more so than
l che answer iosell. On a muldple-choice irsm, the choices might be far sepavated,
I].I.k& {A) 200 N.s; (B) 2,000 Nos; (C} 20,000 M5 (D} 200,000 N-s. IsnT the choice
obvioust

Impulse by tuself doessis say ruch. The mate interesting question dbouc chis Jumping
seacher in Bxample 1 is the speed with which he Jeaves the scale. Since impulse is the change
in an ohject’s momentusm, you lenour the teacher changed his momentumn by 220 B, Since
he starsed from rese, his momenmuen right afer leaving the scale is also 220 Nes. Finally,
momensimm it muss tmes speed. The ceacher's mase Ls 90 k! so plug in 1o the equation
p=me (220 Nos) = (90 kg)w. His speed is 2.4 ms, ar chereabouts,

Conservation of Momentum

Example 2: Cart A, of mass 0.5 kg, moves to the cight at 2 speed of 60 em/s.
Cart B, of mass 1.0 kg, is 2t resc. The carm collide.

EACT: Tn any system in which the only ferces arting are between objects in diat
system, momentam is conserved. This effectvely means thar momentira is
conserved in #ff collisions.

i b5 osuse iz weight i 900, 2nd e Earsh 1 kgwalghs 10N
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Define the syseem for momenmm conservation iu Pramaple 2—just the two cars. They
apply = fasee o each other in the collision, but thar's it, 50 MOMERTM is conservert?

A commnon task In 2 problem with 2 collision invaives caleulating the speed of anc
ot both objects after the callisien, Bven when a collision-berween- two-objecs question is
qualitative or canceptual in nature, ¥s aften 4 good Idea to oy cabenlaring speeds afier a
coflision.

Tn do chis, define 2 positive direcden and then make a chart indicating the mast and
speed v ab azch carr befoce and afeer the collision. T use  “prime” mark () to indicate
sehen we'ce dealing with values after 2 collision rather than before. Indicase. the direction. of
rmadion with a plus or mius sign o the velocities.

(Naote that its tlay to use centimatars per sceond [emfs] cather than meters par second
[ends], as lang as you are coasisent througheut)

=05 ke

ap=10kg

b=+ 60 cmfs .
w=10

py =1

v =1

“Then wiite the cquatlan for conscevation of motneacum.

Uh, where do you get such an equation? | knowt [t's naton the eguetion sheet on
the old ar naw AP physics axams.

The relevant equation comes from che definition of "tonservation” meaning an
unchanging quandty The wntal change in momeanar for the system of the owe carts must
be zero. Any momeoram lost by Cart A is gaioed by Cart B. Ser zero cqual to Cart Als
change in momeneum, plus Carr B's change lo momentum:

0=(ps — g+ (25 —12)
Then, knowing that p = mv, plug in what you wnow. Ui oing to leave off the unles

o malce the marhematics cleares; sinee the t2ble abeve has watues and i, is clear what
units are intended.

0 = [(0.5) vy ~ (0.5)607) + [(LOyws" = 0]

15 dhais salvahie? Mot yer, hecawse ir’s only one equadon with two variahles. The iofor-
saation aboue this colliston s incomplece. The callision in Exampgle 2 could dus have all
stees of resales. o

One possibilicy Is that the carts stick together, In that cast, the carts share the same
speeds in the notadon ahave, v, = vg'. That makes che calculsrinn solyable; replace the
with 2 single variable o ger v = 20 erds.

Pechaps che problern statement contipucs 1 tell 15 the speed of one of the cares after the
callision. Then che prablem Is solvable: plug in the value given, and solve For the other v.

TIF Eriexion herween the teck and the s ez Igaili then sure, wrauldrit be comseryed—he ek
wast ennridered part of e grwem, anil ifr applylng a force o the ot B epm with friceion, |f you consider the
moeents Just befors anr Jure afier the enilialom, will be calby conserved, Sec die Followlng discussion for
< time whea die momenum of 2 system Lz o canserved.
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The anly ticky part here would be, say, if Cart & sebgundsd aftes the celiision.
Then vy’ would rake @ aegative value, Bus the solution would be app roached the same
Wﬂ.}’.

When ls the Momentum of a System Mot Conserved?

The sianple angwes goes back ra the definition of momeatem conseevation: The momentum
of a systeen it pod conserved when a force Is exeerets by an tbjeer thars aatin the systein.

Example 3: Twe idendeal balls are dropped. frum the same height aboye the
groupd, such that they are weaveling 50 cous just before they bit the ground.
Tall A rebonads with speed 50 em/s; Pall B rebounds with 2 speed of 10 cenfs.
Each is in coneact with the ground for the same arnount of dme.

Define the system hera. 1 che system 1s just Ball A, say, then Is the mosnencum af Ball A
conserved? OFf cousse nod The prablem says thar Ball A echounds, which means it changed
18 direcrion and chus its momenmn.

Wiistake: [Cs tempring to say thatsince Ball A didn't change its mass, znd sinee its speed
was 50 eomfs befors and after the eallisian, that Bal A didrlt change its somenmum. This is
ot carsecr; momenmm has dicection, A abjecr thac changes direetion boses all its moman-
tum and then galns some mare. 1£Ball A hud mass 2 kg, then itiosc 1 N.s of momentam
i1 stopping. 3nd chen gained anocher N.e af momennis in Broer © rebound-—For 2 toral
change in memERUM of 2 Mes.

\Wait. You said in the preceding Fact that morenturn is canserved in all collisions.
What happened? .

Well, yes, momentum & conserved in all collisions, i you define the system  inclode
the twa (or theee) objects that ace calliding. In Exarople 3, Ball A is effeetvely cailiding
~with the catre Bacth, 1€ we consider the Tyitem of the Batth and Bali A, then mmomenrum
is, 1n fact, conserved. The change in Bull A's momentam i equal to the change in the Earth's

pnormenturn. Since the Farth is so mind-hogglingly massive, lts speed won't change in any

measuccable amount

Nistalre: The rotal mamenturs far a system of objects is alwzys the same. Snins single
callision, the tomh dypmentum canot chonge. Ln 2 problem ke Eyamplc 3, though, Balls
A and B are bavolved in rwp separate collisions. Therefore, they cait be part of the same
system! Don't use 4 onservation of mementum’ 2k & fe250n for anything abous Balls A and
B 1o be cqual, whea Balls A& and B are involved in separate collisions.

The poine Is that momenoust conscrvation is not an effective appreach o cansider
when a ball callides widh che cadre Farth.? Instead, st the impulss-mamentum thearem
o And oot what jeu ca.

The easy queston is as Follgws: SWhich ball changes it momenium by a greater
amoung Thadd be Ball A. Boh Lally lost the same amount of momenteis in eoming o 2
brief rest, then rebounded; since Bali A rebounded faster, and since ¢he balls have the szme
mass, Pail A changed it momentum: by a greaker amount.?

0y cquivalendy, i 7 natin Hlective sppuoach m gotsidal wehiea - car gellides with ¢ canpew plsr, or e crilidies
with the windaw of 3 bolkding, e

AFF yow necd o mike up @ mL of 2 kg For tach bl and plog o umhert (induding & plus and miaus slgn far the
directlon of vilaeley) oo mdelate e wtal memencum change for each bl Tec! tree. Thads nora bad approach 1Fihewods
are confusing poi.

e
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The hacder question is this: Which ball exercedl 4 lasger ferce on the ground during jcs
collision? “We know that momentum changs equals force tmes time.* Wich the same time
of coflision, the bigger farce is execred by the ball widh dhe greaser mamentum chanpe-—
that’s Ball A

Similar reasoning can explain why aicbags make 2 cac safer. You® Jose gll your momen-
ram in 2 crash regardless of how yon come o st Alrbags extend the dime of the colilsion
berween you and the car, In the equation Ap=F- At with e same Ap, 2 higger Argives a
smaller £, 5o the force you expedence is less in an aithag eollision.

Whoa there—One cart was moving right, the other left: that means the kinetic
mrergies sUBWACt, giving 2erc total dnetic energy. Right? '

Wrong. Kinedc energy is 3 scalae, which means it has no dicection. Kinetic energy san
never take on 2 acgacive value. Always add the inerie energies of each object in 2 gystem
ta get che tomd kinetic energy After the collision, the calcularien is che same: roral kinedc
energy is scilf 0.030 J. So the collision is, in facr, elastic.

Elastie/Inelastic Collisions ’ : 2-d Collisions

In elastic collisions, the tatal kinedic energy of both objecs combined is the same before

and afiee the collision. A cypical AP problem might posc a stzndard enllision peoblem and : Example 5 Maggie, of mass 50 g, plides to the sight on a frictionless frazen pond
then agk, "e the collisian slastic” To figure that our, add up e kinede energies (Fme®) ¢ with 2 speed of 2.5 m/s. She collides with 3 20-kg peaguin. Alver the collisian, the
af both objects hefare the coilision, add up e Yinetic encrgies of both objects afer the ; directinns of the peoguin's and Maggic's modon 1s shown it the fllowing figure.

collision, and eompare. If these kinede energies are cssentially the rame, the collision iz -
clastic. IF the final kinetic energy is lsss than che initial kineds energy, che coblision was noz
clastie—kinetic enecgy was converred, generally to work done hy noscomservative forces
exseeed by one colliding object on the ocher”

v # Penguir's NNl pali
., 25/ i

o LILLT

Example 4; Two carts of equal mass move toward each other with identesl speeds
of 30 cmds. Adfrer colliding, the cares bounce off each other, cach regaining

30 confs of speed, but now moving in the oppesite direction. Maggle's fnal path =

Misrakee: Never st a collision problem wridiag anything about knecic eneegy. Always

starewith conservation of momentum, Only move on to kinete energy conservation i€ you

. have to, that is, if you den't kave enough information o solve with just momestum con-
servation, and If the problem Is explicit in saying that the ecollision is elasric,

Is morectin conserved in this callisiond Yes, 2nd you don't have ta do any calewladans

Serazegy: When abjects move in both an #- and a jedirection afrer a callision, ana-
lyze the coilision with momeatum conservarion. seperasely in each direcrion.

to show it 1o 2 coblision, momenrum is always conserved because che anly forces actiog an " You will not likely be asked o do quansitative znalysis of a owa-dimensional collision,
the carts are excrved by the cares themselves. bur you du need to understand conceprually how mementum conservatlon works hece.
Is kinctic cnergy conzerved in this collislan? You've goc to do the eaiculation o check Be abic t explain how you would carry aut the analysis of tnomentum conservation in cach

direcrion and be abe o answer simple qualirarive questions.

For cxample, who has o greater magnimde of momentum in the p-directon after
collision? Before: the coliision, there was no momenwum 1a the y-dicection. Afier the cob-
llsion, the total y-moementum must also be zero. Since both the penguin and Maggie ate
moving in the y-dircction, cheir momeatums must be equal and opposice o 45 to subtrace
to zera. The answer is nelther—borth the penguin and Maggic have the same amoneat of
J-OMENtUm.

What about the pcompoenent of theic velncities? We've already comablished thar they
have the same y-momentuen, which is equal ta mass times y-velocity. §inee Maggie has the
bigger mass, she must fave the smaller y-component of velocity,

s mementum conserved (e the x-diccetion? OF course it is. The ol momenitm
hefore collisinn is al] due to Maggie's movement: {30 kg)(2.5 mfs) = 125 N5, all in the

But the carts bounced off each other. Doesn't that sutamatically mean the coltision
is elastic? : :

. When cacit stick rogedher, the collision cannot be elasde. Bur when carts boance
off each athes, che collision raight be clastic, or might nat he.

Stage with the kinetic energy before the collision. In this case, make up 2 mass foc each
cat; they're identical, so eall them 1 kg cach. Bach eart has spesd. 1.30 mis, so the kineric
energy of each cart before the collision is #(1 kgl(0-30 mfs) = 0.045 T The combined
kinetic enery before collisian s thus 0.090 J.

i A isi uen § 125 Mes. = nE o
Shylirtodee: The relevant dine in the Impalse-momencum thearem is sbways the dme of gl colllgion, mor the dme i mhez Fd-lf“-cﬂi’lﬂ‘— ; er oollision, the tﬂljdll X‘ﬂ?l-ﬁlmtn ! is also 5N s_ The = mmfﬂne of
Lot 2 ball to 1l theaugh the ale. the penguin’s momentum after collision is just his momentun my fimes the cosine of 60°%
“lopefully oot yeu; personally. Mapgie's »-momentusn Is her momentum times the cosine of 30°. In chis problem, the anly

FIE the Rinad Kinerc ensrgy s greatcr then dhe lnidal klngric energy, somethiog werd happered; liks2 cotled spring was
refeaged during the colliion, ar 2 Brevracker exploded. Youll mast afeen 1oz s sort of “gupecclatic’” collidon when the
abjects are nitially au ceee and dhen they are bhown epar.

way to ger values for these components is @ da some complicaced algehea, which is beyond
che scope of AP Physics L. But you should be abie 1 ewplain everything abaut this eollision
in wards, as discussed here.
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Motion of the Center of Mass

1. A car on a freevay collides with = mosqui, which {g) Which experenced 1 greater magnirade of

EACT: The center of mass af a system of objecrs nbeys Mewon's sceond law.

Two commeon exarnples Hlaserare this iet;

Example; Tmagine that 2n astronaut on 4 spacewalk throws a rope around a small
asterold, and then pulls the asteroid toward him, Whese will che asternid and

the astronant collide?

Anewess ac the center of ass. Since no foress acted excepr duc w the astronaue
and asterotd, the cencer of mass must have no accelemtion. The canter of mass
stareed ar rest, and stays at rest, ail the way until the objecrs collide,

Example: A toy rockeris in projectile motinn, o that it is o6 rack 1o land 30 m from
its Jaunch point While In the 2l the rocker explodes inmn two identical piecss, vne
oFwhich lands 35 i From the lauwnch poinc. Where doss e Rrst picee land?

Answee 25 m Fom the launch peint. Slace the ooly exterral force acting an the
rocket is praviry, the cenrer of mass must stay in projectile motion, and must
tapd 30 m from the launch poing The owo pleces are of equal mass, so if one
is 5 m beyand the cenrer of mass’s landing point, the ather piece must be 5 m

shart of that paiat,

Finding the Center of Mass

Usuatly the focatton of the centee of mass (em) is precy obvious . . . the formal equation

[or the on of several abjects s

M, = o +opgEy k-

Muleiply the mass of each object by irs positier, and divide by de total mass M, and vails,

you have the poslden of the center of

tass, Whar this cells you is that the em of several

equal-mass objects is right In berween, thern; i one mass is heavier than the others, the cm

i closer ro the heavy mass.

¥ Practice Problems

1. A 2 caconue flls fiom the top of 2 wll wee,

30 m above a persor’s head, The coconut striles
and comes 1o rest on the pesor’s head. Justify all
anmwers tharoughly.

(a) Calendace the magnimude mamentm of the
enconut just before ic hitr the pewon ia the
head.

(L} Caleulare the magnicude and dircction of die
impulse experienced by the cocanut in collid-
ingwith the person’s head.

() The pesont head axperienced 2 force of
10,000 N sn the coltision. How long was the
coconut in concace with the peesens head?
{4) Much roore than 10 seconds
{B} Just a bic more then one second
[C) Just a bix less chan one second,

(D) Much less than 1/10 second

(d) Tn a different simuedon, explain haw it could
be possible for aa identical coconut dropped
from the same height te hit the person’s head,
bue produce o than 10,000 N of farce.

was initally at rest, Justif all answers thoroughly.

{a) Did the roral momencum of the car-masquico
system increase, decrease, o7 remain the same
after the coilision?

(t) Did che momentum of the mosquiro inerease,
decrease, or remain the same after the eoflision?

{c) Di¢ the mementum of dhe car increase,
decrease, or remain the same after the collision?

{d} “Which changed irs speet| by more in the cal-
ligiem, she car or the mosgquite? (Or did they
change speed by the sume amou ntt)

[&) Which changed its momentum by mere in the

callision, the cac or the mosquim! (O did they |

change morhearam by dhe same amountt}

(] Which experienced 2 greater impulse in the
colllstan, the car or the masquite? (Tir did they
axperience the same impulsel)

% Solutions to Practice F"roblems

ner foree during the collision, the car or the
mosquita? (Gr fid they experience che sacnc
net foree?)

5. Car A has s.mass of 1,500 kgand wevels o the dght

+with 3 speed of 20 mfs. Car B inidally wavels w the
Lefr wich a speed of 10 mfs. Afer the vehides cal-
licde, chey sticl wpether, moving left with 2 common
speed of 5 rafs, Justify all answers thozoughly

(a) Calealate the mass of Car B.

(b} This collision is not elastic. Explain why not

() Describe speciBcally a collisisn berween these
two cars with the same inftfal condicans, bur
whiel i per clasric, and in which the cars
pounce off one ansthen

{d} Ts che collision elastic whea Car B remains ac
rest afeer the coilision?

1. (a) Momenmam is mass times speed. To find the

coconuts speed, usc kinemadcs with # = 0,
« =10 m/fs per second, and dx =30 m. The
equatien uf = u? + lafx solved for i gives
24 miz, Multiplying by the 2-kg mass gives =
mormenmwm of 48 M-£f

{b) Impulse is the change in memenmm and is
in the direction of the net forez experlenced
by an object. The coconut’s momentusm after
colliding with the head-is 2ete-—the caconus
comes to rest S o change in mameoum,
and thus the magnitade of the impulse it
experiences, is 48 Ny The direction of shis
impulse Is upward, because the nec forer on
the coconut must be oppesite i speed In
ardec 1o sdow icdown.

{c} Irnpulse’ls also equal o force nues the tme
intervai of collision. Secing 48 Mos aqual w
{16,000 M) (44, we find the time intecval of
callision is 48/10,000 of 2 second——much Jess

than 1/10 second, cven withoue refeeence wa
mleulaton

i yau wsed waits of lg-mifs, chars fine, con.

B
B

{d) The impulse-momenmm theorem says that
&p = Fhs Solving for foe, F=3E. Flore
the momentum change has 1o be the same na
miatter what—the coconuc will e traveling
24 mis and will come @ e on e peeson's
head. Bucif che peeson lswearinga saft helmer,
cr if the coconut has a racten spor oq it some-
where, then the dme of eollision could be
larges than before. Since Atis in the denomina- -
cor of the faree equation, 2 bigger dme inceeval
of collision lends to a smaller force an rhe
coconut (and therefare on che persan’s head).

Momenoum 5 canserved when no Forees are
exerted, excepe for thase on and by objeccs in
the system. Here the only forces are of the c2r
an mosquico and masquits on car Theretore,
momentirr wak consesved, Thae means char
the cotal rmomenmum of cthe sw-mosquio
spstem remaing the same.
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{8} The mosguito went from rest 0 maving free-

wvay speeds afer it hit the car The masquite’s
mass didnt chanpe.? Momennam is mass Gmes
speed, 50 the mosquite’s MOMENHLM increased.
§ince toral momenrnm of the car-mosquito
system. doesa't change, aed e mosquito
gined momenrum, the car hag o lose that
came ameunt af momenmm.

The mosqaizes speed went from, say, 1810 to
&0 miles per houe, While the car must tose che
same amoune of momenwmn that the mas-
quito gained, the car's mass is 5o much larger
thar, the masquite’s thar the cars spead will
hacdly change. And you knew thar, berause 3

car hittiog a mosguite on the freeway doesn’t

cange the car 1o siop. .

The momeatum change is the same for both,
because roral momentum remains unchanged.
Any momcntum geined by the mosqulto
must be Sost by the car.

Jrupulse is the same thing as momencum
change, so the same for bath.

Piewron's third lzw says the foree of the mas-
quita on the cac s equal 1o the force of the car
on the mosquito. So they're equal.

Belore the collisfon, Car A kas a momenmom
of 30,000 Nis o the right. I we call the mas
of Car B “M;" then Car B has momenmum
of My(10 mfs) m the lef Aferward, the toml
rnornentim is (M, + 1,500 kg){3 mis) wm chelefe
Leds call righe the podeive direction. Then the
celevant equadion for conservation of momen-
wm is 30,000 - 10M; = —5(1,500 + Ayl
witere Tvg lef off the units 5o the algebra is
clearer. Sobve for Mp 1o get 7,300 kg This makes
sense—Car B was inithally moving slower, yer
after the collision the cars moved off cogedher
in the direcdion Car D was golng, Car B must
therelore have more momenmum than Car A
initially and maore mass because It was gaing
slerarer.
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{b) "Elastic” means that kinerie energy (= ¥mi?)

of all objects combined is the same before and
afver collision, Before collision, Car A had 300
¥] of kinetic cnergy, and Cer B had 375 K], for
2 wal of 675 k) before the collision.! After
epltision, che kinedic energy of the corbined

Ccars 15 112 X, Klinetie enerpy was lost in the

callision, (Mote chat iv's legitimare 1o remerm-
ber that collisiens in which sbjects stck
together can never be clastic.)

Imapine that Car B keeps moving left, bue
much slower, say, 1 mfs Mbpmenrum is con-
sceved in a collision, regardiess af whethar the
cotbision is elastic or not. The ol momen-

mm of Car A before collision Is 30,000 N5

to the right de woril momentum of Car B
befose collision is 75,000 N-s to the left. This
gives a total momenmm of 45,000 ¥-s w the
Icfe before enllision. IF Car B moves 1 mis
afcer collision, it has 7,500 N-s of mamentum
wo the left, leaving 37,500 Nos to the left For
Car A Dividing by Car Als 1,500-%g mass,
Car A it found to be moving 25 mis after the
collision.

Mow check el kinerle energy after col-
lision. Car A has 469 kJ of kinetic energy
and Car B has 4 K of kinetic energy, for 2
wonl of 473 k. Before the coilision the total
linetic energy was 675 kJ, as caloutared in
{b). Therefore, kinecic cnergy s lost and the
collision is netastie. The whole point here is
that not all codlisions in which cars bounce
are elastle,

We nesd o wul of 675 k] afecward in order
to have an elasdc collision, Conservation of
momeéntym tmeans that the otal momenmm
aFrer colfision Is 43,000 M5 to the lefr. Since
Car A Is the only moving car, it bas all dhat
momentam. Dividing by Car As 1,500-kg
rmass, we Bnd Car A moving 3¢ mfs. Only Car
A has kinetc energy, w0; its kinetic encrgy is

Vot = 657 T, so the collision is elastc.

_ » Rapid Review
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a

Tn any system in which the anly forces acting ave beewern objects in chat system, momen-
rurn is conserved. This effccrively means that momentum is conserved in aff collisions.

The center of mass of 2 system of objects obeys Mewtan's second lave
The irnpulse-momentum theorem ls Az = F- &2

The impalse-momenmm theorem is always valid, but it is most useful when objects
coliide.

The only time when mamentum of a system 13 noz conserved it when a foree is exerted
by an ohjeer thar's noc in ehe system.

7 vhough i mass wag iy redisirbueed arcurul. the windshleld o b, .
1l the totl & nex ~75 ¥f. Kinetic energy is a scalas, meaning t eanaac Tarve 3 dietlon; and kineric cncegy @nnot be negarlve. The o1l Hinetle
energy oF 4 pysrem is die sum of 4ll the Knedic encrgies of the mastmen: objeres, regard]eir of which =y the ghjects are moving
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o Summary: An gloject possesses kinetic energy by moving. Interactions
o with other ohjects can create potentia: energy. Work is done when a
farce acts gver 2 diswance parallel to that force. \ithen work is done on @n
" . whject (ar an a system of objects), iknetic energy can change. This chapter

shows you how to recognize the differsnt forms of energy and how o use
tham to make predictions about the behavior af objects.

Definitions

& Kinetle Enargy is possessed by any maving object. k comeas in two
forms:
4. Translational Kinetic Energy is

-
I-;].;mv
It exists when an object’s center of mass is maving.
2. Ratationaf Kinetle Energy is
2
+lw |
It exists when an object rotates.
o Gravitational poteniial energy is energy stored in a gravitatianal field.

Mear & planet, the formula is
GPE = mgh
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whera b is the vertical height ahove reference position. A lang way
from a planet, the formula is

GPE = _(3_""11%.|
d
where d 15 measured from the planer’s center.
¢ Elastic potential energy, also known as spring potential enargy, s
energy stored by a spring, given by

o Interna) Energy can refer to two somewhat different ideas. Both refer to
the concept that multi-objact systems can store energy depending on
how the objects are arrangad in the systern.
© Micrescopic imternal energy is related 1o the temparature of the abject. As

the abiect warms up, energy can ba stored by the vibrations of rmolecules.
O Internal energy of a two-cbject system is just ancother way of saying
"potential energy.”

@ Mechanieal Energy refers 1o the sum of potential and Kinetic enargies.

o Wark Is done when a force sets on something that moves a distance
parallel to that force.

& Power is defined as energy Used per second, or work done per second.

The cart picured above has gravicational potentdl energy With respect ra the Jocation of
the morion detector, beeause the cact s verrically higher than the detectar I the cart were
released From rest, it would speed up oward the dececror. Tt would be cemnpting to ty ta
use che kinemarics cquations 1o determaine the cards maximum speed. However, since
prack is curved, the cart’s acceleracion will be changing throughous its motlan. Whenever
accelecarion changes, Kinematics as studied in Chapter 10 are invalid, The methods of
energy conservation, as Jeseribed in this chapeer, must be wsed.

The College Bozrd's rurriculim guide for AP Physic 1 makes much of the dilference
beewien ubjects and systems. A system Is just 2 collecdan of abjects. [n your chass, you
might well have talled about an objects kinetic and. poteatial energles. The thing is, the
weam developmeat comemniteee Anescic like that language. Sure, an object can have kinetic
energy, just by moving. Buta single chjeat technically cansor “havg” patential energy.

Why ner? Porntial coergy 1 ahways the resule of an Interaction berween objects in2
system. For example, pravitational potential energy (equation: mg#) txdists oaly ifan objecr
is interacting with the Earth. The Farth-objact systen stores @ potential enesgy, not just
the abjeer irself. Similarly, an abjecs armehed b @ spring cannad siaie potential energy: the
spring-obfser systeim stares the energy

Work and Erergy € 115

Look, I'm goiog to alk abour objects “having” porendal energy. It's oleay wich me i you
calle abaur a bloek on a spring “having” powndal enegy hecanse che spring i compressed.
Wou'll erill ger peetyy much everything sight on the axm. Just know that the block only
“has” porential energy because of irs interaction with the springs and thac pacential energy
is somesimes refecred to as the "ininal energy of the biack-spring system.”

EACT: Work is done when a force is exerred on an object’ snd that ohjcct moves
paraite] o the direcden of the farce.

The relevanc equarion is work = ferce imes paralie} displacernent?

When a foree is execed in the same direction as the objects motion, dhe worl done is
cansidered o be 2 positive quansity; when a foree s excricd in the opposiee direstion of the
gbjecr’s madion, che work done s considered m be & pegative quantry. The nerwork oo an
pbject is the algebraic sum of the work done by each foce.

Example 1: A suring applies a 10-H Foree o the right on 2 2-kg box, dragging it at
constant speed across the foor For a distance of 50 e

Let's calculace the worke dane by cach force acring, and the nex work done on the box
Start by skerching 2 fee-body diagram for the box.

Fﬂ
F; Foeps of surfacs on bex
Fr . T Fp: Forre of surfass on bem
11 Fgrps of eTring oh o
Welawt: Ferea of Earsh o ba:
Welght

Stravegy: Whenever you ace ealeulating work done by a Farce with the equation W=
Eiusy, abways skerch the dirccdion of dhe Fores and displaccment veetars.

Consider each force separately. Star with the \0-N tension in the sering, This force
acrs 1 the right. The displacement of the box is 50 om (i.e., 0.50 m} to the fght.

10 M ansion

—r= (3,50 m dlzpl ny

Since the force is in the same dircotion as the displacement, the work done by the cen-
sion 15 just 14 N dmes D50 m =437

Wow censider the friction force. Stnce che box moves at constant spend, we know the lefe
force {friction) equals the cight foree (1ensionl; so the fiction ferce has an amounc of 1O N.

10 M Idefon iorce

——tem .50 m ol b

L1 an 2 e of ehjests—if a fare &5 crarred ap = rpuern of obferms wd the gem cener of muss moves paralled
¢ the foree, work wae done.
23, cquivalesily, the equasion Le dispk Urmer paralle] force, which may ames bt @ more H pressh
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$inee the force Is In the gpposite direcdon of displacement, the work done by the frie-
tian farce is 10 N dmes 0.50, with a negative sign. Thus, theworl dane by Friction s -5 .
Whar abaut the force of gravity? The 20-N welghe of the box poincs downward.

10 N weighl - 0.50 m tisplacemant

Sinee no component of the weighe s paralte] o che displacement, the force of the Barth
does zero work on the box.

Similady, the nacmal force is straighe upward while che displaccment is to the cight;
since no component of the narmal force s parzllel 10 the displacement, the normal force
does no work on the box. '

Exam Tip from an AP Physics Veteran
if & farce aces ar an angle 1o the digplacement, just break chat focce into components, The
EOMPURENT perpendicular © the displacement dost 10 watk The component paraliel co
the displacement can be muld lieel by the displacement te get the wack done.

Finding the Net Worle

You can caloalace the act worlc on the bax In two ways:

1. First, determine the net foree using frec-body diapram, like we showed in Chapter 11,
Then, maliply the camponeat oF the net farce thads patallel to the displacement by che
displacement, Just fike you would when (inding the work dane by any force. In Fommple 1,
the nct force is zexe; sa thers is 0o ne wagk done un the hox.

7. Fisst, decermine the work done by each force separnrely, Then, add che wark dane by
rach foree algebeaically {i.e., inchuding negative signs). In Fxampic }, add she +5 T done
by she tension @ the =3 ] done by fricriop (and the D 7 dane by the normal foree and
the weight} to ger zeca net watk.

Conservative Versus noncanservative Forces

EACT: A “conservarive’ foree convecs patential encxgy T othier forms of mechani-
el energy when it does worls. Thus. 2 conservative foree does aot change the
mechanical easrgy of a system.

The amonat of worl done by 2 conservative force depends only on the starting and
ending posidons of the object, Lo, its "path independent.” The only conservative farces
ther you need to deal with oo the AP Physies 1, Algebra-Based Exam ar graviey 1nd
springs. Woen a spring daes waork on an objees, Bnergy is seored in the spring shat ran be
recoveced and converred hack to kineric encegy: The sum of tie porential and kinctic cRergy
of the ohject-spring system is consant ’

Coaversely, 2 % ppconsecvative” foree taa change the mechanieal energy of 2 system
Briction is the most commaon example: Wark done by Frictien on an abject hecomes micra-
scapic intemnal encrgy in the ohiect, raising the object’s CMpErdDIIE. That nicrascopic
inrecnal caergy connot be recovered and. converd back to ldnede encigy. Ocher noncoe-
secvative forees might include, for example, the propeller of an airplanc—is does work on
the airplane 1o ineeease the airplanc’s mechanical caergy.

o
~}

Work and Energy  ~ 1

The Wark-Energy Theorem

In your eatboals, you'll see the worle-enerpy thearem wrinten as “net worle = change i
kinetle energy.” That’s cerrainly true——ner worle done o an object must change the objecrs
kinetic energy, The erdcky part is, net +waele must include work done by al) farces, conserva-
tive and nonconsérvative,

I chinke it's easier o separdte conservative and noncopservative forces. Wore dane by 2
nonconservative force (Wit changes the total mechanical energy oFa syscem (fE + PE). I
write the wark-encrpy theorem as follows:

Wiy = (AKE) + (6PF)

Generally, the potenial enecgy invalved will be either that due  a spring, 0f durtoa
gravitational feld. “The lipecit encrgy includes both transiational kinets cnergy {¥amv) and
cotational kinctic enscpy’ (a0,

Example 2: An archer pulls oo acow of raass U.10 log artached o a bowswing liack
30 cm by exerding 3 force thar inreases unifecraly fom zere w 200 .

The AP Hxam could ask ail sors of questans 2pout this rimaton. Bedore you smrc
doing any cabculation, cascgarize the problem. There are oaly three ways o approach 2
mechanics prablem: kinematedNewran Yawe, momeotun, and enerpy. Thests no eolii-
sion, 5o momencim is unlicely to be uscful. The problem ralies aboue 2 force: bur chat force
is changing. A chaaging foree means a changing acccleration, which meaps that kinematics
equations are noz valid. Only the work-energy theorem will be uscful.

The only types of potential £nergy wsed in AP Physics 1 are due to gravivy (ngh) and
duc to 2 spring (i) Which is iavalved here! The wample says that the force of che
string varies “uniformly.” which means thae shie fosce gets bigger as the disrance seretched
gete bigger, just like a spring. So trear the bowswing just like a spring.

Nilstake: An intesesding question hare might be "how ruch wors daes the archer do
in putling bacle the howstcing!” JAad yoo'd be tempted to nse the definitan of warl, W=
Fhyxy. Buz, no, since the force of die 1zcher on the seing Is changing, this equation for wark
does nas apply. Tnscead, you mast e the cntire work-tnergy theocemm.

To fud the wosk dope by the archer in puliing back the bowstring, write the work-
enecgy theoram, considerng the time Frapt when be smrts puling woril the maximum
exension. Since the asrow is at rest befoze the archer srarts pulling, and is ssilf ac rest when
the string is pulled all the way back, the change in ldnetic energy is zerc. The potental
energy of a spring ls e ac the equilibrium pesition and is Yokt ur fulk exteasion. The wack
dane by the archer is 3 nonconservative fozce, since it changes the mechanical enecgy af the
stringarrow systeem, We get

W= [0} + {Yak? — 1)
But this iso't sobvable yet—we knorw the distance x the archer pulled to be 0.30 m (i.t.,
30 e, Bur what is &, the spring consmnt af the “spring? Use the squarion F=dxwhen the
bow is Ay extended. The problem says the maximuen force the archer pulls wich i 200 ™
+when the string is eveenger! 0.30. Plugging incy F= keand solving for & gives k=670 Wt
Naw the work done by the archer is (670 M iral(0.30 pyt=301]

e Chapter 14 foe fusther disgurdan of ramional kinede sergy.
ot mor GEG.GEEEGER60E Mm Tse auo sigrafieanr figuces, unles U wWarl pour L 0clrgrmde chemlerey wacker ©
have heatt palplesdions
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The AP Bxam could certainly ask for this mhcutation. D, the exam mighe ask, “If
the archer inseead pulls back 60 cm, what will happen to the work done by the arched”
The work-energy theorem still applics, the ldneric encry terms scill go away, and the werk
dome is seill bk, The spring canstant is 2 propesty of a spring (ar in this case, a bowstelng).
S & daesnt change. We doubled the displacement from equilibrium, =. Slace the variabie
% ts squared, then we dost multiply che wosk done by a facrar of two when we double x5
we multiply the work done by a factor of 22 {.e., by a factor of four). The archer has to do
four cimes as much

How ahaut finding out hew fast the arrow would be teaveling when the archer shoots
i We cannor ust kincmatics wich a varying net fores or a wvarying acceleration. Use the
work-energy theorem again; except this cime, let the problem start when the archer seleased
Lhe howstring and cnd when the stcing gets bark ta the cquillbeinm position and the arsow
is released. Now, since no nonconservative farces acct the equation becomes

0 = (0 ~ Yeme?) + (V2hs? — 0}

The kingtie enecgy goes from zera o somcthing while we don't know the value af
the armw's Ainal kinedic energy, we lmow the equation Eor chat kinetic energy Is Yernt?. The
potendal ensrgy poss from Vake? 1o zero, because for a spring x =0 s by definition the
cqquilibrinm position. '

Whenever all the forces acring are conservative, mechanlcal enetgy is conscrved. This
fmeans that snergy can be changed fom potential te kinctic or back, but the tatal mechani-
cal encrgy Faust remain the same always. Here the inirial porential energy was 30 J—rhat's
the same Yak@ calotation thar we did abeve. These 30 T of potential encrgy are entlrely

converted 1o lineric cacrgy. So set 30 ] = Y/ and solve for-u. (Use the 0.10-kg mass of

the agtow for m.) The speed is 24 infs.

When you are asked 10 do 2 calcutation, its worth asking: Is the answer reasonable!
One yfs is abotr 2 miles per hour® This arrow was traveling in the neighborhood of
50 mph-—about the speed of 2 ca5 tuar less than the speed af a proftssionat baseball pitch”

Exarn Tip from an AP Physics Veteran
I the spring were instcad hanging vertically instead of vibraclng norizontally, this
problem would be solved the same way. When you have a vertical spring, define che
equillbriuem position x = [ s the place where the mass would hang at permanent
test. Then, F= kx gives the net force on the hanging object, racher than just the force
applicd by the spring; and you czn uss PE = Wbt (not mgh) o calaulate the whjects

prential energy

Whether you walk up a mounwla. o whether a car drives you up the mounein, the sams
ameunt of work has 1 be done on yau. (You weigh a ceerain pumbar of newtons, and you
have o be Lifted up the same distance either wayl) But clearly there’s sameching diffrrent

The foree of the bowsing ls o canservadve Farce, hecause the parenil coergy i sgres i pare of the mechanlcal enetgy
of the bememering-Lrraw pysem

86ip; chase of pou who didnt grow up in America, 1 mit is & Bt less chan 4 ke

Par thec of yau whe 2re noce fareable with the Warid's et Sparg this ie Yess than the speed of 2 temuis players
serie,
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ahout walking ug over the eourse of several howrs and driving up aver seveeal minutes, That

difference Is powar.

{ TPowen: energyitime!

Power Is, thus, measured In uniw of joules/second, also lenawn as watts. A car cngine
put our hundreds of homsepawer, equivalent to maybe 100 kilowars; whereas, yon'd work
bard just w put out 2 power of 3 few bundred wars,

“ Practice Problems

Maze: An addirionsl deil involving geaphical analysis
af 2 mass en a spring is available in Chaprer 18.

1. A 0.5-kg cart released From cest at the 1op of 2
smooth indline has gravieational encrgy of 67 cela-
tive 10 the base of the incline.

{a) Caleutare che carts spead =t ehe hotom of the
ineline.

{b] When the cart bas rolled halfway down
the incline, the carls graviraconal porential
energy will be:

(A} Greacerthan 3]
(B} Less than 3 ]
{C) Equalw 3]
Justify your anserer

{¢) When the cart has rolled hailfway down the
incline, the carts Kinetic energy will be
{A) Grearer than 3]

(B) Lessthan 3]

(Cy Equal o 3 ]

(D} Unknown withoue knavledge af the
cart’s speed

Justify yaur answer.

td) When the carr has rolicd halbway down dhe

incline, the cart’s speed will be:

(4) Half of its speed ar the borom

{B) Greatet than haif of is speed a0 the

botom

(C} Less than half of irs speed 2t the botrom
fe) A 1.0-g cart is released from rest ac the top

of the same imcline. Af the barram, i will be

tnoving

(A} Famer than the 0.5kg cart

{B) Slowes than the 0.5k cart

(C) The same speed as the 0.5-kg cas

2. A compressed verdcal spring stores 40 | of poten-

tial energy. The spring has 2 0.1-kg srone resting
on it The spriag is released, theowing the stone
strajghe up into che aic

(=) How much kinesic energy will the stone have
when it fizst leaves che spring?

{b) How much gravieatinnal energy, relative to the
spot where the sone was released, will the swone
bave when it rearhes the peak of i fight?

(] Caleulare the height abave the release point to
which the stone travels.

{d) Suggestsomething we could change about this
situarion that would cause the stone to reach 2
height dovble thar caleulated in Pare {e).

i
TR T AT I NI 77y Dask

Lirg marked
en lragk s 15 cm
In Tram af delador

. T the laboratary, & motion deweetor records che

sprod of a carr as 2 function af Hme, sopping
irs reading when the cart s 15 <o In frant of the
deeeetor ar che line marked on the track. The eart
is relrased From cest ar the pasition shown.

{a) The kinede enerpy of the cart 2t the line
marked oo the mack i equal to the pravitations]
snergy mgh of the cart ar i inidal pasition.
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On the preceding dizgmun, draw and Jabel che
distapce you would messure for the heighe £
of the cart

(b} Explain in some Jeeail bow commonly aval-

{9

sble laborrory equipmens could be used o
measare the labeled height b,

1F the height & weee douhled in 2 second trlal,
the mation detecror would read

{A) The same speed 35 Ln the first trial

{8} Tiwo times the speed in the first wrial

{C) Four dmes the speed In the fest trial
(1) +/7 times the cpecd in the Guse trial
Justify your answer.

4. Srudent A lifis 2 50-1 box Goem the Boor scraight up
2 2 hetghe of 40 am jn 25, Studenc B Lifey 2 401 box
straighe up fiom the foar m aheightaf 50 emin 15

% Solutions to Practice Problems

@

Campared w Student A, Smadent B dees

(A} The same work bue develops mare povwer
(B) The same work bur develops less power
{C) More wark but develops less power

(D} Less woul but develops mace pawer
TJustify your answer

{b) Now Student A ineead lifts the S0 bex

Grom the Boor diagonally, maoving the box
40 cm to the right 2nd 40 em upward ia the
same L8 .

{A) Compared to the work he did origlnaliy,
does Student A do more, Sess, or the same
wark?

¢B) Compared to the power be ‘developed
originaliy, does Studens A develop more,
less, pr the same power!

1@

C

Py

e

)

Here pravitational energy ls converted ta
inetic enccgy. ("Smooch” gencrally means
Friction s pepilgible) Kinede cocigp at the
bartor will be 6 1, which is equal o Yemnd,
PFlug ia the 0.5-kg mass of the cart and solve
for veo gec 4.9 mls

Graviturional potential energy is mgh. Sincs
fhe A wim is in the pumerater ind nor
squared or square footed, Curing b i half curs
the whale cquaden in balf aswell; 5o the carfs
gravitatiopal potcadal energy will be 3 1.

Any gravitational potential encry lost by the
cart must be converred o kinete enecgy. The
cart fost 3 1 of gravimdonal energy, so he cast
now has 3 T of kinetic energy.

Arx the bottorn, 1o find the spoed we sec 6 ] =
Vim, Solving for che carts speed, we ger

Ire
= ﬂ Were golng to cue that & ]
mn
tesm in half. Since the & J is under the squate
toot, though, we den't cur the speed in balf

insread, we muldply the speed by 7 1Fyou
den’t see why that gives a speed greater than
half the speed at the bowom, try carrying our the
eatice caleulation—you should get 3.5 rofs.

A "unexponented” s wortl..

{e)

-

b

The energy convemsion is the same—wete
serting gravitational cnergy (mgh) at the wp
equal o [Kinetic energy (347} ac the bottam.
Wotce the mass on both sides—rhe mass can-
cels, and so dossn'r alfect the resub Thus, the
speed Is the-same for either cart. Again, feed
Frer 1 do che caloulation with == 1.0 kg to
get 4.9 mfs dgain.

The potendai energy stored in the spring
will be convered to the kinedr energy of the
stond. So 40 7.

Agaln, with no nonconservadye forces acting,
the stone’s kinctic energy J¢ entirely converted
to porential encegy——40 J-

That 40 T of gravicasional energy at the peak
can be set enual 1o mgh. Solve far bt gee 40 m.
The energy conversion here is spring energy
2 graviradional energy: Mathemaricaily, chat's
Yok = mgh. Sotving for b b= 42 To double
the heighe, we could wse 2 spring with double
the sprlng consant of the ariginal spring,
begause & I unexponcated® in the numernor.
We could compress the spring .4 timacs it
original compression, stace when the x in the
aumerator is squared thar would multiply

)

the whole expression by 2. We could wie 2
cack of masz .05 kg wita m 1n die denomi-
nacar, halviog the mass doubles the eotire
expression, (Olay, 1 suppose we could go to
some new planct where g is 5 Nikg. IF you
will Rind that erip, Il give you credit for that
angwer}

In the equation mgh, 4 cegresents the vertical
disrance above the Jowest position or some
cefectnee point. Here the reference polnt is the
line on the track The marion deteccor reads
the Eont of the cart, 5o A muse be measured
the font of the curs, not the middle or bazle
See abowe for the anpwer.

Use a meterselcle obviously, but irs aatan
casy measutement to make. Firs, measuce the
verrical distance from che desk o the finc on
the track 15 cm in front of the deteeror Then,
measure che vectcal distance from the desic ro
the front of the cart; then subsract the twe
disrance measuperients, You can geEr more
Jomrate measurements If you use 2 bubble
level and plumb bob to ensure che table iz
horizontal and the measureaent arc verdenl.
(if you want to facanie aleng che tack the
distance fram the front of the eare to the line,
wsé an angle measurer to ger tha an ple of the
track, then use rignnomemy}

> Rapid Review
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The crergy convarsion here i pravisasional

cnergy ¥ knecle nergy. In cquatiens. char's

mgh = Yom?, Solve for v to ger v=[lgh.
able b sl I

The vasiabis 4 is in dhe aumerater Jat under

the squate root, so doubling b multiplies the

speed by the squace ract of 2, choiez D

The work dope by the sudent & ogual to
the change In the box's gravitational potental
energy—chars mgh. The timoe it ks the stu-
dent va lifi che box docsn'c depend on dme at
all. Plugging in, we find that Srudent A does
(5 k{10 Wik (040 my=20] afwedk on the
hox Studene B does (4 k(10 N/g)(0.50 o =
20 T of watk, also. Dow, pawer s wiack: divided
by the time it zkes ta do that work. Since they
do the same ameunt of wotlr, whoever takes less
it 1 do the work develaps more powes. Thats
Srudent B. So tie angwer is chalce A

tA) As above, The wack done by Srudene A on
the hox is mgh. Flese b represenrs rhe verdeal
height 2hove the lowsst posifion. Sine that
vertical height i stll 40 cm, Scudent A has
done the same work (You could dso recog-
nize thar the horizontal displacemenrt is not
paralle] to fhe baxs weight, or w che force
Stadent A applied 10 lift the box®)

(B) Sinte the wecle dane by Student A Is the
same 25 before, and it ool the same amount
of time, the power (= wodd'time) is the same

+ Wtk is done when a force is exerted on an objecr, and that object maves parallel to the

direction of the foree.

. A "constovative’ force converts pacenddl encrgy 0 ather fars of mechanical eneegy when
it dines wotle. Thus, » conservative focce does 5ot thange the mechanical energy of a system.

+ The only types af posencial encegy wsed in AT Physics 1 ace due o gravity (mgh) 2nd

due 1o a spring (1 kac.

: The wotlecnergy theorem aan be wrinen a8 Whe = (AKE) + (61E), where W is the
work done by 2 nunsonservative force.

- Whenever the farce on an object is not seeady, enerpy conservation methads must be
used to solve the problem. The most common of these siadans are curved cracks,

springs, and peadulums.

TThe Fazee Erudenc A spplics aa the box s roaighs v, 2t \cst v e b i moviag ae consrene pecd. Dnee dus
bor s mevlng hadsanily, oo fere in thas, dirceslon 15 aecstary @ cantinue i molan—thars Newrans first Jave




Rotation

I &

Summary: When an chlect rotates, the retation obeys rules similar to
those of 2 maving object. Most equations and concepts have analogues
for rotation. Wheraas mass describes an object’s resistance to a change
in spead, ratational inertia describes an abject’s resistance to a change
in rotational speed. Rotational inertia depends on mass as well as on the
distribution of that mass.

Definitinns

& Centripatal acceleration is the name given 1o an object’s acceleration
toward the eenter of a circle. “Centripetal” simply maans "foward The

- center.” _

© Torgque occurs when a foree applied to an object could cause the object
to rotate.

o The lever arm for a foree is the closest distance from the fulcrum, pivat,
ar axis of rotation to the line gn which that farce acts.

& Everything covered In the previous review chapters is sufficient ta
describe “uanslational” motion, When an object rotatss around @ cen-
tral point, or when an ohject is itself rotating as it moves, then we need
some additional cancepts. Just knaw that each of these rotational quan-
tities is not tuly new, Each rotational quantity should be treated exacily
the same way as its translational anzlogue: for example, if you know
hew to deal with lingar momentum, then 2ngular momentlm applies the
same ideas to rotaling ohbjects.

¢ 123
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The ball rolling down the camgp in the preceding figire has trarslatiosal linede energy because
it is moving. Tt also has rowonsl kinetic encrgy because it is spinning, The ball is losing gravi-
ratianal energy because Icls changing its vestical helghe; that Joss of powndal energy is conve ruedd
Inwo 4 gain in kinedie energy because no nonconservasive focces act on the ball.

Circular Motion

Example 1: A car of mass 1,000 kg tiwvels at consrant speed avound a Har curve
thar has o radius of curvarure of 100 m. The ear is going s fast as it ran go

withoue skidding.

Tioes this rar have an acceleration? Why yes, it does, even though it moves ar copsrant
specd, [rs accelerarion along ity direction of smotios s zern, because the car isn’t speeding
ug or dowing down. However, ius direction of motion is abways chanping ascelerstion is
wechnically the change in an objeet’s vector velpciy cach second, and a changt 1n the direc-
tion of motion is a change in velocty.

FACT: When an abjecc moves io z circle, Ichasan acceberation directed taward che
center of the circle, The amount of thar acecleradon is

Seraregy: When an object is moving in 2 circle, ofecn 2 standard Newton's secend law
approach is comect, Diraw 2 free-body diagram, and dhen writs £, = m2 in cach dircedion.

Diraw a feee-body dizgram of this ear as it moves. Ir's most useful w view this car from
behind; lef's say the car is huning o the Hight, so that the center of the circular mation s
in the place indicared.

Fu

1,000 kg cas £ {Contsr ol drelar molor)

‘Walght
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The facces arz as fallaws:

By is the normal farce of the tvad on the @t
Weight is the force of the Earth on the ear
Fyis the frictional force of the road on the cat.

\Wait, why is Triction acting to the right? Showldn't fictien act spposite tha direction
of motion?

A, There certainly zould be {fiction oc alt dray acting haclewards, opposie the direc-
don of mosion; bug with the car moving 2t cansmat speed, Ointweuld have he canceled
by 2 forwacd engine force.! Since we knnw the caz maves 4t congrant speed, chat's probably
nor parcicalarly relevant to the problem.

When x car goes around 2 flar curve, some sort of farce must acr toward the centet
of the circke—otherwise, the cenmipers sceeleration eoubda’t xdst, Hlow do v know irs
Efction in this case? Tmaglne the car were moving foewad on a slick, Bar sheet of iee The
rar couldn't go around a curve at all, chen; racning the wheels would do nothing. Cn an
asphalt road, 1t's the statc fictional Force of sthe asphalt an e dres thar puthes the gar
toward the cenwer of the clrde.

Ne matec whar kind of question you're asled abour this situaticn, clie pext step 15
1o use Mewron's second law in bath che vertical and horiznntal direstians. Verdeally,
the cac's necelerarion s 2ers; the car jsn't Burgneing ines the mad or lifting off the
toad. Horizongally, we don't have o pumericat value for e wseleracion, bur we know
its gquation:

Ry —wright =10
Fi
Fo= m—
-

The Rrst cquatlon tells us that the nocmal force oo the car is equal o the gar's weight
of 10,000 N, In srder to cabeulare the [riction foree on the car, we'd need €@ linenw ane of
awa picees of addicional soformarion. On one hand, ifwe kaow e cr's speed, we can usé
the second equaden o cilenlate Fe Qn the ather liand, singe we koow the nermal foree,
if e knew the coeflicienc of static [riction beoween che car's vges wd the road, we could
calenlate the fiedan focee wsing 5= uF,.

Strategy: You annoc allow yoursell to become angey of Frasteaged when you don't have
encngh information (o complets a calouladen. < omerimes, an AP Physics 1 problem will
e deliberarely concocred to aslk, "har additional informarian would you need to solve
this proplem?” (Remember, acrual ctlenlation oo the exam will he rare)) Ot ofen, some
seemingly necessary informarion il be amitzed, becanse it will surn out that the omiwed
{nformarion is irelevant. .

For examplt, an excellent problem vsing this fitwadion might rigt give the mass of the
car bur Instexd give the car's speed and ask what minimum coefficient of friction wauld he
recessaiy [or the car © cound the curve. Dretend, sty that the car's speed is 20 mis.

e

FFachaically, this wauld be o Farme of stede [ction berween the tires and die soad, hurduac 2 different tay's leaor,
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| can't do that, | need the mass to caleulste the force of fiction. What iF 2 facce isn't acting pecpendicular {0 an exrended object, like the force Fon the

H rl
Well, true, if you necded a value for the force of rictien, but thav's not the question. ™ pivored bax thar follows?

We wanr the coefficient of fricdion.

Example 2:
Yesh, | know. The squation is Fy= gf, | need the mass to caleulate the fletion force,

. Phol
and since the nomal force is equal to the weight, | need the mass 1o calculate that, y)ﬁ
oo, This isn't possible. - . o g

£
When you're stuck wich a calculetion that you think nceds 2 value that wasn't givea,
try just meking ap thas value. It's ikely that the unlknown value will cancet pur. Or, if you
want to be more elepant, assign a variable to the unknown value,
Let the mass be m. The cquations we winte from the free-body diagram shaw that the
frictlan Force is v The normal fozce is dhe weighe of dhe car, or the car’s mass times the
pravirational fictd g of 10 Nikg. Now use she equation for iction forees

The sasiest way to fnd the rarque applied ry this farce is o break the force Finte

vemrical and horizontal eaMponeRts.

Fend
F=uk, _ _
? ' The vertica) component of Fapplies a torque of (Fsin &)= The hoeizoncal companent
= i (mg} of F does not apply any torque, berause it could ner cause che bar o oo, The tacaf
’ . torque provided by the farce F is just {Fsin &)x
Lok at thatz solve for g1, and the masses cancel. You can plug in the 20-m/s speed and - Lever Arm . . ; Acfimison, th
the 100-m radins 1o gee it = 0.4, A car of any mass can go around this curve, as long as the ) This dissance &) is somedmes reforred o a5 the “lever arm” fora nrce.‘B}r EDI0 h:
caefficient of friccion i ar least 0.4.7 . lever arm far a farce s the closest discance from the Rulerem o the line an which thae
5 Foree aees. '

An alternate method of determining the torque applied by che foree in Example2 wauld
be o find the lever aem instead of breaking F inta components. Exctend the line of the force
in the diagram—now it's eAsy 0 label the lever arm as the closest distance fram the pivar w
the line of the farce, By mpgonoemetry, you can figure our that e lever arm distance is equal
10 ssin B No marter how you look st it, then, che torque pravided by Fis erill (Fsin =

1=Fd, h '

FACT: The torque 7 provided by a foxer is given by the equation

I wrice the symbol “L” by the # m emphasize that the disnce we wane is the perpen-
diewlar distance from the line of the Foree ta the fulcrum.? Usually chat’s an easy distance

o visualize, Ploet

I _{e‘ ~ . .
uFuIerum Calculations with Torqus
- You may e asked to calculate 2 foree or a torque when an extended object experiences
muleiple foeces, bur generally anly when that object is in equilibrium—shat Is, when up
forces equal down forces, left forces equal right forces, and countercloackwise tarques egual
cloelowise tarques. :
*Thae iakes peefoer senre—avar sce thase yellow signswasning ol the appraprizre speed far polng arpund a curved They . Example 3: Bob is sranding on 2 bridge. The b:idgr, Teself weighs 10,000 B, The
o v 0 mph Thoy iy o sming ol e "Cur g 10 g o vy SO0 gt v span berween pillars A and Bis 50 m, Bob, whose mass it 100 kg, stands 20 m
e “fulerum® it the peint aboer whick an ohjecr rem, e fuld reare.

from che cencer of the bridge 25 showa.
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A

Generally, 2 problem with a bridge, plank, or some sort oFexsended object will ask you
to describe or sobve for the forces suppurting the bridge. The approach is to imalee 2 st of
turques acdng in each direetion, clociowise and eouncerclaciowise, 2ad then ser the counter-
clockwise torques cqual to dhe cloclwise torques.

Aarrgh. Where's the fulcrum? This bridge isn't rotating anywhere!

Exacely. Since thé bridge Is nat actually cotating, you tan choost anywhere you like
a5 the fulcram. 1r's easiest in this case, to choese ane of die supports is the Fulerum,
because then thar support provides zero tocque, and the lewer axm for chat forcs wauld
be zero. )

Lef's chaase support 4 as the Fulomm. Whar torques do we see?

The farce of Suppace B {I' call it Fy) provides a torque zqual to F5{80 m). hecause
suppore B 1s 80 m from snppere A. This torque s comeerclockwite, bicause pushing up on
“the bridge pivored at A would satuce the bridge this way (3.

The weight of Bob provides a clockwise torque of (1,000 MN1{20 m) = 20,000 m-N.
(We don’t ase 100 lg, broanse thar’s 3 mas, not 2 farce; the force acting on the brldge is
duc to Bab's weight.)

Exam Tlp from an AP Physics Veteran :
In 2 tosque problem with 2 heavy extended abject, just pretend that the abject’s weight
is all hanping at the object’s center of mass, )

The 10,000-N weight of the bridge feself provides 2 rorque. Pretend that ali 16,000 N
act ar che center of the bridge, 50 m wway from each support, A weight pulling down at
the bridge's cenrer would tend to rotae the beidpe clockowize. The torque wWe want here is
{10,000 M50 m} = 500,000 m N, clockovise. '

Wow, ser counterckockwize rorques equal ta clociowise torques:

F,(80 m) = 20,000 m- N + 500,000 m- N

Solve for Fy ta get 5,300 N. This is reasonable hecause pillar B is supporting far dian
haif of the 11,000-N weighr of che bridge and Bob. Because Bob Is closer to pilkar 4, and
othervise the bridge is symmertic, A showld bear the majority of che weight—and it does.

Rotational Kinematics

An, ohjecr's “rotatianal speed” says how Fast the ohject rotates—hat js, how many degrees
oc radians It otates through per sccond. Roeatonal speed Ir generally given by the low-
crense Greek varishle omege, © An objert’s ~rorarional acecleration” o desaribes how
much che roradonal speed changes io ong seeond. The variable 8 sepresents the toral angle
through which an ghject rotates In some time period.

Rotetion € 129

Just lilee position speed ¥ and aceelerztion # are celared E‘f_zrpugh the kinemarics for-
mubas given tn Chaprer 5, cotationsl angle, spend, and acceleration ate retated by the same
formulas: .

"

‘1\'wf= oy + ok
‘| AF= Wyt 2o
5. wp= oy + 200

1t is highly unltkely that you'll be arked 0 aceaslly make much of 2 cajculaticn wid':
thest equatians. Rather, you might he asked ta cands rorating objeets by el angular speed
ar acceleration; aryou might be asteed, “Ts it possible © caleniuse....” The genesat appraach
1o 1 caloutation should be jdensical w that for poaromtonal krincmatics: Malce 2 chartwich
e five variables in ic. TF you can identifya value far darec af the five vastables, the prablem
iz solvable.

Ratational Inertia

Just like “inertia” refers to an object’s abitity © resist changes i i motan, *roeatipnal
inertia™ refers to an objeet's abiliy to tesist changes in jis racadonal motion. Twuo things
affers an object’s abilisy to resist rorinnl medon chaagzs: the objecr’s mass and hew fag
awny that mass it from the center of rocaton.

These are three ways to fgure out something's remtional lasrta:

1. Tor 2 single “paind’ particle that s moving in 2 cirele around an axis, is rorarienal
ineroa is given by the equation = g2, Here, m s the mass of the pasticle, and r is
the radius of the clrcle.

2. Foc an abjece with some kind of structue, like & spinaing ball, 2 disle, ar a red, 2
forraula foc its corarional inertia will geacrally be given {f you need It

3. Tor 4 syscen consleting of several nhjeces, peu can adel wogether the ratetional inertia
of cach af the objects © find the rouk rocational ineesia of 2 syseer.

Example 4 Threc meree-lang, uniform 200-g bars each have 3 rmall 200-g mass
artached 1o them in the positions show in the diagram. A, pecson grips the bars
in the iocations shown and arempls to ol the bars in the discotions showa.

——
$The AP Tlysits 1, Abgehr-Based Bram yeill altvenys wse the erm ncouatianat incria; wully reprertated by dhesadshle

7. Mty el and csachers will wie e lds term *mement of ineds’ reles 1o the 1ame quungey, Dot be eanfused.
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It's possible that you migat be askeed to caleulats the roucional inertia of ons of these
gripped rods, If 5o, in the problem starement you'd be given the formuta to caleulate the

coratiopal Lncrtia of a rodi 75 ML when pivoted in the center, and + ML when pivoted

at the end.5 You know that the romtional inertia of the small mass is m#, where r is the
diseance from the mass m the geip. In each siruation, add che moational inertia of the rod
to the ramational inerda of the smlk mass. )

Tor Grip A, the rod’s rorarional Inerdia is {ME =4(0.2 k) m)' =0.067 kg-m*.

The small mass contributes nothing to the rotarional iaertia, because it is nor rowting—the-

+ term in J = me* is zere, Thus, the mul roratanal inertia is 0.067 kg-m?.

Foc Geip B, the rad is pivosed in the cenrer, 5o irs rotztional inertia is 5 AML" = 0.017 kg-m’.
The seal] mass is4'T rosating, So the toral romrional inertia is just 0.017 kg-m?.

Finally, for Geip C, the rod's rotadionsl ineria Is 1M = {02 kgl(1 m)? = £.067 leg-m
The small mase’s rotational inerda is (0.2 g}l m)? = (.20 kg-m*. Thus, te ol rocarional
inertia is the sum of boch contibudons, 0.27 kg m ’

Caleuladions aren’ usually the painr, though. This situstion it just begging <@ become
2 ranldng task: witheut any specific vales for che masses or lengrhs of the items, rank the
grips by their rotational inertia, As Jong as we lmow rhat the small mass Is equal co the mass
of the vod, and that the rods are equal in length, then the ranking can be dope. You ean
see thar the staall mass contributes nothing 10 the eocational inertia in A and B withour
celevladen.

You can see that Grip A provides a greater rorational inertia than Grip B, cven with-
out knguing the formular LML and L MI}. Reason from the propertics of an abjece thar
contdbuge te ite rofationat incrda: mass, and how far away trat mass is Gom the axis of
rotation, The rads have the same mass in A and B. But Rod A has much rore mass thar is
fur away From the grip; Rod B has more mass claser o the grip. Thercfore, Rod B will be
easier to rotare, and Rod A wilt have mare rotstional inertia.

Then, of course, Grip C combines the “worst’ of hoth werlds: just the rod by iwelf
provides the same roratipnal inertia 23 in Grip A, but the mase is also concributing ta the
rotational inertia. The fmal rankdng would be fo > > Lt

Newton's Second Law for Rotation

Just as linear aceeleration is caused by a nct force, angrlar accdleratian i caused by 2 net
torgue:

Daly the net wrgue can cause an apgular acceleradon, If more than one force is applying 2
torque, then use the sam’ of the torques to And the angular acceleration.

*iers, £ cepresetuts the lengeh of dhe bar.

0)iesy, you di nesd o pet comfamable with thls sore of vechal explanzden of concepes dher refort @ equarions and Faess
bus doesmt malke dlrece mipalasian. i you ioe confused on iz sort of problem, ic s akep m ouake up values for wharever
you nead, and eatulzes, B deet ar all reeommend memaezing ol e differens fororulss for rmoogamal inerda of 2 rd
sphere, haop, dirk, ezs. Auc if you happen o remammber chem, ics fing o wee thesn.

T, if the wwsques are acving 1o eppaiie direcdoal, e the diffeznce.

Angular M
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Example 5: A mruble of knewn mass and radius is arrached to a mowor that pro-
vides 2 Lenawn torque. Using the rorgue of the mator and the roritional lacria
of the rurnabic in Mewran's sccond law for roration, then, using rotzinnat
leinemades, a ssudenc predicts thacir should cale 5.0 & for the urnrable to speed
up From rest 10 its madmum rotadenal speed. When the sdent measures the
neccssary e, though, he diseovers thar it takes 5.8 5 o each maximam roe-
tional speed.

Pirse, you should be able to desceibe how to perform such a measurement in your
lsheratory. There's & bazilion woys of doing so: the idea iz make many measwrements
of rotational speed uneil that rotarianal speed doesa's change. Rowationz) speed could be
measared with a video camera and a prousctor, by ruoning the video frarme-by-fame 0
see how many degraes the aeratable advances per frame. Or @pt 2 tiny piece of papet W
the edge of the rurnrable, and have thar paper rrigger a few photogates; you can measure
the angle berween the phnrogates, and the phowgares will tell you how oaach dme it wol
for che turnable to craverse that angle.

This problem is sewing up for you to Hgare out why the prediction dida't match
the measurement.! The mast obvious issue s that dhe corque provided by the marar
might not be the aer rorgue on the turnable. Friction In the bearings of the mentable
could casily provide a torque in the appesite direcrion ta rhar peovided by the moter.
Tthus, the real value for net orque will be Jswer than che vatue the studeat used. And, by
1, = e, the real angular acceleration will e lower; Onalty, by @= & + &4 2 semaller
anguiar acceleration 1 g5 @ the same final spred means chet the sime 7 will be lsnger
than predicred.

omentum

The sorztional anatogue of the impulse-moméntaa cheorem invoives rorque and angular
momentim acher than fosce and linear MEMEBTLE:

Were 7 is the mer rargue actng on an objecy, and Az is che fime during which et mrque
aco. The change in the object's angular mamentam is Al
An object’s angular momeNTum a5 be calculered nsing three methads:

1. For s single "point” particle chat i moving in 2 circle around an azis, s angular
enomencurs is given by L = mur, Here, 7 epresents the radius of chat cirde.

2. Fora single “poiat’ pasticle that is maving in 3 straighc line,? its angular momentum
s also given by L= mwrs bazin this ease rrepresents the “dismace of closest approach’

TPlonse dont auts matically my “bumarl crzer™ Theee's ne such thing a2 "humsn erroc” and wdng that phrse basally
2 appmadc sy on the AR Frem .

*hpgular momeRnam st huays be defined with respect o same centgal axis of roratlan. Far most romilhg abjeers,
Chat axks b obwivws. Pora pardicle moving in 1 reralpht flue, you have to sty what patitlen you'ts cloataring anpulir momea-
i far, bue che pardele can seilt have engular memenalL,
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from the line of the partcle’s motion to the position abour which angular momen-
turn Is calculatad, as shown below.

" 3. For an exxended abject with known rotational inertia £, angular momentum Is ghven
by L=Jo. '

For mast problecas, you can reason by analegy t the lintas impulse-momencum
theorem. Just 25 a farc applied for some time will change an object’s linzar memenum;
wzeue applicd for soce dme will change an object’s angular momtnwm. Just as the ares
under a forer veesus time graph gives the change in an objeet's lnear momentum, the area
wnder & torque versus tme graph givet the change in an object’s angular momentum.

Conservation of Angular Momentum
FACT: In any fystem in which the only torques actlag are berween ohjects in thar
system, Aguiar momeniam i conserved, This effertively means that angulac
rmomenturn is conserved In aff collisions, bue alro In numerous oeher sicuarions.

Example &: A uniform rod s ac restona friccioniess table, A balt of pucty, whese

rmyass is halF chat of the rod, is moviag t the lef, a5 shown. The ball of putey
callicles with and sticks to the rod.

Polet of centact \ Chverhead ew

Cgeam Tip from an AP Physies Vetaran
Usnally, the fulerun oe axis of mtatdon s obvious. But when 1n abject Is not facced

ta pivar at seme specilic posiden, i€ it rotares it will most lilely rorate abous its center
of mass. .

Start with what quanticics ace conserved for the putty-rod system. It's a collision, inwhich
the only farces involved are the force of the pury-an-rod and rad-on-putty. Theeefore,
linear momentum L conserved. Similarly, the putry applics a targue to the rad because it
pushes on the rod ax a position away fromn its eenrer of mass, But the only teques inwolved
are peovided by objects in the systerm, 5o angular momentum ir also conserved.
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This collision cannet be clastic because the putty sricls o he cod; to kinede coergy
was not conserved. Mechanical energy was also not consecved because dae idnetic encrgy of
the putry was not stered as pocential eacegy in @ speing o gravizudoml feld. OF eausse, the
sum of alf foems of cnergy wis conserved, hecause whatever Wdneric snergy was lost Ly dhe
putty-cod system was cpnverred T Mmicroscepic inteenal energy, and chur the temperature
of the purry-rod will Increase.

Where's the center af mars? Using the equarion from Chaprer 32, call x= D the op af
the rod. Precend the rod is 1-m jong and & ke in mass. Then the pucy is 0.5 leg in mass. 5o
PLiuy (01 + 7 (0.5 m) = Mg )" Plugping in the masses, you get = 033 m.

But the problem emphatically did not say thal the red was 1-m Ho_ng._-

Right. Whatever the rad's Jengrh, j1s cenier of mass is pne-thizd of tie way down te rad.

Exam Tip fram an AP Physics Veteran :
| When you're asked abour the cencer of mass speed, you can ignore all angular seuff, Tn |
cha case, rust reat the collision as F thess ware care colliding. i
Again, you can suake up values find the speed of the center of mass sfter colli-
sion. I the pueny's initial spesd were 1 mfs, then the toral momenoun befare collision is
0.5 N-5. By conservation of momenmm, tha's iso the toral momearam after collision,
buc the mass of the camblped objecss aftee coltigion is 3.5 lg. The speed of the center of
roass wenld be 0.35% rafs. But since the initial speed wasn’t given, you can anly deEnitively
say that the speed of thye renter of mass wfeer collision will be oue-third of the rpeed of che
putty before collision,

Consarvation of Angular Momentum without Collisions

FALCT: Angular momentum is conserved wity thme a0 olject, at sysrem of ohjects,
£x¢QETIEnCCs A NELTOLqUe.

Example 7: A person snds an s Erictianless turneable, She and the wrarable are
spinning at one revoluton every o seconds.

Suse, the prison cin wiggle and cxeeca torque on che turniable. Bue this corque is ioter-
nal to che persan-tuencable system. The person thus cannot change the angulac Memeniu
of the person-rarntable sysem.

This docse't mean that she can't change her aopular speed. Whatlfshe throws hee avms
weay our awy fram her bady?'! Her rotadanal inera wonld ghange, because she'd have
the same towl mats but mare of that mass wronld be far wway from the ceater of rotatian.
Her apgular memenwm can'r change, By L =70, 10 keep a ronsant L with ¢ higger J, the
angular speed @ must drerease- This 55 dhe physical basie for haw figure sharets can conuo]
their spinning

R

160y 40,5 pa) because the centel ol mass of the rod by iwelf must be hitl fevay down che od.

VAT seader Matr Schalor quite reasaeably asks, “ARer e throws dhe lics arm, what part of her bady does she wie o0
throvr the eeher artn?” Ferhaps | chould sy the “cxendis® her 2.
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Example 8 A planet orbitsasuninan ellipeical orblr.

You won't have to deal with elliprical eeblrs In che sense of making calealadons, o 7%

uslog Kepler's Laws and Plyysics C-style calcaladons. Bul you can understand that angular
momentun of 2 planer orbiting 2 sun must be conscrved. Sincs the foree of the sun on
a planet is always on 2 line woward the sun irself, dlus force cannot provide any torque—
therc’s oo lever arm, Wik 1o mrque oxerred on 2 planet, thar planet cannot change fts
angulac momenum, Treat the planer as 2 point particle; its angular momentum is L=mnr,
where ris the distance from the sun, Whenever »is big, » must be small o fecp L constant.
The facther away che planer is from the son, the slower it moves.

Rotational Kinetic Energy

£4CT: When an object s romsing, it socational kinetic energy is

In Fraraple 6, the pusty-rod sysem has both rorational and linear kinetic soergy after
¢he collision. The otal kinetic energy is then the sum of ¥ims?, where o Is the speed of the
center of razss, plus the roradonal kinetic energy.

When an object rotatss, the work-cnesgy thearem still applies. The kinetc enegy
terms each include the addition of roational and linear kinetic energy. In Example 6, work
is done by 2 nonconservatlye force {the force of the tod on the pucry). To find var hew
much waork was done, set Wye= AKE + APE. This siruadon daesn’ {nvolve a spring ora
changing vertical height, so APE= 0. The Kinetic energy was originally just Yam? for the
putty; after the collision, the kiredc encrgy s s discussed in the previous paragraph, the
speed of the center of mass plus the romticnal kinete energy.

I

1. A uniform woodea block bas 2 mass or. QOniels

resting balf o an idensical block, as shown above,
The blocks are sappoced by ™o hle Jegs, u
shewn. .

() Which table leg, if cither should provide a
Jarger Force on the battom black? Answer with
specific ceference w the torque eguation.

ib) Tn terms of given variables and fundamental
constants, what is the force of dhe right-hand
table leg on the botarn mass?

P
A DEm—{30
'\F \] I‘

W 10m !
\ f s
4, | /
by r
LY B ¢
1Y
LY /!
L ‘f“
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4. A sma¥ ball of mass m moving on a frictionless

hecizontal surface is atached 10 2 cubber band
whose other end is fxed at poine P The balt
moves along the domed line In the preceding

1. (o) Call the fosce of the Jeft support £, and the

force of the dghe support Fu. Consider the
middle of the botom block as the fulcrum.
Then one clockwise torque 25 5{L/2}. Two
counterdlackwise rerques act, though: Fp-(Li2)
and (L20m-(114)1. The paint i dhar if you
have to add something to the mrgue provided
by the right support o ger the torque provided
by the keft sapport, the left supporr thus pro-
vides more rarque. Because the suppors are
the same disanee from the centes, the left sup-
pore pravides more force, 00
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+ Practice Problems '

fgure, stretching the nubber band. “When it passes
Paint A, its veloeity is v directed as shawn.

{a} Iy the angular momentum of the ball about
TFoint P conserved berween positions A and B?

(b) Is the fincar momentusd of the ball conserved:
herween positions A and B2

{¢) Dlescribe a sys@m in this problem for which
mechanical enerpy is copserved ax the ball
moves fram Ao B

(dy Explain why che net fugce on the ball at Paint

1 .1 S
Bls not g5

. A smooth, salid balt is relcased frao nest from the

op af an jncline, whase surface iz very rough. The
ball ralls down the incline withour sHpping.

() Describe in words the encgy conversion for
the ball from its celease uptil v reaches the
botsom of the incline.

(b} Explain why work done by che fricdon force
should not be included in the energy consst-
vadoo starerment in Pare (a}, cven though the
surfare of the incline is rough

(© s the mechanical enecgy of the ball-Earch
system conserved during ies roll?

{d} This balt is replaced by a nev ball, whose sur-
face and mass are idendezl to che fest batl, bus
which is predominantly hnllow Inside. Dreseribe
any differences in Its ol down the ncline with-
oue slipping, wich explicit ceference w forms af
energy.

* Solutions to Practice Problems

{b} You cerainly couid use the reasoning in
Part (1) with the fulcrom In the center
along with the roral suppert Force equal-
g 1.3Mg {verticat equilibrium of forces).
Hewever, ir's much sasier mathematically ca
just call che left end of the rod the Plerom.
Then the counteeclockwise argue is Fy L.
The cdoclewise terque i (1/2)mg- (L44) +
mg- (LA2). Ser chese equal and play with the
fractions to ger Fy =(f+ Ymg=3mg.
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4. {3} Angular mpmenmm is conserved when oo 3 {a) Gravitadonal energy ac the mp (because the

L

torgues extecnal ©@ the system act. Flere the
syseem s Just the ball. The anly force acting on
the ball is the rubber band, which. iz attached
w Point # Thr foree applied by the rubber
band can't have any kever acm wich respect ©
¥ and thos pravides no torgue about point 2,
5o the ball's angular momentam about point
P cant change. Angular momentum i cog
served.

Tinear raomentum is eonserved when no
Farces =xeecnal 1o the sysmm 2ct Here che
systemn bs Just che balk The rubber band is
excecnal to the system and applies 2 farce;
tercfuze, linear momenmam is nof eonserved.
Miechanieal energy s conserved when o force
cxrernat to the systern dozs worke. The rubber
band does wark on the ball, beetuse it appliss
a force and steuches In 3 direction parallel 1o
die force it produces. Consider the euhber
band part of the syser. The post at Foins 7
still applies a foree © the ball-rubber band
yysreiy, bur Sinee the past deesi't move, that
force dpes no work on the ball-rubber band
systeon, Any kincde energy lest by che ball will
be stored a5 elastic enzrpy In e rubbec band.
The mechanical energy of the hall-rubber
band system 18 conscrved.

ty The general form of thls equarion is fine—the

ball's path ar Poiat P is, at least in che neigh-
borhood of 7, approximately elreular. The
bail experiences 2 centripel acceleration at
Point B, aod ceatripecal acceleration is 2Hr
The. problem is thar if the 7 recm is 1.0 o,
then the v mepm must opesent the speed at
Podnr B, With angular momenmin conserved,
the roral of mur rouss always be the same. The
all's mass docsn't change. The distance riam
Point P geis blgger from A to B, 10 the speed
nuer et senaller. The cquation glven ses the
given varishle »which mprasents che speed of

“he ball at Point A, not the speed ot B, and 5o

is invalid.

ball is some verrcal helight above is lowest
position) i comvereed 1o both rorational and
translarionat kinetle encepy at the biotam—
rotatignal becanse the bal) will be spinning.
and trinslariensl because the balls canwed of
wnass will move dewn the incline.

{b} The ball colls withoat slipping. The foree of

the very rough surfice on the ball is tangent
<o the ball’s surkire, bue the bails surface never
slips paratiel ta this ferce. Work i foroe dmes
displacernent paraliel ra the Force. Irs the fores
of rratic friction thar niust be acting on the
ball, and since static friction deesn’t maove the
ball's suches, the displcerment tecm s zero,
and scatic frietion can do no WO
Mechanical sneegy is conserved when po Aon-
eomscrvative forces act. Here the Baedh's gravi-
tacional field can give the ball kinede energy
bt since the Barth is part of the system wnd
since the gravimtanal focce is conservative,
tha stil altows for conservarion pf mechani-
cal energy. Friction is noncenservathve force,
buc here friction does no wotke

The hollow ball of che same mass wrll bave
preacer cocanional inertia, because the mass is
concentrated facther from the cemter af rgta-
ton, The ball’s gravitadonal encegy hefar the
rolling hegins it the same a5 the previous sce-
narle, betuse the heighs of the incline s the
same. The wral kinetic eacrgy 4t the botiem
vall noe change; the question is how much of
that Kinetic energy will be rotartional, and howr
much will be wanslational.

Rotadonst KG i Welafy the angular speed a
depends on the cranslational speed v, {The fster
the ball 15 maoving, the more it's rotadng, too.
Therefore, romtonal kinetic enecgy depends
an o2 Trapdlarional kinedc encrgy alio depeads
on i in the formula Y. The hallew ball
hvas bipger I The speed » musc be lower for the
fuollow ball so thax VAP + Varme? adds o the
sumne value for both balls.

% Rapid Review

- ———

« YWhen ap cject moves inz cirche, it has an acecleration direeced toward the ceace of the

T
ciecle. The amount of that acceleraton is £

« The torgue T provided by 2 Faree is giveo by the cquation 7= Fd,.

o In any sysrem o which the enly terques acting are berwoen objects in that syster,

angular mOmMEnT is conserved, This effectively muans that angular momentum i
conserved in aff callisions, but also in aumerous pther gitiacens

- Angalar memenm is conserved amy dme an abject, ar system of abjects, cxperichoss

AR ner torgue.

en an shject is roranag, s corational kinerc enedgy 18 1A S,




Gravitation

APT

2R

Summary: The | ree on an object due 1@ gravity 15 ma, wherg m is miss
and g is the gravitational field. The gravitational field praduced by an
object of mass m s G- where d is the distance frem the object’s center.
want to be sure you knew the differsnce between & gravitativnal field,
gravitationa! force, and the universal gravitation constant? This chapter
explains these concepts.

Drefimtionz

@ The gravitational field gneara planst telis how much 1 kg of mass
weighs at a location. Near Earth's surface, the gravitational field is
10 Nikg.

O The gravitational force of a planet on any athar okject in the planet’s
gravitationa field is mg, where m is the mass of the object experiencing
the force.

. & Newtan's gravitation constant is the universal constant

G =6 x 1071 N-mfkgl.

& The free-fall acceieration [sometimes imprecisely called the acceleratien
due to gravity) near a planet s, by an amazing colncidznce of the
universe, equal ta the gravitational fietd near that planet. Near Earth,
than, the free-fall acceleration is 10 mis per second because the
graviratlonal field is 10 Nrkg.

{139
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The geavitarional foree is the weakest of the fundamental forces in narure, Hewever, when
enommpus amounts of mass conpgregate—as in a star or @ planct—she gravitatdonal [orce

becomes dominaat. The plewce as follows gives a hint of the scales Invalved in studying w35

stars and planets-—ies the Earch and the Moon, bur drawn to approximately the proget
seale, Sare, the Farth seems humongous, sspecially when you'te caught in traffic. But alf
plancts and seazs seem small when che distances herween them are considered,

@ ' Z

The woud gravity by itself is an ambiguous weero. Bagin this chapter by carefully reading
the differences berween all the various things thae could be referred w by the word gravily.
See che foar proceding dc.ﬁnidons_, each of which relate to the word.

Determining the Gravitational Field

The pravitational fleld Is a vectar quanticy—this means it has an ameunt and a direetion.
The disection Is always toward the cenrer of the Earth {or whatever is creating the gravica-
tional field). .

FACT: The amount’ of graviratianal flelel depends un twe things: the mass of the
plance creating the ficld (M) and the distance you are from that planers center
(), The relevant equation for the gravitacion ficld ¢ produced by & planat is

Some hooks, and prohably cvea the AP Bxam, will use che variable r for the distance
from the planet’s centee. Thats fine, but knaw thar this r does not necsssarily stand for the
sadins of the plance—ir means the distance from the plancts eenter.

Example 1: A 20-kg rover slts oa newly discoversd Planet Z, which bar rwvice the
ymass of Barch and twice the diamerer of Barch. <

You do oo ger & table of astronemical information an the AP FPhysics 1, Algebra-Based
Exam, Meverthelass, you might well be asked to ealauface the gravirational flehd near the
sucfuce of Planat Z. How can chat be done withaut knawing the mass of Planer 22 You're
axpested to be fluent in semiquandracive wasoning. -

Even tholgh you don't know the valuc of the mass af the Earth, you lenow chat the mass
of Planet Z is twice Barths mass. Whatever the exace mass, the aumerata In the gravia-
tional Reld equarion will double for Planer Z.

The sucfce of 2 planer 1s one planet-radius away fram the planeds center; 5o heee, 4
smeans the radlus of the plance. Flanct Z's diamexer is twice Earth’s, which alsa means Z's
adius s twice Earehs, The o wrm In the denpminater is doubled; because £Is squared, the
entise denominatat it mutslplied by 2% which is 4.

1The xant will refez not to dhe ameuae,” bat to the "magnicude” of 2 veoror quandty. Jost cansdate in pour hesd
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Combining chese eleces of mass and mdius, the aumerer is

multiplizd by 2, the

denorinacor muoltiplicd by 4, sa the entre gravitational Beld of the Barth is mulriplied by
one-bal £ We kngw Barth's gravicadonal Beld—thar's 10 Mflg, Planet Z produces & gravica-

tioaal field oF 5 WNfkg ac the susface. No calewiarar i necessiey.

“The focenule shows dhat the gravicadiens] field produced Ly a planes drops off rapldly
as you gec far fram the planet’s center: if you double your dissance from the planeds cencer,

then you cut in one-foarth the value of the geavitarional Geld.

This sezms casy enauph, buc think abouc cealiey far o moement. Just how ofen do
you double your dirance From the centec af the Earcn? The radius af the Barth iz abour
4,000 miles, Bven whea you fyinan airplane, you're no More thar about seven miles above
the surface; so your distance from the center of the Faceh is s54 about 4,000 mifes.

The poin s, wnless you'se 10 asEronaly, the gravirarienal field near che surface of 4
plance is & canseant vakae. Dor't be tricked by the # in the denominatos—that anly marcers

when you're considering objects in space.

Determining Gravitational Force

abject—is given by mE.

EACT: The weighe of an object—that s, the gravitational force of u planet an that

Thar 20-kg raver wolld weigh 200N o Sacth {20 leg cienzs 10 fkgh. Butan Planec 2,

the rover weighs only 100 B (thar’s 20 log dmer 3 Nikg).

A weight of 100 N means that Planes Z pulls the rover downward wich 106 N of
fcee. What about the force of the rover on Flansr Z2 That's pot to be sa small its neg-

ligible, cight?

Wrong. Newcon’s Third Law saps that the force al Plantc 2 an the rover is equa)
to the force of the rover gn Planer Z The rover pulls up on Flaner 7 with o faree of

100 M.

Now, as you might suspest, you'd never notice O ENEASUIT A0y effect frum the rover's
100-1 force sn Planer Z Planet Zis edormously massive—in the neighborhood of 104 g,
By 7, = ma, you can calgulate that the aoeeleration provided o the planer is immeasurzhly
staall 2 T's che forte thats the same, and the aceeleration thats differsnt.

Force of Two Planets on One Another—Order
of Magnitude Estimates

Example 2 The Earth har 2 mass nf 6.0 3 107 kg, The Sup bas 2 mass cf
2.0 % 10% k. The Barth orbirs the sun a2 circle of cadius 1.3 10 m.

i
| ¢

Yand the raver's farce on the plane is cermsinly net the ser force op thie planer, so thiz
vy

FACT: The graviradonal fosce of one abjcet on anodher is glyen by

F., = mt calouagion is silly
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So it seems stnightforward, € calcularer inrensive, 1o calculute the force the Sun exercs
on the Barth (ot vice verss). Just phug in the aumbess. But thar’s #ofa likely AT Physics 1

expreisel Mo one carcs whether you can use <he butans on your calculator carrectly. B

Instead, you might be asked, wxffhich of the fallowing ls closest to the force of the Sun
nn the Barth?”

(&) 107N

(B) 102 N

oy 1% N

()10 N

Lovk how far zpart these answer choless are, Don't use 2 caleolaror—instead make
an order of magnisude etimie. Plug in jast the powes of 10, and the anserer will leap

off rhg. page. Leaving out the ualts of carh individual term for simplicity, n the equation
F= —r%:—?l we have

Qoo
{1 01]]1

Tha's easy to sunphify wishout & Ea.l_culuur—-a.dd expenents in the nemerator, and then
subteace the exponcnts in the denomiaaton

[5]
008 g,

(10™}
But that's not one of the chaices.

The only rasonable cholce, theugh, is (8] 1082 N. The others are ac beast 2 Fastor of 2
Yillion too big or o small. Sure, you cauld have spent five minwes plugging in the marc
preciss valaes into your calcularar? gering 3.3 X 107 N as the answer. The order of mag-
nitude estimate Is s precise a8 would ever be necrsary on the AP Physics 1 exam, and itk
4 lot easier, wo.

Gravitational Potential Energy

Near the surface of the Earth, the porential energy provided by the gravitarional foree is

Plieiny ™ ™

That's plenty good enaugh for caleulariang with everyday objects.
However, if you'e talking gbout ohjects way out in space, the gravirationa} potential
energy possessed by two objects near One anocher s given by

3pad then spead 1eother 10 minues awearing 2t the caloularor becese Fiv |efi mue & parenthesls, or pou [argos 1o oype
o nogative Aga, or forgat 1 decimal.
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This equacon It usually wrirten with a negative sign; that negative sign simply indicases
that this porearial energy is Jest than zero; and kn ourer-space sinlations, et potenrial
energy means the objects ars infinitely far away from each othee.

This gravirarional poentizl cnergy can be converred inre lonetic enecgy—if wo planets
move toward one another due o their munal gravimrjonal arrraction, FOU might be ahle
to figure out how fasc they mave by calculating the gravintional porental encrgy possessed
before. and after they move, Any lost potential energy was eonverted ipta kinetic enerpy.

Gravitational and inertial Mass

Examgle 3: Neil Armstong had 2 mass of 77 kg when he went 10 the moon. The
gravitational ficld on e Maon Is ane-sixth thac on Farth.

The seore “mass” 1s often colloguially dclined a8 che ameunt of “stuff” in an objecc
Your're likely to see an AF question of the form, “What was Nelil Acmstropg’s Mass oo the
“Moon:” The answer Is, sttt 77 kg, Suse, Meil's weight on the hoon was snalier than his
weight on Barth, because the gravicational Ficld on the Maoa is smaller, bur since he didn't
cut ofF his leg of go oo a starvation dier his mass didn't change.

EACT: Gravinndonal mass indicares how an object responds 1o 3 gravitadonal Held.
FACT: lneral mass indicases hew an phject accelerates In respanse IO @ et Farce.

FACT: In évery cxperiment ever conducted, 4n objeers gravirational mass i equal
to it inerrial mass.

The AP Bxam requlres you @ discinguish heoween the twe meanings of mass. Simply
pu, i there’s acceleragion involved, you'te miking about incroial mass. You'll be asled o
desigh expriments (o Mmosue cach type of mass.

So lers say you want 0 Rgure our whe has mere grvitzsipnal mass, you or Meil
Armstrong. Just put ezch of you on a bafance scale—the one with the biggee scate reading
has more gta\rimtiunal cnass, You could use a Spring scale, too—whoever COMpresses the
springs mose eXpCFenees MOLE gravirational foree in the same pravitacional feld, and so has
more gravitadonal mass.

Pur to figure out expermencally who has more irertial mass, you'd put cach of you in
an idearical buggy. Speed up each buggy using the samne net force far the same amount of
fime. Whichever of you has sped up by mate—thac is, whicheves expericased the greawr
scceleration under che same pet foree—has the smaller inerriat mass.

Asd if your experiment gives conmadiezory results—say, that Weil has more inereial
rnass bue that you have more graviradooal cnass—then you should reject that result as
sidiculous. An exam gquestion mighr pose just this rype of siruadon in which you have o
reject impassible sesulis.?

Fundamental Forces: Gravity Versus Electricity
The graviarional focce is ons of several "Fundamental” forces in namce. The only athet

fundamental force on the AP Exam is the dlecrrical force. Tn this context, “handamental”
means that all forces on the AP Fxam are ranifestagions of one of thest vwo fatces.

g, if yo really have repeatehle and wagsraitible renades of ghis nawre, you chould publish, I guaroms you'll wia 2
Wobel Prize foryour work, uhith ls2 bic mare iy 1o carn college credle than 2 5 on the AP Brm.
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Oh yeah? What about, say, frictinn?

Al of the everyday forces that result

Fandamentally electrical, The clectron chells in the outcrmore aromic layers of the

ubjecw interact, causing frlction,

normal forees, tensions, punches, e Renlly. Hue

AT Dhysics 1 doesn't cace at all abour the details of chese (nreractions; just know that

chey'es electrical,

As discussed in Chapter 16, the tlectdical force betwein twe parcitles is gencrally much,
tmuch swonger than the gravimrional force berween thew. The AP Birem is likely to ask you
to explain why gravity is such 2 daminant everyday force, theo.

The answer is twofold. Firsc

Tarth. Its teas of thousands of mil
mass. And cven with thac much st

of all, copsider the averwlielmingly massive seule of the
s in circumfecence, and 2 willion trillion kilograms in
ff in Ir, the praviztonel force ix exerts oR you is cqual

to the (clectrical) contact Farce of the pround pushing up o1 you.

The bigger istuc Is thar masses always cause 1 gravicational field thac attracts other
masses—thexe’s na such thing asa repulsive pravirarional fore. Electrical forees, thaugh,
can be hoth repulsive and attractive, depending on the sign of the charges interacting.
Since in gencral the Eaeth 1 elecrically neurral, all thae unimaginally lrnoense stuff in
the Eareh has very litde nec elecrcical effect, eaving pravity to keep you firmly awached

o the ground.

¥ Practice Problems

1. Twt stars, cach of mass . form a blnary system.
The stars arhir abaut 2 polnt a disrance R from the
rentec of each star, as shawn in che diagram shove.
Tl stass themselves cach have radius £

() Tn terme of given varigbles and fundamental
constants, what is the force each star excies Qo
the other!

{b) T reoms of piven variables and fundamental
—onstants, what Is the magplosde of the grvi-
warional feld at the surface of one of the srars
due aoly o its pwn mass! :

{c} In terms of given variables and fundamental
eonstants, whac is the magnizude of dhe gravi-
ratingal Beld ar the midpoinc between the stars?

{d) Bxplain why the stass Aot ceash Inm sach other
due 1 the graviadoml force berween them.

2, A space shurile atbirs Barth 300 km abave the
£QUATOL. -

{a) lain why it would be impracdeal for
the shutde o arble 10 km above the Earch’s
sarface (about 17l higher than the top of
Moune Everest),

() A “gecsynchronous orbir® means that the
shutele will abways cemain over the same spat
on EBarth, Exrplain and describe the calenla-
dons you would pecform o order 1o deser-
mine whether this orbit s geosynchromous.
You shavld net actualky carry out the numeri-
al eatoulations, just deseribe them in words
2nd show them n symbels.

{t) The redius of Farsh Is 6,400 lan, At the ald-
wde of the spﬂcelshu.cd.e, whar fraction of the
surface. gravicarionad feld g does the shue
experionce! ’

td) Whea the shucde was an Farch beface launch,
s shurtle's mass {nac including any fuel) was
23 5 10F kg Ac the orbitng aldimude, what is
the churde’s mvass, nat jncluding fael!

from "rontac:” berween two objects as

3. A satellive is in cireular ochit around an LNKROWH
planec. A second, different sacellice also ravels ks
cigcular orbit 2round e sarme planct, but with an
ofuical mclivs Fowr dmes Jasger chan the frst sarellite

(a) Explain what infarmatian must be lnows in
order 1o calculace the speed the frst sarclliee
ceavels in its oebic.

(b) Compared o the Best sarellite, bow Ry
drer fastee or slower Ls the second sacellite’s
speed?

{c) Bob the bad physics student says
“The gravimdand foree of the planet an 2
sarellice in circular orbic depends inversely on
the obital radius squared. Since the second
satellive’s orhirak mdivs is four times thas of the
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- first sacellire, the second sutelliee experiences
onesizreently the gravicadonal force chat s
sxereed on te first satellite.”

Txplain whiatis wiong with Nlalh’s explasaden.

4, A spacencaft is pusitiened berween the Earth and
the Moen such that rhe gravitational forees on
the spacecrt cxerted by the Barch and the Meon
cancel.

{a) Is this posicion closer 1 the Moon, claser to
the Bareh, or halfway in berweeal

b) Are the gravitational forees on the spaceship
{che force exaried by the oo, and che farce
everted by the Bauth) 1 Mewron's third law
foree paic?

% Solutions to Practice Problems

1. fa) Thertern in the denominiar of Mewtor's law
of gravitasion mfers (o the distance benween the
centecs af che twe stacs. Thar disE:m.Cr_ is given

N £
as 2f2 So the answer s & TR or 7 s
INodoe you must B thie notaton given in the
pro‘nl.cm}—-dﬂs means a capital heee. (The
M is squared because the equation for gravits-
tipnal force muldplies the masses of the staes

applying and experiencing the fores, Since .

the masses of bath stavs as the sane, yau get

M= M
(by When caleulating pravitational feld ar che
surface of o star, the cermwin the denomina-
tor is the star's cadins, Thaes rhere. Se =

r

[The M is not squaced here because the fetd
is produced by @ single Stax, not &L interaction
berween owo STRES.) . W
The lef-hand star provides 2 Beld of G—

at the locarion of the midpolar, poindng
coward the lofi-hand star The right-hand

(e

L

star also provides = Beid of G+ pointing

oward the right-hand scar These ficlds with
he same amount bue spposite direction
cancel gut when dey add as vecrats, pro-
durcing a net gmvisatiomi Giele of zeco ar the
midpelat.

{d} The dircerion of a force I not the SAME 25 the
diecrion of an objeeds macios. Here, wc a1y
time q sk is moving slong an prhir, ranpent
to che cadius of the orbic The force applied
by the odser star will atways be towaed the
ceater of the orbit, perpendicularte the direc-
don of the sur’s modon. When 2 force is
applicd perpendienlar i ohject's velocity;
fhe result is circulae motion. The cenuiperal
foree changes the direction {pat the amount]
of the star's speed, buc che fore icsedd dharays
changes dircction $a thar jc is pulling raward
the centet of the circular matiea.

2. {2) The shusle must be dsove the armospheee
in ocdes o mdincain A circular orbie wichout
concinually burning fuch 1F the Bacth had ne
arcnosphere, thed & sareliie could arbitacany
distance from the surface thar's greares than
the rallest mounmin. Bor air ssistanes in the
atrmosphere does worle en the shutde, reduc-
ing it mechenical energy: Az 300 km above
the susface, though, the shuwle is above the
amiosphere and eXprricnces no forecs in DI
againse the dissedan of travel.

ib) This quession requices calenlarign: the farce

MM
an the shurle s o Bt e 4 3

‘e digtance fram che ceater of the Earth w
the locatign of ihe shatle. Since chis force




146 3 STEP 4. Review the Knowledge You Need to Seare High Graviwtion 4 147

1;{ a; cizgripeml force, we can sct ic equal €@ Liboi i(kgndc Toses 2 wing, im mass Is stll 2% % Ra idR aview I

» The amount of gravicrional field depends on wo chings: the mass of the planet creating

L wiheee v is the speed af the shurde
in orbie, I the odbit is ge&s}'n&:ronous, thar {a) Set the gravitationa.l force on the sawllite

oo meats that the shuwle gocs the same specsl equal to the Formuls for cenriperal foree: the [jeld (44) aﬂd the dismcciouezn: fmmlr_hat ?imm‘;ci?ter (4. The relevant equacion
a5 a position on Earth, it means that the period of GM oM itee P i for the gravitarion Geld g produced by 3 planetic £ = 7
o ) ot pirlhiee A it . ~ - . 4
the orhit is 24 hours—it goes around the Earth _"J—__-—,;fl =y « The weight of 20 object—thar i, the grawtamn'al Jorce of a planer on that object—Is
1 che seme tire a5 3 location an the surface does. given by mg. a
To dereerine the period of the arhir, sec he Wl want to be able to solve for ». The mass : 6 pi i
. . s b ther is given by F= .
speed equal co the orbir's dreumfercace (214) of the sarellire cancels, and G is & universal The gravirariond foree of ope object om Anather i . &
divided by che period, which Tl call T2 Here's constant. Bur we'll need 1o know 4, the dis . Gravivagonal mess indieates how an object responds 0 2 eravirarional field.
how aur equadan looks now. tance of the sarsllire’s orbit from the center of + Inercial rmass indicates how an object acedlerates in response o 2 BEC force.
2 the plance., And we'll aeed ko Jonow the mass e . e inereal
Mgty (?_x of the planct or the peried of the orbit. periment eves conducred, an objecrs praviracional mass 15 equal co It toer
G A{mu M-,a wiile o T GM
L o ) When we salve for o, we gel v = Bt Loy

There is jots of algebra here, bue notice thar
all valyes are chings that can be looked up: G,
the mass of the Fasth, the mase af che shucde
{which cancels anyway), and 4, which Is the
raclius of the Barth plas 300 km. Solve this
equation for T. 1 the value of 7 tacns out
ha 24 heurs, theit the oehit i geosynchronous;
if nog, the orbit is not geosynchronovs.”

Your Frsc inssinet might be that you need the
mass of the Earch to answer this question,
becuuse the enuacion for the gravitadonal feld
is G, Cnoone hand, we could caloulare the
massof Barth knowing that the gravitatanal
ficld nar the surface Is 10 M/lg—just plug in
the given value of R and G from the wable of
infounaton. Thac will work. Is marc clegant
to sohve in variables: The fraction we want is

it

The second satellite has four tmes che orbiml
zarlins, which Is represented by 4. Muloplying
by four in the denaminarar under the square
ront muttiphes the whole expression by one-half
The secand sateltite’s speed is one-half as large.

{c) The equadon forthe force of the planet on the

sateblice s F=0 ——""-1'--2-4"-"\‘i Sure, Dob is
right about the Inverse square depandence on
4 tur he's agumed that the sarellices have the
sarn masses as 2ach othes. If they do, Bob is cos-
rere; if nor, chen, the mass of the sarellite shows
up in the numerator of the fores equadon.

The relevant equation here comes from schiing
the forces on the spacecraft {of mass ) equal:

G Mu.ugf’ =0 Mmug-:n .

coruk maca

The mass of the spacecraft cancels, as does the

(7
(6700 km’ . £, Singe che mass of the Rarth is bigger than
c o the mass of the Moon, the equaton shows
{6440 e} that the distance of chis locarion from Barth

The 7 and Af cancel, whacever thric value.
Work the impropet fracdon to ger thar the

A, must De larger chan the distance of the
location frarm the Mean dng, The lecition is
closer ta the Moan. i

pravivational field 300 kna absve the surface is fo} A Newion's third law force pair rannct act o0

{6400 k) _ the same object. The force of the Moon o8
Gookay of g av the suzface. the spacecrat is paired vwith the force of the

{d) hdass i the ampuot of “sm" in an object. spacecraft o the Moon; the Force of the Earth
1t doesn't matter where that ebject is in the on the spaceeraft is paired yeith the forse of
univese, 1 kg of mass is 1 kg of mass. Unless the spacecraft on the Earth.

3F po dn all e plugging end thupging—whith art st neresrary—ynu find thar the orhit i aoc geomynehromois. Geopmchanss orbiu ate
samewhat in Ove 35,000-km rangt above Tasells racface,




Flectricity: Cowlomb’s Law
and Circuits

HAPTER
Summary: Coulembys law says that the forea of one charged particle on

anather is kﬂ{%—. AP Physics 1 deals only with electricel forces between

sxactly two charges. But AP Physics * doss reuire ah understanding of
dirget-curmant ciseUits, ineluding series rasistors, parallel resistors, and
combinations theredd. This chapter shows you now to deal with circuits,
bath using conceptual descriptions and using calculations.

Definitions

e Electric charge {Q) exists due to excess of geficient elestrons on an
chject. Charge comes in two kinds: pesitive and nagative. The i of
charge is the coulomb. ’

& Electric eureant (s the {low of {pesitive] charge per secand. The units
of cument are amperes, One ampare means one coulomb of charge
fiowing per secand.

~ Resistance (Rl meagured in chms iy, tells haw dithicu't it is for charge
to flow thraugh a circuit element.

o Reslativity (g)is 2 property of a material, which irnplies what the resist-
ance would be of a rmeter-cube bit of that materal. )

@ Voltage i8 electrizal potentisl energy pef coulernb of charge.

¢ Resistors are connected in series if they are connected in @ single path.

£ Resistors are connected in paraitel ¥ the path for current divides, then
comes immediately bacl together.

149
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) ectricity: Coulomb's Law an irouits %

The AP Physics 1, Algebra-Based Bxam tequires you 0 leara about 1wo aspeces of elec-
triciny. First, you must understand how charged objects apply forces to sach acher in
isolatlon, as when a balioan etieles to the wall. Next you need to know abourt cirenits,
in: which gazillions of submicroscapic flowing charges produce effects that can be meas
wwred and obsecved. The following picture shows such a cireult, in which Bowing chacge
causes owo bulbs to Night up, The meter s positioned to read the volrage across one of

the bulbs, :

charged pasticles 15 becaase they conuin so many bazilbion: of protons and electrens
thart an exrra few here or these wron't really make much of 2 difference. Sa even though
they might have a sligh decrrie charge char chaggs would be much oo small, relatively
speaking, o detech

Tiny objecrs, like aroms, more commanly cacry & weasurable electric charge, because
they have o few procons and elecrrons thar an exea shectron, for exumple, wauld make a
big difference. Of cousse, you 20 havevery large charged objecrs. TWhen you walk ncross
2 carpeted floer jn the winter, yor pick wp loes of extra charges and become 2 charged
object yourself . - . aniil you wuch 2 donrknob, at which peint all the excess charge in
your body travels through your finger and into the doorknob, causing you £ fee} 2 mild
clectric shock.

Electric charges follow 2 stmple mule: Libe cherges repel; appasize charges parack, “Two posi-
rively charged partcles will ery ta gee as far away Feoen each oshec s possinte, while 2 positively
¢harged pasdcleand a oaegatively charged particle will wp to gerds close as possible.

Only two types of charge atist. 1f2 question on the exam pucport i@ give cvidenc ofa
third tppe of charge, rejecc that evidence; if a question SUEEesT 2 kind of chargs thac repels
bowh positive and nogative chasges, rejecs that suggestion sitly.

Coulomb’s Law
Tust bow much do charged ohjects areact and repcl? Conlombs law tells how much.

FACT; Coulomi’s law is an equation for the force exerted by aqe elecrrical charpe
on another:

—

f:k@

1

The (s represent the 2mooat of charge on each object the 4 represents vhe distance
berwecn the rwe objects. The varizhle Fis the Coulomb’ lew consteng, .83 109 M Ch
e with Newron's Jaw of unlversal gravitation for the farce of one planct on anorhes
youTe nar going 1 be atked v calculare misch with Coulomb's lnw. Racher, the questons will
be qualitative and semiquantieative. For cxample, i€ the amount of charge A is doubled, what
H happens o the force of charge A on charge 5 {1t doubles.) O, if you dpuble the dismoce
Electric Charge berween two chasges, whac happens € the foree of pne on the ocher? (ris cut by one-fourth.)

Al rmareer is made up of three types of particles: protnns, NeUtoLs, and elecreons. Protaps
tave an inrrinsic progeroy called “pesidve charge” Neutrans dont contain a0y charpe, and .
clectzons have & property called “negative charge” . Conservation of Charge

The wnit of charge I the coulomb, abhreviated C. One protan has a charge of 1.6x%
107" coulombs. ’

Most objects that we ancountet In our daily tives are decuically neugral—things like
couches, for (nstance, Qr ees, 0T hisor. These objects conuain as many positive charges as
negative charges. In other words, they conrain as many prowas s electrons.

When an object has mate protons than elecwoas, thaugh, it is deseribed as “pasitively
charged”; and whea it has maore electrons than protons, Ic is deseribed as “negatively
gharged.” The reason <har big objerss like conches and trece and bison dent behave like

£ACT: The owl amount of charge in a system {ot in the univesse imelf) is alwrays
the same.

Frual amounts of pasitive and negative tharge can cancel our ta make an objec nev-
tral, bur those charges srilt exist on the object it the foen of protons and checorons. Chargs
can be transferred from ane ebject @ another, for cxample by touching rwo charged meal
spheres together or scaffing your feer on the carpet, bt the total amonar of charge says
the samme.
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Circuits

Consarvation of charge it usually disauszed in con] uncdlon wich efreuits and Kirchoff's
juncrion ruale, 28 discussed below:

A citeuit [s any witz path thar allows charge

the flaw of positive charge

ar one position in the wice t

1o flevw. Tachnically, a currenc is defined a5

1 Under what conditions would this charge flow thraugh 2
wire? This would oeeur when 2 conlamb of charge has 4 pat

ential eneegy that's higher
han rhe ather. We call this differcace in potencial encegy per

coulomb a "voltage,? and & batery’s job is o provide this voltage that allows cugrent to

Baw. Curcent flows out of a bartery fro

siele.

Resistance Versus Resistivity

Resistance tells how difficule itis for charge to flow through something. Usually that “sacac-
thisg” is 2 resistor, or 2 light tull, or samething thac has 2 kno

ance; usually the resisranes o
Jeast compared to the reslsta

m the posltive side of the batery o the negative

wn ot decerminable resist-

fthc wires connecxing the "somethings” topgsther it nothing, 2t

aer of the things.

FACT: The resiseance B of o wire of known dimensions is given by

Somesimes, though, ifs important fo know ha

R:E:I—’
A

reslstance. The longer the wice Ly, the more Its resissance. The

is, che bigger ics eross-secti

onal area—

shapes can bave different resistances If they are made of diffe

the same shape, the wire with mare resistance has o greater reslsoviry, represented by

the variable p.

", not the flaw of promar . .\
Understand? No? Neither do [ Far the

1002 R,

w the properties of 4 wire affeer v

"orider” the wire js—that

the hess s resisrance. Two wires with the sarme

rent materials, Assuming

okay, loak, you mally vanc 1a kngw? 1cs he Aaw of "sobes in the drowon s
ftive charge, sapirfd

AP Fxam, who cares. Currenc s the flow of pod
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Exampls 1t The preceding drcuic diagram contains 2 bamery and three identical
100 §1 resistors.

Cpuestions abour clrcuies wilt nccasionally aske for caleubation: Dind the volrage across
each esiscor and the current through each resissor. Mare often, though, you'll be asked
qualicacive guestons, Itlee which bulb takes che greacest curtent, Of cank resistocs from lasg-
st o smallest volrage across,

The Four Key Facts About Circuits

FACT: Series resistors each cacry che same Suctent, which is equal 1o the roral purrent
through the series comhlnartian.

EACT: The valtage acrass serigs reslseors 1s diffecent For each bur adds to the taral
volragr acrass the sexics combinador.

EaCT: The voltage across pazallel zesistoms is the sarme for sach and cqual to the Tozal
voltage across the paraicl comhinarion.

EACT; Paralle resistars each carry differant cugrenss, which add o the total current
theough the parallel combinaden. .

— ]

Exam Tip {rom an AP Fhysles Veteran ' |
Many firstyear physics &2 dents are moee comfortable malting calculations witL
circuit problers than with explaining effects in words. IF you are confused by 2
qualitative citeulc question, try ADSWETiRE with 1 caloutetion: “Well, with 2 150-V|
batrery heer's 2 calculation showing charl et 1 A of current in the clreuit, buc with |
2 75V baciery 1 oaly gee 0.5 A Thos, cutting the bartery's voltage in half also curs
the curent in halE”

When you see a cireait, segardless of whar quescions abouc it are asleed, if's worth
malding a VIR charc listing the volage, CLICELL, and resistance for each recistor. Then e
faur Gasts shove and Qs Law-—the equadon 1= [i—can be used <o find the missing
vaine an any row of the chart. The casiest way ta undersiand the Yo/-R charc is w see irin
acdan, Warch.

Start by skerching a enaft and filling in kaown vahues. Right now, we know the
resistanee of each resiscar. The voltage of the batery is'c given, so make it up. Try
100 V.2

1 9y is 1t olay oo make up 2 vaiiage tharwase'c given! Say youre ashed w rank the eurcenes i the resbars. s doctaT
marrer how much eurcent you calouliare I eagh resistny, 2l that mamess 15 whethee B e whes o bigger curdent, iy
rensonable value will da far anrvedng qualirarive questisns.




154 % STEP 4. Review the Knowledge You Meed to Score High Electricity: Coulorrio’s Law and Circuis T 155

Mistabee: The V-I-R chart Is not & magle square—it’s mercly a tnel for organizing your
calcolaions for 5 complicated Grouir. Vou czn nor just 2dd values up and down the cobumns.

Ah. progress: Twa of the three caries in the “total” cow are camplrte, Therefare, we
can ust Ghars Law to caleulats the rotal cucrent in this circuit,

Next, simplify the cicouir, collapsing sees of pasalte} and secies resistors inmo their
cquivalent resistors.

FALT: The equivalent resisence of series resistors is the sum of alt of the indi-
vidug! resistors. The equivalent resisrance of paralle] resistors is less than any

EACT: Ohmls law says that voltage 2reoss 2 clrguir elemnent equals that elament
CuEfent gicnes s reslsacs

individual resistor

]
Srmaregy: When two identical resisirs are copnecred In parailel, their equivalent resistance s e This cquarion can ondy be used aceoss 2 single Tow in 2 AR chart.
half of either resinor. Hese, then, the pamailc] combination of resistors has equivalent resist- R - Tn the meal row, (100Vy =T {150 £3), giving a curror in the cireutt of 7= 0.67 A
anre 50 £, Brea with nonidentical parallel resistors, yoa can usually estimare their equivalent M Tow what? “Fe cant use )b law because we don't have any faws missing just one
treslstance mcugh ta do qualicative problems. 1f you need to make the cateulation, the enmry. We go ack to the Tour Key Faces.
egnivalen resistance of parallel resistors Is given by JRIN S - Tesistor R, is i series wich che barery; dince curent trough series rosistors It equal ta

. R & . . the coral cuscent, £y muss take the entize quoment flowing from the bamery, all 0,67 A Ahal
] Put 0.67 A in the chart for the curtent through R, and we ran use Ohuzr's Law vo calculare
the voltage aeross By thar's 67 V. The chars appeacs 25 follows.

100 & 600 5

Sjpce the other 100 £3 resistoc ls in series with the 50 € cquivalent resistance, the
equivalent resistance of the whole ciceult is 150 Q. We can put thar equivalear resistance
joto the chart,
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o to figare aut By and R Look at their 50 f2 equivalent resistor in the redrawn : , .
diagram. 1€ igu:er'lcs with the 100 & sesistor. Therefore, the 5Q €} resismr muwsc add is Kirchoff's Laws: Conservation of Charge and Energy
voltmpe ta 67 V o get the wotal volrage of 10O V and the volrage across the 50 [} cquivalent *° 7
cesistor 1s 33V,

Then use the faets. Paraliel resistors tale the same voliage across each that is equal 10 the
wotal vokeage across the combiuation. Botl A, and By take 33 V across thent. Fill in the chart.

FACT: Kirchoff's junction wule szys that the cusrent catering a wice juncdon
equals the cuccent leaving the junetion.

This fact is 1 soeement of conmrvatian of chatpe: Since charge cao’t be created ot
descroyed, £1C of charge =nters each <ecand the same amount each secand st Leave.

FACT: Kicchof's loap rule says thne the sem ol volrage changss around 2 cireaic
loop is zero.

This fact it 4 starement of conservation of enetpy beranse valtage is 2 change in the elec-
wical porearial encrgy of 1 C of charge. A battery can raise fhe electeical parenial energy
oF satne chacge that Bows: 3 cesismr aill lowec the porential enecgy of that charge.! Bur dw
eumn of all thess energy changes must e zero,

Loole bacle at che Four Key Faers These ame Just [Lstalements of Eircho s Jaws and thus
of conservation of energy and chacge.

The juscion rule apples che Fuces algut cusrens, Serles resistors rales che sume oue
rene chraugh sach, because there's no juncrign. The cureet thrgugh paratle] sesiscors adds
co the total hecavse of che juncrion bafnre and aftce the paraliel combinaden.

The loop rule applies Ta the facts aboue volrage. The vobmge across sevies resistors adds
) £ . o the totab voltge bresuse the resistors can only trop the potential energy 5f1 Cof charpe

' as much a¢ the battery eaised the charge’s patenizl encrgy. The voltape across parallel resis-
tors must be the sume becduse Wirchofs loop rule applies © all loops of the cireaie. No
mmateer which purallel path you tacle at, the sum of valage changes must still e zera.

T use Ohavs low acros the rows for Ry and By to finish the chare?

Power in a Circuit

Power 15 still defined as energy per second, jusc as it was in the chapter ahane energy.
Resisrars generally comvert cecrrical encrgy to othes forns of cergy—the amount of power
says how quickiy thar coaversion ooeums. .

16%Al 100 \ 087 M lI 150

‘EaCT: Ta determine the power dissipated by a resistor, use the eguation

"This chare can now be used (0 answer any qualicacive guestion. Sute, you should give

p=rv|

more justificasion than juse “laak ar sy chart heee” The hare will ensure you ger the right i

angwers, and that you have a clue sbout how tb approach the qualitatve guestions, - s
For mample, the oxam might ask the following: Rank the voltage actoss each resistor . O3f epurse, using Ohus Law, ye can chewe that ¥ is equivalent @ Phacwellas V—
from largest o smallest. Easy: Ry> Ry= Ry, Justlfy chat with g varbal descripsion of why you 1

decided to uge the calculations that you Jid: "Lool at the simplification of e dreult w
swo series resiscors, The valtape acrass chese owd secics esistors must add 1o the volrage of
the batery; but the cuseent theough them must be the same. By V= IR, the bigger resistor
st take che larger voltages rhis is A, Then R, and Byake equal voltage because they are
i parallel with ooe anather”

Exarn Tip from an AP Physics Veteran
1Fan AL question asks sbous power, Of equivalandy, “the energy dissipared by a resistar
per unic time," ke 2 fourth columut in your VAR chart. Use whichever of the pawel

| equations you can © exlculare power. . |
——
2 Ui, ic thae sealy righad The surrenc thrauph pural rexistor hould +dd 1 the o) cuerne, Bug 0.33 Aphur 0.33 4 —_—
ghives 066 A e we mid the ol ourrcnr vy 067 A This 15 fine Eapeer that roundlog Lo VIR thar il nor allow fac +The put:nrhl cnergy @mn be convertath by the msito? @ sacemal encegy af dhe reslster or e rurmunding e, misiog
sen-Fygure auncy. Whe res—the whale point is generslly 10 el nswer oonczptlel questions, Ay dhe IEmEErAtTE, 3 16 4 (ARster DuEn; O cauld bs camverted to lghe, as a2 Jampi oc coubd even B comyerzed m mechasberl

cnergy, 36 1o 20 eectle mamn
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Power doesn't abey the Four Key Facts. The total power dissipated by a banch of
resistors is just che sum of the power dissipated by cach, whether the resistts are in geres,
pacallel, or whatever. .

Cireutts from an Experimental Point
of View

When a cesl circuit is sct up in the labocarory, it usually consists of more than just resis-
ters—Jight bulbs and marors e common devicss t0 hook tw a bartery; for example. For the
purposes of compuration, though, we can consider premy much any electronic device to act
like a resistor

But whaelf your purpose i ner computation? Often on the AP Exam, 25 In the labora-
cory, you are asked abous hservarippal and measurable effects. The mosc common gues
tions inwokve the brightness of light beulbs and the measurement (not just computarion) of
current and volmage.

Brightness of a Bulb

The brighmess of 2 bulb depends salely on the powee dissipared by the bulb. (Remember,
power is given by any of the equarions TR, IV, ax VAR). You tan wemernber thar from your
own expetienice—when you go to the stare ©o buy a light bulh, you den'c ask for a 400-chm.
buth, but for 2 100-watt bulb, And a 100-wate tuth s brighter dhan a 25-watc bulb. But be
careFul—a bulb's power can change depending on the cugrent and voltage 305 hooked up
to. Consider this problem.

JE——

| A Yighe bull ls cared ar’100 W in the United Stares, where the stundard wall oudsr !

wolrage is 120 V. TF this bulb were plugged in In Europe, where the standard wall qudet l
voleage is 240 V, which of the following would be mue?

tA} The bulb would be one-quarter &s brighe.
B} The bulb would he onc-half as bright
() The bulb's hrightness would be the same.
(D) The bulb wauld be ewice 25 bright.

{E} The bulb weoald be four Tomes a5 bright.

Voue firse Instincs might be €0 say that because brightness depends oo powen, the bulb
is exactly as bright. Buc that’s not sight The power of a bulb can change.

The resistance of 2 lighe bulb Is a properey of the bulb iwelf and sa will not change no
marter what the bulb is hasked @

Since the resistance of the bulb stays the same while the voltage changes, by VIR, the
power goes up, and the bulb wilt be brighter. How much brightes? Since the voltage in
Eurape is doubled, and because volrge is squared in the equation, the power is multiplied
by 4—choice E.
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Ammeters and Voltmeters
Aumiecers measues current, and volanersss measure voltage. This is prewy abvious, because
current i¢ measured in amps, voluge in voles. Tt Is not necessarily obvious, though, how to
connecr dhese mmeters inm a cireait.

Rerning yourself of the propties of serics and parallel resistacs—voluage is the same for
any resistors in pasaliel with each other, So if you'e going w mrasire the voltage across 4
cesistar, you muss put the voltmeter In paratlle] with the resistor. fn the foliowing Bgure, the
meser hibded V; measures the voltege across che 300 £1 cesistas while the mever labeled Vs
measures the potengal differente berweca points.4 and & {which is also the volrage across &),

&
1000 e
9y —— Ay
Aa
3

00

Measuring voltage witk o voitmeter.

Curcene Is the same for apy resistors In ssrfes with ont anothee. Sg, if you'te going w
measure the eucrent through a resiston, che arameter must he in series with that resigror, In
the Following figare, ammeter A, measares the carrent darough resistor By, while ammerer
Ay Mmeasures the current through resistar f.

Measacing carreat with an ammetes.

As an exercise, asl yourself, is cheee 3 way © figure out the current in the other three
resisuars based only on the readings in these tvo ammerees? Answer s in the foomere?

¥The cument theough £ must be the same as thrauph Ry, because besh sesistors carry whatever cuc-
cent came diccedy lmm the bartery. The current thraugh Ry znd 7 can be derermined From KirchufFs
|unction sule: subtrace the cugrene o ff from che cucrenc in £ and har’s whart's kefc over for the sight-
hand branch of the circuie.
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E_Pracﬂce Fr

Note: Addidonal drills oo circuit ealeulagion can be
found in Chapter 18.

p iy

gy — 1200 1500

1, "Fhree tesistors are connected w a 9-V battery in
dhe circuic shown in the preceding Bigore. Justfy
all answees thosoughly.

{a) Rank the resistorz, from greatest ro-least, by
the voltage nrross eadh.

(b) Rank the resistols, From grearest to least, by
the current chrough zach.

(¢) Tank the sesistocs, from greatest 10 least, by
the powee dissigared by each, )

{d) Ls ie possible replace the 120 [} reslstar
ith o different resistor and change the volt-
age ranking? Answer chocgughly 1o a shost
paragraph.

(c) Is [t possible 1o ceplace the 120 {3 resistor
with a differenc resistar and change the cur-
rene ranldng? Answer thoroughly in 2 chort
paragraph.-

wola

i
gy

000

GO0 &

e You Need to Score High

oblems

. Enour esistars ace connccted 103 9. harrery in

the circuit in the diagraom.

{a) Calculate - the cquiralent resistance af the
clreult.

{b) Calculate the volrage across each resistor

{c) Caleulare the current thiough each reststor.

td) The 300 52 resistac 38 now removed from the
cigcuit, Describe in words, withour using cl-
eulations, what effcct this would have on e

circult. Be speeilfic abour cach tesiscoc

. Justilyyour answers ta the follawing in thart pars-

graphs.

() Should an ammerer be coonecied in series ar
pacallel with the resistor it measures?

{t) Should 2 volomete be connected o scries oI
paallel with the resistor it measures?

{c) Tloc: an ideal ammecer have large or small
resistnce?

(4} Docs an ideat voltmeter have large or small
cesistance?

+0 ¥20

. T positive, charges $Q and 420 arc separated

by » 'dlstance s, s shown above.

{a) Which is greater, the force af the +Q charze
o the +2) charge, or the force of the +200
charge on the +( chacge!

(h) Yo terms of given varables and fundamen-
tab codsmnrs, determing the magnimd: and
ditection aof the foree of the +2() charge on
the +( charge.

{c) By what Factor would the force calculated in
() change if the disrance berween the charges
were Increased oo 347

(1) Now the +Q charge is replaced by a nsg-
tive charge of the same magnitude, and. the
distance berween the charges is rerned o 4
Deccribe how the megoimde and direction of
the Faree excreed by each charge on dhe other
vill dhange from the eriginal siruation.

» Solutions to Practice Problems

L G

(bl

(¢

A3

()

(&

The eiccuic can he cederen, simplifying the owo
pasabiel resisoacs to theit cqulvalent resistance of
57 £1. Then whars lelt ts o resistors—100 £
and 67 Dl—in series with the 5.4 bamery. Since
series registors take the sarne cusrent through
each, by V= i with [ copstant, the larges
resisronce takes the lacger volage. Thars the
100 £) resistor, Parallel resistors cake the same
voltage accass each, equal o the volrage Ao
the eguivalent resistos Ranking by velage ghves
Vime » Vima= Yiun

Carrent paly tuns through a wie Al dhe
current it the cifuir st fua through e
100 £ resisrar and then split at ¢he juncton
with the paralle] resistors. The parallel rosis-
toxs each take the szme volmps by V=1R,
wilch constant ¥, the smaller resistor rakes the
targer current. Thars the 120 £ resistor, The
ranking by cutrent is T n? fana> haae
Tower is cutrenl times voltage. The 100 £2
resiseor hae the larprest cureent and the largest
voloage, so ithas the grearest power The othec
oo sesistars rake the same voluge, buc the
120 £2 resistor takes mare cUrrent thus, it bas
more power than he 150 €1 resistor. Ranldag
by power i Puoa* Flun™> Prnge

On one hand, if's not possible for the two
parzilel cesistors 1o tals different volrages, by
deBaition (or by Wirchofs Joap rule, if you
will]. But ics rorally possible for the paralicl
combination m take mare volage than the
100 £ resistor. We need che equivalent resist-
ance of the parallcl combinatian © be greater
than 100 0 then by 1= [R wich 7 consmant,
the equivalent reslstors would male higher
voleage, Replace the 120 3 resistor with. 52§,
2 1.000 © tesiscae. Then the equivalent resist-
auce af the pacallel combination wauld be
130 1 and would ke mose voboage than the
100 £ resistor.

There's 0o way to avold having the largest
curepe go theough the 100 [} esiscor: by
Girchoffs junction tule, 1o must take alt the
cucrent in the circuie, while cuerent sphins
herwean the ather Two costors. ow, nothing
gays that the parallel resistor that comes frst
in the diagram has © mlee che lacger current.

2. (a
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Replace the 120 £2 resisior with, sey; 2 200 &2
cesistat—ihs volage will still b the same far
both purallel resistors, buc now the 150 &
cesismr s the smaller ons, mlking the larger

current.
) First simplify the two perallel combinadons
wsing —E—=L+—l-. This giver 120 £ for
r,ORAR

the top branch, and 220 {1 for the boram
branch, These pwo equivalent resiseas acc In
sores with one another, 5o cheir resisrances
add o the equivalzat o give 340 I ’
[4) Bach pair of parallel resiswors rabeps the sume
voleage which Iv equal o that across the
cquivalent fesistance of the palr. Tieat this
a5 sedies resiscors of 120 & anct 220 L3 con-
neced 1 9 V. The cotal current i the clecait
is found with Ohms law wich the bamery
and the equivalent resisrance af the whole

chreuir: J = -—i-d—- = 0,026 A. [Thees casier ta

woderstand as 26—@’\.) The same 26 md gaes
theough each of the 120 £ and 220 £ resle-
coss. ee s law with 0.026 A anc each of
dyese resistances ta get valtages of 321V and
5.8 V. The foal answes:
200 01 resisor: 3.1V,
300 0 resistar 3.2V
400 £ resistor: 5.8V
$00 Q. reslstar: 5.8V

{e} We know the voliage and tesissance for each
individual resistor, Qbm's baw’ can be used w©
ger the urrent through each by just dividing
VIR, The answers aie as follows [don't worry
if you rounded slighdly differendy than 1 did):
200 0 resingn 16
300 £1 resisior 11 ot
400 £3 resistor 15 mit
500 £ mesistor 12 mA

(d} Starc with the entice cquivalent cirewit, The
9% bacery is unchanged. The mral resist-
apce increases—the bomom branch previously
had a resisrance of 220 [ but pow is just the
remaining 400 [ By V= 1R with conscant ¥,




162

{c)

«)

STEP 4. Review the Knowledge You Need to Score High

a larger total resistance causes & stnaller raeal
current. And the 400 0 msistor is now in

series in the bamers and se it would ke this -

cntire current. The 200 €2 and 300 £ resiseoes
would sl spiic che curreny, and in the same
sropertion; bur the totd current is smaller
than befare, so borh will take smaller current
e As for voliage, the equivalent sedes cir-
cuit has more gesistance in the second branch,
so the 400 © resistor takes more of the 9V
than befare, and the firsc parallel combination
takes iess valtage than before.

Serics resismor: take the same eurrene a5 each
other, which iz equal o the womb—thars
Kirchoff’s juncrion rule. An anmeter meas:
wres cucrant; it should be conneered in series
so that all currene char passss theaugh the
tesistar alsa passes through the ammeter.
Parallel resiscors mke the same voltage s
euch ather, whizls is equal to the total—thar’s
Kirchoffs loop rule. A volumerer measures
voltage; it should be connected in paraliel so
thar it abso rakes the same voleage as the resis-
tor iT MmEAsuing,

Ap ammeter is Ln series with a resietor. IF
the ammeter hzs a large resistance, chen it
also rakes a Jasge voltage, leaving less volt-
age to go acress the sesistor, and affecting
the circoir, I dhe ammerer has 2 very sl
resistance, thea ic takes hardly any of che
toral voltage, leaving the resiscor 0 have
the same valage and currenr as in 4 decult
wichlout the zmmeter.

A vobmaeter is in paraliel with a resistar. IF the
volemerer has a small cesismnee, then more

= Rapid Review

4. fa)

{b)

current will choose the parallel pash with the
voltencper chan with the resistor, affecting the cir-
cuit, But if the volumeter has 3 very barge resisc
ance, then almost none of the current weanld
ke the parallel path with the veltmeter In It
leaving che resisear 10 have the same voliage and
current as in a cireit wichout the voltmeter,

These farces are the same—Newton's third

law 2pplics ta all forces, even ehecrrical forces. .

Caulemb's law is the relevant equarion, Using
the variables as piven, the force of one charge

an che orh;f isk &](il—@ You can tearrange
2

a
this to Zk? if you want, but it's not manda-

@
tory for AP-style crediv, bug notice that you
shauld ner be including a plus siga anywhere,
or 2 minus sign if the charges were negative.
The magnitude of 2 force should not have
any signs an it The ditecdion is repulsive. 30
the +2¢] charge pushes the +Q charge ta the

* et :

(e}

(d)

The distance botween charges Js in the
depomlinaron so inceasing the distancs
decreases the force. The distance term s
squared, so that multiplying = by 3 multplics
the whale denominater by 32 = 9. Thercfore,
the magnitude of the force is reduced by 2
faeror of 9.

Now the facce between charges s attractve,
tneaning that the ~( charge will be pulled
1o the right. The mapninude of the force will
fot change from Parr {b), since the amount of
charge of cach irem and the discance between
charges will aot change.

. Coulomb's law is an equatlon for the farce exected by one electrical charge an another:

j’-’:k.g.l.gi

d-).

« The total amaunr of charge iv a system {or In the universe irpelf) is abwrays the same.

o The resistance & of a wice of ¥aawn dimensians is given by A=

FL

v
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Serics eesistoes each carry the same cucrent, which s equal ta the toral cucrenr dirough
the serjes combination.

» The volage across secies resistors is different For each but adds co the toral volage acess

the seties combination.
The voleage across parailel resismss s the same for cch and equal o the ol volage
across che parallel combination.

Pasallel resistors each carry different currents, which add to the rotal current theough
the parallel combination.

The equivalent resistance of series teslstors is the sum aof all of the individual resiswors.
The cquivalent resisrance of pacallel resistors s fess chan any individual resistor (and, if

you have to do the calculation, is given hyL=_1.+ 1 1.
R, z,

Obns law rays char voltage across 2 clecuit element equals that dement’s current imes
its resisrancer ¥'= IR This cquation can snfy be used across2 singfe row in a VR chare.

KireholF's junction cule says thar the current entering awire junction equals the current
leaving the junction.

KirchafF's loop rule says chat the sum of voltage changes around a circait loop is zero.

To decermine the power dissipated by a cesistor, use the equation =TI/




Waves and Simple
Harmonic Motion
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IS CHAPTEN
Summary: This chapter introduces basic properties of waves, especially of
sound waves. You'll define wave speed, frequency, and wavelength, and
relata themn through v= AL although a wave moves through a materal, the
pieces of the materal themselves do nat MoOvEe. Rather, they tend to oscil-
late in simple harmonic motien. This chapter deseribas exactly what that
rneans,

At

Definitions

¢ The peried is the tme for one eycle of simple haemanic motian, or the
tirne for a full wavelength to pass 8 posTan,

@ The frequency is the number of oycles, or tha nurnber of wavelengths
passing a position, in ong second.

& The unit of frequency is the Hz, which means “per second.”

© The amplitude is the distance fram the midpaint of a wave to its crest,
or the distance from the midpeint of simple harmenic motion 1o ke
maximum displacement.

& The wavelength is measured from peak to peak, or between any succes-
sive identical points on & wave.

& The spring canstant k&, measured in unlts of newtens pac rmatar {MAmD, T2
related ta the stiffness of a spring.

o A restoring force 12 any force that always pushes an sbject towared an
aquilibrium positien.

{145
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¢t Nodes zre the stationary peints on @ standing wave.
3 Antinndes are the positions on standing waves with the jargest amplitudes.

Yan're probably most Fasmiliar with waves on, the sacfece of a lake or pond. Those are
cransverse waves, which Jook Like the waves on the machine in the following figure. The
wavelengeh. of the wave can be measured with 2 ruler from prak peak.

Sirple Harmoenic Motion

Simple harmenic motdon rafers o a back-and-Forth ascillation whose posigion-time graph
looks like 2 sine function. The typical examples ace 2 mase lbrating on 4 spring, and 3
pendulum. )

Exarple: A cure of mass 0.5 kg Is atrached ta 2 spring of spring constant 30 Nfm
an a frictignless sir track, as Showl, The cart is suerched 10 com from the equi-
librium pasidon and refzased from rese.
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FACT: The period of 2 mass an 2 $pring in simple harmonic motien is glven by

OF course, the AP Exam will nor likely ask, ™Whac is the period of this escillaton?”
Racher, it might ask for the specific effece that doubling the mass of the carr winald have
on che periad. Since the m term is In the numerator of the period squation, a bigger mass
means 2 larger (longer) period of ascillation, Since the m s uades & squace 100t doubling
the mass muttiplics the pesiod by the square roos af 1.

What if the amplitude of the motion were Zoubled> How would thar affec the period?
Sipce you don’ seean A in the equation for the period, the period would not change. Thiz
is 2 penéral resufr for all simple harmonic moton and wave problems: The amphirude does
por affece che period.”

FACT: The frequency and period arc isverses of pne ancther.

Oace you kngw by being told o by doing the caleulagion that the perind of this mass on 2
spring is 0.81 5, you can use yous calcuizzos o do 1 divided by 0.81 s, giving a frequency all2s

FACT: The acnount of restoring force cxerted by 2 spring is given by

F=ke |

The foree of the spring on the Qrtis therefore greatest when the spring is most sreeched,
bue zeco 2t the equilibrium pasition. And since a4 = £, fm, the acceleration likewise changes
fromm lots 21 the endpoines, to nothing ac the middle.

This means that you cannor uge kipematics equatigns with harmonic motion. A kin-
ematics approach requires consrant scceleration. Instead, when 2 problem asles For the speed
oF & cart somewhere, use conservarion of energy.

EACT: The spring potential encrgy is given by

Py = 1oh% |

X

VTyere axe sxrepdons for siample and physiead peadulum on=e e ampbituds reacho Large enough walues, bue the AP
will muae Hlkely stk much abour these fruations,
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The encrgy stored by the spring ke dus lasgest ot the endpaint and zero at the equilib-
¢ium posizion. There, thic spring energy is completely converted to the kinetic encrgy of the
care. Whee is the card's speed greatest, thea? Ar the equilibrium postdan, of course, because
linetie enecpy it Yammd—~Jargest kinctic cuetgy Means largese specdl.

To caleulare the value of the maximum speed, write out the energy eonversion from the
endpoint of the motlon @ the midpoint of the mation: spring porential enecgy is comverted
w kingtic eneegy- Translared into cquacions, you BeC Taks? = Yamed, Plug in valnes, and
solva for the speed. Fese, you get 0.77 mis (Le., 77 emish?

Example 2 The pendulum shown in the peeceding figure is released from rest at
the starc posirion. Tr oscillares theough che labcled positions A B, G and D.

Treat a pendulum precty uch the same way as 2 spring. 10 sdll in harmenic
mation; it stilk cequires an enesgy appioach, not 2 kinemades approach, wo determine its

speadd 2t any positol.

FACT: The period of 2 pendulum s given by

JE

Am——.

T

As abways, I¢s unlikely you'se going to phsg in numbers to calenlaie 2 period. Amoog
e pazillion possibiliies, you mighe well be asked rank the Listed positions in terms of
sorne quanticy or ocher. Here arc some ideast
Yiagk the lereered posisions from greatest o Jeast by the bob's gravitational pocenal
cnergy. Gravimtional potential energy is mgh the bob alveays fuas the same mass znd
gean't change, 50 tie highest vertical height bas the preatest gravitxtonal porential
eucrgy. Rankinp D> C=A> B.

Rank the letrered positions from greatest 1o Jeast by the bob's ot mechanical energy.
Total mechanical energy means the SWIL of potential and kinetic enargies. Here, with

it [argee ro camvele the ngxlmum divnes From equilitrium 1w 0] memn befuce plupglng Inco the equation.
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6 noaconservative force lilee friction scdag, and mo incernal seructore o sliow foe
inteenad cneegy, che coral mechanical enerpy daesn't change. The runidng is as fol-
jows: (A=B=C=D)

Fank the lerreced positions from greatest @ least by the bab's speed. Since graviarional
potential enesgy e converted ca kinetic encrpy, the bob moves fastestwhen the gravi-
tarional noscntial energy is srmallest, Ranking: B> C=A =02,

The gravisational field at the surface of Jupiter iy 26 Nilgr and on the surface of the
Mooa, 1.6 Nikg. Rank this pendulum's peried near these owo planecs and earth,
Sipce g is in the denominatar of dhe period cquadan, the lowest gravitstional ficid
will have the greatest periods 56 Thien > T ® Tjupie TheE ranking by frequency
would be just the oppasite-—because frequency Ls the inverse of period, « bigger £
Veads o 2 smaller period bur a bigges frequency,

Waves

"The AP Physics 1 Baam covers only " mechanieal” waves, such as saund, oo waves on the
sucface of the occan. Lighe waves {i.r., clectramagnetic wyes? are not covercd ia detail.

FACT: Whegever the moran ofa macerial is 1t £ight angles tn the directioe in
arhich the wave travels, the wave is & TraDgverse wave.

Exgenple 3: A wave pulse cravels 10 the right through 2 spring and then extends
into 2 second, spring in the preceding figure. The speed of the waves Is faster on
the right-hand spring. ’

“This is a transverse wave pulse—ihe coils of che spring travel up and down the page,
whils the wave lwelf moves o the right.

FACT: The cnergy carried by = wave depends on the wave's amplitude.

A good AP-style question might astcyou to resherch the diagrm so dara pulse of aboar
the same wavelangeh cueries more encrgy. Make the amplicude—rhe maxdmuen displacement
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of the enil above the resting positon—Dbigeen then, beeanse ammplirude is relared w cnergy
casried by & wave. Keep the pulse 2hout the same leagth.

FACT: When a wave changes materials, its frequency remains the sare.

When chis waves moves lnm the new spring the wave speeds up, but the frequency
remains the same. By v = Af the wavtlengths will also increase, hecause multiplying the
same frequency by the veavelengh has to give 2 bigger value for v. The wave will look wider,
then, ip the new SRIng.

EACT: When o saterial vibrares parallel 1o the direction of the wave, the wave is 2
fonpitmdinal wave.

D

Example 4: A wave wavels through = spring. A picture of the spring is shown in
the preceding figure, wish. point  laheled. )

This wave it 2 longimdinal wave—rhe distuchance s waveling through the spring, so
it is raveling right or lefe. The coils of the spring icself are spread out and compressed
Since the moton of the spring’s coils la alse lefe-right, parallel to the way the disturbance
is traveling, thisisa Jongitudinal wave.

Try dowing a wavelengeh on the picrure. A weavelengsh Js defined as the distance
Lerween two identical positians on the wave. From position C to the et spot where the
cails arc all screrched out Is pne wavtiength.

Superposition and |nterference

When two waves coblide, they don't bounce ot stick like objects da. Rather, the waves
iarerfere—they form one single wave for just = moment, and then the waves coprimue o0
thelr meery way.
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EACT: In consteurtive intecference che crest of enz wave aveclaps the crest of
another, The result is 2 wave of inereased amplifude.

Tyro wave pulses abont to interfore cansernetively.

The two wave pulses on a sing moving woward cach other in the preceding Agare will
{nterfore constructively, since their amplitudes are on the seme side of the sting's resting
position, When the pulses meex, the wave will lock like the dark lin in the fallowing figure.

Targ wave pulscs interfering coostractively.

Then the waves continue on in the diccction they were originally waveling (sce the fol-
lewing fguec).

NN

T wave pulses after interfering copstrnsiively.

EACT: In destructive interference the crest of ane wave overiaps the wough of
aniother. The resule is a wave of reduced amplirude.

The same principle applies w0 waves with amplimdes on apposite sides of the string’s
resting potitian, producing destructve inteeference.

1E wre s2nd the owa wave pubses in the following figure towaed each othes, they will
intesfere destructively (nexr Opure following) and ther condnue along their ways (Jast
figure following).

_./\\_4""“’ i
e

Two wave pulses shont to interfere destructvely.

.

Two wave pulses inceclering destructively.




177 1 STEP 4. Review the Knowledge fou MNeed ta Score High

e e

“Two wave pulses after interferisg destructively.

Standing Waves

A standing wave by deflaition is 2 wave char appeats w stay in one place. In some _p_osll:inns,

the serings vibiate with lasge amplitude—these are called antinodes. In other positians, the

swlngs don’cvibrare ar all—these are called nodes. )
The reasosn that a standiag wave exists cevolves around interferance. Waves are waveling

back and Foeth on the sering, eeflecting off of each end and incerfering with cach prher b

willy-nilly. The net effect of all chis jnwecference Is a partecn of nodes and antinades.

Exampla 5: A guitar sceing of lengeh 1 m is phuclezd.

Generally when you plucle # string, you produse a standing wave of the langest possicle

wayelength, and thus the smuallest possible frequency. The scring will Inak like the preced-

ing plevare if you warch it carefully.

FACT: The wavclengeh of a standin wave s cwice the nede-to-node distance.

In this case, the node-to-nods distance is equal to the lepgth of the suing: 1 m. So the
wavelength here is 2 m. ‘

But what ifyou put your ngervery lightly on the middle of the string, forcing a node
o cxist there? Then you create & harmanic, like the oae shown in the following figure. Mow
the warelengeh of this sandlng wave s 1 m.

And ydu can pur 1ot just one O tWo, but any whale namber of antincder oR 2 sering.
{Sec the foltowing figure)
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FACT: Foc asteing fixed at both ends, oc for & pipe apen at both ends, the smallesc
[requency of standing waves s given by

lﬂzi?

where v is che speed of the waves oa the siring or in che pipe. Other harmonic frequencies
for tiis swiag or pipe must be whele-number multiples of the fundamental frequeney,

When we're dealing wich an open pipe, the speed » is generally the speed ol sgund In
air, o¢ abouc 340 m/s. For a steing, the wave speed depends on the rension in the string
2nd the mass of T meter worch of sering—usually you're talldng a few hundred meters per
second {mfe), but that can vary.

So i this guitar sulng peoduces 1 fundamenal frequency of, say, 100 Hz, then the
harmonics thac can be played are 200 FHe, 300 Ha, 400 14z, crc. This slng cannor olay a
Frequency of 150 Hz or 370 Hz, at least uniess the length of the string or the tension in
the string is changed.

FACT: The pitch of 2 musical note depands on the sound wave's [requancy; che
lpudness of 2 note depends ao the sound wave's zmplitude

A gultar can genecally play any pote in a musical scale, Buc how @n chat be, If the
harraanics ame restriceed co muldples of the fandamenral frequency? Froducing harmonics
is gencrlly aot the way to play 2 guitar® Racher, the frews on the neck are used w shorten
ot lengthen the steing; since the speed of waves on the string is unchanged, shorrening the
seding lowers the Lin fj =37 The findamencal frzgueney of the shartee sering will be higher,
and thus the nare played will be higher pirched.

The puirar can be tuned by cghrening or loosening she sering. A dghter sting far
example, will produce a sranding wave wich bigher wave speed. For the same lengrh of
swing and thus the same wavelength, the frequency will b highee by o= Af A higher
frequency means e bighee-pitched note.

Closed-Ended Pipe

,/”/4—,,-—— h

e

T

Example &: A 1-m-Jong PVC pipe is covered 2t one end and apen at dhe athec.

“When a plpe is open at one end and closed at the other, the sandlng wave ia chis pipe
must liave 2 node ac one cod aad 2n antinode ac the other. The wave with the Jongese possible

IHgrmontes (ocher ian the Fandamenmall ace no the soies you hean The evertons [the hermoniar highes than che
Fandunenial] are whag glve the auce fes quadfey, whlch makes 3 guliar sound lies 2 gulsar ae o violln sopund Wk 2 viglin.
Afer alf, the strings themselves are sbour e same, so dld you ceer wander aw it T ol are able o well die diffeence
herween the sounds of stinged lstruments?
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wayelengeh is shown in the preceding figare. The wavelength of 2 standing wrave it always

owice die node-to-node distance Thur the wave is 5o long that we don’t even se= a second | -

node. Te naens oug that the wavelength of rhu prave 15 4 m {faur cimes the leagth of the pipe).

FACT: For 2 pipe closed at one end, or for & siring fixed 2x one end bat free ar the
atber, the senallest frequency of standing waves Is given by

U

=7

where o iy the specd of the waves on the sting ia che pipe. Oriker harmonic frequencies
for this string or pipe must be odd sendleiples of the fupdamental frequency.

The speed of waves in this pipe is the speed of sound, of sbout 3401 mfs. The funda-
rmearal frequency i 85 He. The other frequencies that chis pipe &2n produce are anly the
peld sauttiples of 85 He: 255 Hz, 413 Ha, etc.

Beats
FACT. Beats are thythmic interfeconee that eccums when two nates of unequal but
clase frequencies arc played

1f you have 2 couple of runing Focks of similar——but nat identical—requency ta play
with, az I you have a couple of 1onc generators at your dispasal, you might eajoy generst-
ing some bears of your own. They make a wonderful “wa-wa” sound, which is due 1o 2
periodic inarease and decrease in intensty, ot loudness. The frequency of the “pa-wa” i
equal to the difference berween the two frequency generatats.

Doppler Effect

Whepever a firc angine or ambulanes races by you with s sirens blaring, you experiencs
the Doppler effeet. Simtlarly, if you enjoy warching a0to tacing, that “Neges-yreeer” you
biear 25 the cars scrcam past the TV camera i also arribusable ta che Duppler effect.

FACT: The Dappler effeccis the apparent changs n 2 wave's frequency that yoa
hsecve whenever the souree of the wave is moving vowrard or away from you.

" To understand the Doppler effect, 1efs look at what happens 45 2 fire track mavels past
you {see the following vao Hpures). E

»)

When the Fre truck moves toward you, the sound waves get squished togethes,
increasing the frequency you hear.

& %
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s the fire truch moves away from you, ths sound waves spead aparr, and you bear a
lower frequency.

s the Bre tuck moves teward you, its sirens are emitting sound waves. Lac's say that
the sirens emic one wave pulse when the muck is 50 merers away from you. It then crmit
another pulse when the suck i 49.99 meters away from poa. And so on. Becavse the truck
keeps moving toward gou as-ir ermifs saund waves, it appears to you that these waves are
gerting serunched togeehar.

Then, snce the cruck passes you and begins o move awsy from you, it appeass as if the
waves are steeeched oue.

Now, imagise thar you coutd record the instant thar each soand wave hirs you. When
the crucle is moving toward pou, yae wodld gbseeve thar the time herween when ane wave
bits and when the next wave hics is very small. However, when the truck is moving away
frorm you, you would have o wait a while begween whea ane wave hic you and whes the
next anc docs. In other woeds, when the truck is moviag wward you, you cegister thar the
sirens are malting 2 higher frequency noise; and when the truck Is rncrvi.x;g away, YOu TEEsies
thar she sirens are making = Jower frequency nolsc. :

Thay's all you really need o Jmow abour the Doppler effect. Just remember, the effect
1e sather senall—ac normal speeds, the fregoency of, say, a 200 Hz nowe will only change by
2 few rens of Hz, nor bundreds of Ha.
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% Practice Problems

Nozer Addidonal drills regarding simple barmonic

odon gmphe ate included in Chapter 18.

1. In a plpe closed at ope end and fifled with ain, a
384-Hz tuning fork resonates when the pipe Is
23-¢rn Yong this tuning fork does not resonare for
sy sialler pipes.

Verical displacerment (m}

{n) State chree other tengths st which chis pipe

L

will resonate with the 384-Ha tuning fore

The cnd of the pipe that was closed is now
ppeacd, sa that the pipe is open at both ends,
Describe any changes in the lengths of pipe

thacwill resonare wich the 384-FTx taning fork

() The air in the closed pipe I replaced with

helium, Desceibe an experiment that would
use the pipt to derrmine the speed of sound
in helium.

[kl

0.20 -

-0.14

2104

q.00

a8
Dlslance {m}

2. The wave shawn in the previous fgure reavels ing
material in which its speed s 30 mfs.

(a) What is the wavclength of this wave?
th) Calenlare the frequency of this wave,
¢ On the diagram, deaw 2 different wave that

has 4 larger frequency but cacries less encrgy
than the ooe pletwred.

3. Consider the followlng questions about dec-

T

mmagnetic and mechanieal waves. Jusify yoor

answer ta each,

{2) Which of the fullowing types of wave can be

transmitved through space, where there is no air!
Choose all that apply. Justify youe answer bheiefly.
&) Visible light
{13} Ratlio waves
(i) Gamma rays

{iv) Sound waves

{b)

(muleple choicc) A tuning fork vibradng in

air produces sound waves, These waves are

best classified as

(A} Transverse, because che mic molcoules ave
vibrating parallel 1o the dircstion of wave
matinn

(B) Transvesse, besause the air malecules are

vibrating, perpeadlcular to the direcrtion

of wave rotion

Longindinal, becanse the air malecules

are vibrating parallel to the direction of

wave motdah .

(T} Longitudieal, hecause the air malecules
arc vibeating perpendicular o the diree-
tion of waye maton

c

() (multiple cholee) Radis waves and pamma
rays maveling in space have the mme
{A) Prequency
{B] Wavelength
{Cy Prriod
(D) Speed

(d) Which type of wave exhibits the Doppler
cffecdd Choose alt thar apply. Justfy your
answer briefly

(i) Visible lighe
(i) Radio waves -
(iif) Gamma rays
[} Sound weves
4, The drives ‘of 2 car blowe the hom as the sr
approaches you.

(x) Compared ta the hoos pitch heard by the
driver, will the plich observed by you be
highér, lowes, or the same?

th) Ths caz passes you, while the driver continaes
o blow the harn, After the car passes, you
notice that the harn doesn't sound as Joud as
it dld when it was acaz yow. Is chiz ohservation
a result of the Doppler effect? )

{¢€] The car recedes from you after passing you,

still producing sound waves fram the horn.
Discuss how the 2mplitade, period, and fre-
quency of the sound waves that you would
measure campare to the amplicude, peded,

and frequeney of the sound waves that the
driver wounld measure,

5. The peried afa mass-on-a-spring syster is doobled,
while sl wsing the same spring.

{a) By what factor dees the Requency of the

ass-0n-a-5PIing system increase or decrease?

(b) By whar facvor doer che mass atmched to the

> Solutions to Practice Problems

spring increase or decrease?
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1. {a) Berause 22 em is the shorrestlenglh of pipe dhat

0]

resnnates, 384 Hx s the fundamenml frequency;
the one that produces waves wichaur any nodes
inside the pipe. There must be an antinode at
ooe end wnd 2 node ac the other (because ics
clased at ane end and open at the other}. As
the pipe length s increased, the wavelength
of the sound wave docstt change, becawse the
Frequency of the tning fork and the speed of
sound den't change. The pipe will next resonate
when ance again there is an andnode az one end
and 2 node at the other, {This dme, though,
theee will be another node inside somewhere,
tos.) Slnce the antdnede-tg-node distance was
22 cm, we need w add that dlsacs tvicz ta get
angther full “humgp® of 2 smcﬁng wave (nside
the pipe. Add 44 am o the pipe @ ger ceso-
nance at & plpe leogth, of 86 cm; add anather
44 emoto et resonance ac 110 cmy and add
apgther 44 on o get cesonancs at 154 em,
MNow anly standing waves with nades 2t bath
cods of the plpe will sesonate. The wave of
22 em har 2 node at one end and an ansinede
at the pther—ic will no longer resonate. Bue
&4 cm 15 the nade-ro-node distance, so 44 cm
will resonare. Whereas 66 cm used o resonace
in the clased pipe, ie will netin the ppen pipe
because an antinode 1z at one end. Insread,
any multiple of 44 cm will resonace becanse
1dding 44 cm adds a fu)) node-to-nade dis-
tance, ensucing a noda at each end.

W know the frequency of the runing forle
To use the equatian ¥ = Af we need the wave-
[ength. of the wave 4s well. Play the wning
Fork 10d shosten the pipe untl ance again we
find the shortest pipe length that resonates
with the mning fork. Thats the fundameatl,
with an antinede ar one end, & nede ac the

(¥}

. (a)

&)

{e

—
£

O

P

o]

E

- peher, and no nodes in between, The wave-

length of ehe saund wave is four times this
shartes resomacng pipe leagd.

The wavclength is measured from pesk w
peak or tough to trough, That's 3.0 m.
Uscv= .ﬂ.f.‘ LBt mi)=3.0my .. f=10H:
The encegy carcied by 2 wave depends on
the wave’s amplitade; this wave should haye
a smfle; amplitude, Sinee the wave speed
doesp't change, a bipger Fequency means'a
smialler wayelength by v = A%

Coreeet wnswers: (i), (i), and (). Caly clec-
tromagnetc waves can be bransmitted through
1 vacutzn, That includes gamuma rays, vieble
ﬁght, and radio waves, which ace all patts of
the electromagnedc specerum. Sound waves
require & macerial o be ransmieed.

Correct answern: (). Sound waves are lon-
pitudinet, by definition. Alsa by definitlon,
"longiwdina” raeans that the pasticles of the
marerial ate vibracing parsttel o the directlon
thac the wave travels, .

Caoreecr answer: (0], The meed of lighe—aor
1y cleCtroMAERETc wave—il 3 vacuwn s
300 million mfs. Radio and gamma rays have
different freguencies, and thus differeat wave-
lengths and periods.

Correct answers: (5 G, Gil, (060, Al waves
exhibit the Doppler effecc. When the source
of the wave meoves toward an obsecves the
Ub.ﬂ'_n'tl: D[DS{.I'VCT WAVCE UE highU .F.l:cqucﬂc)n
For sound waves, rids means you'd hear a higher
pircly for visikle light, this means youll sec a
“blue shift.” Gamma and radio waves would
alsa be observed to have 2 bigher frequency.
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4. () Dydefnition, when a source of waves approaches be fower based on the Deppler eMect. Stnce - -
an observer, the observer observes waves of 2 period is the inverse of frequency, 4 smaller D:ﬁﬂp'?"‘ closed ar one end, ot for 2 siing fived v vas end bus frec ax che other, the
highar frequency. Pitch of 2 sound is relared to Frequency means 2 larger period, smallest frequency of stnding waves js given by § = 37, where v is the speed of the waves

> . on the sting or in the pipe. Other hacmanic frequencies far this seri i
® ':It‘;;e s;;r;c}lj l\:ra:;:f:}:ﬂ:;)’-’ hout boudness. 5. (2) Frequency is the inverse of the perind When odd muldiples of the fandammenwt Gequency. enuencies for this srring or pipe must be

) the period deubles, the frequency is cat in half. . o _
anly abnur fequency: The hora sounds less loud (5) The relevant equation Js T = 2 ;‘E The Bears are chychmic interference thac oeeucs when two notes of unequal but close frequen-
becmise che enecgy created by the wave soucee 4

spring conscanc doesn’t chanps because ifs cies are played.
iy e}
?:\:z& wrf::;:e: i—;ﬂ;" nﬂmn: ]::E:;;pascj::: f;; the same spring. Since the mass terro Is in the The Doppler effect is the appareat change in a wave’s frequency that you observe whea-
mgfg:;rhd by a wave 1 telaced 1o its ampli- numeratar and square roted, the mass should : evee dhe source of che wave is moving twward or away from you.
rude. and since amplimde is celared €0 loudness quadsuple. Then, square rooting che factor of
for 2 sound wave, yEu \car 2 sofier BOWE. fpur increases the whale fraction by a factor of
{c) The haen womt scem as loud (as discussed in o,
[b)), so the amplitude is smaller than what
the deiver heats, The frequency you hear will

» Rapid Review

« The peried of a mass on a spring in simple harmonic mation is given by 2?:-%.
» The frequency and period are inveeses of one another.

+ The amount of restoring force exened by a spring bs given by £= fr.

» The spring potential energy is given by PEqqn, = Yok,

« The petiod of a peodutum is given by 27::“%.

« Whenever the motion af 2 material is a ghe angles to the dircedon in which the wave
travels, the wave is 2 transverse wave,

« The energy curicd by a wave depends on the wave’s amplimde.

+ When 2 wave changes matcrials, its [rtquency remaing the same.

- When 2 material vibrates pasallel 1o the dircedon of the wave, the wave Iz 2 Iongimdinal
wave.

« Jn constractive Lutceference the crest of ane wave overlaps the erest of another, The result
is a wave of increased amplivade.

« In destructive interference the crest of one wave aveslaps the teongh of another,
The result is a wave of reduced amplirude,

« The wavelenph of a standing wave is ewice the node-w-node disiance.

+ Tor a sudng fixed af both cnds, or for a pipe open at both ends, the smalless frequency
of smnding waves is given by f, = 77, whece o Is the speed of the waves oa the suing ar
in the pipe. Other harmonic Frequencies for this sring er pipe must be whele-number
rmauldples of the fundzmental frequency.

= The pitch of 2 musical note depends on the sound wave's frequencys the loudness of 2
note depends oa the sound wave's amplitude.




