'CHAPTER 10

COLLISIONS
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COLLISIONS PROVIDE 600D ILLUSTRATIONS OF THE CONSERVATION
OF MOMENTUM AND ENERGY. LET'S START BY LETTING
SOME THINGS COLLIDE WiTH THE GROUND. PLL DROY SOME
BALLS MADE OF VARIOUS MATERWALS, AND SEE How HIGH
THEY BOUNCE. AS YOU CAN SEE, SOME BOUNCE HIGHER
THAN OTHERS.
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COLLISIONG RANGE EROM

TOTALLY ELASTIC TO ] t €
TOTALLY INELASTIC. N ! ' '
A TOTALLY  INELASTIC : ' Wy
COLLISION, THE BALL o &
DOESN'T BOUNCE BACK r::i"w g 1
AT ALL, LIKE THE o —— ==
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IN A TOTALLY ELASTIC COLLISION, NO K(NETIC ENEREY 15 LOST
AS HEAT ON IMPACT. THE UPWARD $PEep MFTER THE BOUNCE
14 THE SAME PS THE DOWNWARD SPEED JUST BEFORE. IN AN

INELASTIC COLL\SION,
SOME OR ALL oOF

: y i ;
! 1 ! : THE OBJECTS
; ! ! 1] KINETIC ENERGY
w® @4, @O 15 LOST.
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You MIGUT THINIK THAT
NO REAL DBJECTS ARE
nBSOLUTELY ELASTIC,
QT CoLLISIONS gema:n
KTOMS CAN BE . SINCE g
HEAT (5 THE RANDOM \ ’
KINETIc ENERGY OF MANY S
ATOMS, WEAT poes NOT oA
EXGT KT THE LEVEL 2T
OF ONE OR TWO Aroms’ g \
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("WERE 15 A TOTALLY INELASTIC COLLISION. A LOADED
FREIGHT CAR, Mpes 100,000 kq, ROLLS AT 3 m/sec
INTO A STATIONARY CAR OF MA%S 50,000 K4- WHEN

THEY Wir, THE COUPLER ENGAGES. (THIS MAKES IT
WNELRST(C.) THEN WHAT UPPPE)NG 2

-
p—

~

%\ |

& |

100,000 K6 ~ = (%‘)
3 m/sec ' E L (

..__.._/@ - @\

L[/UHU 70U \_X\_\\X\>J

40LUTION: WE WANT To FND Tie VELOCUTY OF THE
COUPLED CARS. CALL IT V. THEN:

ﬂN\T(AL MOMENTUM = 100,000 K6 * 3 M [$EC
Emn MOMENTUM = 150,000 K6 % V

5INCE MOMENTUM 15 CONSERVED, THESE TWO ARE ERUAL:

150,000ke-v = 300000 M-Ké/cpc .
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V=2 M.
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@RE"S A 2-DIMENSIONAL
EXAMPLE: AN 80- K&
FOOTRALL PLAMER (OIND
NORTH AT 3 M5 15 TARCKLED
BY A 100-K& PLMER GOING
EhsT AT 2 Migec.

APTER THE |MPACT, WHIGL
whY ARE TheY HOING,
U\ND HoW FpST 2
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| THi6 “EXECUTIVE ToY" OF ﬁ

UANGING BALLS ILLUSTRATES
AN ELASTIC COLLISION
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{1 Lot OpE BML FALL...\ (. AND ONE BALL FLIES OFF !
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KINETIC ENEREY 15 CONSERVED,
. ) 50 THE QaLLisioN 15 ElsTe. )

(wTM DON'T TWo BALLS FLY OUT WiTh HALF THE SPEEPY THAT
WoULD CONSERVE MOMENTUM{ AS MV = LWV 3wy,

@T RN

KINETIC ENEREY. The

ELASTIC
CoLLISIONS

lNCOMlN(a BkLL kS CONSERVE
KE. = imvZ Tuo MONNJTUM S
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r\N\'m JUST TWo BALLS, j

WE CAN SEE AN ELASTIC
)

COLLISION BETWEEN TWO
THE INCOMING BRLL “STOPS

EQUAL MNSSES:
DEAD)  TRANGFERRING
ALL 1T$ KINETIC
ENERGY AND MOMENTLM
To TRE OUTGOING
BALL.

Q
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Xou See THe SAMe
SITUATION, APPROYIMATELY
IN THE HEAD-ON
CoLLISION OF BILLIARD
BALLS — BLUT WITH
BILLINRD BALLG, SoME
OF THE KINET(C ENERGY
16 1N THE BALL'e,

ROTATION

WHICH BRINGS LS
TO Tee NEXT
SECTION...




(’ WE ARE ALL AWARE THAT A MASSIVE OBJECT, LIKE w
ﬁl—ll‘s “WHEEL OF FORTUNE,” WAS @@t@&‘ﬁ loN AL

&]E@Eﬂ:ﬂ&o \T's WARD To START MOVING, AND ONCE
IT5 BoING, 1T RUNS h LONO TIME BEFORE FRICTION BRINGS
\T To A UALT. JUST AS ORDINARY INERTIA RESISTS
ACCELERATIONS, ROTATIONAL INERTIN RESISTS ROTATIONAL

ACCELERATION.

TUkT TwNe
WAS SPUN

RovOH THREE
CoMMERCALS
MREMY.. -




rDlo You REALIZE
THAT ROTATIONAL

INERTIA DEPENDS NOT HIGH ROTATIONAL
ONLY ON MASS, BUT 'T':)‘R;A"‘R_r":zgl 3

ALSo ON How MAGS
15 DISTRIBUTED?
MAS5 ON THE OUTSIDE,
MWAY FRom TRE

CENTER, HAS MORE LOW ROTATIONAL
ROTATIONAL INERTIA INERTWA:
THAN MASS CLOSER EASIER TO
Qo THE CENTER! AL )

LET's RACE M “RIM -LOADED" wHpsL AGPINST A MASS-
CENTERED WHEEL DOWN AN INCLINED PLANE - Tue
MASS - CENTERED WHEEL QUICKLY TAKES THE LCAD,
BECNUSE 1T 16 EMSIER To GET ROTATING TUAR THE
RIM-LONED WHEEL .
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ko‘H\T:ONAL INERTIA 15
ANALOGOUS TO MASA,

WHAT 16 THE ROTATIONAL
awioe OF FORCE 2
HERE RINGO OPENS A
MASSINE  Dook, BY
PUSHHING AS FAR FRoM
THE HINGES KS
POS4IBLE , AND His
PusH 15 PERPENDICULAR
To THE DOOR.

-

THE SAME PRINCIPLE APPLIES WHEN
Woll USE k WRENCH To REMOVE A

NUT. You GRASP THE WRENCH AS
FAR OUT NS P0541BLE AND PuSH
OR PULL PERPENDICULAR To THE

WRENCH -
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WE CALL 1] (R- PERP™), THE PERPENDICULAR DISTANCE FRoM
THE PIVOT Pom-r To THE L\NE OF FORCE, THE

LEVER ARM.

_--—--.——_—

F

THE PRODUCT OF FORCE
AND LEVER ARM 15 THE
TWISTING FORCE, OR

ROROYIES

Torque =F-r .
TORQUE \9 THE ROTAT:ONAL M/ALOG OF FO(?CE

NOTE HOW MAK(Né F PERPENDICULAR To THE
RADIS (THE WRENCH) MAXIMIZES K. |V OTHER

N WORDS, A ?GR?END(CU(.P(R
i PUSH 16 THE MOST
> EFFECTNE PUSH !
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/" OUR FINAL ROTATONAL ANRLOG 1§ ™~

ANGULEAR MOMENTUNS

8Y ANALOGY WITH LINEAR
MOMENTUM (MAS5 TIMES QbRE--
VELDCITY ), ANGULAR MOMENTUM
15 DEFINED AS

ROTATIO%NA\. INERTIA
| ANGULAR VELOCITY.

(ANGULAR VELOCITY 19 JUST THE TURNIG RATE. \T CHN BE
EXPRESSED 1M REVOLUTIONS PER SE(OND. )

LOUNTRY <
REVOLUTION,
EVERY $ECOM

UNLIKE MASS, THE AMOUNT OF ROTRTIONRC INGRTIA CAN BE
CUANGED “IN MID-FLIGKT" B4 REARRANGING e MASS.
TS MMKES ROTATIONKL MOTON MORE COMPLICATED THAN
LINEAK MOTION. =

THE, FOR BXAMELE,
THE CKE OF
THE STINNWG
|CE SKMER...
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REMEMBER THNT MOMENTUM 15 CONSERVED ¥ THE ABSENCE OF
EXTERNAL FORCES. LIKEWISE, /\VIGUILEY2) MOMENTUM 15

CONSERVED N THE ABSENCE OF EXTERNAL Ey{GYag, TUT

THE SKATER BEGINS SPINNING | | BUT WHEN SHE PULLS [N HER ARMS,
WITH HER ARMS EXTENDED. HER ROTATIONAL INERTIA GOES

P DOWN. HER ANGULAR MOMENTUM
REMAINS CONSTANT —S0 RER
ANGULAR VELOCTY INCREASE, |

IV THHS RESPECT, AN ICE SKATER RESEMBLES A COLLAPSING STAR.
THEY BOTH CONSERVE ANGULAR MOMENTUN !

WHeN M ROTATING STAR 1T5 SPIN INCREASES | | AND T ENDS UPAS A
Dies, \T BEGINS TO TO CONSERVE | SUPER-DENSE BLOB
COLLAPSE FROM THE FORGE | | ANGULAR MOMENTVM.| | OF STUFF, 5P (NN|NG
OF ITS OWN GRAVITY. fsAEAc!gd NglMES PER

™Y °

To LARGE ROTATIONAL INERTA x SMALL SPIN RATE
REMEMBER - =

SMALL ROTATIONAL INERTIA ¥ LARGE SPin RATE
s 95
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rROTATnoNM MOTION HOLDS
SOME SVRPRISES W STORE.
HERE's A BICYCLE WHEEL
UANGING BY ONE END oF
176 AXLE. NATURMLY, T
FLoPs DVER ON \TS SIDE .-

guT NoT 1B [t SPINNING
FAsT! A SPINING WHEEL
DDESN'T FALL — IT
PRECESSESS. TiaT
16, \T5 RIS
ROTRTES IN A
HORIZONTAL
PLANE !

A ToU ToP 'S A MORE
EAMILIAR EXAMPLE.
ERAVITY DOESN'T
MAKE \T FALL —-\T
PRECESSES. AND THE
ToRQUE ON THE EARTH,
CPUSED BY THE MooN's
GRMITY, MAkes THE
EARTH'S AXtS PRECESS
ONE REVOLUTION EVERY
26,000 YEARS.
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vow LET'S PUT OUR MECKANICS
KNOWLEDGE TO THE
ULTIMATE TeST:

g,f@‘“ A FORCE
v
OWEVER, |F THE 0BIECT 15 ALREADY

MOVING, AND THE FORCE ALWRYS ACTS KT

FoRCe CoNTiNues
PERPENDICL AL

2 )
MND h FORCE ACTS ON VT. THEN THE OBJECT STARTS
To ACCELERATE IN THE DIRECTION OF THE FORCE.

RIGHT ANGLES TO THE MoTON, WE 6T UNIFORM CIRCULAR

MOTION. THE FORCE CURVES THE
— ~, |\Rxm ASgoND' BUT
DOES NOT CUMNGE
Ry iy ki
BEGIN WITH BUT NoT sPeep
FORCE ACTS \
PERPENDICULAR
To MOTION

T MOTON /
etc' \
S

(NO... LET'S SEE [F WE CAN UNDERSTAND PRECESHION.... BUT FIRST,
QN OBSERVATION MBOUT LINEAR MOTION: SUPPOSE AN OBJECT |
T REST

INCREASING
VELOLITY
15 I THE
DIRECTION
0F THE
FORCE .

.

AN
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SOMETHING SIMILAR
WAPPENS WITH
ROTATION - WHEN The
WHEEL 15 NOT
4PINNING, THE TORQUE
FROM THe WEIGHT
ACCELERMTES THE
WHEEL ANGULARLY
ARoyNp THE TORGUE
XS, IN THIS

CM\’; ToE y- XIS,

Wenr

™

(BUT IF THE WHEEL 16
SPINNING, IT MReMY
HAS ANGULAR MOMENTUM
AROUND THE X-Axis.
THE TORQUE ADDS
SOME SPIN AROUND
THE y-AXS,
PERPENDICULAR TO
THE ORIGINAL SPIN.
THE RESULTING SPIN
AXI5 15 TURNED A
LITTLE (N TRE

kX-y PLANE .

SPIN 1S AROUND
X~ x4

x>

y A

“New
/ Z_sanaxis

AppEp 4PIN
15 AROUND
Y -Axi$

THE TORQUE CONTINUES
TO ACT PERPENDICULAR
TO THE SPIN AXi%, 40
THE PRECESSION

CONTINUES. ANMOGOUSLY

TO THE LINEAR CASE,
THE DIRECTION, BUT NOT
THE SiZg OF THE APIN
HAS CUANGED.

CLEARY




THE ARGUMENT ON THE

LAST PAGE WAS BASED

ON THE CONCEPTS OF
TORQUE AND ANGULAR
MOMENTUM. BUT THESE
CONCEPTS ARE ULTIMATELY
BASED ON NEWTON' 4ECOND
LAW, F=ma. LeT's SEE

IF WE CAN ONDERSTAND
PRECESSI0N Just FROM F=ma.

FIRST: THE TORQUE EXERTED BY
GRMITY YENDS To MAKE THE WHEEL
FLOP OVER - %0 TUERE'S AN
OUTWARD FORCE ON THE TOP HALF
OF THE WHEEL, AND AN INWARD
FORCE ON THE BoTTOM HALF.

FLOPPING
FORCES ON WHEEL

NOW LOOK AT A SMALL PIECE OF
THE WHEEL AS \T SPINS. AS IT
PASSES THROUGH THE UPPER HALF,
[T EXPERIENCES (ONTINUAL
OUTWARD TORCE.-

8

THEREFORE, 1T ACCELERNTES
OUTWARD, REACHING MAXIMUM

OUTWARD VELOCITY WHEN 1T 15
AT THE SIDEWAYS POSITION, agour
TO ENTER THE WHEEL'S BOTroM
HALF .

NOXIMUM
OUTWARD
MOVEMENT

SIMILARLY, EACH PIECE OF THE
WHEEL HAS MAXIMUM INWARD
VELoaiTy AT THE "HORIZONTAL -
ASCENDING" 4POT.

MAXIMUM [NWARD

MovEMenT

4 \5 VeRE .

%0 -5 YOU SEE, THE WHEEL

PRECESSES INSTEAD OF FLOPRING!



WELL, | SPENT SO MU TIME EXPLAINING PRECESSION To
You [N OROER TO SHOW HOW CoMPLICATED THING CAN
GET, JUST STARTING FROM THAT SIMPLE EQUATION
F=ma. Puysics 16 AMAZNG THRT WAY.... WHO KNows?
MhYee WE WILL Reouce THE PrYsICs OF THE ENTIRE
UNIVERSE TO A PAGE FULL OF EQUATIONS !

Hel-- | whve
T RIGHT
RERE... BUT
YOU CANT
SEE IT-..
NOT YET-.-
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NOW INHERE
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