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Bonus Problem B.1 Obtain a, racl<et
blrlcc pririciplc axr:s (thcy are cvirlcrrt by

Homework {

4l I I l200:J nt  5:00 or  er id

Fowles Problems

of office hours

ball rackct. Spin thc ra,ckct about its
syrunertry). Dcscrilre wha,t happcrrs.
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PROBLEI,TS

9'l 
i"t#41,,']:i'J]1.'j!"t"1]sutotplate 

(l"ri.2) is oi'rnass,r anclclimensiors 2ru r^ a C6oc*rn e r th e,,,,,* a,,,*,i,,oJ,1illl ill;:l 
'.|: 

lT l';: ln x*ll j ;;;;".,u,, 
at i, co r.

(a) The rrourerrts and proclu<.is of irer.t ia
(b) f l ie monrent of inert ia about tbe ci iagoral through tLe origin(c) The ang.rar rronrentu,r,a,bl;t tt,1 

1'rsi' 
if trre plate is spi'ninq riith ang.rar raterabout the diagonal throrrgn the origin

(d) The kinetic ener.$, irr 1;ar.t r c )
9 '2  Ar ig ic l  bod 'c 'ons is ts . . f  t l i l ' ec th i r r r r . i  r . r . roc ls .each. f  . r . rss , ia r rc l  ieng th2c .  l re ic

i i]: ',::|i 
perpe'dic,iarar trreir,' ';,\,ui,,t, i i '""*'"'.r,,.;i;;;,,;;:.;"1;'.i it5 a-re.s arc*

(a) Find tlie arrgular. l),ronlentuur altl l<iut,trcr enc,r$. of.tIe bodr. if it rotates \\itll iin_gular i.elocitr. r,r aborrt n,, ,,,ris prrriuq-ttr, o,,gt,,ii:r. .,ra,r ,,lLf if ," lroi,,t , t. t t( b )  s l r r x ' t l l a t t l r t ' l t t , l t l t ' l l t o f r r t t ' r t i a i s t l r e s u r r r e r i r r a r ^ . r i s l r a s s r r r q t h r o r q l r t 6 e . n q t r

( c )  Sh ' *  t l r i t l  t l l e  r t l . r t t e l t t  o f  i t i e r t i , t  o f  a  , r i f t r ' r ,  s t l r r a r . t ,  l e r r i r r r  r s  t l r a t  g i r r . , r r  i r r  E r . -

;li:llll"?i,:i:],;il] ""'Pa'ssiris tl"'"',rl, il,,' .",,i., ,,r ,i,..,'i.,,,,,,.'.,a hi,g i' t6*

Chapter  I  \ tOT]O\  OF Rt ( ; i l )  BODIES I \  THREE DI \ tE \SIO\E

l ' i r rd ; r  s t , t  . f 'pr i r rc, ipal  ar t ,s  f i r r . t l r t ,  iarr i ra t i f . l , r_,1; ler
( a )  a t  a  co r r l e r  

' r  r r r r  ( r r t ' r i { I r l t l l i i  o I  l ' r o l ) l e l l l  ! J  l  i r r  * ] r r c ' 5  t l r e . r i g i l r  i s

( b )  . { t  t h r  t . c r r t e r  , , l  t l r , . l l r r r , r r r . t

A r r n i l b r r t r b l o c k o f ' l r r a s s l r i u r d c l i r n e n s i o n s a l t r , 2 t t l x . i l r r s r r i r r c . , l , . . , , + , , r . . . . . _ _ r .

u'itrr angurar r'"r""',rl)-ii.",g, 
"uordiu,rr.. ,;.ri","'.,]i,,',Lll'JI'llHl]i:li:,;]il*.*

(a )  F ind  t l re  h r re t i< .enerqr
(b) f ind the angle behi,een ther angular.r.erloc,itv vector iurcl t[e arrgllar morlentl]rLve t . to r  a l ro r r t  i l r , .  r ,1 . jo i11 .

Ll]]:: l]i lull '. l 'r 
rod ol lt 'rrgth 1at<l rrass rrr is .r.r'srrairrerl t ' rrtate *.itlr c.rrrstarrt arr-

:]fi:;ll:iii,: *:i." 
a. tuis lassirtg tlrrc,'slr tl*, ce'ter o .r thc r.cl a,rcl ,,,"h,,* *

(a) Shori ' t .hat trre a.g' lar lnorne,trrr L ab..t  o is pcrpe'rr icuiar t .  the rorr a'd i_. dn iagn i t r rc le  t  tn l2o t i72)  s tn  a .
't' 

:liilJili:iJ,iill'l;;i;::]i)''' pt'rl,e rric.rar t. r!6, 1u,1arrrr tc, r. e'rr is ,r r^ry.

&!

q_9

. :

l

* i c?  1
l

I

9.3

9.4

9.5

. r " i i

& !-:
xL t;
t - i { 1

9.6

9 ,7
ilJij!:,:]l':i:i::[i j,:': 

torr1':'tt'that rnust t,e erertecrc,n thc r,].tk i, pr<,i,rc'r g.r {
.r, rigi ri bo<\, i,,r,r,*,r, ilil:'iili ji itrjf.,i l[ ;, 

d.rr'=. ti,,',
equatio's si,o*.that r,.tr, trr"-,"iuiil;;il;;i;'";'J;:,.j#il::rij;,',,ffi:ilii:I;
lilX'l;:l],l,lilJ'l'?:l,j::."::'il: ;1"',,' n, i",,,, ri,r N = 0,,,u,ttipty Eut,rieq-uatio,.s (Erluation 9..3.,j )brl o r, @ l, ,,r,l ,u,. ,rr1,rrr',i r,'ty, n, ,'t'r,iri;,iiii,i,tliJrr;rrr:f;The result inclicute.s th, ,,,,,,.it,,_,,,r:y ,.f t,,,iir: rur,,i{11. f,.rr,,,,,,li,pi',,'i ii r,)r,,,r,.'r. }Ira.,. respecttely. antl acld. 7.lta"re.'srtlt ,l,i,,rrr-, t'lr'r,ltt'L_ L\ cotlst.rt.)

t i ;  1 -

ej{ :.

t



: F  D i r f ! . \ ,

i : .  _. :  ) f { :

lil::. :i":< il4iEq

iair: atil &*

rij::- --:r 
:tr:@;

.-:.. * :. :: .a,

. :  - ' . : : . .  : '  : l *

] l  J ! : "  . 4

- r  ' - - . r  
l r $ d .

f-::::-:_ i -

i ; . , , .*: : :"".c

-: l: :! _,: : l :{€

:Ctr:: : + X:

t ,:r [.:.r.. !

:r:r .;i:jiit-

Hx i  i * . -

. * .L-ri:

; i  t - . \ t \ 387

9-6 A larrr i l l . t  o{  xr l ) i t rarv s l t r rpe rotates 1r 'et ' lv  r r lc ler-zer 'o torqr le.  L,sc Eulers equat lo ls to
s l t ou ' t l r i L t  t l t t  s r r n r  a ]  +  , u i  i s  c . 6 r r s t . u r t  i 1  t l r e  1 .  2  p l ane  i s  t he  p l a l e  o f  t [ e  ] i r n t i l a .  Th i s
r l r t i i l )s  t l lx t  the projec ' t ion ol  rJ ou t l re p lane ol  t l ie  larnina is  colsta l t  in  ntagni tude.  a l -
t l r r ; r r g l l t l i t ' ( o l l l p o t i e t l t { r r u o r n l a l  t o t h t : p l a n e i s n o t n e c . e s s a r . i l r c , g r r s t a r t t .  r H i r t l . L ' . s c
t l t t  l t t ' t ' l t t t td i t ' r t l t t r - t t t i . ; l l tc , t r t ,pt  \ \ ' l tu t  k i t t r l  of l r t r tpt t r t { l r . t ,s  to.  :  ( . ( ) t l . \ tat t  r t .s  t t .c l l . . .

9 '9 \  s t l t t iLr t '  l l la tc o l  sr t l t 'n  ru ic l  r r rass / ) r  is  t l i ro\ \ l  in to tht '  a i r  so t ] iat  i t  rotat t :s  I l -celv r rncler .
ze to  t o r t l t t t " l ' l t t '  r o t i t t i o r r r t l  p ( ' r i o ( l  : z r , o  i s  I  s .  I l  t he .N l s  o f  r o t i t t i o r ]  u r i l kes  . n  , , , , q1 " , l
J5" 

" r ' r th 
t l lc  svrrr r l r ( ' t rv  i r ls  ot  t l r r 'p1atr .  f ind t l t 'penocl  o l  t l r r :  preccssion o{ ' the axis of

r (Jta i jo l l  i t l roLrt  t i l t '  s \ t l t r l ret r ' \ ' ,x is  a,r r l  t l r t 'per i t id  o i  r ,obbl t ' , r l  the s lnur)etrv i t is  about
t l r e  i r r r : L l i i Lb l t ,  l i r r t ,  l i i r .  h \ 1 )  ( , i r s ( , s ;

( a )  - - \  t l r i r r  P l a t r ,
( b )  \  t l i i <  k  P l ; r t c  o i ' t l n c , k r i c ss  r r , . - 1

9 '  l 0  \  r i g i r l  l r . d r  I r a ' t t r q  i L t t  r L r t s  o l  s r  r nn r t ' t r r  r o t : r t r , s  1 r . r r . l r  a l r o r r t  i i  f i r t  r l  po i r r t  r r n r l : r  r r o
t o t t l t r t ' s  l t c r i s t l r c i t t l g ] t ' l ) ( ' t \ \ ' ( ' ( ' 1 1 t l r r , a r i s r i l s v r r n r c t r v t u r r l  t ] r t ' r n s t a r r t r u r e o u s i t . r i s o i
r , , l , r l l l r r  . l r ' , r r  l l r . r t  t l r ,  , 1 1 u l . .  l r r  t r r t . r  r r  r l r , , ; r t i , , , 1  r t , t , r r i , , r r , r r , r l  l l , -  r n \ i t l . i : r l , l r  l i r r r  t l r e
L  v t , r ' t r t r r  i s

f . /  I  t . r r a lt : ' t  ' 1 7  
1  1 , , r .  o l

$ h t ' r - e f  i t h e r l l t l l l t t ' t l t o i ' r n e r t j i r r i b o r r t t h e s u n l l l e t r v i u i s ) r s q r t ' l r t e r t h i i r r I ( t h e n r e -

t i l r ' ) r t  , , l  i l r ,  t l i l r , r l , , r r t (  , r ) l  i r \ t :  ) r ( ) n l l i , l  t o  l l r , , r v t r r t r r t . l r \  , L \ t \
\ l t r , , ' i l r ,  , { l , . i r t r ' \ l  r ; , l r r ,  , r l  l l r , . r , r t i r , 1  /  -  l '  . r r , , , , r , i t r r r . , r l  I l r r r r i r r : r  . : l r ' r r  f r . o r r r  t l r C  r . u _
' r t i l  ' r l  l ' r " l r l ,  r r r  r l  I { r  l l r , r i  r l r ,  ; r r r q l ,  l r , . 1 u i ' - ; ,  t r . r r r , l  L  (  i u r n , r  r . \ ( . r d ( l  t , , r ,  r r  I  \  i
' r r ; t ] r r r r r r  l l i - r o . r r r , l t l , , , t  t l , , . , , , f l r , \ l , o t t ( ] i l r , l r ; , 1 , r r , , , 1  u i . t . r r r  t \ l . , r r . ; L l  , u r r l  i . l . i .
I ' r r r r l  t l r r ' : r r r q l .  l r t ' t * r ' r r r  a r ; i r t ]  L  i i ; r  t ] r e  i * .  r ' : i s t - s  i r r  I ) r . l r l . r .  ! 1 . ! J .
f  i r r t l  t l r t ,  s i r r r r c  r u rg l t ,  l i r r  I . - r r r t l r .

" \ s l l l L c t ' 1 1 1 : i t l i r l  l r r  r r l t l t t ' f i r n r o l  : i t l r i r r t i n r r l . r r r l i s c , r i f  r r r c l i u s ( r i u ) ( l  r r i r s s / / 1  1 f l \ i . g s a l l -
t  t ' r  r s  i r r i t i r t l l r  r c i t l i t i t i g  s t t ' a c l i l r  u ' i t l t  r i r r q r r l l L r  v t ' L r c , i t v  z . r  i r i r o i r t  i t s  sy r r r r r r c t r r . , , , r i r .  . \  , , i " -

9 . 1  I

9 . 1 2
9 . I  i l
9 .1 .1

( r ' r t l i r r ' ' l l t l , ' l l r ,  
l ' l ; L l  t , . ' 1 1 ' 1 , r t  t l r ,  r r l l , . i r r l l j r r l i r { , , r r i r r r p r r l r , . l t , , t l r , . 1 , l : , t t i  , r r r , . T I r .

t l r . t '<  t i t i r l  , f  P  rs  l l . r i r l l t  I  t ,  t l t r '  : x rs  , r i  t l r , ,p i , r t l i , r i r , .  nn , l  t l , "  r r r : ign i t r rc le 'o f  p  i -s  . r l r ra l  t c r
t t L t t u t  l  i ' - r r r t l t l i t ' r t ' s L r l t i t t g r i L l r r c s o l t l r t , p i e c , r s s i o n a )  r ' a t e { ) . t h c s o i r l r l c r ' . r t , , d . | 1 t l  t i , .
. , rq l ( ' . l  l r r ' t * r ' r ' r i  t l r .  s ' r r ' re t r r ' ; ^ i s  l i r r r l  th "  r , . ' , r ' i ^ i s  r r  r . ta t ioa .

9 ' 1 5  ' \ F r i s l r e e i s t l t t O $ ' l r i t r t , , l l r t . r i r i r r s r r t l r u u : l t h r r t r t l r r r s e c i e f i n i t e u o b b l t , .  
I l a i r f r i c t i o n

t ' \erts a 1r ' i r ' t ior lal torqu('  -  t 'a-ron t lr t , ' r 'otat ioir ol t l r t  Fl isbec. slros.t l iat thc courponelt
o1 c' ' r  in the cLtec t iol t  o1'the surrrnetrv uis clecleasc's exponenti ir l lv u' i th t irne. Sirori . i r lso
t lrat t l l t ' l t t lgle a i)r ' t \ \  r ' r ' t l  t l r t  sr rnrnetr v.r is arrr l  t l ie angLrlar, elocit \ . \ .ector rrr clecreases

)l: i l l - t l ] l :  
i i  f  .  is larqer t ir .ur I  rr l r i r ' rr  is i l ,e t . ,rse fo. o f lut-t 'pe.,b;"" i .  Th,,r.  the clegree

ul rr r t l rblt ,  stt : l t [ i l r  cl ini irr ishe:s i l  thure is air l l_rc.trou.
I ' l6 A si lllple g) fi)scoPe c ott sists of' a heas c,rrculirr clisc o1' r i ia.ss rir ir'rl radi's a ,rounted at

the c'ente'r of a thirr rnri  oi nr:r:s rrr, ' r  ,r l r l  r .rqt lr  a I l the, $x)scope i ,  .r"t  rprnrrrne 
"t,given rate S. ancl ri'ith the :rxis .rt an arrqle o{ 15'tith tire iertictii. there are hvo pos-,

sible r ahres ol the Plec'ession rate d sLrch th:rt the gvloscope prc.cesses steaclil' at a co.-
stant vahre o1 d : -15..

(a) Pjnd the hlc.r nruneric: i l  vaf i ies ol dg,hen S = 900 rplr ancl a :  l0 c1r
(b )  I I .u  fas t , r .s t  thc  g ' r 'oscoPe spr ' i , . rc l t , r . to  s leep i r r  the  r .e r t i ca l  posr t ron l  Ex-

press  t l re  resr r l t s  in  r .e r .o lu t io rs  per  rn ruu te .
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9.21 \\brk lrroblcnrs g. l  ancl 9.- l  usinq uratr ir  rrret lrocl.s,

9'17 A irencil ir r"t. 'pir:] l: iq,r ']: lr, 'pr. ',clr, position Ho* fast must the spin be rbr.the 'x.o:i
....,.,''|.iiil:i,l'J..jre,.prieht 

position r Ass,'e that tt . p.n",t i, 
",,,,,f"i],, ...f,"a"r or.icisr!

anrr 1.,  :  r  r .r ,  
Find t ire'alue oithe sprn i .  re'oiLrt ion, 1r",:  , . . . , . i  l ; ,  a = !r,r  c:: .

9 '16  ' \b ic 'c le* 'hee l  o f t l ia r l le te r '30 i .  ro l l sa ionqthegro i r rc l . r Io* . fas t . i . s t i t ro l l  
t . re -'ai '  'pr iqri t? -{.ssn'e that half  the , ' ," , ,  of i , .  

" ; ; i ; ; : ; ;"  ; ; , ; i j : . .  i r i .  c,rrrtb.rth . l  t i le t t . ias's is i t l  the spokes. 
",rJ 

t l r l^,=' ,nirder rs corcentratecl at tr ie c,erter
s,le l,l?i,,a,,::,,f::ethe 

resutt *tth that 
"rrt"i,,J if tt,e spokes a,,i l,'u .'." ,g""r.a l

eoLiati..s ',n,,. '..,.'^l-"."]i "111,"',1"t: toryue Br difie'entiai;;;;";;, ol Erilers teqLiatiors *'ith resnect to i.,ancleli,,inati,,'f J,;;,j;:ir.;fill::,]:,:::::,1i',,",.;
t lr i.d of Euler's equations. siro* t,at trre fblio*ing resurt is obtairecr:

o r + ( t o t = 1 1

in s'hic'h the function K, is g.ir.en ltv

f ,
( r  : - z a l f ' l . '  l .  l ' 1 . - 1 , ' l  . t '  r

t - - l r - - l - ' l - - - . - ; l - l
- J

f $ ! s j r l t j ] a rpn i | so f  e r l ua t i c_ rnsa rco l r t a j r r e r l  l t v c . r r , l i r .  l ) ( , r p t l t r r t i o t l s :  I  _ t 2 . ! _+  i .  r _ i "L tire rrrecr'(l irrq erlrressrorr,f ir 'r\, rr.th.r1rr.r:rt it i .s i, i tr...t"tr,,r,: 1,i,r ir i-rr-r,r-,u,r,rr, *1 ,  <1 .<1 , . r , r . r i  l  >1 .>1 , . ' ) i s c . r r ss , l , l . q , , , , r i , " ,  , , 1  t l t e ,q rcx r . t l r . f . a , , ,  s ta l r i l r t r  r l * _t i t r l ^  t a  i s  r t ' 1 ' 1  s111 ;1 l r  
" , , , r  

' u ' . - .  : . 0  a r r r i  , , ,  i ,  r " . q " ,  r r i t i a r  * r t a t i . a  i s ' c i . r  r i ea r i r  
" a r f l f

i i : , . , : : :  :1,: l . l ]  : l :=. i , , i , ,r1,,, i , . Ia,-g" ,, , , i , . t , . , ,1i, , , ,r js,,e, ir. jr  ar,c,rrtt 'e!_^is ,\ .r. ir,is is iir auar.ticar i,,.,1,,;,i':,;ii.::,i;H; ii]:':Ji;llll,:]ll;liiil lil:;:i'i: ;r.l]];. Xe 20 
,1,:,';-l,1lill,'ll,::;:::':l,TJ::',::l:,1;::il,f,-,,:::1,,, If::r,r. the e',rs,, tr,r,c rj,{r:r(xts or l( ' r)qth 2rr.  !1,, .  a'd 2r ' .  r 'esPec,tr ' t ,h. trre rocls rrt , i rrg lr t ,rcr , , , , , , , , , ,rr . . '1r" ' ,r , ,"rrr i ' : tr .t ( )  o l )€ '  a l to t l le l -  a t  t l re i r  l r i r lpo i r r ts .
(a) Slr^r t l rat a s.t  o'r ' . ' rcl i rate irres r lef irrc,r l  l^ thc r-.r ls rrr.c irr irrc,rpal i*es arrd_qgrk^r. '  t l t t ,  i 'ert ia terrs.r f  or t l t t ,  s 'stcrrr i , ,  t l ,"s. j^.r.  l
(b) t l ' "  I l l rr tr ix alqebra to f irrcl  the a.qrr lar rrorrertrrrr arrcl t l re kirct i .  errern} ' l  :rr* lsr stenr u lrerr i t  is rotat i lg urth ir lqular r elocitr l  r",  i : l l )()nt i ln axis pas:-r lq t l i ro,:ei,  jt l re ortqirt  a.r l  t l re lroipt ia. b, ct.  

dtr '1 ' \15 Pitssl l lq t l i l  
, l

9'22 
). :lill,r l,., 

rtrt.rgular blo"k oi i]n,..rJot,., j" rr. 2b l^ 2c. iircl ,r,rss rir s'r.s rirrm r1.ttg r l iagotr i i l  l ' i rrd t lre i .r ' r t ia te ,s.r fu., , i  c., ,r .ci i ,r ,r ,", . . , ," , , '  , , t i r l .r ,*, , ,  
" ,  

t l rr  r*Gol t l l t '  l lLrck arrcl * ' i t l t  &rt 's t t ,rnrai to t lre f irc,.x. Finrl  also t l ie arrqrr jar,rro,,re,rtr, , , ,  -rd
q 2it  l i : , l lT: l ' , l . l l , ' r 'e1-. 

Fincl als. t l re iu,r. t i . ,  t" lr , , ,  ior aLrt,s * i th .rrsi .  at . . t .  r ,r ,r . :9 . 2 J  s l r . r r  t h a t t l r e : - c t l r r r p o r r e r r t o r r i r r g r r r a r , , , , . , , , , " , ' " " L \ ( r \ r r t r r ( ) r l g t t l a t o t l t ' ( o r t l e r
i r r s c c t i o r 9 . ,  i s g i r e n r r r . E q r r a t i o . 9 . 7 . i .  

t t t r t t r r / '  0 1  t h c ' s r r r r p l e q n t ' o s c ' o p e t i l

9 ' 2 1  1 1  t l r t ' t r P c h s c r r s s e c r  i r r i c . t i o r r g . T i s s t ' t s p i r r r r r r . q r t , r r  r i r l r c r 6  t l r > > ( . )  i t s r . , r r , . , , r i
.  . . r _ . . , . , . \ , . , r r r r u r . r ! . r . ( r 0 l t u . i  I S S ( , t s l t r r r r r i r r g r t , r r  r i r l ) l c l h  / r > 0  i t s t . l i t ( . ( i f r r

:]il: i]]],lll: ..1,i " 
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PLTER PROBLE\IS 389

Figure P9.25 I

(a) Shorv that a coordinate svstern whose: 3-ixis passes through thc oxvgelr atotrt atlc]

its projcction onto the lirce forn-rcd bv the carbon and t\\,o hvdrogen atotrts; I-aris

passes through that point and the c'arl)on atonrr 2-a-us is parallel to the line con-

necting the hl,o hvdnrgen atorrs are principal ir\es of'the nrolecLrle, as sho\\ Il ill

Figure P9.25.

(b) \\'rite do*n the itret tia telrsor for the mc.rlecule aborrt these :ues.

(c) Assunre that the tnolecttle rottites sitlr altguliu vclocrtl qiven bv

( t ) :  @ t e t  +  a 2 e 1  +  @ 1 e )

Shorv that l l rot ion is stable i f  the ntolL.cule rotatcs mosth about either thc : l- ;rus or t l ie

2-aris i i ,e.,  i f  to, anCl a,, ,  are sntal l  COrnparedu' i t l l  t . l . l  rrr i i  (dt , t tr . l  - ,  a; ' .  sl l lal l  Col l l -

pared sit l i  o, )  but nclt  stablc i f  r t  rotates tt tost lv aborrt t l r t '  1-;nis

COMPUTER PROBLEMS

C 9.1 Consider the spinning top discussed in Examples 9,7.1 ancl  9,7.2.  Strppose t l r . r t  i t  is

set spinning at 35 rer'/s ancl initialh'its spin axrs is helcl fixed at an angle do = 60". The

a-ris is then released and the top starts to topple ovc'r. As it 1alls. its ilris starts to pre-

cess :rs u'ell as to nutate betrveen hvo lirrtiting polar atlgles dr arrcl d.

(a)  Calculate the hvo l i rn i ts  0,  and d, .

(b)  Est imate the per iod of  nutat ion analr t ical l r ' .  iHi t t t :  J Iake aPProlnnt iL) t ts .  t l i i t ' t t '

t tecessar1.  in t l te expression gtet l  in  t l te tef i  f t , t r  i l  ant l  t l tet t  i t t teYrot(

(c)  Estutrate t i te average per iod of  precession anaht icrr l l r ' .  Hlr r t ,  T lakt  up1tr , . t t i t t16 '

t ior t .s  i t t  l i ie  r . tp le.s.st t , t t  f , ' r  6 g i t t t t  i t t  t l te tef t .  ,
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