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De t••• U.t t1••11111 ft•ld• •• u. oapaoltr to 
...,... Utl tNa..,ort tol1d par\101.•• J.• of .,_, , ..... .. 
t.a .., la4llat;Pl••• C•l.• .,.ia. ..u., &td .._., _..,... ... , 

a t• •'•r1•1• "'*' .., M • ...,.,... ._. •of'bg m-• ot 
atr ott wale la ,,,. 11••· -. .,.. .... ot th• llo• ..... • 
•• 1... ...... l• • ..,.. ... , ..... - •• .,..,.. .. ,.....,. 

pe.Utloa of tl••l•aa•l• tul to U4 t"11 ,._ Mao'°1' ...... 
Ci•l•l PJfO•••lllf •t lblol_. tul.• -1•0 lldo:lftl ,._ ,rae.,._ 

••" ct tl••1••'bl• •Mrlal 1n ••.,..l•• I.a. IM lat;wr • 
.,_, aN 1• •nHI. ... to ,..._, u.a•M -.1qp •t 101141 

'" ·~1• _..,1..., • •l't.•1 ••••14r or ta•l· 
Alt~• l•p ..ut. of eaptrtMl 1ar • .-1s.ca l• 

an.t.l•bl• to al.4 the ue1,._. ot •lurn ., ..... ..., pnl:Jl. ... 

coan~ tu beMYlor of nw1111 ••--•lo••· Mt th• t.••1P• 
i•at •t1oa t:Jf • 'btMI. ot plll'ti•l•• aN -•l•M• •••n tq 

tu q••••tou, ""'1 to Mll.4• nut.a tn •• .,.., •. , aat whr 
ad. .un to ,.nt.tl•• .,..,,., u '" "°''• ot· a ,,,. -. ... 
-.. ••l• .. •• ....,_'8.ft41!ll et tu ,._,.,.,i .. ot 1tvrl••· 
l\ fc>llo••• '*• *' tu •'Ml•\.lo• of •a ro,...• ao•lq 
•• 'he ld1Yl4•1 •'lcla ta of ••to ,.,_.tart•• 

Th• ~·-- et '12• neul•• fltdfl ro ... -..•t.q 
paMll•l h 'l-. lll'ffttoa ot P'r'11•l• h\loa l• -11.C 4H«• 
&at ui. ~,, • .-1 •o ta. Jatll 1• ••rae4 lift. '-• •••r 



one t'e4 1eo.ra, .e\u41•• ot \ha beba•lor er • par•tcle 
no•1nc 1n a 11u1d u41wa h&Y• bM.n pvlmr117 cono•rll4t4 vl~h 
th•· r .. 11•tng fOl\'U91 or a..,., ant 11 t.'lle aitutloa ha# 1-all 

g1 'Y•a to \l't• l l rt coapoa•t .. 

'the object lYe of tbi• 1•••td&.,.,1on •• '° •xu1n.e 
'he •aPlabl•• \hat 1JU'lu•ace 'h• lltt co•tt1q1pt ot • •itcl• 
•P'-•i•l ~iol• J10t»"i11.g in • •till tlu.14 cont.-.1Md in a 
ol.Htd.ar \v.-.. fu ltti eo•tfi.clut. w• con••a.t,io.nallJ 

4•f'1A•4 a• 
(ll 

•h•r• L • lit\ 

Pt • fl\11d 4•uitt 
• ero•• sectlo•l .area ot tlM •i>b•N 

• -~ Yelao 1 '1 ot the •PUr• 

Ia '*'i• 141'e•ttpt1on, lltt wu 4•t1b4 a.a 'he f't.:rrc• ao"*l 

\o \h• pt e •l l * !t. n.a equal to 11,.. no l eoapone1't ct 
tt1- weigh' of the p&Jtfd.cle in • tlu14· 

A pmiotioa. equa\lon •• 4"*1o"4 tut Nla~• in• 
1th ooettician\ to tb4t •••lliUd ••r.ia\l ..... 
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A a......il•e« ualJt.leal. «•'•'*"1•t1oa of ill• tlu14 
,.,..., ••ttns ••a QM" u :tt •o"M• .,,..ap a 1tlll., Tlaoou• 
ft•ld 1• 1_,...Jaalll•· J ..... <t. P• J't) •'blr ••h .._ pnt.la 1• ,. • .,..,1 ....... - •• , •• , .. , 

• • . • TM latt•P.1\o-•• •cpaa\toa M.t91 •o•li-.ar •• •• tu '"1"14 1An1•'1• torr, ,.,. J"lt#l• ot Ul••,_•rie 
t1ow aro.a _.,.., •••' " ...... wbla ,ttni 
11...,.l.•• Ul• 14•,1ou "&fP"•l•tt•b• 

Bwl• •nnal•\t.oa• •••llr """1' 11.•t.t tu, 10l•\loa•· 
, .. •l•••l•l ..... , • .i 101,•ll• , •• , ...... 

•• ,,,., oa • tlowlr •••1• • .-. .. s.a • s.artath ttait •• 
,.,,_...., ,hok•• (I) .Sa llJl• Ille 9'Mt1oll la S1YM •• 

•n ' 11 t• .,..., w l• ,,.. nlll• •t•••·l•r•· • t• ,._ 
.,,. .. nleett;1 aat 4 l• tu .,.. •• 4:1 .... '-•• ft1e _,,..._ 

•l• l• l.l•1t.a •••• ,..1 ••••••• •fl••• , ....... 
£ad~ ()) -1•4 ,,. •fhtt Of '00tm4a•l•t Oft 

tta• t-11.•••toel•r ot a.,... .. 1• • tt1ln4PS.at plJM ta 190?• 

It tow.t« tltiat tu ldlu..,.. or tit• '•• -.11 oa 'h• part1ol• 
QIO,loa .. C•Ue'-'bl.• 14 a \aM wld.Oll ba4 a 4laMUt" OU 

........ ,, ... ,,., •t .... ...... a. ........... ,. ,.,.,,,.. 
•• 1.,aolu awaHn l••• thaa ... . 

Mdo• • 4• f#.), •.-laeta11J ,.,_..,.., lbe 1ntla• 



••• •t • •11adr1•l bou.., cm tlae 4"" ct ,,._.._, tor 
..,_.1,. -••• tHll ••" t.• 1,000 &Ill tor 4ta•m• ratio• 
trett _,. •o ou. n.1r o\t.J:••Uw •• f;lte 4.t1.Utlo• of tu 
h.ul1• 

•.MN i 11 tu .,... .. to 'ft'9 41-\er Milla• I' lt tu 
bJ'ao14a ...... Ud K ii: • •rlabl• ...rt:l01.U ...... \O 

•ctltr ••••'• ..-•1• ••• t• .,,_., •t ,._ ~,,. Tm 
aot1tl.i .,. .. ,1.oa '-• ct•• '1 

Tu ...rtlol•'• 1, 1• al•o rel.at•« to ti. c-. oo.tttotul 
Co1'1 t• uprt•alH 

ttMN •t 1• ... ftl.14 46Ul'1t Ucl A 1• \M CIOe*""MO\l.oMl 

.,..._ ol ,... ........ t-. upula•M.1 Nealta &" fHHAtM 

la paJbt.•l plot• anow1na ti. • .,. • . ,i.o• ot !1r •lib l . The 

u•bon IUM \bat ·a hJMlll ..,.._,. baMA u 'hi 9PMH 
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a.1aolu IW•Hn l••• \:bu ••· n.1r, .,..,.,loa la •••to• 
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' "'· * ,., ,, n .. i r1 • o on l 

•Mre' 1• '" .,._.. "41u, o 1• the~- wl-001'71 Ucl 

OHi) 1• ta •-"'•r ot a.,..1•• -••· n. fln' ,.,.. oa the 

'"'Ill' •llo•• ,., u. llt\ 1• 1~t ot Yltooalt;J'• h 
..,. .. , •• w ..... ,,.,... .•• utertok•· 
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A .,.,. ... Mltud fffa _.... bl a •'ill 'flaoou 

ft•l4 ... ,..,, l• • •10M4 ot."'4• t• l•ol1* •• • --. •• , .......... ,,.i. ,. ........ •111 .... 1 .... , ....... , .. 

tall._. ot p&•1'¥ ntl1 lt ...-.. a ..,.,..i wloes,,. .. 
Dlrlftl •• •-1.•Ntl••• • 1'Wl1•t111 nu11 to.-. ••••• oa 
,,.. .,_,. ,.,.,... ... ••11 it •t•l• ..._ ..,.._, ot •tM 
....,.,. •lpt la '11.a tiN.,l.M ot •tl••• 1"• tlllt po1nt 
et ..-11•,l• '1le .,..,.. •ftMtl••lt tlOft.• •t a oon1tut 
•lo•ltf• 

Ia &119 •• •I U.1• ta.,..tiptton, a ,.n1eu.1ar ••\ 
of ...u,,_ .. ,..,.. •• Will.Oii a .,... r.11...a • NOtl• 

1tMU ,.'1, wtlllo•'1 ntat.loa •• • oouuat 41•'9.._ t.- ti. 
••• •ll u.&rc i•• .,., .. , Wtloos.,, 1.,...1. w1•11 all 
•••• •Pta\lu tae14 -•*'• u ,..,.. •• la ta. .,i. •t 
1:ao11a•1oa wtMl ,._ wn1..i ..,_. • .. ..._ •• la 1era1a1 

••1o•1V• -....,., ''* ,..... ot Dll•• tn tdlla \lte .,._" 
..... Ua ..-1111'1'1• -· .,,... .... ,.1, ,... .......... Aa 1• 

·-1D 1lpn l, •oll et,,._ fOttl' NC10U ot &q1N bu a 

,.-..•M•i1•l• ,,,. ot Htloa• l-siM 4 ••taU11 all _,l•• .,..... t• •• lltt-ett -.1• wbeN1• -. .,,_.. •laptr 
n11• oa tM \ti'M •11· a \M llf'-ott uel• l• &nf'O&•Mi, 
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REGION A 

SPHERE ROLLS IN CONTACT 

WITH THE TUBE WALL 

REGION B 

SPHERE MOVES AT CONSTANT DISTANCE 
FROM TUBE WALL AND ROTATES. 
ANGULAR VELOCITY DECREASES AS 
ANGLE DECREASES 

REGION C 

REGION OF "EQUILIBRIUM;' I. E. , 
RECTILINEAR MOTION WITH NO 
ROTATION 

REGION D 

SPHERE DEVIATES FROM STRAIGHT 
LINE MOTION. OSCILLATIONS BECOME 
GREATER AS THE ANGLE APPROACHES ZERO. 
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•pMN• Tlt to,_ q•• 11 ei.. i• ·u. ,....,....., 41.,,._ 

Of \1M tpMr• 14 1t• .. lllll-l.WI OOJl41,,10Jl l.n tlp.N I• Thi 
Nnltaa• nidt to.- la uooapo.et I.a\#! 9o ........ , OM 

J1'r&1l•l •o \h4t 41,.o\tn •t uuoa, •11.C .-. ...._ r, NII 

'"- o\i..r •• rt.pt -.1u •• ,._ atott.oa '*11a 1• o•la-"4 
u U. 11h L. IM NnlMll\ tJ.•14 ,._ NPM-11 ,._ 

l.nt.•INW iwl'Ml au ~'1161 tlalt to._• a all s.u. .. 
MJlMl aoJttaN •l-lt of ''* _.,.., t• wlah' ctf '" 

.,.,.. s.a ttt• na1t1 11 ••••- w w• ua 1• ._1 to -. 
•1atl' or ,,. .,.,.. •lrl•• ,._ •••• ,.,.., ... 

n. 'q'tatl1bl'b&• -a•ttou tor tlMt .,..,.. u. 

(l) 

r • w• •• t <>> 

ba 1i. Wt.•••'11••· 
an•• w• •• t .... ...111 .. ..,..,,... ua. iin .. ,,. 

.....,... .. •tac ... Nl•UouMp l• ... ,1. 2. !bl• 

.......... '1l• .......... ,., ., ......... '° "* ...... 

.._ *'' Nfl•lnd• Ia aa•t,J.oa, lt ll l• ••._. '*' tbe 

fPMM la •••1•narr wlth ,..,_, •• •• ••• -11 w tu 
tl•d.4 lllOYU.C put ttM .,,.... t1-'9 ta u wlnltr pUl•• 
u•••t•al wt.Ill •Jt• tla14 tu tn• •• .,._,.. 

t:m• ,,_._..._ or tld.1 .. ,.._ 1• lt all .,,_. 
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c•n4l•l•u u. B14 ooutaa\, ''* wlooltr ot U. 1N'l'\1ol• 

_. . .,_ •rt•• oat.1 b7 •llanslas lM l.aell.aa,t.o• ot •• •••· 

!N 11rt ffett1.ot••• 4•f1ud l• ._.,.,, •• l, le 
'" .. w '* • ,...,i,. ot .. ,. .. ul:tlu. Ia thi• 1 .... ,1 .... 
,,_ \be tho!ee et ftria'ttl• .. ••• n ti. te•l •1•t.ea 
flt .,._.., •• -.,, .. nw.t. tfM ..... ,.,. nu14 amt ,..,,.1. 
,,..,_.-1.1, ul -. tor• •t•t• "" •k• tAD oo:u1,..;1oa. 
tiw yarlabl•• at•h wM ••...t to ••• M ldl_.._ o• •• 
11tt •Ntt1o:t.•• •N :tt•tt« ia '•"1• l td.tlll tulr •Plll!ol• U4 
41_..,.... 1• •• r.tt .,..... ..,. 1 • t••• 
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1'k• ooettlo1nt et 11t\ &a • t•••1n ot ttht 1atep-a\ 
_,,1•"1•• N1 • •rlltMl lll ,._tore 

tu ftlooi'' l• aot 1aola84 .., .. \M •rlatllu 

*1.ao.. Lt 1• a 4-rtw• '-"• l.•••• o._ tu 1..aep..._t 
•rt.AW.• .... t1u4, •• ,..1oot.w 1• 4ne•llll4• n. litt t• 
al•• •1'"4 tor •• .......... 

·fM •'hOU ot 41 .. .-1...i ..,.l.1•11, • •ilt_. la 

-. . ..,iv (8) • WM •• to t•• •t--laalu• ratl•• •• r:s. 
\el'llt azt.4 t.o ••tab11•tl a r-•to•1 nlatloub.lp ""'"" tMa. 

MCOrcll*'C 10 Utt 1116kl ...... 1'1 ftwo,_, .._ ....... ot 
&1-loal .. I Mt ,...,._., -..- ........ '6 NhM _.. 

•riabl•• 1• _,. o• ~ 1• ._1 to ,.._ uatMtr ot 
ten• mol•-4111.u ti.. naw •t 4l•Ma1ou tae.lota .-.. ..... ... ......... 

In. ,,_ 11.t\ et ..,.l•ll1•1 •l-- ,.,.. an layolYMt 
.... ,._.. _,. • ....._.. l• .-.. c1 ... 1-.. ...._,,.r .... 
ttn 41.meaaloal•H Md l...,.._,, 11 .,.,... •N reflill."4• 
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PlMllt• eorM1••1oa. ot , ..... M1&'1.o••k1pe ••••1'*4 la. a 
...,.1 Nta•t.•uk1p t• i!W ,.._..-n. 

laaU.tS.U ·Of the l..,_Ul Pl kM• •ll••I ,._, 

.ii __,, !t.5 .., 1Mt tut•l&Mtl, ••1-4 '*11• \u .....ird.nc 
, .... aM btlld eou;tu•• llaO. •, WU yap,\q _, o--..1nc 
•u nuta ....,...,_... ,,. ._.,., M\lo, ._ ... '1 ".S• 
.,..14 •1• ·~· ....... , ........ b1 "d ...... 11 
-· it .. ..,1 •• , ... ,.,.,.,. --- Wltll "J ••• tu'1t.bl• 

wu •lt.luted el.- tM ••N d n.ul4 .-. aot ....... 
Cvlq \M •--1••i• TM· 'PIJ .... _., wus..a br a•l-C tlw 

•·••• o.t 41tt•nac ttawkft. 
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At tu ..,.11••• •taso ot tbi• i•••''•'l••• tU ..-
t•• ,,...u. ._..,...,. '--• •• ,._, ••••• t:• ,.... ot 
•mt.le•_. lt.•ltH ••tot• NJ\Jll.oMA "8L• J.a Wbloll 
t1- tphaN •eft4 ta ..U,l.1lrl•· ftt ••Wlnlloa •t ,._ 
.....,.,, la .- •t tlMI --.a 4-..tl,1•• '• ·.u oytft,11 

...,.,. ia 1-. .. , ... s.11ea •t "" 11n ..rrau.- .. 
ualn.t• TIU• -17•1• •1494 la,,.. 4ftlp of llW _,.,.,. .. 

...-1 •4•1,.at .c pn...,._• tlr polat.t.111 eat •• .....,. 

....... ,. hM ,. - ... , ......... 

DI f&1t• 
ti. tltd.4 ..... ·~· ·Utt • .,..1 .. , ... «l•tllltt 

... ,. mtti•Ql.'1 ...... ...- la 0111•1at.ag ._, • ._.,Ml•• 
ot tptwff ff1ooltf' •• t•• M " pn••l1r «•• to ..it 
bite of •U•lal l• tlt.w I•" _. ... t.a tJte tltd.4• !MM 
tlW• WM tin• oaenM Olll ·u. •PUN Witb ta. 614 ot • 
., ... ,_,.. tu .. ,.,. •t ta. romp •••• -. ••• 
.. 1,,1..i1,. ...... ,.,.. •• , '' ........ '° ... oHl.Ml'f 
llAt •• 4ut. rhe ....,_,.,.. ot ....t•l. ,,._..,... to.- oleutag 
.-. , .............. ,..,. tllt••lJtl '" ..-.. ,.....,. •• 

.. ...u.ttoa M4 la,.o•M t• eouletuor of Ute •-1oett1 
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:r.u. ....... 
lt _. ut1clpat*4 that ,,_ ~1tu&e "' 'be llt# 

wou14 l.Ml ••al..1. !Mr.ton, a •t•Ptal of tow sp•ottto pa•1•1 

-· -4•· 
A •PUN 84• . ot vtoa _, Ue4 1n \M ••l'l-.$ 

........ ot th• fC1111QW1tll Proftlr\1at (9, t• ?9$)• 
l.. 'flte tsp9C1t1C _....,itr ot lq'lOJ'l ($ ....... 1.1.r.) 1• 

•11pt.17 ,....., • . ,.. 'laltl •t••· 
~. fiJ'lcui 1• cM•1eall;r 1nei-t h1 •••r• 
l• P)JJa1Ci\l eiA obaflC••• 1.e., n•111_,, 4• -.o •ter 

aM8r'b\1on a.Ii ,_,.,.atuN •••1atlon.. wottl4 i. 1••lc-
,a11t oan.' 1n :lb.• .-p•r1me\. 

,1a11 o.Q •Pher• •u o.•ed ••u•• t~ 1n.tro4aot.1oa ot 
eu.rtao• rot11U.ea u • Wt.1'1•1>1• ... Wld"1Mbl•• r:·r-.""'*''' 
perfOJ"htl ta•181 apper•t.17 1d•U.t1o&l ;)/)2•1llCb-41ato•l•P 'PUMI 

8.b0ff4 • 1.S% 41tt•"•c• 1n •e\o«l''t data u.ni•r ia.at.h•l 
ooMl\ion.1. fN 41tt•NaM ia ••rtaM cout•toa. •• aat-..S 

\o be r••poMtble tor th• 41aopepaa«J• 

·~i ... t.tN4 wtth ~n••• ~rool.at•r'• tUo•"•Cf.>P•• 
b~••n4 wl tb Alu.,..-b .. 4al7t1oal lalanoe. 



111a• 
All tlft MW8 talfkt ta tM • .,_1._t Wn fJtn glUI 

or ot••l• ..-01• •••I•• ud .,,._,.,.,., $0 a.-.. • . la 
leqtb. 71'9 "* aN •lnallr HlN•4t4 ro.r otal. t'Ml.P\• 
JM81• A l/lt lite MOtloft w• ma· •lt'UP Ml "64 _....,. 

tor IM ltu41W 4MN9taatl..•• 

• ·u441_· ...... ..,, 11 - .... . k 'Urt 11,'tf'ff _ f.l ' L~ t•••• -·. , .•• t • • _. QI _ . tsudtl 111 H¢Hl.'••-P••f- ·_ ;f1JU. ~ 
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