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Faraday’§LawUfIⅡ ductiUⅡ

1U.l Faraday’ sLawUfIndⅡ ctiUn

The electric Πelds andmagnetic flelds cUnsidereduptU nU、 Vhave been prUducedby
stat㏑narychargesandmUvingcharges(aⅡ rents),respectively.ImpU血 nganelectricfleld
UnacUnductUrgives risetUacurrent、 vhichin turngenerateSarnagnejcfleld.UnecUuld
then inquirewhetherUrnUtanelectricfleldcUuldbeprUducedbyamagneticfleld.In
1831,、I沁haelFaradaydiscUveredthat,byvaryingmagne位 cfleldwithtiIne,allelectr㏑
fleldcUuldbegenerated.ThephenUmenUn is knUwnaselectrUmagneticinductiUn.Figure

lU.1.l illustratesUneUfFaraday’ sexperilllents.

FigurelU.1.lElectrUmagneticinductiUn

Faraday shU、 vedthatnU current is registeredin the galvanUmeter、vhenbarmagnet is
sta位Una〃 wlthrespecttUthe lUUp. HU、 vever,acurrent is induccdin the lUUph,llena
relajve mUtiUn exists between the b缸  magnet and thc lUUp. In particular, the
galvanUmeter deΠects in Une directiUn as the magnet apprUacheS the lUUp, and the
UppUsitedirectiUnas it rnUvesa、 vay.

Faraday’ s experiInent demUnstrates that an electric current is induced in the lUUp by

changingthemagneticΠeld.ThecUilbehavesasifit、 verecUnnectedtUanemfsUurce.
Experilllentally it is fUund that the induced emfdepends Un the rate Ufchange Uf

magneticnuxtlu.UughthecUiI.



1U.1.l  ⅣIagnetieFlux

CUnsideraunifUrm magneticfleldpassingthrUughasurface∫ ,asshUwll inFigurelU.1.2
belU中
「

FigurelU.1.2ⅣIagneticfluxthrUughasurface

LettheareavectUrbeA=4n,hllere4is the缸 eaUfthesurfaceandn itsun丘 nUrlna1.
Thelnagneticfluxth1.Uughthesurfaceisgivenby

ΦB=B.Λ =B4cUsθ               (lU.1.1)

whereθ is themglebetween二 andn.r tlleflcldis nUn＿ u㎡fUm,ΦBthenbecUmes

Φβ=打三.瘚         (1U.1.2)
∫

TheSIuniUfmagneticfluxis theweberσ Ⅳb):

lWb=lT.m2

Faraday’ slawUfinductiUnmaybestatedasfUllUws:

FUracUⅡ thatcUnsistsUfi∼ㄏlUUps,thetUtal inducedemfwUuldbeΛ ㄏtilnesaslarge:

ε=-Ⅳ午     四.⊕
CUmbiningEqs.(1U.1.3)and(lU.1.l),weUbtain,fUraspathl玗 unmUrmfleld二

,

The lnducedemfε
magneticflux:

in a cUiI is prUpUrtiUnal tU the

ε=一旦≦L生
祊

negative Ufthe rate Ufchange Uf

(1U.1.3)



ε ==＿ 上L.B4cUsθ )二二一
〔÷;:｝
4cUsθ ——B〔

-;:｝
cUsθ ┤├上”4sinθ

〔勞 ｝   (lU.1.5)

Thus,weseethatanemfImybeinducedin thefUllUwingw研 s:

(DbyV鈕Vingthemag㎡ tLldeUfBwitll timeallustratedinF㎏ urelU.1.3.)

嘝

羜-β

FigurelU.1.3Inducingemfbyva.√ ingthelllagneticfleldstrength

〔i)byva,ingthemag㎡ ttldeUfA,i.e.,theareaenclUsedbythelUUpwithtime
(illustratedinFigure1U.1.4.)

︙Ⅲ
0
.

FigurelU.1.4InducingemfbychangingtheareaUfthelUUp

va呼ingtlleall』 ebetween王 alldthe缸 eaVeCtUr云 withtimeallustratedinF㎏ lIre
.5.)

☉ 八 ﹉
一

Ⅱ

︴
∥

﹉﹉︙
一︙
【
︴

FigurelU.1.5Inducingelnfbyvaryingtheanglebetween二 alld云 .



lU.1.2 Lenz’ sLaw

ThedirectiUnUftheinducedcurrent isdeterΠ inedbyLenz’ slaw:

The induced current prUduceS magnetic flelds 
、
vhich tend tU UppUse the change in

magnejcfluxthat inducessuchcurrents.

TUillustratehU、vLenz’ sl印Ⅳ WUrks,let’ scUnSideracUnductinglUUp placedinalnagnetic

fleld.WefU11UwtheprUcedurebelUw:

1.DeflneapUsitivedirectiUnfUrthe缸 eaVeCtUrA.

2.AssumingthatBisunifUrln,takethedUt prUductUfBalldA.Thisa11U、 港 fUrthe

deteΠninatiUnUfthesignUftlleInagnejcfluxΦ 〞.

3. Ubtain therateUffluxchangeσ Φβ/σrbydifferentiatiUn.Thereε IetllreepUssibilities:

4.DeteⅡ㎡nethedirectiUnUftheinducedctlrrentuSingtlleright-handrule. WithyUur

thumb pUⅡiing in the directiUn UfA, curl the flngers arUund the clUsed lUUp. The

inducedcurrentΠ Uwsin thesamedirecuUnasthewayyUurflngerscurl ifε >U,andthe
UppUsitedirectiUnifε <U,asshUhll inΓ igurelU.1.6.

FigurelU.1.6Deter“ inatiUnUfthedirectiUnUfinducedcurrentbytheright＿ handrule

InFigure lU.1.7、 veillustratethefUurpUssiblescenariUsUftiIne-va.︻ ngmagneticflux
andshUwhUwLenz’ sl鈾ViSuSedtUdeternlinethedirectiUnUftheinducedcurrent′
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FigurelU.1.7DirectiUnUftheinducedcurrentusingLenz’ sla、V

TheabUvesituatiUnscanbesummarizedwiththefUllU、 vingsigncUnventiUn:

Φ ” σΦβ/房 ε r

+
+

+ 十

+

十 +

ThepUsitive alldnegative signsUf′  cUrrespUndtU acUunterclUck、vise andclUckwise
currentS,respectively.

Asa1.lexalmpletUillustratehUwLenz’ slawlllaybeapplied,cUnsiderthesiuajUnwhere
abarIllagnetis mUvingtUwardacUnducjnglUUpwithits nUrthpUledUwll,asshUwll in

Γigure lU.1.8(a). With the magnetic fleld pUinting dUwnward and the area vectUr

ApUintinb.up、 v缸d,thelllagneticnuxis nebUative,ˊ 沼., U丹 =一五Vf<U,、vhere4is thearea

UfthelUUp.AsthemagnetInUvescIUsertUthelUUp,themagneticfleldatapUintUnthe

lUUp increaseS(戚B/t〞 >U),prUducinglnUrenuxthrUughtheplalleUfthelUUp.TherefUre,

ˊΦ 丹/房 =一4(dB/磅 )<U , 虹nuying apUsiIve induccd cm色  ε >U, andthc induced

cuIent fIUⅥ港 in the cUunterclUckwise directiUn. The current then sets up an induced

magnejc fleld and prUduces a夕 U∫’′′vε 且ux tU cUunteract the change. The situatiUn
describedherecUⅡ espUndstUthat illustratedinΓ igure1U.1.7(c).

Alternatively,thedirectiUnUftheinducedcurrentcanaIsUbedeterⅡⅡnedfrUlll thepUint
Ufvie、vUfrnagneticfUrce.Lenz’ slaWstatesthattheinducedemfrnustbein thedirecjUn
thatUppUsesthechange.TherefUre,asthebar rnagnetapprUachesthelUUp,itexperiences



arepulsive士 UrceduetUtheinducedemE SincelikepUlesrepel,thelUUpInustbehaveas
ifitwereabarmagnetwithits nUrthpUlepUintingup. ｛Jsingtheright-handrule,the
山 rectiUnUftlleinducedcurrent iscUunterclUckwise,asⅥ ewfrUmabUve.Π gurelU.1.8(b)
illustrateshU、vthisalternativeapprUachisused.

FigurelU.1.8(a9AbarmagnetmUⅥ ngtUwardacuIellt lUUp.(b9DeterminatbnUftlle
direcjUnUfinducedcurrentbycUnsideringthemagneticfUrcebc小 〃eenthebarIllagnet
andtheIUUp

lU迄 ⅣIUtiUnalEⅣIF

CUnsideracUnductingb缸 Uflength了 mUvingthrUughaunifUrn1lnagnejcfleldw.hich
pUints ㏑tU the page, as shUwn in Figure 1U.2.1. ParticleS with charge 

σ>U inside

e卬eΠellceama印let沁 fU㏄e軋 =〞×二 h.h沁h托lldS●° pushthemupward,㏑ 卻ing
negajvcchargesUnthelU、 verend.

I︴

∥甑、
∴

FigurelU.2.lAcUnductingbar rnUvingthrUughaunifUrm magneticfleld

TheseparatiUnUfchargeg∥esΠsetUanelectΠ cfleld二 in血dethebar,wⅡ chin ttlrn
Ⅳ UducesadUhllwardelectricfUrce乳 =拒 .AtequiIibriumwheretlletwUfUrcescancel,

｝
∴
廟
鼜
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we haveσ vB=σE, UrE=l’B. Betweenthe twU ends Ufthe cUnductUr, there existsa

pUtentialdifferencegivenby

Z加 =吃 一吃=ε =回 =B′v

SinCeε 田HSeS frUnl tllemUtiUnUfthecUnductUr,this pUtential difference iscalledthe

mUtiUnalemfIngeneral,mUtiUnalemfarUundaclUsedcUnductinglUUpcanbewrittenas

(1U.2.l)

(1U.2.4)

ε=σ (●×三).σ 6

whereσ 6isadifferenuallengthelement.

(lU.2.2)

NUw suppUse the cUnducting barmUves thrUugh aregiUn UfunifUrnl magnejc fleld

B=-Bk (pUintingintUthepage)byslidingalUngtwUfrictiUnlesscUnduc位 ngrails that
areatadistance了 apa比 andcUnnectedtUgetherbyaresistUr、 vΠhresistanceR,asshUwu
inFigtlrelU.2.2.

氏
一
﹏ i:\

︴一 ⋯ ⋯║

FigurelU之 迄 AcUnductingbar slidingalUngtwUcUnductingrails

LetanextemalfUrce丮
Ⅲ beappl沁 dsUth放 tllecUnductUrmUveStUtlleIglltwitha

cUnstalltvelUcity干 =vi.ThelllagnejcfluxtllrUughtheclUsedlUUpfUrmedbythebar
alldtherails isgivenby

Φβ=王4=B加

Thus,accUrdingtUF缸 aday’ sla、v,theinducedemfis

(1U.2.3)

一澸
億├
﹉

ε =＿ 望亞生生 =一
善:(Btx)=-B↙ 券

=一 B↙ 1,

、
vhereax/t〞 =vis sⅡ nplythespeedUfthebar.ThecUrrespUndinginducedcurrent is

′=旦 =∠I上
R  R

(lU.2.5)



and its directiUn is cUunterclUckwise, accUrding tU

diagram isshU、 vn inFigure1U.2.3:

Lenz’ S la、v. The equivalent circuit

︴ε︴翠βΛ●

Figure1U.2.3EquivalentcircuitdiagramfUrthelnUvingbar

ThernagneticfUrceexperiencedbythebaras it rnUveStUtheright is

↙
馨

FB==r(了 :)× (一B女)=一J′B:==—＿

〔

」巨

;一

生

｝

:

虱=一丸=十〔穻｝:    aa2D
isequaltUthepUwerdissipatedin theresistUr:

卜虱j=骭
階 ｝「
上
早告

一

二=告打偢

(lU.2.6)

、
vhichis in theUppUsitedirectiUnUf予 .FUrthebartUmUveatacUnstantvelUcity,thenet
fUrceactingUn it rnustbeZerU.This rneanSthattheexternalagent lllust supplyafUrce

ThepU、 verdeliveredby →几

(lU.2.8)

asrequiredbyenergycUnservatiUn.

FrUln theanalysisabUve,inUrderfUrthebartUmUveatacUnStantSpeed,allexternal

afUrce現〝.Ⅳvhathappensf飩 ′=U,thespeedUftherUdagentIⅡuStcUnStantlysupply

isvU,alldtheexternalagent stUps puShing?Inthiscase,thebarv葒 ll slUwdU、
、
mbecause

UftheInagneticfUrcedirectedtUtheleft.FrUmN郃 叭Un’ SSecUndlaw,wehave

Bㄅ
2v

几
σv

=羽a=羽 ——
σt

(lU.2.9)

Ur

生 =＿上一祊=一旦竺
v   r99R     t

(lU.2.1Φ



Thus,weseethatthespeeddecreaseSexpUnentia1lyin theabsenceUfanexternalagent
dUingwUrk.In prindple,tllebarnever stUps mUⅥ ng.HUwev釭 ,Unemη Veri打 tllat tlle
tUtaldistallcetraveledisΠ n丘e.

lU.3 IⅡ ducedEIectrieField

In(Ehapter3,、 vehaveseenthattheelectricpUtentialdifferencebet、 veentwUpUints4and

BinaI,electricΠ eldEcanbe、 vrΠtenas

Δ◤=吃 一吃=

wheret=羽 R/B竹
2.UpUn integratiUn,weUbtain

v(t)=%θ
┤/t

ε=σ元nc.〞官

CUmbining、 vithFaraday’ slawthenyields

中㎡浹=-望告;生

＿
f元
.〞忑

(1U2.11)

(lU.3.l)

WVhentheelectricΠeldiscUnservajve,aSis thecaseUfelectrUstatics,thelineintegralUf

元.σ忑is patll＿ independellt,w㏑ chimpl跆sσ己.σ忘=U.

Faraday’ slawshUwsthatas lnagneticΠ uxchangeswithtiIlle,an inducedcurrentbegins

tUflU、v.、VhatcausesthechargestUmUvc?ItiStheinducedemfh.hichis thcwUrkdUne

perunΠ charge. HUweVer, sincemagnetic丘 eldcandUnUtwUrk, aswehave shUwn in

Chapter8,the、 vUrkdUneUnthemUbilech缸 geSInustbeelectric,alldtheelectricirleldin

this situajUncannUtbecUnservajvebecausethelineintegralUfacUnsen′auvefleldlllust
vanish. TherefUre, 

、
ve cUnclude that there is a nUn＿ cUnServative electric fleld

EncassUciatedwithan inducedem全

(1U.3.2)

(1U.3.3)

The abUve expreSsiUn ilnplies that a changing magnejc flux will induce a nUn-
cUnServative electric fleld 

、
vhich can vary with jme. It is 虹npUrtant tU distinguish

be仇Veentheinduced,nUn-cUnServativeelectricfleldandthecUnserVativeelectricfleld

、
vhichaHsesfrUnlelectricchargcs.

Asanexalmple,let’ scUnSideraunifUrm magneticΠ eld、vhichpUints〞πUthepageandiS
cUnΠ nedtU acircularregiUnwithradius 凡 as shUwn inFigure lU.3.1. SuppUsethe



magnitudeUfB incrcaseSwihume,′ θ.,dB/磅 >U.Let’ s flndthcinducedelectricΠ eld
eve〃whereduetUthechangingrnagneticfleld.

SincethemagneticΠ eldiscUn丘 nedtUacircularregiUn,f1.Unl sylnInet.rarguments、 Ve

chUUsetheintcgratiUnpathtUbeacircleUfradiusr.ThemagnitudeUftheinducedfleld

Enc at all pUints Un a circle is the salne. AccUrding tU Lenz’ s la、v, the directiUn Uf

Encmustbe suchthat it、vUuld drive the induced current tUprUduce amagnetic fleld

UppUsingthechangcin magnejcflux.NViththeareavectUrApUilltingU勿 tUfthepage,

themagneticfluxis negativeUr in、 vard. WΠh茈B/磅 >U,theinwardmagneticfluxis
increasing. TherefUre, tU cUunteract this change the induced cuIent muSt 且U、v

cUunterclUckwisetUprUducelnUreUu仇 Vardflux.ThedirectiUnUfEncis shUwn inFigure

lU.3.1.

｜●:t〡 t

FigurelU.3.1InducedelectricfleldduetUchangingrnagneticilux

Let’ s prUceedtUflndthemagnitudeUfEnc.IntheregiUn′ <R,therateUfchallgeUf

magnejcfluxis

〞π

\
—

—
—

ˊ

泌
一房

√

＿

＿

l
0

一=田一
σ
一祊
=

→Λ→B
σ
一祊
=礪一房

(lU.3.4)

(1U.3.5)

(lU.3.6)

(lU.3.7)

UsingEq.(lU.3.3),wehave

中 ㎎
-a怤 =虱cφ叫 =-望告:生

=〔
等 ｝
〞
2

、
vhichinlplies

Enc=
rdB
2磅

SiⅡⅡlarly,fUrr>R,theinducedelectricfleldmaybeUbtainedas

Rπ

\
、

l

I

I

I

I

,

了

ˊ

泌
一磅

ˊ

＿

＿

l
0
=

σΦBE㏄ (2πr)=

lU



E犯 =勞等
AplUtUfE〕°asafunctiUnUfris sh“∼m inΠgurelU.3.2.

(1U.3.8)

(1U.4.l)

′;︴攘C

FigurelU.3.2InducedelectricΠ eldasa血ncuUnUf〞

1U.4 GeⅡ eratUrs

UneUfthernUst ilmpUrtalltapplicatiUnsUfF缸aday’ sla、vUfinductiUn istUgeneratUrSand
mUtUrs. A generatUr cUnverts mechanical energy intU electric energy, 

、
vhilc a mUtUr

cUnveltselectricalenergyintUmechanicalenergy.

熬 ﹉  ﹉$﹉﹉﹉
:《

一

會 ﹉̄
﹉
坤
﹉

.
一

﹉
一
﹉

ω 
 

﹉

FigurelU.4.l(a)A㎡ mplegeneratUr.(b)TherUtatinglUUpasseenfrUmabUve.

Figtlre 1U.4.1(a)isasimplei1lustratiUnUfageneI朮 Ur.ItcUnsistsUfallΛ tturn lUUp

rUtatinginamagneticΠeld、vhichisassumedtUbeunifUrm. ThemagneticΠ uxvaries
withjme,tllereby㏑dudnganemfFmmF㎏ure1U.4.1(b9,weseethat tllemagneticΠ ux
thrUughthelUUp lllaybe、 vrittenas

ΦB=B.Λ =凸化 Usθ =B4cUsω r

TherateUfchangeUfmagnejcfluxis



σΦβ=-田ωsin r/,t                (1U.4.2)
房

Sincetherearej∼ㄏturns in thelUUp,thetUtal inducedemfacrUss thetWUendsUfthelUUp
lS

ε=一Ⅳ 空﹄ ﹉ 〝BAω血nω〃
磅

(1U.4.3)

If、ve cUnnect the generatUr tU a circuit which has a resistance R, then the current

generatedin thecircuit isgivenby

r=一」=f、
B4ω
s㏑缾         (lU′ .ΘR

The current is an alternaung cuⅣ ent 
、
vhich Uscillates in sign and has an aImplitude

馬 =〝BAω /R.ThepUwerdel∥ 田edtUthisdrc㎡ t is

Pr陫
叩

血 絎    仰 句

UntheUtherhand,thetUrqueexertedUnthelUUp is

t=uBsinθ =uBsinω′              (lU.4.6)

Thus,tllernechanicalpUwersuppliedtUrUtatcthelUUp is

罵,=石ω=uB.r,血 nω了                (lU.4.7)

SincethedipUlelllUmentfUrthe〝＿turncurrent lUUp is

u=Ⅳ口 =Ⅳ
切ㄅω
㎡n餅         (la缸 勒

theabUveexpreSSiUnbecUmes

┤穻血〢Buxintx=叩而 m灱
Asexpected,theImechanicalpUwerput in isequaltUtheelectricalpUwerUutput.

12



lU.5 EddyCurreⅡ ts

皮駕£甜豔驟 鬼犣擋孰:
can alsU be induced. The induced cuIent

6́6::釮rrθη′.

c鈲

:I皂:lii:lil:.Appe缸

anCeUfaneddycurrenthllenasUlidcUnductUrmUvesthrUugha

報i掛緊rε豔群找::︴｝;處駕猛尾r犣牡e號n::子:揣:j管:音#l:智 ,

B- 
﹉ .

.
〝﹉‵﹍﹉﹉﹉一︴.
╮

⋯
I,一#  :

一

   ‵’｝︴!一︴

〝輟﹉             
﹉

: V
﹉烞

:iξ::::廿::it豔

neticfUrce祤 ΠSingfrUlll theeddyctlrrent thatUppUses tllemUtiUnUf

9nce R,JUuleheatingcausesalUssUfpUwer

feasingthe valueUfR,pUwerlUss canbe
atethecUnducjngslab,UrcUns竹 ucttheslab

ja︴
;腮
丹捕 g響臨土:亂這瑋猛

FigⅡrelU.5.3EddycuIen心 canbereducedby(a9laminatingtheslab,Ur(b)makingcuts
Untheslab.
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踹 °ξξξ土二︴:去t罕堆掛茁
e:土
1器t’拙糊 :ii蟴i:擇苦邁驟brakingsystemsinhigh＿ speedtransitcars.

lU.6 SuⅡl】mary

.  TheIⅡ agⅡeticIluxthrUughasurface∫ isgivenby

ΦB=打i.派
∫

.Fπ ada′ s㎞ UΠn屾 Un就勰 tllat裝

i:報 :emfε
ina㏕ 拍 IγUpUⅢUn㏕ ㏑thenegativeUftherateUfchangeUfrnag〕

ε=一Ⅳ 丕 L
磅

.  ThedirecuUnUftheinducedcurrent isdeterⅡ
linedbyLeⅡ′sIawh.hichstates tllat

生:」懘:∫ :｜:f︳#三早戈古:::ξ:::i1ξ單峉::.fleldshllichtendtU UppUsethe changes in
.  AmUtiUnaIemfε is inducedifacUnductUr rnUVes inamagneucfleld.Thegeneral
expressiUnfUrε is

ε=σ (.× I:).σ志

InthecaseUfacUnductingbarUflengthJlnUvingwithcUnstantvelUcity●
thrUugha

mabUnejc fleld which pUints in the directiUn perpendiculartU the bar alld 
●, theinducedemfisε =＿Bl,′ .

.  An induced ,mfin a stajUna〃
 cUnductUr is assUciated with a nUn一 cUⅡservative

eIectriefleldEnc:

ε=σ二↙瘀=-望
::生

lU.7AppeⅡ dix:IⅡducedE】mfaⅡdReferenceFrames

InSec位UnlU.2,wehavestatedthatthegeneralequajUnUfrnUtiUnalemfisgivenby

ε=q〡 (.×且).σ 6

14



蟲機r器造鶚t工鼠既:°
=e盟

::︳:ξ絮涐 主菁:iII::各」黎
〃U唧

ε=σ元忯.σ‘

:l:::∫ :玫 s:::f｛:〧l::::e常 推 器 既 奚 i:驟 編 穵 :織 ra::::::::=:;:U:
cUnductinglUUp.AnUbserver(9in therestframeUfthelUUpseesthebar rnagnet lllUving

tUWardthelUUp.AnelectΠ cΠeld元
I㏄
is inducedtUdHvethecurrentarUundthelUUp,and

acllargeUnthe㏑ UpexpeΠ eIlcesalle㏑ ctric勺 rce耴 =σ元 nc.Sincethech缸 ge必 飩 ㏄ 就
accUrdingtUUbserverU,nUmagneticfUrceis present. UntheUtherhand,anUbserver

U’ in therestfran.eUftheb缸 magnetseeSthelUUpmUvingtUⅥ KEdthei1.lagnet.Sincethe
cUnductinglUUp is lllUVingⅥ 河thavelUcity● ,alllUtiUnalemfis induced.Inthisfranle,
6V sees the charge σmUving with a velUcity ●, and cUncludes that the charge
experienc㏄ amagneticfUrceI為 =σ●×二.

FigurelU.7.lInductiUnUbservodiodifferent referenceframes.In(a)thebarmagnet is

mUving,、vhilein(b)thecUnducInglUUp isInUving.

Since the event seenby the twU Ubserver is tho same except the chUice Ufreference

fralmes,tllefU㏄ eactingUn tllecllar胖 mustbethemme,乳 =乳 ,whicll implies

Enc=于 ×B (lU.7.l)

扎翠歡弅鯊葚裝:f且 :會絮主古結驟 :f:℉器咢Ⅶ幹誌緊持:器言
relajvetU(9.

lU.8  PrUbIeⅡⅡ＿SUIvingTips:Faraday’ sLawandLenz’ sLaw

InthischapterwehaveseenthatachangingrnagneticfIuxinducesanemi

(
﹉

﹉鷈

〔:甘 :6

∴

﹉
樲
︴
┤

C﹉ ∥

↘ \心
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ε=＿Ⅳ丕╘
磅

accUrdingtUΓ araday’ slawUfinductiUn.FUracUnductUr、 vhichfUrmsaclUsedlUUp,the
eI1.lfsetsupan inducedcuⅡ entJ=｜ ε｜/R,whereRis theresistanceUfthelUUp.TU
cUmputetheinducedcurrentanditsdirectiUn,、 ve壬 UllU、vtheprUcedurebelUv╭

拭1韱惢寫點赭嘂 氍黖 i摋Υ貒薝#瑰驟 帑智
CUlllputethelllagnejcfluxthrUughthelUUpusing

DeterminethesignUfΦ
B.

2.EvaluatetherateUfchangeUfInagnejcnuxσ ΦB/祊 .Keep inⅡΠndtllatthechange
cUuldbecausedby

(D changingthemagnejcflelddB/〞′≠U,
〔● challgingtllelUUpareafthecUnductUr必 mUⅥ ng(θZ/磅 ≠ U),Ur
(iii)challgingtlleUrielltatiUnUfthelUUpwithrespecttUtllemagneticfleld(σ

θ/氻 ≠ U).

DeterΠinethesignUfσ ΦB/磅 .

3.ThesignUftheinducedemfis theUppUsΠ eUfthatUfσ Φ B/ar.ThedirectiUnUfthe
inducedcurrentcanbefUundbyusingLenz’

sla、vdiscussedinSectiUnlU.1.2.

m咖㎜
→。

→。
.
旗

虹
肛

f
t

=BΦ

lU.9  SUIvedPrUbIems

lUU.l  RectanguIarLUUpNeara〝0re

會l:┤玨1孓見一拷十L一∴:ngth↙,a:shUwIl:f:f各:好古:鬼
tUtheleftUfarectangularlUUpUf
1U.9.1.

16



﹉. ‵﹉
一
  小.  ﹏﹉

恐﹉﹉﹉;

Figure1U.9.lRectangularlUUpnearav葒 re

(a9DeterlninetllemagneticΠuxth1.UughtherectallgularlUUpduetUthecurrent王

(b)SuppUsethatthecurrent isafunctiUnUftimewith′
σ)=a+tt,whereaandtare

pUsijvecUnstants.、 Vhat is theinducedemfin thelUUpalldthedirectiUnUftheinduced
current?

SUlutiUns:

°)U血ngAmpere’ slaw:

σi.σ‘=uU蜢      a唦 D

thernagnejcfleldduetUacurrent-ca」
oㄏing、vircatadistance〞 awayis

B=舞       aa乳 9D
The tUtal magnetic flux Φ B thrUugh the IUUp can be Ubtained by sulnlning Uver
cUntribujUnsfrUn〕 alldifferen位 alareaelements‘ t4=ˊ挽9:

Φ”=VΦ”=押 .派 =勞 f柳午 =勞 《
生
:壘〕  aa兜 砂

NUtethat、vehavechUsentheareavectUrtUpUⅡ i′ηtUthepage,sUthatUB>U.

(b9AccUr山ngtUF缸 a&乎’slaw,tlleinducedemfis

一等=-磊〡勞<γ】=嘮〢一｝.券一勞〢V｝ m坳
wherewehaveused歲 〃σt=t.

17



ThestraightwirecaΠ yingacurrentIprUducesaInagne位 cfluxintUthcpagetllrUughthe

rectangular lUUp. By Lenz’ S la、v, the induced current in the lUUp must be flU、 ving

εUV刀他 rε了Uεhl,5ε inUrdertUprUduceamagneticΠ eldUutUfthepagetUcUunteractthe

increasein inwardflux.

1U.99  LUUpChangingArea

AsquarelUUpⅥ 汪thlengthJUneachsideis placedinaunifUrinIllagnetici● leldpU上 1ting

intUthepage.DuringaumeinteⅣ alΔ〞,thelUUp is pulledfrUm its twUedgcsandturned
intUarhUmbus,asShU、 Vn in theFigure1U.9.2.AssuIllingthatthetUtalresistanceUfthe

lUUp is i色 flndtlleaverageinducedcuⅡ entin thelUUpanditsdirectiUn.

蕊 ﹉｜﹉∵﹉∵
森 ﹉

一

﹉   ﹉﹉
＿＿

.﹉

一

﹉﹉

一

  ﹉

一

.′一

′
一

FigurelU.9.2CUnductinglUUpchangingarea

SUlutiUn:

UsingFaraday’ sla、 v,、vehave

ε=＿望≦生生=＿ B〔÷〧÷｝                     (1U.,.5)Δt

SⅡlcetlle㏑ itialalldtheΠ n㏕ areasUfthelUUpa㏄ 4′ =ㄕ and4=ㄕ sinθ ,respecti㎎玗

←ecall tllat tlle a㏄ a Ufa parallelUgram deΠ ned by twU vect㏄ s 而 and 了2必

4=｜而×鬼｜=右 t sinθ ),theaveragerateUfchangeUfareais

、
vhichgives

ε =

Thus,theaverageinducedcuIent is

坐 =‘/一
4′

一
句 一曲Θ<U

Δr   Δr        Δr

Bㄕ (l一 sinθ) >U

(lU.9.6)

(1U.9.7)
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u=     吧 助R

Since(Δ 4/Δ′)<U,themagneticΠ uxintUthepagedecreases.Hence,thecuⅣ ent nUⅥ溶
in theclUckvλ sedirectiUntUcUIllpenSatethelUssUfflux.

lU.9.3  SIidingRUd

AcUnductingrUdUflength′ isfreetUslideUn〝vUparallelcUnductingbarsas inFigure
lU.Ω .3.

︳         ﹉

Figure1U.9.3SlidingrUd

InadditiUn,twUreSistUrsR｜  andR2 arecUnnectedacrUss theendsUfthebars.Thereisa
unifUrm magneticfleldpUintingintUthepage.SuppUseanexternalagent pu1ls theb缸

tU
theleftatacUnstantSpeedv.EvaluatethefU11Uwingquantijes:

(a)Thecurrents thrUughbUthres播 tUrS;

(b)ThetUtalpUwerdeliveredtUthere㎡ stU仆 ;

(c)TheappliedfUrceneededfUr tllerUdtUmaintainacUnstantVelUcity.

SUIutiUⅡ s:

(a9TheemfinducedbetweentheendsUfthemUⅥ ngrUdis

ε=一旦竺生生=＿B加
祊

(lU.9.ㄌ

Thecurrents tllrUughtheresistUrsare

〦=寄 ,几 =寄
        (1U.,.lU)

SincetheΠuxintUtllepagefUrtheleftlUUp isdccreaSing,rlΠ UwsclUckv汀 setUprUducea
magne位cfleldpUintingintUthepage.UntheUtherhand,theΠ uxintUthepagefUrthe
rightlUUp is increasing.TUcUmpensatethechange,accUrdingtULenz’ sl〞w,┘tmust nU、 v
cUunterclUckwisetUprUducearnagneticfleldpUintingUutUfthepage.

(b)ThetUtalpUwerdissipatedin thetwUresistUrs is

19



f∥ =｝馬出 〣 ⋯ ω ㎡
陪 ┤

扔
2持十
爿
岬 D

(c)ThetUtalctlrrentflUwingthrUughtherUdis r=巧 +几 .Thus,themagnet沁 fUrce

actingUntherUdis

馬=r了B=｜ε｜JB〔 ;-+::｝ =Bη 2v〔 ;i+;;｝        (1U.,.12)
alldthedirectiUn is tUtheright.Thus,anexternalagent rnuStapplyanequalbutUppUsite

fUrce凡 奸 =一 虱 tUtlleleΠ in㏄ dertUmaintainacUnstaIltΨ
eed.

Alternatively,、 venUtethat sincethepU、verdissipatedin theresistUrs muStbeequaltU

罵〝,themechanicalpUwerSuppliedbytheextemalagellt.Thcsameresult isUbt釭
ned

slnce

現油=凡幻.予 =f菣｛v           (1U.9.13)

1Uθ .4  ⅣIUvingBar

A cUnducting rUd Uflength 了 mUves w丘h a cUnstant velUd, ● perpendicular tU an
infln丘elylUng,straightⅥ砬recarryingacurrent几 asshU、vn in theFigurelU.9.4.What is

thecmfgeneratedbet、 vcenthecndsUftherUd?

飀
﹉ .   了   

一

縣小﹏〝 ˊ

Figure1UU.4Abar rnUvinga、 vayfrUnlacurrent-car勺 ◤ingwire

SUlutiUn:

FrUⅡlF缸aday’ sla、v,thelnUtiUnalemfis

︳ε｜=Br,,                   (1U.9.14)

2U



:全f;縊≒掛嘿濲ㄋ既八罵t盤長笨:孓于
dd血etUthe血缸glltcu㎜＿

B=舞      a煦°
Thus,theemfbe仇VeentheendsUftherUdisgivenby

〣=〔舞〕加      a唦呴

話::::襯蕊拷£午絲&i:f↑#搖:甘:誌詳緊:︴t:｝｝｜b:I蟄 theplane㎡
# ‘父
一

︷●

FigurelU.9.5CircularlUUp inat上 ne-va,inglnagneticfleld

Themagllet沁 Πeldvarieswitll jmeaccU1.dingtUBlr)=馬 +加 ,wllereBUaIldtare
pUsi位 vecUnstaIlts.

(a)CalculatethemagneticΠuxthrUughthelUUpatt=U.

(b)C㏕ctllatetheinducedemfin thelUUp.

●)What is theinducedcurrentalldΠ sdirectbnUfΠ UwiftlleUverall resistanceUfthe
lUUp isR?

(d)FindthepU、verdissipatedduetUtheresistanceUfthelUUp.

SUlutiUn:

(a)Themagne位 cfluxat timer isgivenby

。
乙



ΦB=B4=(既十tt)(πa2)=π (馬十tr)a2    (1U.9.17)

wherewehavechUsentheareavectUrtUpUint物
′Uthepage, sUthatΦ B>U. At′ =U,

wehave

Φβ=π禹〞            (lU.9.18)

(b)U血ngFaraday’ sLaw,theinducedemfis

一等
=一4等 =※π的幾尸=-π扐2 m啊

(c)TheinducedcuIent is

J=一二」  π乙a2
R.= R                 (lU.9.2U)

allditsdirecjUn iscUunterclUck、 visebyLenz’slaw.

(d)ThepUwerdissipatedduetUtheresistanceRis

P=′ R=〔
罕 ｝

2R=璻
上    aa乳 的

lU.9.6 ⅣIUvingLUUp

ArectangularlUUpUfdimensiUns′ andwmUveswithacUnstantvelUcity● awayfrUmall

驟ξ托.步:早出驟滯蕊驟言品苦
撕色
甘Ⅵ穿孔
°
::裝】｜l〡i::::｜ ;〡’f甘踹乎theinstant thenear sideisadistance〞

frUlll tl

篎
人畿     ﹉∵
﹉.   ́ 

一

陣〝﹏〝“-↙

Figure1U.9KArectangularlUUpInUvingawayfrUnlacurrent-car,ingwire

SUIutiUⅡ :

Themagne位 cfleld飩 adiStance∫ frUmthestraightwireis,usingAmpere’ slaw:

。
乙
。
乙



、
vhere、vehavechUsentheareavectUrtUpUint〞 πUthepage,sUthatUB>U.Integrajng

UVertheentireε叮eaUfthelUUp,thetUtalfIuxis

Φβ=麥Γ半=勞〢上;里｝   m叭2Θ

ε=＿望告:生=嘮多卜一片

一

生｝=＿勞〔烏┤勞=漿志  aa少幼

wherev=氻〃磅 .NUticetllattheinducedemfcanalsUbeUbtainedbyu血 ngEq.(1U.2.2):

ε=σ (予×二).〞 6==v了 IB(r)——B(r+1.)I=l,了
I:ㄘ÷
;—
—
ㄎㄞ｛手::ㄞ
。
I     (1U.,.26)

uUrJ  v1.

2π 〞(′ +w)

Theinducedcurrent is

B=些 止
2π∫

ThemagneticfluxthrUughadifferenIalareaelementdA=了 σ∫UfthelUUp is

σΦβ二三.派 =舞礉

lU.1U CUⅡceptuaIQuestiUns

1.Abar rnagnetfallSthrUughacircularlUUp,asshUwn inFi郘 πe1U.lU.1

(1U.922)

(lU.9.23)

(1U.9.27)r=畢 =舞侖
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黂

、

︴

蠪

﹉﹉﹉﹉﹉﹉﹉  Figure1U.1U.l

(a9Descr山 equalitativelytllechangein magIleticΠ uxthrUughtllelUUpwhen tllebar
magnet isabUveandbelUwtheIUUp.

點〧翠全忌:驟忥t誌i萬豔翠I。f曹I:l叮f:蕊點Ξ出土塞石:為:Γ#盅
abUve.

2.T、vUcircularlUUps4andBhavetheir planesparalleltUeachUther,asshUwn inFigure

1U.lU.2.

一

博 ∵﹉
﹉﹉﹉

一

﹉  . ﹉﹉﹉﹉﹉﹉

﹉   ˊ
一﹉﹉﹉  

點赫欂r ﹉﹉:′

升 ﹉﹉̄
:﹉
﹉﹉̄̄ ﹉

一

﹉﹉﹉﹉:﹉
﹉﹉

﹉﹉﹉  ﹉ ﹉﹉﹉﹉
′
FigⅡrelU.lU.2

LUUp4hasacurrentInUvingin thecUunterclUckwisedirectiUn,viewedfrUInabUve.

(ω Ifthecurrent in lUUp4decreaseswith位 me,wh放 iSthediect㏑nUftheinduced
currentin lUUpB?弧 011thetwUlUUpsattractUrrepeleachUther?

(b)Ifthecurrent in lUUp4increaseswithtime,what is thedicaiUnUftheinduced
currentin lUUpB?W0ll thetwUlUUpsattractUrrepeleachUther?

3. AsphericalcUnducting sheⅡ  is placedinatillle-v缸 yingmagneticfleld. Ist1.erean
inducedcurrentalUngtheequatUr?

4.ArectangularlUUpmUveSacrUssaunifUrm magneticfleIdbuttheinducedcurrent is
zerU.HUwis this pUssible?
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