I Afer studying this chapter, the students will be shle to: -

& Slite that a foroe might act cne cument-camying tonduclor placedinamagneticlield |

& Usa ihe aguation F=8ILsinD puith dreclions &8 interpeted by Fleming's Ieft-hapd @i o sole
problems]

& Define magnetc flux [Bs the product of the magnetic fuz density and ttﬂmse:tmm] area

perpendicularlo fhe direction ofthe magnetic flux density] ) W o)

& L=e =84t solve problems - "

# Uss thecorcep: of magnetic fluxlinkage [

% Define magnetic fiux censity [ the foice acting perunit mrrmtpuru'nﬂp'lghun awire placed at right
angles tothe magnatic fisid] \ .

@ Liga F=Egveind o eolve prablems

# Descoribe the mofion of a charged partide maving in Wﬁﬂm maqnetic field perpandicular iotha
direstion of moton of h particle N,

& Explain how electricand mgneicl'iuﬁsﬂmh:uﬂd‘m mtywlac‘mﬁ

% Explain experiments thal demonstrate Fand m@ j Lenc’s laws [(s) that 3 changing magnetic Mo
can induce an amf in a circui, (b} tat the fis in such A direction B2 fo oppose the changs
producingit, {c} he factors affecting ihn magnitude of theinduced emf. |

# Use Femday's and Lenz's lews of elechpmagneticinduction lo solve probilems

& Deacribe how ferofluids work Ilhe»y sl e &f terniporary 8oft megnetc milersbs siapended m
Tiquids to devabop luids thet renﬂtta\ﬂm poles of & megnetand have many applicatons in fields such
an akscirehies]

& Explain how aalmmatu}ﬂ!ul& use of glachomegnatc induciion to the aerhquake debecion
[spedifically Intarmaof. | =t
{1} anvy meverment o il of the reck on whish the seilsmomaeder rasts (bured in a praeclive case}

rostlts Inrelstive mbtion betwasn the magnetand tha col (Suspended bya spring from tha frame. )

(1 Tho omfindused n thocall achestly proportionalte the displacement assoslated
Currant
Je have: .!llmady sludied that a magnetic field is 7 -—L-'-:%
pmq’uum around a current-carrying conducior. Also, & i = ",

changing megnetic field gives rise to a current in a conductor SR AR
placed in it. Eleciramagnetism is a key area of physics that W |
shudies how electric charges and magnetic fields interact. e

g 101:

In iﬂZﬂr Hans Christian Cersled found that electricity and Tha dirsclion of maghetie
magnetism are comelated. fiald produced by a cument

N T )

Megnehsmistacd with indestone, anaturalmincral digeovemd in anciont TOrkive.
Lodeatons, or megnetite (Fa0u), can stiract metsle Bk Iron and steal andg algna
with the Eaih's magnelic pales, leading lotha invention of the compass.
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Eleciromagnetism is crucial for modem technalogy, including phones, computers, and
meadical devices. In this chaptar, we will explore basic concapts ke electric fislds,
magnetic forces, and electromagnetic induction, and see how these principles aflect
both natural phenomena and technology. Understanding these concepls help us
appreciate how electromagnetism influences gurworld and drives innovation.

10.1 FORCE ON A CURRENT-CARRYING CONDUCTOR IN A
UNIFORM MAGNETIC FIELD

It has been observed experimentally that a cumenl-carrying

conductar placed in & magnstic field axpariances a forca,

Considera siraight conductor cemying asteady curent placed

perpendicular fo uniform magnetic field. Assume the direction

af the current is out of the paper as shown by = in Fig. 10.2,
The direction of magnetic field produced by the current is also:
show.

Just as two magnets exert forces on each other through their
magnetic fialds, a current-camying condustar experiancas a
forca due io the Interaction betwsaen Its own magnatic fleld and
the external magnretic field. To determine the direction of this o
forcs, considsrthe interaction hatwaan thatwofields, " g, 102

The magnetic field produced by the currént and the external uniform magnetic field
reinforce each other an the left side of the conductor and oppose each other on the right
side. Consseguentty, the conductor moves towards the skle where the field iz weaker.
Thatis, the force on the conduttor is directed Lo the right as viewed from the front. Thus,
the force Fis perpendicular to both the conductor and the magnedic field. Fleming's left-
hand nule is used to predict the direction of the foree experienced by a curment-camying
conductor ina magneticfisld. Toapply the rule:

Fosition your [eft hand such Irat the first
finger points in the direction of magnetic
figld,-fhe socond finger points in the
diraction of current, the thumb will then
pointin the direction ol force.

Tha Flaming's lefl hand ruls isillustrated in Fig. 10.3. Fig. 103

However, direction of force can also be found by using right hand rule that can be
statedas;

Curl fingers of your ight hand from curent to magnedic fisdd through
amaler angle, the stretched thumbwill indicate the direction of force.
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Letus now determine the magnitude of the forca on a curent-carmying conductor placed

inside & magnetic field. Experimentally, it has besn observed that the magnitude of the
force acting on the condustor is directly proportional to the current Lin the conductor, the
length L of the conductor, and the sirength of the external magnetic field 8. The srength
of the magnetic field is also known as the magnetic induction 8, which has the same
direction as the fiald. Thus, tha force F on a conducter of langth £, carrying a currant |
and placed perpendicular to a magnetic field of strength B, isgiven by

FeBiL

F = kBIL
In 51 units, the value of k = 1. Therefore,

FaBl i (1)

FromEq (10.1}wecansecthat B = % , snwe can define Bas:,

Tha magneatic strangth is numerically equal to ths force qxgﬁﬁ on a condudcine of langth
ane matne camying ona ampara cumant, placed parpqng!h__cli{nthn magneticfield.

B
Equation B=7 also gives usthe unitof 8, The SHunitof Bls tesla (T}, 1

I

r _L_ﬂr_ﬂ___
1T=1NA"m" SNy i
It may be noted that magnetfic induction is @ vecior quantity. lis ¥ i
direcion is tha same aathat of magneticfiald, ) :
We can also consider a vector Lwhich has a magnitude equal tothe
lengthof the conductor and its direction is along the flow of current. Laing

Flg. 104

Now consider & conduclor L placed st an angle '8 __ _
w.r.t the magnetic field, then we will use the li‘.!?%fiffiﬂi__'_‘fgqﬂﬂi‘ﬂ?ﬂ;:_-

companent of L perpendicular to B ie., (L sind), as R e
shownin Fig. 10.4. Then'the Eq.{10.1)will become, =
= BILEING coovereressesssessssians o [10.2) baka @ Nk
Inthe vector form the Eq. 10.2 can bewritten as _
F=ILXB o (10.3) =R

3 £ Tha Eartty's mapnstic fisld | spproodmaleiy
Equation {10.2) showa thst the force will be that of 3 dipole, Tke Fiat of 016 cihious bar

maximum {2/L) whan the conductor 16  magret wher ihe south magnetic pole =
| = FETT | towertis thi gacgraphic north mnd tha

perpendicular to the field, e, 8= 90", and twillbe 0= 8 e 1a ot

zarawhen the conductoriselong thefield e, 820 geogreghicsn pob.

{ Exampls 1000 A 20.0 e wire camying & cument of 10.0 A is placed in a uniform
magnetic feld of 0.30 T. If the wire makes an angle of 40° wilh the direction of magnetic
flald, find the magnitude ofthe force acling on thewira.

i soration| Lengthof thewire =1 = 20.0cm =0.20m
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Curnent = = 10.0A
Strength of magneticfisld =8= 0307
Angle =¢ =4

Substituting the valuesinEq. (10.2: F=10.0Ax0.20Tx0.20mxsin40"=0.38N

10.2 MAGNETIC FLUX AND FLUX DENSITY
We can represent the strength of a magneiic field B by the lines offorce in the same way
as for alactric fisld. Than, tha popuiation of thass lines in the fisld par unit anea passing
through a surfacs perpendicular to the field will represent the magnetic lux. Thus,

The magnetfic flux through a patch of area A is the

number of magnsticlines passing through this arsa, £ NOYWA
If & represents the numberof lines passing through unit AN,
area placed perpendicular to the fisld, then the totz1 fux \;
through area A perpendicularto the fiskd will be: \ ‘,.r‘ i

|

L

Tha surface A may not be perpendicularto the field, that Flg 10.5

ig the nomnal to the surface makes anangle B with B as A
shown In Flg.10.5. Then, we willhave to uss compaonent

of B (Bcost) along the vector area A (Fig. 10.5). @a@
Therafore, the flux passing through tha surface will be:

9o = BACOBD ...vveeriiener - (10.5)
As B and A both are vectors, sowe canwrile
,=BA ... .. A LA10B

Equation {10.6) shows: that -1:, i5 @ scaler quantity. ..."""f >
Therefore, we can definemagnetic lux as; A

The magnetic I‘uxh, through a plene element of area - | ———*
Bina uml‘pri'nmgnahc field B is given by dot produoct .
ofBandA, =

MNuotle that A is a vector whose magnitude is the area of () L~

the alement and whose directizn is alang the nomal Ta
to the surface of the elemantand 8 is the angle betwsean e
the diractions of the vectorz B and A (Fig. 10.5). In F—— ————
Flg. 10.7{a}, tha fleld le diracted along the normal to the f A f s
araa, 50 0 I8 zam (cosi =1} and the Mux s maximum, f’ / 5
agual to B4. When the fleld |s parallel to the plane ofthe F i——
area (Fig. 10.7-b), the angla betwesn ihe field and -
noma! to ares i= 90° ie., 8= 090" coe00%=0 ), 20 the flux ™

thraugh the ares in this odentation is zera. Fig. 10.7




2 ol @ ﬂ-qﬂn!'fm Bectomagaetism

In ease of & curved surface placad in 8 uniform magnatic fisld, the curved surfaca is
divided Into a numbes of smisll surface elements, each slement being assumad plane
and the fux through the whole curved surace is calculated by the sum of the
contribufions fromall tha alements oftha surface using Eq.{10.5).

From the definition of tesla, the unit of magnetic lux is N m A” which is called weber
{Wh). According to Eq. 10.5, the magnetic induction B is the flux per unit area of a
surface parpendicularto B, hence, itis also callad a2 magnatic flux denzity. ks unit iz Wb
m. Therefore, magnetic induction, i.e. the maanstc field srength is measured in terms
of Wb m™ or NA" m” (lesla).

| Fxampie 107 A raotangular koop of wire 15 placed In a uniform magnetic fleld of
magnitude 1.2 T. If the loop is 25 cm long and 20 cm wide, determine the magnetic flux
through the loop for the three arientaticns as shown inFig 108,

(5

15

)
Fig. 10.4
{ selutian | For orientation (a), angle between B and arca
vactor Aisd=B0° b i
Using b= PA cos8
= 1.2 T x20 omx 25 ¢m x 00860
= {2Tx5x10°m" x0.5
: = 3x10%Wh
Forariantation (b), angle 8 =45" PR
d =12THEx10 " m x0.707 e
=42 x 10" Wh
Fororientafion {c), angle 8 =30°
# =12Tx 5 x10°m’ x 0.866
= 52x10"Wh

a%

Fig. 10.8
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10.3 MAGNETIC FLUX LINKAGE

Magnetio lux linkage is a key concept in electromagnetism, particularly in the study of
inductance and slectromagnstic induction, Magnetic flux linkage refers to the product of
the magnefic flux through a coil and the number of tums in the coil. 1t essentially
measures how much magnetic fluxis linked with the ¢oll due to its multiple tums, and is
an important factor in understanding how coils and Inductors operate in electrical

circuits. B = o inremation D IR
Magneticluxlinkage =¢=Nds.......(10.7T) LI ;

where by is the magnetic Aux through a singla
lcop of area & and M is the total number of
turns of tha coil. Magnetic fiuxlinkage playsa
grugial mole in the design and operafion of
transformers, eleciric motors, generstors, -
and inductora. This concept 3 pariculary A magnetic sifip on the ATM card contains

; ' milllona GF-tny magnetlc domalna hald
important  In Faraday's law  of fogpether b v reesin binder, The machine muds

slectromagnetic induction, which we will  {ye nformation encoded o the magnstic strip
explore laterin this chapter. And it miales your a0gesE o your acoount.

10.4 MOTION OF A CHARGED PARTICLE IN A MAGNETIC FIELD

We heve cbserved that a current-camying conductor placed perpendicularly in a
uniform magnetic fisld experiances a force F. Since a current is the flow of sleciric
charges, it raises the question; do individual charges moving through & magnetic field
also experience a force? The answer is yes. Experiments show that a charged parlicle
does experience a force when # moves scross a magnetic field. We can calculate this
force by examining the behaviourof a cument-carrying conductor in 4 magnetic fisld.

Consider a cenductor of length L through which N f T
charged particles, each with charge g, are passing in - 7. : T
fime £, The motion of these charget prcles ROJUCES  Aua s cios wans o

acurranl fin the eonductor, whichis givan by Othed. However, they can atiract or
raps aach other
=R _N3
t i

where & is the total charge flowing in time . If v is the velocity of charged partidles, then
the velocity of the particles along the conductor is

V- !fi.
where L is the unit vector in the direclion of the current, The sign of the force depends

on whether the charge g is positive or negative. Howaver, the unit vector L is directed
alang the direction of the cument, which is the direction of motion of positive charges.

Since the particles take ime { o move across the conductor of length L, therefore,
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{4 Point to pondert [

v mh; does 8 petes mﬂ?mm
N when B magnetic bar iz frearto
Then f-—--E-u@u......,.m..-....u..n{"ﬁ.a} tho scroan of TV, computar maniter or
4 L oscilosoope?
It this canductor is placed in & uniferm magnatic fisld B, it will exparience a force F,
as ghvan by Eq.10.3, B Irfothe paper
¥ XN " * ] L] M
F o ILXB o {10.9)
- M
As e e, |7 [ 1)
Substifuting the values of J and L in Eg. (10.3), we have -
F = 2lxn) o % OETx % % x
or F = NovhaB...o e (10,11} Birtothe peper
a1 b 4 4 x = b4
As velocityvis directed along the cendueter L, so
wecanwrite: vi=vi=v (aslL=%) - i B ¥
F = NgIWXB) oo (10.12) *
Thareforethe farce on a single particla will be [hT ¥ % & % M w %
F = q[uxE} .u...,.{‘!ﬂ“‘lﬂ} Flﬂ. 10,40
If0liathe angle betwasn B and v, then magnitude of force Fis given by
F=qvBsing ..o preeriienn. (10.14)

Thersfore, the force is maximum when B is perpendicular to v, i.e., B = 80", and forge s
2aro when B ia in the direction of v, L.e., 8 = 0. The direclion of fores can be known by
applying Fleming's left handrule or right hand rule for vector product.

{&} The positively charged particle enters into the magnetic field along the dotted line on
plane of paper, It experences a forca in the upward dirsction due to which it is
deflected along & curved path (Fig. 10.10-a).

{b} The negallvely charged particle |s deflacted downward by the forca acting on it
downwards (Fig. 10.10-b).

 Example 1037 An election enters inla a uniform magnetic field perpendicularly with &
speedof 10° m &”. Whatpath the electron will move along inside the flald?

(B=25Wbm®, m=811x10"kg, e=18x10"C)

[ Selutian| TheForca Facting on the slactron will ba:
F = gvid gind

Az the velocity vis pempendiculario B, l.e,, 8 = 807 the charge g =&, s0
F=avBx1=8vR
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Since F acls perperdicular to v, so this force provides cantripetal force i the slectronto
kaepitinacircls of radive r. Than

mvt

wB-T
my
r=—
a3

Putting the values in above equation, we have
8115107 kgx10'm &'
f = 16-107Cr25Wbm>
r=23x10m
Tha path of alectron will ba a circle ofradius 2.3 = 107 m.

10.5 VELOCITY SELECTOR

A velocity selector is a device used o determine the
valocity of a chargad particla. Inthis devics, alectrdc and
magnetic forces are applied to the moving particle in

xhw x x
L3 B b4 ¥
such a way Lhat they balance each other only for ane ..i‘ : Sv :
® =
o L
X ]

Binio the paper
L.

valua of velocity. allowing tha paricle to continue
moving with a constantvelosity,

Consider a parficle with a positive charge +g thatenfers
a uniform magnetic fisld B at a right angles to it, with a
velocity v. The magnetic force acts onthe particle inthe

MEK X X M
o XN K M M M

B inlp the papor

vpward direction, as strown in Fig.10.11. Te balanca this N X X X X X
magnetic foroe, an electric force must act downward on X B % % X% N
tha Fﬂmﬁ | = + + 5 ¥

within 2 magnefic field B. Inside the tube is a paraliel
plate capacitor thal ersates a uniform alactric figld E. ,
The slectric Tiskd E is orented perpendicular to the X X X ® N ox X
magneticfield B, asshownin Fig. 10.12. Fig. 10.12

Whan the charged particle eniers the [eft end of the lube, the magnatic force acts
upward, while the electrio force acts downward in the direction of the electric field E on
the positively charged particle. If the strengths of the electric and magnetic fields are
adjusted appropriately, these forces will cancel each other ouL With no net force acting
on the particle, its velodity v remains constantin accordanca with Newton's lirst law. As &
rasult, the particle moves in a straighiline at a constant velocily and exits the right end of
the tube.

Tha particlas with valocitizs diffarant from vwlll be deflected and will not exit at the right
end ofthe tube.

Avelochty selector conelets of a cylindrical tuba located W@f > -




2 Phpis 1) E Chagler (§ Blectromagmetism [

Thea magnitude of the velocity selected can badatermined as balow,
Asthe velocity v is perpendicular o both B and E, therefore,

Magnetic force (upward) = Bgv

Electric farce {downward) =gt

For no defiecion of particie, Bgv = gE
E

or A e R by |
B ( )

| Exampie 10,61 Alphaparticles ranging in speed from 1000 m s’ mEﬂﬂU,ﬁi‘.;ﬁ_‘entErm
a velocity selector where the slectric inlensity is 300 V m” and the magnetic induction
0.20T. Which particle will move undeviated through the field?

[ soiution] E=300Wm'=300NC', 8=020T

Dnly thoea partickes will be ablate pass througn tha plate forwhich the slactric fores gF
aciing on the particdes balances the magneﬂr:furue Bgvonthe particles as shown inthe
Fig. 10.12.

Therefore qE = Bqy _{ P Paint 1o ponder ]
s y A force |3 exered on a moving
Thus, the selected speedis; 1 , R T Y= i
E MONC ~ N Inwhzt direchion it ahould move that
v "‘B'“B‘""*—'"_'EDNNWQ =1800ma’  heforcels natexertedan P

Thealpha pﬁﬂmles having aspaed of 1500 m s’ will move undeviated through the figld.

i Bampie 1050 A charged pﬁﬂdﬂ maves through a velocly salector at a constant
valocity in aﬂramhtllne Thi aahch'iu fiald of the velocity selecioris 4.8 x 10° N C”, whils
the magnelic field s 0.2 T W?len the sleciric filed is tumed OFF, the chamed particle
travelson acircular pathofradius 3.0 om. Find the charge to masa ratio of the particle.

i Salution ] SI[pEﬁe'parllcle s mowving in & direction perpendicular to both E and B,
50 the mgni‘lq;_{_u’ ofvalocity v wil be given by

' E= By o v = %
When the electricfiled is lumed off, the particle wil move along a diroular path of radius r.
Then the magnelic force provides necessany centripetal force. Then

Bagv = E
So, charge tomess ratio becomes: ? :
E m B

Putting the value of v =B . we heve
e A
i B'r




| Phpls 1) . i‘E’ .Fhﬂrln"j.[_ﬂ Bectomagmetisn "'
Putting the values of E, Band r, we have

q _ _ 48x10°NC
m (.20 TI(3 x10° m)
3 -1
SBAUNCT  _  yotoyg
123107 m

10.8 INDUCED EMF AND FARADAY'S LAW

It has bean obsarved sxperimentally that when a conductor moves across a magnetic
field, an electromotive force (emf) is induced between its ends. The induced emfinthe
maoving conductor s simliar 1o that of a battary. That Is, If the ands of tha conductor are
connected by a wire loforma closad circuit, acurrent will fiew throughiit.

The emf Induced by the motion of 2 conductor
across a magnetic fiekl is called motional eml. B irip the paper

Consider an expariment as shown in Fig. 10.13. A o W= vl .2
conducting rod of length L is placed on two l x % %% x % =
parallel matal rails separated by a distance L. A, ke ] e

galvanometer is connected between the ends-c w . t el —

and d of the rails. This forms a complate ek AT
conducting loop abeda. A uniform magnetic field l LN ] Rl

B is applisd dirested into the page. Initially, whan s '_H X .
the rod is stationary, galvanometer indicates no

aurrentinthe loop. fthe rod is pulled iothe right Fig. 10.13

with congtant velocity v, Ihe galvanometer indicetes a cumrent flowing through the laop.
Cbviously. the current Is Indusad dua to tha motlon of the conducting rod across tha
magneticfield. The movingrod is acling as a source ofemf & = V,-V,=AW

When the rod moves, a charge g within the rod also moves with the same velocity v in
the magnetic flald B and expariences aforce glven by, Eq. 10.13.

F=gqivxB)
Tha magnitide of the force is:

F=qvBsim
Since angle 8 between vand Bis 90°, 20

F=gvB............ {10.16)
Applying right hand rnule, wa zae that the forca F acting on the charga g is directad fram
point a to point b along the rod. As a result, charges migrate to the top end of the
conductor. As more charges move, a concenlralicn of change builds up &t the topend b,
while there is 2 deficiency of charges at the bottom end &. This redistribation of charge

creates an electrostafic field Edirected from b to . The electmosiatic forse on the charge
is F,=qgE direcled from b to a. The system quickly reaches an equilibium state
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wherne these two forces on the charge are balanced. I m Da you Know? l-

E is tha electric fisld intensity in thia state, then

gE=gvB d
or E=UB woveceverevens oo (1017 A
Tha mational emf £ will be equal to the potential a
difference AV = V, - V, between the twao ends of the h
moving conductor In thls squilibrium state. Tha gradient g
of patential is given by AV/AL. As the slectic infensityis ~ Wirelesa charging works under
given by the negalive of the gradient, therefors, miﬂ:ﬁm of Elrgimmagnetic
E = - ﬂ ______________ { 10_131 I .F.‘nﬁi.ﬂ._ﬁﬂ.\l'!.tlrl.ili )
L Mrtal pot_~ Glass pot
or AV =—iE =—(LvB) b R
Tha motional emfis: | d“ﬂh-iﬁ
E=AV = LB (1018 o

This heater operates on the prind

i i i i of alectomagnetic indoction. Tﬁ
Thiz is the magnitude of mofional emf. However, if the w: s 1haﬁ::na r.:| Dﬂlimli r;m s

angle babween vand B isi, then wrhereaa thel in e pless pot i not,
' Even the glasa wop of the heater i el
£=-yBLaint....... et [10.20) T imich. Thas ol Rext Eaneutn the xop

earfiea AC thet praducas changing
Dus {0 the induced amf, positive chargas low along the [ro m: i Fluk linking with pos
path abeda; therefore, the.inducsed current i gensratedinthe melal pot that hems
anticlockwise in the diagram.-As the current Tlows, the m&m:mnﬁugﬂ e
quantity of charge at the top docraases, which reduces
the glectricfield intensity, while the magnetic force remains unchanged. This imbalance
disturbs tha equilibrium in favour of the magnetic force. Consequently, as the charges
reach the end ‘a’ of the conductor due to the cument flow, they are camled back o the top

end ‘b’ by the unbelanced magnetic fiekd, and the curent continues o Now.
Famdayls I_aw P Moailion 1 Poaition 2

X fre
The mational emf induced ina == R E } e i itl
rod moving perpendicular to 2 2 “a . :
magnetic field is ¢ = -vBL. The | : T
motional emf az well as other 3\ e e Kj : xg al % - A i %
induced emfs can be described Yl 2 x % ix % [x % x
in terms of magnetic flux, B
Consider the expedment | o o x5 % ix x |[x x|x
shown In Fig. 10.14 again. Lat - % :

i | |
the condueting rod be moving e i |_a inike: papor

—————f e ——— -
fromposition 1to position2ina . ________. R N 5 Fig. 10.14
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small inferval of ime Af. The distange fravelled by the rod

intime At isx,—x, = Ax,

Since the red is moving with constant velecity v, therslore,
Ax

o e 10.29)
Ar
Putling this value of v in Eq. 10,193, we hava
g= BL=-Ng .. .{1022)
at

As the rod moves through the distance Ax, the increase in
the area of loop Is glven by AA = AxL. This Increases the
flux through the loop by A4, = {AA)B. Pulting (AxL)B = Ady,
in Eq. 10,22, wa have
Ady
Af

icamanrinssasn rsk BOLES)

Egation{10.20] shows that if the megnatic flux is changing :

through the single loop of a conducting coil, then the
negative of the rate of change of magnetic fluxis equal to
the emfinduced in the loop.

Ifthere is a coil of N Iops instead of 2 single lnop, then he
irduced emfwill become N times.

: Ay Y
&, €= =N——= FRPRn e, o i | | B
i A P { )

Although the above expression is derived on the basis of
motional amf, but itis true Inganenal. This Gonslusion was
first arrived at by Faraday, o this is known as Faraday's
law of electromagnelic induction which states that:

The ave mff Induced In a conducting
coll of N s equal to the negative of
tha rate at which tha magnatic fiux
through the coil is changing with time.

Tha minus sign indicates that the direction
of the induced enf iz such that it opposes
the changain flux.
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A copper ring pacsss through a
raciangle reglon where o coneiant
magretic feld s dimced inlo the
page. What do you guess aboul Le
currentin Be fng at the poeilons 2, 3
and4?

l_ For your infarmaton | .

Faraday's homopolsr gnm;ﬁ:u
with which hawap abla b preduce
acontinols induced current.

10.7 LENZ'S LAW AND DIRECTION OF INDUCED EMF
In the previous section, 8 mathematical expression for Faradsy's law of

sleclromagneticinduction was derived as:

e —
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The minus 2ign in the exprassion is very important; it relatas to the direction of the
induced emf, To determine the direction, we use a principle based on the discovery
madea by Ihe Russian physicist Heinrich Lenz in 1834, He found that the polarity of an
induced emf always produces an induced cumznt that opposes the changs in the
magnetic field that causes the emf. This prindple is known as Lenz's Law, which siates
that;

The direction of the induced current is always such thal it
oppoaas the changs that causasthe current.

Lanz's Law specifically applies toinduced currents and not directly toinduced emf. This
means we can apply Lenz's Law to closed conducting loops or cails. If the loop i not
closed, wa can Imagine it as If It ware closed to detarming the direclion of the Induced
current, and from thie, we can infar the direction of the mduced smif.

Lei us apply Lenz's law to a coil in which a current is indueed by the movement of a bar
magnat. A current-camylng coll gensrates a magnatie fiald simliar 1o that of a bar
magnet, with one face of the coil acting s the north pole and the other s the south pola.
To oppose the motien of the bar magned, the fa'l_ne_ of the coll towards the magnet must
become & north pole (Fig. 10.15). This arrangément causes the two north poles 1o repel
each other, According o the right-hand rule, the induced current in the coil must flow
anficlockwisewhen viewad from the gids of the barmagnet.

Curraed

Fig. 10.15 anliciackwise - L

According Lo Lenz's law, the "push” of the magnet is the "change® that produces the
Inducad currant, and thae currant acts ¥ oppoea the push, On the other hand, if wa pull
the magnet away from the coil, the induced current will oppose the “pull” by creating a
south pole on the face of coll towards the bar magnet.

Lenz's law is alsc a manifestation of he law of consarvation of enargy and cah ba
conveniently applied to circuils invelving induced currents, To understand this, let us
revisit the experiment depicted in Fig. 10.16. When the rod moves to the right, an emfis
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induced in it, causing an induced current to flow through the loog in anticlockwise
direction. Because the current-camying rod is moving within the magnefic field, it
oxperiencas a magneic force F, with the magnitudeof F, =i Beind(".

Agccording to the right-hand rule, the direction of the magnelic forca F,, s opposlte tothat
of the velodity v, 50 il tends to stop the rod (Fig. 10.16-a). To keep the rod moving with a
constant velocity, an extomal force aqual in magniuda to F,, but opposite in direction
must be applied. This extemal force provides the energy necessary for the induced
curren! o flow. Thus, eleciromagnetic induction adheres (o the law of conservation of

energy. -c;—/"_ummfl _;’X—Blm:np:: |
x‘ T uT.Jg a-l ¥ ?f a @"'}ﬁ "
] Mo A e
G © igh -7
¥ ®¥ % x ?ﬁa x !h-.:\'ﬂ» ® !i::l-:3’ :-f-E_I
Faal S
Fig10.18

Tha Lenz's law forbids the Induced current directad cloclkw!za In this caze, bacausa the
force F,, would be, then, in the direction of v that would accelerate the rod towerds right
{Fig.10.16-b}. This in turn would induge a stronger current, the magnetic field dus to it
alse Increases and the magnetic force Increases further. Thus, the meotion of the wire I
accelerated more and more. Slarling with a minule quantity of energy, we oblain an
aver-incraasing kinebic energy of motion apparantly from nowhera. Consaquantly, the
precess becomes seli-perpetuating which is againstthe law of conservation of energy.

§ Emimnple TOUBE Ametdmduflﬂng!h?ﬁnmhmuwgalaspseddﬂﬁm5 ina
drmtlnn parpmﬂlnulartan 0.25T magnaticfiald. Find the emf producedintherod.

So[vlmﬂ

Speedf raa =y=0.5ms’ i Foin o pondert §
Lﬂrjgﬂ'r‘of rod =L=25cm=0.25m By naglacting tha reslstanca,
Magneticluxdensity =8=026T=026NA"m" ﬁ ::ﬂ:ﬂ\;:&ﬂm;x
Inducad amf =g=7 acoss Hhe ooil?
Using the relalion,

w=vBL

g=0.5ms" 1. 25N m ' x0.25m

e=3.13x10°JC =3 13x 107V
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U Esampie 1000 Aloop of wire is placed in a uniform magnelic field thai s perpendicular
io the plane of the lecp. The strength of the magnetic figldi= 0.6 T. The area of the loop
bagins ta shrink at a conatant rate of = 0.8 m® 5. What is tha magnituge of amf
induced in tha loop whils itis shrinking?

Al

(sonion]| Rats of change of area = s 0.8 mg!

Magnetic Aux density =8=06T=06 NAm'

Number of turng =N=1
Induced amf =£=7
=AM e g™R
Rate of change of flux o B.-j.l' gosll BM
Applying Faraday's law, magnitude of Induced emf |s:
Al AA
E=N—"_— pzsid
NM HEM

={ ®0.6NA r_'nl}*fj:.'l'."ﬂ m &
£=048JC'= 048V
10.8 FACTORS AFFECTING EMF.

1. Rate of Change of MagnetficFlux

Faraday's law suggests that faster changes in magnatic flux result in greater induced
ent.

2. Number of Turns ofthe Coil

Accordingto Far‘aday‘siaw,h duced emfig also proportional to the number of turme ofthe
toil. More turns result in & greaterinduced emi.

3. Relative Speed

The speed of the ceil (or conductor} through a magnetic fisld slso affects the magnitude
of the induced =mf. Faster speed increases the rate of change of magnetic flux that
results into-anincraaseinthe induced emt.

10.8 FERROFLUIDS

Farrofiuid s a uniqua material that exhibits bath liquid and magnetic properties. It
operaies (hrough a combination of magnetic and fluid dynamics principles.

Essentially, the ferrofluid is a colloidal suspension of magnetic particles in a carrier fluid
(such a2 oll or weter}. Typically, the magnetic paricles sre Iron oxide, ground to the
nano-gcale and approvdmately 10 nanometres in size. These particles are coated with a
surfaclant, a substance that reduces surface tension. This coaling prevents the
particles from clumping together, ensuring they remain evenly dispersed in the fiuid, The
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viscosity of the fiuid, the nanomeire size of the particles, and their constant movement
prevant the particles from saifing down,

When there |s no magnet around, a femoflud acts Iike & IFIFe S Taeaiaen
liquid, but when there ls a magnet nearby, the particles
are temporarily magnetized and the fluid becomes a NAGA in 1860, was ground from
magnet. They form structures within the fluid causing the 1oy ) magnethe. Fancfiidwas
ferrofiuld to act more like a solld. Whan the magnet 18 invent=d to move liquids fhrmegh
removet, tha particles are demagnelized and the 2osce

femofluid acts ke & liguid again.

This phenomenon Is due 1o the competition between magnetic farces, surface tenslon
and gravity. In the presence of strong magnetic field, the formation of chaindike
shuctures 8 a result of magnsetie forces pulling the fluid upwards while gravity
and surface tensicn work to pull A back down. These chaing align 2long the magnetic
figld lings and incrzase the
viscoaity, making it behave
like & solid bulging in certain
directions. These  are
commenly known as spikes.
However, the splkes are
formed whers the magnetic
forces overcomes the other
forces (Fig.10.17). Flg-10.97
The following expariment will axhibit this phenomanon.

Experdment

The first femofluid developed by

-

You need some laser printerloner, soma cooking oll, a
tesiube, aglassbotlle, @smal stick and & magnet.

Procedure

Paursoma tonar In tha teat tube. Ramemberthat laser

printer toner r._:urrtalns 40 % iron oxide in nanometre *

paricle size, Add some cooking oil in it and mix it well

with the stick to form ferrofluid. Put this fluid in the I8 — B |
baottle. The fivid will act like s liquid on sheking the

botie. Now bring the magnelnear to flukd outsideof the | [ ‘
bottle. h,‘. k 4 “‘?1 "
You will observe that the fluid jumps towards the | ’

magnet, bacause it has lisalf become a magnet. If we ¥

hold the magnet on the side of the botlle, you will see a

structure with spikes formad by the fluid as shown in

L —
Fig. 10.18, Fig10.18
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Applications of Ferrofiuids

There are many applicationa of fermfluida in the fielda of electronics, mediging,
anglnearing, and aclive ragearch In Physlcs and Materal scence. in elactronica,
fermofluids are used in rotary seals for computer hard drives and other rotating shaft
motors. [n loudspeakars, femofiuids are used to cool the voice coil which can heat up
durng operatien. Tha magnetic fiald holds the fiuld In place around tha coll, allowing it to
absorb and dissipate heat more effectively. Femofiuids are also used in speakers 0
dampen vibrations andimprove sourd quality.

In madlcal applications, ferroduids can be directed to specific areas in the body using
external magnets, allowing for targeted drug delivery. The magnetic particles can carry
drugs directly to a tumor or other targsted site, reducing side sftacts and improving
treatment efficiency. Femofluides can also be used as conlrast-agents in magnetic
resonance imaging (MRI}.

Other applications of famofluids include damping or pracisely controlling the fiow of
liquida by manipulating the magnetic field.

10.10 A SEISMOMETER A X
Agplsmometer Is an Instrumant that respondsto any movement of the rocks undsr the
ground or vibretion caused by earthquakes, velcano sruplion and explosion. A
sgismometer delects earthquakes by using electromagnetic induction to corwvert
ground motlon Inte slectrical signals. Typlczlly, a salsmometer Includes a wsight
suspended by a spring. When an earthquake occurs, the ground moves bul the waight
tends to siay stalionary due o ingrlia. This | =

rezulis in relative motion. between the
weight and tha frame of the selsmomater
which is attached to the ground. The
weightis often attached to a magnet which
movas inside a coill of wire (Fig.10.19).
This satup works-according to Faraday's
law of electromagnetic induction, that is,
the changing magnetic flux through the
coil induges an emf in the coil. This gives
risa toan induced slactriccumreant.

The induced curmrentia proporional
tv the velocity of the ground BN ([ For your information | I
metion. Tha slectrical  signals yw  eathouekes are  coused by plste tectonica
generated are then amplified end (dsplacement) and occur at & depih of 60 km, Thesa
recorded. Thus, data Is provided on earthquakes are caleqorized as shallow. Intermadiats and
tha amplituce, frequency and tha deap intlermadaie can ba 38 deep, as 280 km benaath tha
duration of the earthquake weves. erust, while deep earhhquakes cen reach deoths past 280 km,

Fig. 10.19 Ssismoimnalar
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The daia iz analyzed to determine Fu.- your Information ].-

various characleristics of the
sarthquake, such asits location Thens are two man typas of aeslmic wavea that ganarmats

magnitude and depth. PRt o Btectn 950 ¥osoton s i o1
Usually, a selsmomater Is buried "answeIsaln name.

underthe ground at & dapth of 50-1000 melres. It is placed In a protective case callad a
vault. This is a cylindrical stesl tank that is appraximately 1 metre wide and 2 melras
deepwith a concrele pad atthe bottom (Fig 10.20).

Solar energy’
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[@ Muitipie ¢ t:l'mlce Questions [

Tick (') the correct answer. -~
10.1 Acurrent |& flowing towardsnorth along a power line, The direction of the magnetic
field over the wirs is dmpébﬂ towarda:
{a} north [h} south {c} east {d} west
10.2 Tha radiua ofcuwﬂmra of the path of acharged particie in 8 uniform magnetic feld
is direcily Q_r_q;m‘sfﬂrfal to:
{g) the partizie's charge {b) tha particle's momantum
{c} thepatticle's energy {d} the flux density of the field Magrati flsid
10.3 Tha tagram shows a beam of electrons antaning & magnetic
fleld. What Is the effect of magnetic field on the eleclrons?
{a) Theyare deflected infothe plane ofthe diagram. Bai of
{b) They are deflected outofthe plane ofthe diagram. bt
{c) They ere deflactad towardstha bottomof the diagram.
{d) Theyare deflected towards the top ofthe diagram.
104 Thaforca exartsd on & wire of 1 matre langth camying 1 ampsra current placad at
right angle to the magneilc fleld s called:
(a}magneticfield intensity {b) magnetic Aux
(c)magneticinduction {d)none of these
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10.5 Thaunitoffux densityis:

(@NA"m" (BYNAM" (cINmA® (d}NmA
106 Amoving charged particls |a suroundsad by
(a) slectric fisld anly {b) magneticfisid anly

(c) both elaciic and magnetic field (d) nofiakd
10.7 Magnelicloroce on the charge g rmoving paralie! ta magnedic Meld with velocily vis:

(a)gv 2sing (BygwB (g} zem (d)ILB
108 TheunltNA"'m" is called:
(a)yweber (b)tesia {c}coulomb (d) nung’glhase

10.9 Elsctrons whila moving perpendiculary through a
uniform magnetic field are;

(a)deflacted towards north pole (b) deflected towards south pole
(c) defiected along clrcular path {d)notdeflected atall &
10.10 Amagnret is auspanded from a spring. The magnai gacifates Sarleny

and moves In and cutofthe coll connectad to a gaivendmeter.
When the magne! oscillates, the galvanomaler shiws:

(a) defiection to the leftand to the nghtwith-ecristant amplitude
(b) deflectad or one side
(&) nodefection

(d) deflection to the l=fl and right but the amplitude steadily
dacraases

[_ﬂ = ﬁl'mrt Answer Questions ]B_

10.1 It is said that Lqre'slmnﬁpemfnaily applies to induced l:umarﬂs and not directly o
induce amf, Explainbrisfly.

10.2 Asquare loop of iuir'! i mowing through a uniform magnetic fiekd. The normal to the
loop Is oriented paraliel to the magnetic field. s an emf induced in the qup‘? lee a
reason mﬂﬂur arswer.

10.3 Does the induced emf always act 1o decrease
the mﬁQnEﬁcﬂuxﬂlmﬂghadmuiﬂ

104 When a magnet is pushed into the solenoid, as
shown in the figure (@), the galvanometer
indicates a small current. Why is the curment
producad? What will be the magnstc pols
produced atthe left end of the sclenoid?

10.5 A bar magnet falls through a fixad mstal ring
{Fig-o). Will the magne! fall with an acoeleration Heee B
of a frasty falling body? Give reason. o & %
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10.6 Which of the two charged particles of the same mass will be deflected most in the
magnelic Neld (a) fast moving () slow moving?

10.7 &n elestron and a preton are projected into a magnetic Neld at right angles Lo it with
a certain velocity. Which of the particles will suffer greater deflection? Why?

10.8 Canasingle moving proton prodica magneticfleld?

10.8 Amagnelic ield is necessary if here is to be a magnetic fux passing through a coil
of wire. Yet, just because there is @ magnetic fisld doas not mean thal a magnetic
flux will pass through a coil. Account forthis sifuation,

|@ Constructed Response Questions |

10.1 Acharge iz lying stationary between the apposite poles
of two magnets. |s 2 magnetic force exeried on il? Why?

10.2 Whaen the swilch in the circuit is closad, & current is
established in the coll and the metal ring jumps
Upward. Why? Describe what would happen tothe fifig
ifthe battery polarity were reversed?

10.3 The figure shows a coil of wire in the x — y plane with a
magnetic field directed along the y-axis. Around which s
of the threa-coordinate axis should the coil be rotated 4 5
in orderto generate an emfand s currentin the ooil?

104 ls it possibke to change both the area of the loop and
thomagneticfiold pagsing hrolgntheloopangstilnot  — |
hiave an induced amfin tha loop? Giva reason.

10.5 Does the application of uniform magnetic flsid to a B
moving charged particle result in a change in
kinaticenargy ofthe particla? Explain. b

106 Auniform alecinc Neld and a magnetic field acl in the same direction. A proton is
projected, into the space, with @ uniform velocity in opposite direction. Yhat will
happentathe proton?

10.7 A gonductor moves in a magnetic field when a cument is passed ihrough the
conductor. Would you expect the reverse effect to occur? That is, would a current
be produced if 8 conductor is moved across the megneticfield?

10.8 Considsr a conducting rod of length L maving |
with velogity v 1o the right as shown in the e = A
flqura. Laft ande of the conducting ralle are B \
connected (o & bulb. Due to motion ofthe rod i | % % % o RO /

® M

Conducking raik,

through the magnetic fleld, an emfis |5 | % = = =[
produced acroes the ends of the rod. This emf

gives rise o a cument /. As a result, the bulb X ® x x x| X x

f—> Conducting rod
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lights up. Explain where does the elecirical energy consumead by the bulb come
from’?
10.9 What will you do if you want to save a sanstive instrument from siray magnatic
felds?
{| Comprehensive Questlons [j|

10.1  Disfinguish batwean magnatic flux and flux dansity. How ara they relatad?

10.2 Fird an exprassion fortha farce axerlad on a currant-camying condudtor placedin
a unlforrn magnetic fisld.

10.3 State and axplain Faraday's law and Lenz's aw. Also describe factors affacting
theinduced eni.

10.4 Determine the force acting on a charged parfide moving through & uniform
miagneticfiek.

10.5 Whatls a valociy ssladtor? Explainits working,
10,6 Explein how femofluids work?

Numerical Problem’s i i

10.1 Apositivaly l:mrgad particie is projectad perpendiculary into a magnetic field ata
speed of 1500me”. It experiences a farce of magnitude F. P.twhatanglaﬂwﬂh the
field, the parficde should be projected at a speed of 2000 m s, so that it
enparioncas the sama magnitudeof forca? [Ans: B =48°)

10.2 Electrons are accelersted from rest through a potential difference of 15 kY in an
paciliescopa. The elactrons then pass through a 0.35 Tmagnatic field that deflects
them to the desired position on the screen. Find the magnitude of the maximum
force that an electonican expenence. {Ans: 4.1x10%N]

10.3 A sguare coil of side 156 om each consists of 60 tuma. Initally, it is located in a
uniform magnetic field of magnitude 0.8 T such that plane of the coil is
parpandicular to the field. The coil is then tumed through an angle of 8=30" ina
time of 2 5. Determine the sverage induced emf. (Ans: 0.07V)

10.4 Amatallie rod is moving through a uniform magnetic fisld of 0.2 T. The emfinduced
a2cross ts endsis found to be 0.8 Y. Nis required ininduce an emfof2 4 Vacmss s
ands. How much flaid strength Is neaded for this? (08T

10.5 Acopper ring has a radius of 4 0 om and resislance ol 1.0 mQ. Amagnetic fiald i=s
appliad over the rng, parpendicular to ita plana. If the magneatic field increases
from 0.2 T to 0.4 Tin @ tima interval of 5::10% 5, what is the currentin the ring during
this interval? {Ans: 2014A)

10.6 Acoil of 10 tums and 25 cm® area is in a perpendicular magnetic field of 0.5 T. The
coll I pullad out of tha field in 1.0 5. Find tha induced amf in tha coil as it is pullsd
putofthe field. (Ans:1.75 = 107V)
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10.7 A proton is aguelerated by a potential difference of 8x10° volis. It than enters
perpendlculary In a uniform magnstle fleld 8 =1.0 wabar m®. Fired the radlus of
curvature ofthe path of the proton. m=1.67x10% kg, e=1.6x10"C.

{Ans: 11.2 cm)

10,8 & proton enters a uniform magnefic field B = 0.3 weaber m™ in a direction making an
angle 45 with the magnetic field. What will be the radius of the circular path if the

velacity of proton e 10° ms™.

10.9Thraa |dentlcal conducting rods L. L, and L,
ara moving in diffarent planes with the same epesds
v, = v, =¥, = 25 m 5" as shown in the figure. The
langth of @ach rod is 60 cm. A constant magnetic fiskd
of magnitude 5= 0.5T is dimcted along z-axis. Find
the magnitude of emfinduced ineach rod and indicate
which end of the rad is positive,
[Ans: (Rod L,) emf = 0.75 V, and and a (5 posiive,
(RedL.)emf=0 (Rod L) eml=0]

(Ans:2.48% 10%m)

A

10,10 An emf of 0.5 V is induced across the endeof 2 metal rod maving through a
magnetic field of 0.4 T_ If an emf of 1.5 V has to be induced, what field strength
would ba neaded for that? Assume that all atharfactors remaln the sama.

Ane: 1.2 T)

10.11 A charged particle moves through a velodty selector at a constant velocity of
4.86x10° m &' in a direction-perpendicular to both E and B, If the magnetic fisid
strength is 0,114 T, what should ba the magnitude of alectric field intansity so that
the particle moves undaflected? (Ans: 565 10°NCY) >

10,12 A cument-carrying conductor PG of length 2 m Is
placed parpandiculany tca magneiic fisld of Aux danaity
0.5 T as shown in the figure. The resulting force on the
conductoris 4N acting into the plane of the paper. What
lathe magnitude and direction of the currant?

(Ars: 1 A, Qo P) a




