B. Sc. Physics (H.R.K) Chapter 36: Faray’s Law of Electromagnetic Induction

FARADAY’S LAW OF ELECTROMAGNETIC INDUCTION

36.1 Magnetic Flux

The number of magnetic lines of force passing ndyntlarough certain area is called magnetic flux. |
is denoted byb;. It is a scalar quantity and its Sl unit is wefatb). It is measured by the product of magnetic
field strength and the component of vector arealfgto magnetic field.

If dA is the vector area element of the surface placeuhifiorm

magnetic field of magnetic field strengBhasshown in the figure below.

The magnetic fluxd®y throughdA is given by: /\974
do, = B.dA

by = fB.dA

Pp = fB dA cos 6
where# is the angle between magnetic field strength awdor area element.

36.2 Faraday’s Law of Electromagnetic Induction
Statement:

The induced emf in a circuit is equal to the negabf rate at which the magnetic flux through the
circuit is changing with time.
Or
The magnitude of induced emf in a circuit is dilegroportional to the rate of change of magnditia.f
Explanation

When a magnet is moved toward the loop, the amnmetedle deflects in one direction, as shown in
the figure (a). When the magnet-is brought to eesd held stationary relative to the loop figure, (bd
deflection is observed. When the magnet is movedyafrom the loop, the needle deflects in the opposi
direction, as shown in.figure (c). Finally, if tteagnet is held

stationary and the loop is moved either towardwayafrom it, ﬁ

the needle deflects. From these observations, welatde that i v~y

the loop detects that the magnet is moving relaiivé and we /| = \/‘—J = ’3
relate this detection to a change in magnetic fi€hls, it seems '\

that a relationship exists between current and gingnmagnetic r-'(;{,
field. ’
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These results are quite remarkable in view of tu f v\/ -\ '

that a current is set up even though no battereepr@esent in the
circuit. We call such a current the induced curretich is

produced by an induced emf. This phenomenon isedal

A

electromagnetic induction.
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36.2.1 Integral form of Faraday’s Law of Electromagetic Induction
If £ is the induce emf due to change in fiig in time dt, then we can describe the Faraday’s law of

electromagnetic induction as:

do
e a — =2
dat
do
& = — constant —2
dat
Nd®
g =— —2&

dat

WhereN is constant and called number of turns in a coil.
Now as®, = [ B.dA, therefore

e =— N [B.dA
For a single loop coily = 1, we have:

e =—= [BAA e (1)
Also,

e =fEdr e @)

Combining equation (1) and (2), we get:
da
JEdr=- — [B.dA e A3)

This is the integral form of Faraday’s law of efecbagnetic induction.

The negative sign is due to the fact that the doawf induced current is such that it opposesctngse
producing it.
36.2.2 Differential form of Faraday’s Law

Applying the Stoke’s theorem on L.H.S of equati8h (

d
Jycurl E.dA =— — [ B.dA
dB
Jo (curl E+ = )-dA Cay
dB _ . .
= curl E + YT 0 Nl 2 > s
,(/!s N I - -\ ~
dB N P L
= curlE = ——
dt
A (b)
Or VxE=-2 , / \
dt \ g L 4
This is differential form of Faraday’'s law of elemtagnetism & — ¥ \ 1 -
= | —
induction: 7 R . N .

36.3 Lenz law
Statement:

The direction of induced current is such that pages it own cause.
Explanation:

Consider a bar magnet moves toward a stationarglioetp, as in figure (a). As the magnet moves to
the right toward the loop, the external magnetix fthrough the loop increases with time. As thaulteshe
induced current set up in the loop which producagmstic field, as illustrated in figure (b). Knowithat like
magnetic poles repel each other, we conclude higaleft face of the current loop acts like a nqute and that

the right face acts like a south pole.
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If the magnet moves to the left, as in figure () flux through the area enclosed by the loop eases
in time. Now the induced current in the loop progkithe magnetic field as shown in figure (d). is tase, the

left face of the loop is a south pole and the righkt is a north pole.

36.3.1 Lenz Law and Conservation of Energy
“Lenzlaw is the statement of law of conservation of energy
for the circuit involving induced current”

To understand this statement, consider a condubtingnoving to the right on two parallel rails ret
presence of a uniform magnetic field as shown énfitpure below. As the bar moves to the right, nfegnetic
flux through the area enclosed by the circuit inses with time because the area increases. Azshid, rthe
induced current must be directed counterclockwibemthe bar moves to the right. Since the currantying
bar is moving in the magnetic field, it will expence a magnetic forcB;. By using.right hand rule, the
direction of Fg is opposite to that of, that tends to stop the rod. An external drag@imge must be applied to
keep the rod moving in the magnetic field.

This dragging force provides the energy for theugell currents to flow. This energy is the source of

induced current. Thus the electromagnetic indudsaxactly according to the law of conservatiornérgy.

an

(a) (b)

If the bar is moving to the left, as:in figure (H)e external magnetic flux through the area erddsy
the loop decreases with time. Because the fieltirected into the page, the direction of the indlcarrent
must be clockwise.

36.4 Motional Induction and.Maetional emf

The emfinduced in a loop by moving it a magnegtdfis called motional emf.

Consider a straight conductor of lengtis placed in a magnetic field which is directetbithe plane of paper.
For simplicity, we assume that the conductor is imgyvn a direction perpendicular to the field witbnstant
velocity under the influence of some external agent

As the bar is pulled to the right with a velocityunder the influence of an applied forEg,,, free

charges in the bar experience a magnetic forcetdilealong the length of the bar B

This force sets up an induced current becausehhrges are free to move in the

closed conducting path. The magnetic flux pasdingugh the circuit is:

&5 = B (Area) = B (1) (x) : §I? Fy < _‘»
.
The induced emf can be determined using Faradayis df electromagnetic \ . =
induction: J O e
dd, d(Blx) dx “_7‘ |
()
dt dt dt
e=-Blv

A
O
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This is the expression of induced emf in movingdiarior. Due to this induced emf, the current induce

in the conductor and is given by:

I:i:_Blv ................ (l)

R R

Where R is the resistance of the loop.

This induced current gives rise to the magneticdefg = I (I X B) acting on the conductor. The
magnitude of magnetic force will be:

Fz=1I11B
Putting the values dffrom equation (1):

v _(—BIU)ZB_—BZIZU
B=\ R - R

The negative sign is due to the fact that this retigrforce tends to stop the motion of conductor. |

order to move the conductor in this uniform magnééld with constant velocity, the applied forgg,, andFy

must be equal and opposite. Therefore,

B?1?v
Fapp = R
The power expended in moving the conductor cariraedut by the expression:
P=Fp,v
P B*1?v\  B*I*v?
“\"r JVT R

This is the expression of power delivered to thedemtor t move in magnetic field.

Power Dissipation

The power dissipated due to joule heating canrmedut using expression:
Pyissipatea = I°R

Putting value of, we get:

—Blv\?
Pdissipated = ( R ) R
B? I2.p*
Pdissipated = (T) R
B%1?% v?
Pdissipated = T
So in case-of motional induction, the power dekdeand power dissipation is equal. Therefore thekwlone

by the external agent is dissipated as joule hgatin

36.5 Induced Electric Field

A straight current carrying conductor surroundedbyiagnetic field. This magnetic field is surrouthde
by magnetic lines of force which are found to beaamtric circles having their centers on the wire.

Similarly a changing magnetic field is surroundgdai electric field called induced electric fielhis
induced electric field is represented by eleciriesd of force which are found to be concentriclesc

We want to find out the expression of induced eledield due to changing magnetic field. For this,
we consider a loop of conducting wire placed imdarm magnetic field. This magnetic field may bephed

by an electromagnet. By varying the current indleEtromagnet, we can change the strength of miadiedd.
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WhenB is changed, the magnetic flux through the loop gkanSo by using the Faraday's law and
Lenz law we can find the magnitude and directiomdficed emf and induced current.

Consider a circular path of radinss shown in the figure below.

Since emf is defined as the work done in movingiapositive charge from one point to another point

For a close path, the work done per unit chargxjgessed as:

széE.dr
E E
If E | dr, & N
("‘v{. 7
s=§EdrcosO° \d|
== ffE dr i\f» . _//
E o E

If the rate of change of magnetic flux is constahgn the

induced electric field will also be constant. THere, 0 i
&= Ef dr Q\'
= ¢ = E (length of close path ) Q )

=e=E(2nr) = e 1)
By Faraday’s law of electromagnetic induction, itiu ﬁ\éﬂﬂn a coil of single loop will be:

b >
oo N

e=—>= e (2)
Comparing equation (1) and (2), we have @

E(2nr) =228 .‘\
dt
1 dop ?\/
E=—Z%2=EF
2nr dt
This is the expression of magnitude of i@cedta’teﬁeld.
36.6 Eddy Currents

When the magnetic fl %gh a piece of conductmnges, induced currents appears in it. These

currents are called eddy c
In some cas eddy currents produce desigdfdets and in some cases they may produce

undesirable effe @f example, they increaseirtteznal energy and thus can increase the temperaff

material. On ther hand, the principle of eddyrents heating is used in induction furnaceinbtuction

furnace, ﬁrgp e of material can be heated ubagepeatedly changing magnetic field.
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