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Chapter three Induced Electromotive Force

Induced Electro motive Force  4iaall dsily <!l axdlal) o g8l

3.1. Faraday’s Law of Induction caall 51a) 8 ¢ 4ild

The emf induced in a circuit is directly proportional to the time rate of
change of the magnetic flux through the circuit. This statement, known as
Faraday’s law of induction, can be written

_ dég
&E= ——

dt

Camy Le 138 5 4l yeSl o yilall A (a3l e (nhalizall (il paty Ledie afise gmf ol 55
e Jlaall Ciinall Jlaall 4nsSlae A s aallid) s HLEY) Eall o138 () 5ila,

Where ¢p = [ BdA s the magnetic flux through the circuit? If the circuit
is a coil consisting of N loops all of the same area and if ¢p Is the
magnetic flux through one loop, an emf is induced in every loop. The loops
are in the series, so their emf adds; thus, the total induced emf in the coil is
given by the expression:

(coil) ke (e o jle 5 ilall il 1A 4l SN o plall JOA pwdaliaall (il ¢hp Cus
o gall Al e 13) | Culalal) e ddls JS JOA () 4 ghp OIS 1315 ldlll e N 22 (e alga
\b\,Qld\gjdl;dﬁemfd\(@;S)qu)dl;dsgéemfw\@g)@ﬁ\wm\
— emf 48l Sl andlall o dll & e o ill (S

dog

=N —=
¢ dt

Suppose that a loop enclosing an area A lies in a uniform magnetic field B,
as in Figure (1). The magnetic flux through the loop is equal to BA cos6;
hence, the induced emf can be expressed as:

Jae) B ousbiliie Jlae (pain 4 5 4dlaal) ddlall (pacin A 4albise L] Calall ddla (5l (il
AN JUS alaliacall Gl o sSos 13)(1) DS 3 LS (Ctinal) Gl ool asllisee
= emf sl 48l HeSI) axdlall o @) e Huadll (S 13 BA €0SO
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Chapter three Induced Electromotive Force

e=—N %(BACOSB) (1)

,-'”.:'_l
From this expression, we see that an emf can be A --E"f '
induced in the circuit in several ways: p ,; d ;’f
1. The magnitude of B can change with time. - -::;f P V4 o
2. The area enclosed by the loop can change with time. VA VA ares A
3. The angle 0 between B and the normal to the loop i ;’f
can change with time. 4
4. Any combination of the above can occur. Figure 1

Gk sxs oM 4linall 4l oSl axdlall o g2l o g5 Jan S o) Sy (1) 48Nl 038 JDA (4a
Gl g Gl i

el gn Adlally alaall aabisall s

anlaal el e Al 3 gandl 5 il Ja sl (s gl 31y

:\Mﬁma)us\.law\ L)A‘é‘\ )Ju}\

B W=

Example: A coil of 15 turns and radius 10cm surrounds a long solenoid
of radius 2cm and 1x10® turns/meter (show in the Figure) The current in
the solenoid changes as I = (5.00 A) sin(120t). Find the induced emf in the
15-turn coil as a function of time.

Solution:
From Gauss law ®p = BAcos........ (1) A: Aisthe area
And for solenoid B = ugnlI ........... 2)
Put2inl.......... Dp = (UenI) Agponpid «+eeveeesees €))
e=-n208 _ —Nu,,n(nrz)ﬂ

dt dt

m 5004
g=-15 (411' x 1077T. Z) (1 x 103m VHm(0.02m)? ( )cos120t

£ =—14.2cos(120t)mV
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Chapter three Induced Electromotive Force

3.2. Induced emf and Electric Fields  4iiaal) 44l ;1) 4dlal) o g81)
s Jlaal) g

We have seen that a changing magnetic induces an emf and a current in a
conducting loop. In our study of electricity, we related a current to an
electric field that applies electric forces on charged particles. In the same
way, we can relate an induced current in a conducting loop to an electric
field by claiming that an electric field created in the conductor
because of the changing magnetic flux this induced electric field is non-
conservative, unlike the electrostatic field produced by stationary charges.

Al ¢S 558 Al gy Gl pe (pnhlinall (il (& il Ol Glad) g saa gall (8 Ly O 5 o

induced s (Jb 5eS Jlaey s U Lgie A g5 (s1aI8) induced emf Aiisa 428l

Jadl e oSl e non conservative hdlas e Jlaall laa oSl field  electric
stationary charges 4ssbu¥) Cla il e A gl AL e

To prove that the induced electric field is non conservative?

We can illustrate this point by considering a conducting loop of radius r
situated in a uniform magnetic field that is perpendicular to the plane of the
loop, as in Figurel. If the magnetic field changes with time, then, according
to Faraday’s law, an emf € = —d¢g/dt Is induced in the loop The
induction of a current in the loop implies the presence of an induced electric
field E, which must be tangent to the loop because this is the direction in
which the charges in the wire move in response to the electric force

I hline Jlae G 4dls (S5 e (s ge Lyl ol Lica i DA (e alladl o2a il (S
o g8 Al (g1 i 058 Caun g (e 3 ae enhlinal) aadl) i 136 Adla)l jhE Chas Jiad
induced current &ise s g () 55 Sllds induced emf 4fise 4300 ¢S 4adla
A8 )il Lilas 4aladl S5 induce electric field Cuise (b 5eS Jlae a5y il

a3V x sl = Jatl) | (4dlall ) Juasall b cilial)

a3l x ‘;\b)gﬁ\ Jdadll = :\:\Sb)gﬁ\ojﬂ\
Jadll = 400 ,eS) 3 gal) CuilS 1)

The work done by the electric field in moving a test charge g once around
the loop is equal to q€. Because the electric force acting on the charge is qE,
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Chapter three Induced Electromotive Force

the work done by the electric field in moving the charge once around the
loop is gE(21rr), where 21rr is the circumference of the loop. These two
expressions for the work done must be equal; therefore, we see that

131, g€ AsbeS 88l g sl QE(2TTT) 4alad) Jsa ais&ll ol ail o 591 Jall () S 1)
o adlall Jsa inil) oljatl A eSH Jiaall 08 (e Saial) Jal) () sSon
PRENA || é.’);ﬁe))d\ M\:@u)@ﬁ\ c)ﬂ\

Electric force (q€) = work requerd to moves qE(2mr)

Where the Circumference of the loop is 2mr

g€ = qE .2nr
€ =E.2mr

d : .
e = —itB (Faraday law of induction)

And ¢ = BA=Bnr? (Gauss)

~ E . 2nr = d ’B
) .nr——a(nr )

r dB

E=——-—— +£0 isnoequaltozero
2 dt i d

The emf for any closed path can be expressed as the line integral of E. ds
over that path: € = $ E . ds (LS &), In more general cases, E may not
be constant, and the path may not be a circle. Hence, Faraday’s law of
induction,

d : Y
E=— % (suhlias &), can be written in the general form

Sl JSVE, dis 2 (ad Jaly Lgie il (S (Blae Jlose (5 4l jg Sl 4ndlall o il
S dale 5L s Gl bl 5l e L el Jadl 58 8 ple (S35 € = $E . ds
dalal) Al say Sl glal 8 (538 1S
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Chapter three Induced Electromotive Force

_ dgg

The induced electric field E in Equation 1 is a non-conservative field that is
generated by a changing magnetic field. The field E that satisfies Equationl
cannot possibly be an electrostatic field because if the field were
electrostatic, and hence conservative, the line integral of E.ds over a closed
loop would be zero.

Do) a3 Casnes 3 Usdlaa ud Cimall eI Jlaall o sl (2) Adabaall (ye
OsSan Jadlaa (2) Al b Sl Jlad) o) (eSall L i 5, e oaaidaliaal
e g b laal) dilall jle JSUE, ds U Jasl Jalsall

#J-E.d.s‘:—

(G J&5Y 45a) jiea = 131 Jadlas Jlae 58 oSl Jaall (3l jlual adll Jalsil)

——> = () conservative

—> # (0 non- conservative

Example: A long solenoid with 1000 turns per meter and radius 2cm
carries an oscillating current given by I= (5A) sin(100xt). What is the

electric field induced at a radius r =1cm from the axis of the solenoid? What

is the direction of this electric field when the current is increasing
counterclockwise in the coil?

Solution:

£ 9 _ ddp
. 2mr = —

_

B colenoid = Ho -n 1 Biot-Savart Law

g = AB Magnetic flux
¢ = Au,n .l
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Chapter three Induced Electromotive Force

When r = 0.02 m from the center of the solenoid

E = nyio A~ (54)sin(100mt)

E o (1000)(4m x 1010~ 7T)(2mr?) (5A)(100m)cos(100mt)
B 2Tr

E = 2m? (mv)

3.3. Lenz’s Law BHTHE

The induced current produces magnetic fields, which tend to oppose the
change in magnetic flux that induces such currents.

gl«a‘g\ Jaall slady Luslaa Livualita Yo duiaall Ll ol g

To illustrate how Lenz’s law works, let’s consider a conducting loop placed
in a magnetic field. We follow the procedure below:

1. Define a positive direction for the area vectorA.

2. Assuming that B is uniform, take the dot product of B and A . This allows
for the determination of the sign of the magnetic flux®.

aod . . .
3. Obtain the rate of flux change d—tB by differentiation. There are three

possibilities:
>0 :> Inducedemf € <0

&: <0:>Inducedemf E >0

dt
=0 ::>Induced emf € =0
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Chapter three Induced Electromotive Force

4. Determine the direction of the induced current using the right-hand rule.
With your thumb pointing in the direction of A, curl the fingers around the
closed loop. The induced current flows in the same direction as the way your
fingers curl if € >0, and the opposite direction if € <0, as shown in Figure.

£ >0 [ - £=0

-
] I-“:_
: .

A

LY
-

b

Figure 2. Determination of the direction of induced current
bv the riaht-hand riile

*xkx*x clarify the Lenz aw and illustrate the induced emf (g) both
experimentally and theoretically?

A4S sun ga alla JSE o m e Lipdl () ia il U pumiy Lilae 530 0588 ey S a0l

paiie pondaling Jlae

Lke Experimentally L x=i  Theoretically

I A dalisall 4aie olails alga¥) Jaai— | ublinall gl dad i ]

A a ol ey el () 93 okl IS ®y = BAcos#

lsie induced current Cisall lall Uil Adide dagd 2ai — D
€>0 —>sinduced emf osS

— >0 = £<0

A, ) )

La 7 el

P\ 0 >0
g\ — < 0= £

128 212 3 Ladie adll (& yaad o) (e 138
—= |8 4l Ja emf Jdis ) o
!

B induced Y= J& s induced
olai) €e aiba¥) ol 53 oladl IS 138 - 2

induced current ciisall Ll &S ja
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Chapter three Induced Electromotive Force

€< 0 < induced emf oS i
£<0 ] A
i\

\‘1‘ I

oadll pad 33 13 contestant 46 4wS s b BLA Jaall o pia dials ) ¢ adas Sl
A8 aall Al padl) Aad (e JlE uSlaa olailly Caiaall () ol o ¢S5 o g Leal)

3. 4. Motional EMF 48 jalial) Aliaal) Auily jgsl) dadlal) o gal)
phitie (puphline Jlae (84S e Alia ga didene 4adl )k G (V) 26l B4 (A

£ =¢(vxB).ds

Consider a conducting bar of length | moving through a uniform magnetic
field which points into the page, as shown in Figure 3. Particles with charge
q > 0 inside experience a magnetic force F = qv X B which tends to push
them upward, leaving negative charges on the lower end.

s alatia whaline Jlae JOA & aiy | J ghay Jame el JS5 e Jia go Wl o) il
A 8 g canazall) JAs 8 Ao gal) liall) (3) JSED G e WS (X) andiall JA)y 4sty
i Jry Jans) D) llial) i 50 a8t Lo sl el 1) Lgada e Jand dpusalalins o 5
5 sl
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Chapter three Induced Electromotive Force

The separation of charge gives rise to an electric

field E inside the bar, which produces a downward Electric force F = qE .
At equilibrium where the two forces cancel, we have

qvB = qE,or E = vB

Between exists a potential difference given by

Vap =Va—Vp
e=E?
= vB¥f

4l S 5 8 A g5 Al g Saeall Canadll Jala (8 WL 5eS Do Al gy 4l Hhall sdgy Clia il Ll
e s s (ppnSlaio palatl 8 ey Laguians (3 ) AB G gor L 5 JiusY) 1 4k
dhasall Ales (A 2 38 Jeasall o

Since ¢ arises from the motion of the conductor,

) ) . . B

this potential difference IS called
the motional emf. In general, motional emf # M
around a closed conducting loop can be written Fa
as: ;

| —
£=¢(vxB).ds ¥ T
Where ds is a differential length element? I 3

Fiqure 3

o 581l 1A Aﬁj\é}wﬁq}u.dmﬂ\éﬁw;bﬁqy induced emf = ¢ ) L
. Adlial) 4aie Jidd ds5 Cus motional emf 48 jaiall 4l 5K azdlal)

Now suppose the conducting bar moves through a region of uniform
magnetic field B = Bk (pointing into the page) by sliding along two
frictionless conducting rails that are at a distance € apart and connected
together by a resistor with resistance R, as shown in Figure 4.
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baline Jlae & AV Jianae (i) sle (i adand 50 & sty daa sl Ll Gl 2 50
LS R 4aglie Jadaso yas £ o Sl (yn ailuall o s B = Blkasiall Ja) 4aie auaiie
4 JSEN e

Let an external force be applied so that the
conductor moves to the right with a constant velocity

v = vi. The magnetic flux through the closed loop formed by the bar and

the rails is given by:

®p = BA=Betx (4)

Thus, according to Faraday’s law, the induced emf §
IS:

_ 40 d o dx
74 T dt( x) = dt

= —B¥fv

Where dx/dt = v is simply the speed of the
bar. The corresponding induced current is: )i

le] _ Bév

R R

Amial (3o Cppadl 1 oyl ot g 13, (ASin ) dum & 58 Ll i (m il
o sall 4S (g il 5 dilicall a8lall VA pualiaal) (il () 5Sos 13 3 de o W = Vi
C(4) A A e ey Sl

Example: Figure shows a top view of a bar that can slide without friction.
The resistor is 6 and a 2.5T magnetic field is directed perpendicularly
downward, into the paper. Let £=1.2m. (a) Calculate the applied force
required to move the bar to the right at a constant speed of 2m/s. (b) At what

rate is energy delivered to the resistor?

Solution:

38
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Chapter three Induced Electromotive Force

a. |Fg| =1|f X B|

£
When I=§ and € = Bfv

W tF_va{) _Bzfzv
eget fp = — (fv) = R
2.5)%(1.2)%(2
B=( )(6 )()=3N to the right
b. P=1’R =22 = 6w

Problems of Chapter three

1-A circular loop of wire is held in a uniform magnetic field, with the plane
of the loop perpendicular to the field lines. Which of the following will
not cause a current to be induced in the loop? (a) Decrease the loop; (b)
rotating the loop about an axis perpendicular to the field lines; (c) keeping
the orientation of the loop fixed and moving it along the field lines; (d)
pulling the loop out of the field. Why (c) In all cases except this one,

there is a change in the magnetic flux through the loop.)

2-A circular loop of wire is held in a uniform magnetic field, with the plane
of the loop perpendicular to the field lines. Which of the following will
not cause a current to be induced in the loop? (a) Decrease the loop; (b)
rotating the loop about an axis perpendicular to the field lines; (c) keeping
the orientation of the loop fixed and moving it along the field lines; (d)
pulling the loop out of the field? Why (b) The magnetic field lines around
the transmission cable will be circular, centered on the cable. If you place
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Chapter three Induced Electromotive Force

your loop around the cable, there are no field lines

passing through the loop, so no emf is induced.

The loop must be placed next to the cable, with the

plane of the loop parallel to the cable to maximize '

the flux through its area.

3- Figure 5 shows a magnet being moved in the
vicinity of a solenoid connected to a sensitive
ammeter. The south pole of the magnet is the
pole nearest the solenoid, and the ammeter

indicates a

clockwise (viewed from above) current in the Figure 31.15 (Quick Quir 31.7)

solenoid. Is the person (a) inserting the magnet or (b) Fiqure 5

pulling it out? Why (a) Because the current induced in the solenoid is
clockwise when viewed from above, the magnetic field lines produced by
this current point downward in Figure 5. Thus, the upper end of the
solenoid acts as a south pole. For this situation to be consistent with
Lenz’s law, the south pole of the bar magnet must be approaching the

solenoid.

4- Figure 6 shows a circular loop of wire being Dropped toward a wire

carrying a current to the left. The direction of the induced current in the loop

of wire is (a) clockwise (b) counterclockwise (c) zero (d) impossible to

determine.

Why (b) ?? At the position of the loop, the magnetic field lines due to the
wire point into the page. The loop is entering a region of stronger
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Chapter three Induced Electromotive Force

magnetic field as it drops toward the wire, so the flux is increasing. The
induced current must set up a magnetic field that opposes this increase. To
do this, it creates a magnetic field directed out of the page. By the right-
hand rule for current loops, this requires a counterclockwise current in the
loop.

5-In a region of space, the magnetic field increases at a constant rate. This
changing magnetic field induces an electric field that (a) increases in time
(b) is conservative (c) is in the direction of the magnetic field (d) has a
constant magnitude. Why (d) The constant rate of change of B will result
in a constant rate of change of the magnetic flux. According to Equation

31.9, if d!B/dt is constant, E is constant in magnitude.

M
6. The south end of the magnet is toward the loop of wire.
The magnet is dropped toward the loop. Find the direction
of the current through the resistor (a) while the magnet is P

./JH
falling toward the loop and (b) after the magnet has passed 3
through the loop and moves away from it. K
Figure 7

Answer

(a) The south pole of the magnet produces an upward magnetic field that
increases as the magnet approaches.
The loop opposes change by making its own downward magnetic field; it
carries current clockwise, which goes to the left through the resistor.

(b) The north pole of the magnet produces an upward magnetic field. The
loop sees decrease upward flux as the magnet falls away, and tries to
make an upward magnetic field of its own by carrying current

counterclockwise, to the right in the resistor.

41
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Chapter three Induced Electromotive Force

7-What is the difference between magnetic flux and magnetic field?

Answer : Magnetic flux measures the “flow” of the magnetic field
through a given area of a loop—even though the field does not actually
flow. By changing the size of the loop, or the orientation of the loop and
the field, one can change the magnetic flux through the loop, but the
magnetic field will not change.

8- A loop of wire is placed in a uniform magnetic field. For what the
orientation of the loop is the magnetic flux a maximum? For what
orientation is the flux zero?

Answer : The magnetic flux is @B = BAcosfd . Therefore the flux is
maximum when B is perpendicular to the loop of wire and zero when
there is no component of magnetic field perpendicular to the loop. The
flux is zero when the loop is turned so that the field lies in the plane of its

area.

9- Defien Faraday’s Law of Induction and finds an expression of emf
induced, Suppose that a loop enclosing an area A Lies in a uniform
magnetic field B

Answer: The emf induced in a circuit is directly proportional to the time
rate of change of the magnetic flux through the circuit. This statement,
known as Faraday’s law of induction, can be written

_dgs
dt

uJ:_JLA\M}@b)@ﬂ\aj\ﬂ\@wj\@wukhad\umﬂ\ﬁaﬁgumﬁ"memfﬂjﬁ
e Jlaall Ciinall Jlaall 4nSlae A i 4allad) 5 HLEY) Eall gla) 8 ¢ 5ila,

& =

Where ¢p = [ BdA s the magnetic flux through the circuit. If the circuit
is a coil consisting of N loops all of the same area and if ¢pg Is the
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Chapter three Induced Electromotive Force

magnetic flux through one loop, an emf is induced in every loop. The loops
are in the series, so their emf add; thus, the total induced emf in the coil is
given by the expression:

(CO||) —ala = a‘)\__ts a‘).a‘.ﬂ\ il 13 M\.})@Sﬂ\ a‘).\\.ﬂ\ JoA Gm.\law\ ua.\sj\ ¢B dua
o gall A ghoes 13| ClElal) e dlls JS JOA (il g8 ghp OIS 135 Al (e N 2ae (e ala
3, calall b adls JS emf JI (pend) Gl g 4dla JS 8 emf Aliaall 4l <l 4xdlal)
- emf 45l eSl 4=dlall o all & sane o pill (S

dép

g=—N——
dt

Suppose that a loop enclosing an area A lies in a uniform magnetic field B,
as in Figure (1). The magnetic flux through the loop is equal to BA c0s0;
hence, the induced emf can be expressed as:

Jlae) B (omhline Jlaw (asa 4 5 4dlaall ddlad) Caa A 4alie Ll Caladl dals o) a5l
aalall PO hlinal) Gl ¢ S 131 (1) IS 8 LS ((Ciinal) adl g oo )l ohalins
2 emf Aisall 40l o SI) axdlall 5 g8l e Huadll (Say 13 BA c0SO

d
e=—N E(BACOSO) (1)

From this expression, we see that an emf can be
induced in the circuit in several ways:

1.The magnitude of B can change with time. J
2.The area enclosed by the loop can change with o S

time.
Figure 1
3. The angle 0 between B and the normal to the loop

can change with time.
4. Any combination of the above can occur.

Gk 53es @M 4inall 4l jgS Axdlall o sl a5 oD o) (S (1) 48Nl 038 JDA (40
Gl ge padll yaas

e e 4Bl adlaal) asbisl) s

aabuall mlans o aliall 3 ganll 5 midll Ja shad oy 4y sl 3l i

Mcv‘.{:\kw\ uAng\ )...uu)\

L=
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10- Example: A coil of 15 turns and radius 10cm surrounds a long
solenoid of radius 2cm and 1x102 turns/meter (show in the Figure)
The current in the solenoid changes as | =(5.00 A)sin(120t). Find
the induced emf in the 15-turn coil as a function of time.

Solution:

CDB = (ﬂonI)Asoenoid

o — _n9%8_ . dl
B — dt - ”On(nr )dt

m 6004
dp = —15 (4-11' x 10T, Z) (1 x 103m-1)n(0.02m)2( )coleOt

£ =-14.2cos(120t)mV

11- Explain the induced emf and prove that the induced electric field is non-
conservative?

To prove that the induced electric field is non conservative?

Answer : We can illustrate this point by considering a conducting loop of
radius r situated in a uniform magnetic field that is perpendicular to the
plane of the loop, as in Figurel. If the magnetic field changes with time,
then, according to Faraday’s law, an emf € = —d¢g/dt Is induced in the
loop The induction of a current in the loop implies the presence of an
induced electric field E, which must be tangent to the loop because this is
the direction in which the charges in the wire move in response to the
electric force

r s oudaling Jlae B adla K5 e Joa go Laal o Lica 8 JOIA (e alladl oda L) (S
o8 A5 g1 b gl s el e omnlalinall il s 136 adlall i Gt Jia
induced current s s Al () gam by induced emf 4lise 4L jeS 4a8l
A8 )il Lilas 4alasl S5 induce electric field Cuise (b S Jlae ol gy Ml

(48la]) ) S sall & cilinil
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Chapter three Induced Electromotive Force

The work done by the electric field in moving a test charge g once around
the loop is equal to g€. Because the electric force acting on the charge is qE,
the work done by the electric field in moving the charge once around the

loop is gE(21rr), where 2mrr is the circumference of the loop. These two
expressions for the work done must be equal; therefore, we see that

M\QLM\ o}ﬂ\ uyj.qs Lﬁﬁu‘\ﬁlﬂ\ d};w\ sﬂ.})}ﬂe‘)Y\ Jaid) ujs.u.u 13l
oo adlall Jga ain il ol ail AU Sl Jlaall 38 (e Dadall Jalll o S N qE - sl

ainall @l il o U Jactll = 4l eIl o il

q€ = qE(2mr) circumference 2mr

€ =E.2nr

d . :
€= —% Faraday law of induction
¢ = BA =nr’B
~ E.2nr = d ’B
“ E2mr=—— (nr“B)
E r 4B 0 isno equal to zero

= —=— [ u z
2 dt 7 a

The emf for any closed path can be expressed as the line integral of E. ds
over that path: € = § E.ds . In more general cases, E may not be constant,
and the path may not be a circle. Hence, Faraday’s law of induction,

€ = —ddg¢pg/dt, can be written in the general form

€ = Jusdll JSIE. ds o JolSis Lgie el (s (3lie s (5Y 45l 560 4xilal o il
S (S agle 5 L Gl sl 5 Cull e il oSl Jladll 68 35 e (s G E. s
Aalal) Apay Sl glal 8 (538

_ dop
fE. ds = —— 2)

The induced electric field E in Equation 1 is a nonconservative field that is
generated by a changing magnetic field. The field E that satisfies Equationl

45



Chapter three Induced Electromotive Force

cannot possibly be an electrostatic field because if the field were
electrostatic, and hence conservative, the line integral of E. ds over a
closed loop would be zero.

Dol 55 ey Gl Unilae Gl Ctinall 568l Jlaall o) s (2) 4laladdl (e
e Jlae S 131 (2) Adaladl) 3 e Jladll o) uall i i 5, Leal] eualabial
i (s s Bl ailall Jlae JUE. dis U Aadl) JalSall ()5S adlaa s

—> = () conservative

§E.d$=—

—> = () non- conservative

12- clarify the Lenz law and illustrate the induced emf (&) both
experimentally and theoretically ?

Answer:
Lle Experimentally Lai  Theoretically
13 A asxbocall 4nia olail algs¥) Jani— | bl Goadl] Aad aani |
AS ya olai) iy alia¥l () )50 ol IS ®p = BAcos#H
aie induced current syl Ll andl) A8t A aai D

€>0 «aseinduced emf s

— >0 = £<0

A0, .
: —_— —— ] = =
=0 ] . dt 0 0
é-*-" 5 <0 E>0
128 212 3 Ladie adll (& yaad o) (e 138
= | J85 aniilly s emf Jilis ) 525
! B induced Y= J& 5 induced

ol (pSe ala¥ () ) s olail (IS 13 - 2
induced current syl Hlall &S s
£ <0 < induced emf (sS Waic
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13- Explain the motional emf in case of supposing the conducting bar
moves through a region of uniform magnetic field B =B K (Pointing
into the page) by sliding along two frictionless conducting rails that are
at a distance ¢ apart and connected together by a resistor with resistance
R?

Answer :

e pulliie Jlae (848 saia 4l 3o 4ivnn dnkid 5k (i (V) 23l G 0
e=¢(vxB).ds

Consider a conducting bar of length | moving through a uniform magnetic
field which points into the page, as shown in Figure 3. Particles with charge

q > 0 inside experience a magnetic force F = qv X B which tends to push
them upward, leaving negative charges on the lower end.
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@A alaiie unlaline Jlae JA & ady | Jshay (Fare el S5 e Jia g Ll () (a4l
O (g canmll 203 8 das sl clin i) (3) SN 8 (pae LS (%) dadiall Jal 4ady
o Jay JA0) ) 4ol Clia i) adas Lo capadll e ) ) Lgnds e Jan 4gundalin o 58,
5 gall

The separation of charge gives rise to an electric

field E inside the bar, which produces a downward electric force F = qE :
At equilibrium where the two forces cancel, We haveqvB = qE, or E =
vB. Between

the two ends of the conductor, there exists a potential difference given by

Vap =Va—Vp
ce=E¢
= vB¥

4l yeS o8 Al g8 Al 5  Samall ol Jala 8 WAL 5eS Sla alsy 43y Hhall 03 cliall) Juad
e Cagis g GruSlaia (a8 LegaV Laguanmy (i 8l ol g Uil g JanY) ) 4aia
Jo sl il 3 2 38 Jom sl e

Since ¢ arises from the motion of the conductor, this potential difference is

called the motional emf. In general, motional emf around a closed
conducting loop can be written as:

e =§(v x B).ds i
Where ds is a differential length element? i :
e 3all 48 ya (40 £l Cases induced emf = g o L a i
45)3443\@1;)@.53\4&3\33\5}35\\&3@\&)3&&4}“ i —
. A8lsall 4aie Jiad d§ Cus motional emf / T

Now suppose the conducting bar moves througha r
region of uniform magnetic field B = Bk
(pointing into the page) by sliding along two
frictionless conducting rails that are at a distance € apart and connected
together by a resistor with resistance R, as shown in Figure 4.
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baline Jlae & AV Jianae (i) sle (i adand 50 & sty daa sl Ll Gl 2 50
LS R 4aglie Jadaso yas £ o Sl (yn ailuall o s B = Blkasiall Ja) 4aie auaiie
4 JREN e

Let an external force be applied so that the

conductor moves to the right with a constant

velocity v = vi. The magnetic flux through the closed loop formed by the
bar and the rails is given by:

&y =BA=B¢fx (4)
Thus, according to Faraday’s law, the induced emf is:

=B _ 2 pery= 1%~ _pe
= T T w B = a7

Where dx/dt =v is simply the speed of the bar. The corresponding
induced current is:
le] _ Bév

R R

B
14- A long solenoid has n» = 400 turns per meter and

carries a current given by | =(30.0A)(1-¢
1604y Inside the solenoid and coaxial with it is a
coil that has a radius of R=6.00 cm and consists of
a total of N = 250 turns of fine wire (Fig. P31.13). ‘

— ]

What emf is induced in the coil by the changing
current? Pigured

Solution:
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1 turns ,u'r m

B= ugnl = 11gn(30.0 A)(1— &™)

®, = [BdA = ugn(300 A)1- %) [ dA

@ = ugn(30.0 A)1 - )z R

N turns

Ad :
&= —Nd—fB = —Nugn(30.0 A)7 R*(1.60)e %%
' FIG. P31.13

£=—(250)(47 <107 N/A?)(400 m™ )(30.0 A][,T(o.oao 0 m]z]'l.(i[l sTleTto0t

£=‘ (68.2 mV)e " counterclockwise ‘

15- coil formed by wrapping 50 turns of wire in the shape of a square is
positioned in a magnetic field so that the normal to the plane of the coil
makes an angle of 6 = 30.0° with the direction of the field. When the
magnetic field is increased uniformly from 200 puT to 600 uT in time t =
0.400 s, an emf of magnitude € = 80.0 mV is induced in the coil.
What is the total length of the wire?

Solution:
b \ -'rfz'
e =L (NB(? cos ) = - A5€0sO
dt : At
| 3 1o \
et | (80.0 <107 V)(0.400 s)

= = [—— — s - =136 m
\ NABcos# \| (:ﬂ])(ﬁDDxlU T-200x107" T)CDS@U,OD)

Length =4/N =4(1.36 m)(50) =| 272 m

16- A toroid having a rectangular cross section (a = 2.00 cm by b = 3.00
cm) and inner radius R = 4.00 cm consists of 500 turns of wire that

carries a sinusoidal current | = | ax Sin wt, with | max = 50.0 A and a
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frequency f =60.0 Hz. A coil that consists of
N = 20 turns of wire links with the toroid, as

in Figure P31.17. Determine the emf induced ' F

app

in the coil as a function of time?

Solution: _
- Figure P31.20

In a toroid, all the flux is confined to the inside of the

toroid.
B NI 500 u,1
2w 2rr
5001 1
D, = [BdA=Msinmf[ =
’ 27 Y or
500 I . b+ R
B :wﬂsin_&)tm‘ +— l
2 . R J
dd (500 oI b+R)
e=N'—2% :20| > X0 max | :1]11| i lcosat
dt T /
10* B AT e ‘
£= 2—{4:; %107 N/A?)(50.0 A)(377 rad/s)(0.020 0 m)Ir

:| (0.422 V) cos wt |

17- Figure P31.20 shows a top view of a bar that can Slide without friction.
The resistor is R =6.00

(and a 2.50-T ) The Magnetic field is directed

perpendicularly downward, Into the paper. Let £ = 1.20 m. (a) Calculate the
applied force required to move the bar to the right at a constant speed of 2.00
m/s. (b) At what rate is the energy delivered

to the resistor?

Solution:
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(@  [Fs|=1¢xB|=IB
When [ _£

R
g=DBlv

Bl
weget I =%H’B) =

and
B2(%p  (2.50)7(1.20)*(2.00)
R 6.00

3.00 N to the right |.

=3.00N.

The applied force is

Lo I T |

B fp”

(b) #=I'R= =600W or #=Fv=| 600 W

IS -
FﬂI’JU
_l_
FIG. P31.21

18- For the situation shown in Figure P31.32, the magnetic field changes
with time according to the expression B = (2.00t * - 4.00t 2 + 2 0.800)T, and

r, = 2R =5.00 cm. (a) Calculate the magnitude and direction of the force

exerted on an electron located at point P2 when t = 2.00 s.

(©)

At what time is this force equal to zero?

Solution:
dB , A®
(a) — =6.00t* - 8.00¢ |d =—=
dt dt
xR2(dB/dt) 8.00x(0.0250'
At t=200s, E= it -

2rr, 2x(0.0500)

F=qE=|800x10 N

®) When 6.00¢> —8.00t=0,
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