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First Experiment
*Figure shows a conducting loop connected to a sensitive meter. Because there is no
battery or other source of emf included, there is no current in the circuit. However, if
we move a bar magnet toward the loop, a current suddenly appears in the circuit.

* A magnetic field can produce an e_e70tr|c field that can drive a current. (Faraday's
law of induction )\|o,¥l %’ N &

1. A current appears only if there is relative motion U fmz et o i
between the loop and the magnet; when the wn
motion ceases the current disappears. ' )
2. Faster motion produces a greater current. / S “ 4

3. If moving the | magnet's north pole toward the
loop causes, say, clockwise current, then moving
the north pole away causes counterclockwise

current. _ _
 The current produced in the loop is called an

induced current. (Au’o) at =9y, ~>E - emf
* The Work done per unit charge to produce that Fig. 30-1 An ammeter registers a

current is called an induced emf. current in the wire loop when the magnet
e The process of producing the current and emf  is moving withrespect to the loop.

is called induction.
16 May 2019
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Second Experiment

* For this experiment we use the apparatus of Fig
30-2, with the two conducting loops close to
each other but not touching.

* If we close switch S, the meter suddenly and
briefly registers a current -an induced current-

In the left-hand loop.

* |f we then open the switch, another sudden and
brief induced current appears in the left hand
loop, but in the opposite direction.

We get an induced current (and thus an induced

emf) only when the current in the right-hand loop

s

Closing the switch
causes a current in
the left-hand loop.

Fig. 30-2 Anammeter registers a cur-
rent in the left-hand wire loop just as switch
S is closed (to turn on the current in the
right-hand wire loop) or opened (to turn
off the current in the right-hand loop). No
motion of the coils 1s involved.

W An emfis induced in the loop at the left in Figs. 30-1 and 30-2 when W

magnetic field lines that pass through the loop i1s changing.
. P p —— ging

16 May 2019
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» Faraday's law of induction: An emf is induced in a loop when the rumber of
magnetic field lines that pass through the loop is changing. Eb;.; g M,’C ]CM

Ly %rew
%( ““ The magnitude of the emf € induced in a conducting loop 1s equal to the rate at
‘%7 which the magnetic flux @4 through that loop changes with time. @
&
a

* To calculate the amount of magnetic field, we define a Mfor
loop enclosing an area A which is placed in a magnetic field B.  JA

B

flJB = f B-dA (magnetic flux through area A ) "

®p = BA {E 1 area A, B uniform).

* The Sl unit for magnetic flux is the tesla-square
meter, which is called the weber (Wb).

* The magnitude of the emf € induced in a ] d D,
conducting loop is equal to the rate at which € QT (Faraday’s law)
the magnetic flux &, through that loop changes -
with time. d?%wkj, 7 (Otpse)

f'g _ T

* The magnetic flux through a coil of N turns; N 4 Ps
dt

|l weber = 1 Wb =1T-m?

(coil of N turns)

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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(Faraday’s law)

®p = Jﬁ-sﬁ (magnetic flux through area A)| € = — d®p
/I\ 1 dt
General means by ?h ch we can change the magnetic flux

through a coil:

1.Change the mag
coil.

2.Change either the ftotal area of the coil or the portion of
that area that lies/within the magnetic field (expanding the
coil or sliding it into or out of the field).

3.Change the angle between the direction of the magnetic field B and the plane
of the coil (for example, by rotating the colil so that field B is first
perpendicular to the plane of the coil and then is along that plane).

The induced emf tends to|oppose the flux changeland the Indicates

this opposition. This minus sign is referred to as Lenz’s Law.

Itude B of the magnetic field within the

aw inidnf. D (——) . c&aeww/ (Oppow,)
mlww ~y (1) naieaa” ( gu};}})or{)

http://www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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30-3 Faraday’s Law of Induction
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Sample Problem

The long solenoid S shown (in cross section) in Fig. 30-3
has 220 turns/cm and carries a current { = 1.5 A its diam-
eter D is 3.2 cm. At its center we place a 130-turn closely
packed coil C of diameter d = 2.1 cm. The current in the
solenoid is reduced to zero at a steady rate in 25 ms. What
is the magnitude of the emf that is induced in coil C while
the current in the solenoid is changing?

KEY IDEAS

1. Because it is located in the interior of the solenoid, coil C lies
within the magnetic field produced by current i in the
solenoid: thus, there is a magnetic flux @ through coil C.

2. Because current i decreases, flux & also decreases.

3. As @, decreases, emf € is induced in coil C.

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

flll-lll

Fig. 20-23 A coil Cis located inside a solenoid S, which
carries current i.

4. The flux through each turn of coil C depends on the area
A and orientation of that turn in the solenoid’s magnetic
field B. Because ¥ is uniform and directed perpendicular
to area A, the flux is given by Eq. 30-2 ($; = BA).

5. The magnitude B of the magnetic field in the interior of a so-
lenoid depends on the solenoid’s current i and its number n
of turns per unit length, according to Eq. 29-23 (B = pin).

16 May 2019

Induced emf in coil due to a solenoid

Calculations: Because coil C consists of more than one
turn, we apply Faraday's law in the form of Eg. 30-5
(€ = —N ddy/dt), where the number of turns N is 130 and
d®y/dt is the rate at which the flux changes.

Because the current in the solenoid decreases at a
steady rate, flux &, also decreases at a steady rate, and so we

can write d®y/dr as A®y/Ar. Then, to evaluate AP, we need %2 1
the final and initial flux values. The final flux &, is zero A7 )
because the nnal current 1 the solenoid 1s zero. 10 lmd the 2l v/

initial flux @, we note that area A is 37d” (= 3.464 x 10~*

m”) and the number n is 220 turns/cm, or 22 000 turns/m. 7

Substituting Eq. 29-23 into Eq. 30-2 then leads to qb—‘ .
®,; = BA = (uoin)A Tg= EA

= (47 % 1077T-m/A)(1.5 A)(22 000 turns/m)

X (3.464 X 10~ m?) :/JG
£—- _n

= 1.44 x 1077 Wh. 7
r(:lo 2= (.TA . d‘_é
N L

Now we can write
Ady . '1}11.; — Dy;

dd,,

dt At At
(0 — 1.44 X 105 Wh)

25 x 1077s
= —5.76 X 10" Wb/s = —5.76 x 107* V.

We are interested only in magnitudes; so we ignore the mi-
nus signs here and in Eq.30-5, writing

dd
€= N—= = (130 turns)(5.76 X 10~ V)
=75x 1072V =75mV. (Answer)

——

PHY102 Physics 11 © Dr.Cem Ozdosan 7
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Lenz’s Law: An induced current has a direction such that the magnetic field due to this
Induced current ppposes the change|in the magnetic flux that induces the current.

Lenz’s Law can be evaluated in two different ways; The induced emf has the same
1. Opposition to Pole Movement. . direction as the induced current.
» To oppose the magnetic flux increase being caused by the

approaching magnet, the loop’s north pole (and thus ) ) .1

must face toward the approaching north pole so as to repel it.

The magnet's motion
l creates a magnetic

« Then the curled—straight right-hand rule for  tells us that o

the current induced in the loop must be counterclockwise in. J ﬁ:zofoi?;;_()pposes

2. Opposition to Flux Change 4T (L)

 As the north pole of the magnet then nears the loop f%di""f' wegses”
with its magnetic field B directed downward, the flux dz/ c&(f 2
through the loop increases. / ”5 2 Ay

» To oppose this increase in flux, the induced current i = P /Ul
must set up its own field B, directed upward inside the ngcj Opposeh

loop, as shown in Fig. 30-5a; then the upward flux of ﬁ
field opposes the increasing downward flux of field B, 9 3074 Lenzslawatwork Asthe

PP ) ) 9 ) ' magnet is moved toward the loop, a current
The curled-straight right-hand rule tells us that i must is induced in the loop. The current produces

be counterclockwise in F|g 30-5a. its own magnetic field, with magnetic di-
pole moment i oriented so as to oppose
Note carefully that the flux of always OpPPOSES the motion of the magnet. Thus, the in-

duced current must be counterclockwise
as shown.

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 8
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30-4 Lenz’

s Law

The induced
current creates
this field, trying
to offset the
change.

The fingers are
in the current's
direction; the

thumb is in the
induced field's

direction.

Increasing the external
field Binduces a current
with a field B, that

opposes the change.
— e~

d,‘,.m/l-ﬂ%t

16 May 2019

Decreasing the external
field B'induces a current
with a field B, ; that
opposes the change.

(5

Decreasing the external
field Binduces a current
with a field B, that

opposes the change.

Increasing the external
field Binduces a current
with a field B, 4 that

opposes the change.

(&) ()

PHY102 Physics 11 © Dr.Cem Ozdogan
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The direction of the current i induced in a loop is such that the current’s magnetic field B;,4 opposes the

change in the magnetic field B inducing i. The field B, is always directed opposite an increasing field B
(a, ¢) and in the same direction as a decreasing field B (b, d ). The curled — straight right-hand rule gives
the direction of the induced current based on the direction of the induced field.



30-4 Lenz’s Law

Example

A closed loop of wire encloses an

area of A =1 m?in whichin a >
uniform magnetic field exists at 30°
30° to the PLANE of the loop. o7
The magnetic field is D, = IB dA

DECREASING at a rate of
dB/dt = 1T/s. The resistance of the

=BAcos(60") =BA/2

wire is 10 €. E| :d(bs _A dB
What is the induced current? ot 2 dt
...clockwise or * R 2R dt
terclockwise? , -
counterclockwise i (Im°) (IT/s) =0.05A
2(10€2)

http://www.phys.lsu.edw/~jdowling/PHYS21132-SP15/lectures/index.himl
e PHY102 Physics II © Dr.Cem Ozdogan
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Example: The Generator

A square loop of wire of side L is O =at
rotated at a uniform frequency f =270
fin the presence of a uniform ¢
magnetic field B as shown. ; ! —_—

Describe the EMF induced in the | 5
loop. :

L FYIL
®, =B dA 2 B
S
=BL’* cos(6)
do do .

o =Bl* —sin(0) =BL>Qaf Xin(24ft)

http://www.phys,lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.himl

January 2, 2021 PHY 102 Physics IT © Dr.Cem Ozdogan 1



30-4 Lenz’s Law

Figure 30-6 shows a conducting loop consisting of a half-circle
of radius r =020 m and three straight sections. The half-
circle lies in a uniform magnetic field B that is directed out
of the page; the field magnitude is given by B = 4.0r> +

2.0t + 3.0, with B in teslas and ¢ in seconds. An ideal battery
with emf €, = 2.0 V is connected to the loop. The resistance

of the loop is 2.0 Q. B B(_é) _,,.-f(ﬂ

(a) What are the magnitude and direction of t
induced around the loop by field Batr=10s?

2 0 . mﬂ
SN,

. ‘ : <
&

7

—_—7 ;C.‘ q_{-
Fig. 30-6 A battery is connected to a conducting loop that includes

a half-circle of radius r lying in a uniform magnetic field. The field is di-
rected out of the page:;its magnitude is changing.

d®,  d(BA) _
dr dr

dB

%iﬂd = d.f -

Because the flux penetrates the loop only within the half-
circle, the area A in this equation is %fn-rz. Substituting this
and the given expression for B yields

dB _ wr? d .
Cina = A = T (4002 + 2,00 + 3.0)
o
16 May 2019

Induced emf and current due to a changing uniform B field C N / _6
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mb

Att = 10 s, then,

2
G = w (8.0(10) + 2.0]
=5152V=352V. (Answer)

Direction: To find the direction of €. ;. we first note that in

ind»

he emf %d?f Fig. 30-6 the flux through the loop is out of the page and in-

. creasing. Because the induced field B4 (due to the induced
current) must oppose that increase, it must be into the page.
Using the curled-straight right-hand rule (Fig. 30-5¢), we find
that the induced current is clockwise around the loop, and
thus so is the induced emf €, .

(b) What is the current in the loop at¢ = 10 s?

Calculation: The induced emf €, tends to drive a current
clockwise around the loop; the battery’s emf €,, tends to
drive a current counterclockwise. Because €, is greater
than €, the net emf € _; is clockwise, and thus so is the cur-
rent. To find the current at r = 10 s, we use Eq.27-2 (i = é/R):

;= %}T;t _ %ind }_? %bat ‘#41,\6/ > ’géqj(
5152V =20V
= 200 = 158 A = 1.6 A. (Answer)

_—
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! /

Figure 30-7 shows a rectangular loop of wire immersed in
anonuniform and varying magnetic field B that is perpen-
dicular to and directed into the page. The field’s magni-
tude is given by B = 4¢%x2, with B in teslas, ¢ in seconds,

If the field varies with position, ﬁm 6 { a’{)
we must integrate to get the

flux through the loop. £ 67} W/' A
p
T . We start with a strip
so thin that we can
H ®— approximate the field as

being uniform within it.

B
l —= =~ x
w |

X

Fig. 30-7 A closed conducting loop, of width W and height H,
lies in a nonuniform, varying magnetic field that points directly into
the page. To apply Faraday’s law, we use the vertical strip of height
H,width dx, and area dA.

Calculations: In Fig. 30-7, B is perpendicular to the plane
of the loop (and hence parallel to the differential area
vector dA); so the dot product in Eq. 30-1 gives B dA.
Because the magnetic field varies with the coordinate x but
not with the coordinate y, we can take the differential area
dA to be the area of a vertical strip of height H and width dx
(as shown in Fig. 30-7). Then dA = H dx, and the flux
through the loop is

dy = fﬁ-dﬁ = deA = fBH dx = f4r2x2H dx.

16 May 2019

Sample Problem

Induced emf due to a changing nonuniform B field

Treating ¢ as a constant for this integration and inserting the
integration limits x = 0 and x = 3.0 m, we obtain

3 o
x2dx = 4*H | —
3 o

3.0
Dy = 4°H f = 72¢2,

0

where we have substituted H = 2.0 m and ®; is in webers.

Now we can use Faraday’s law to find the magnitude of € at
any time ¢:

(l’(I)B
% _ _
dt

d(7282)

= 144,
dt !

in which € is in volts. At = 0.10 s,

€ = (144 V/s)(0.10s) = 14 V. (Answer)
_—

The flux of B through the loop is into the page in Fig.
30-7 and is increasing in magnitude because B is increasing in
magnitude with time. By Lenz’s law, the field B;,q of the in-
duced current opposes this increase and so is directed out of
the page. The curled-straight right-hand rule in Fig. 30-5a
then tells us that the induced current is counterclockwise
around the loop, and thus so is the induced emf €.

& i‘g:% By NEYIO)

<,

A

H R,

PHY102 Physics 11 © Dr.Cem Ozdogan
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« If the loop is pulled at a constant velocity v, one must — A Dorssing o
apply a constant force F to the loop since an equal and |~ T" e o curent.
opposite magnetic force acts on the loop to oppose |t S e
 Rate of Work: The power is P=Fuv. ﬁ;g ] N

» Flux change: As the loop is pulled, the portlon u”m S
of its area within the magnetic field, and oppoe CM;(&” c ol S t
therefore the magnetic flux, decrease. T BT~

° According tO Faraday,s laW, a Current ls Fig. 30-8 You pull a closed conducting loop out of a magnetic field at constant

velocity V. While the loop is moving, a clockwise current / is induced i in the loop. and

prOduced in the IOOp_ The magnitUde Of the t]]eIOOI)SELIIEIIISSU”\\lﬂllllﬂ’lel’ll‘]L,l]CtlLf'le](le\[‘JC]IEI]LCf(]LCSF] Fy,and Fy.

flux through the loop is ®z =BA =BLx. £ com ok y
. : , . chn %, ‘g
Induced emf: Therefore,[, _ dv, _ d . —— ax _ ey
dt dt dt
* The induced current is therefore [ "BLv
=
* The net deflecting force is F= F, = iLB sin90° = /LB= Bf“.
_ {| | 2722
* The power is therefore P=Fy= %

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdosan 14
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* If we can apply the equation i=¢/R, this becomes|. _ BLv] L.

« Because three segments of the loop carry this
current through the magnetic field, sideways €} R §
deflecting forces act on those segments. 7, = /[ x B

 These deflecting forces are F,, F,and F,; and from the -~
symmetry, F, and F; forces cancel out remaining F, ~ Adcireurt
B2, diagram for the
F=F =ilLBsin9%0° =iLB —— F=—F loop while the
loop is moving
i Thermal Ener x
The_rate of doing | . gy R0 0_IR
B?[%v? "BLv \’ B2
P=Fv= = r= (k-
R | | R
"\/:ZY—

The work that you do in pulling the loop through the magnetic
field appears as thermal energy in the loop.

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan
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1. InFigure(a), a uniform magnetic field B 2" 5"
increases in magnitude with time tas given \_ 2/ = T < T
by Figure(b), where the vertical axis scale is e B SR
set by B.=9.0 mT and the horizontal scale is ., ») ©
set by t.= 3.0 s. A circular conducting loop of Fig. 30-40 Problem 14.

area 8.0x104 m? lies in the field, in the plane of the page. The amount of charge q
passing point A on the loop is given in Fig. 30-40c as a function of t, with the
vertical axis scale set by g,=6.0 mC and the horizontal axis scale again set by t.=3.0

s. What is the loop’s resistance? A <=

3 l{ o" (.f ')

: ~2
p A8 dB =390 T _ 3 m7; Erl0 €
fopang, | 3¢ ‘sopen BReRche 35
B w/% tms _—ALB = 2AI0 A

X Aru:h/u“’ml WV' FM&LQIS Lm\/ é=”' w3 = Te
(ctvader lop) \ %~ Lsnis*m2) 3515 - indaad enf o Hhe Losp
28 2 81 = tnluted onf  indusd commk ab-He locp

/*'1:94115 M) slan

J
o Jé‘/w‘/i £ = _Z\-/—- - es,/_:g_/— s @J/D—"ml') 51(/0’\1 T/_g‘ @g

¢  2x073A S et

! 3tmg g
VERNQ L de

"’TD OPPO)@_ W o

16 May 2019 PHY102 Physics 1l © Dr.Cem Ozdogan
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2. Asquare wire loop with 2.00 m sides is perpéridicUfar fpa~ =+ * ¢ ¢ ¢ -
uniform magnetic field, with half the area of the loopinthe g _ = = = . . |
field as shown in Figure. The loop contains an ideal battery . . 7 .2, W, .
with emf € =20.0 V. If the magnitude of the field varies with _._..-:iﬁ__-__-__;__-__-_._L_

time according to B = 0.0420 -_0.870t, with B in teslas and t |n Z . /7

seconds, what are (a) the net ewm (b) the /L

direction of the (net) current around the loop? — £ \Pﬂ»gh ﬂ " F,g L4 ,,mbpv,’i
4(15) s hotdd sw M

la2oom 2 f c’l:g&_ ,-éﬁ_{f) -j,.i db _ __(o 0420094

Ra3

G200V -‘“f”%f/s)(;@ ewww«f %
£ 0,0620-08 Jot Cjﬂ“ —?/W&ﬂay{5 s
8- 0.0420-07% Wﬁwé IRE. ﬁwm%

=> - ./U T B A O el
’ “ | , =2)74 V
@) Corent u/ﬂ//A'ch,w; ?Jﬂf;;w 223 A

, R
2/ s\ ' : ‘ Sv 'Qe + 1,

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 17
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3. InFig. 30-53, a long rectangular condmp,%ﬁvbi/dth L,
resistance R, and mass m, is hung in a horizontal, uniform
magnetic field B that is directed into the page and that exists only
above line aa. The loop is then dropped; during its fall, it

accelerates until it reaches a certain terminal speed v,. Ignoring air
drag, find an expression for v.. E

e 51-/) (F'r;/‘_

bp 18 R
= M) _ B gk
2P,

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan
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Magnetic Flux
The magnetic flux through an area A
In @ magnetic field B is defined as

Oy = jﬁwﬁ Eq. 30-1

If B: is perpendicular to the area and
uniform over it, Eq. 30-1 becomes

®, = BA (B L A, Buniform). Eq. 30-2
Faraday’s Law of Induction

The induced emf is,

L do, )
£ = - — Eq. 30-4

If the loop is replaced by a closely
packed coil of N turns, the induced

emfis i,

= - E(.30-5

€=-N

Lenz’s Law
An induced current has a direction
such that the magnetic field due to
this induced current opposes the
change in the magnetic flux that
Induces the current.

Emf and the Induced Magnetic

Field

The induced emf is related to E by

% —§E-ds',

Faraday’s law in its most general

form,

jgf-dr-——

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan
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Eq. 30-19

Eq. 30-20
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Additional Materials
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Edady Currents s
 Replace the conducting loop with a solid conducting ________. -~ current

plate. Il /,:/ loop
 With the plate, however, the conduction electrons
swirl about within the plate as if they were caught in
an eddy (whirlpool) of water.
« Such a current is called an eddy current.

,___________
W .
. =
' : ! g
. — e m— — —

 The current induced in the plate results in mechanical S
energy being dissipated as thermal energy.
« An example; a conducting plate, free to rotate about a

pivot, is allowed to swing down through a magnetic all x XN

field like a pendulum. D
* Each time the plate enters and leaves the field, a AN ")

portion of its mechanical energy is transferred to its MUK A

thermal energy.
« After several swings, no mechanical energy remains
and the warmed-up plate just hangs from its pivot.

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 21
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30-5 Induction and Energy Transfers
Start Your Engines: The Ignition Coil

The gap between the spark plug in a
combustion engine needs an _\ spark
electric field of ~107 V/m in order to \
ignite the air-fuel mixture. For a _I
. 12V
typical spark plug gap, one needs

to generate a potential difference > Breaking the circuit changes the

10*V! current through “primary coil”
But, the typical EMF of a car battery is « Result: LARGE change in flux thru

12V. So, how does a spark plug  secondary -- large induced EMF!
even work at all!?

SECOMDARY

R Tower

IINDING

SECCHDARY
YHINDING

The “ignition coil” is a double layer solenoid: e AT

* Primary: small number of turns -- 12 V areo_ AT D)

« Secondary: MANY turns -- spark plug o S —
N 4

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 22
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N

W A changing magnetic field produces an electric field.

 Let us place a copper ring of radius r in a uniform external
magnetic field and we increase the strength of this field at a
steady rate.

« The magnetic flux through the ring will change at a steady
rate an induced emf and thus an induced current will appear in
the ring. (in the counterclockwise direction)

 The current in the copper ring produces an electric field.
(induced electric field)

« The electric field is induced even if there is no copper ring.

Circular —
path -

Copper
ring

Electric field
lines

 The copper ring has been replaced by
) }n'

a hypothetical circular path of radiusr. [ /| 1

F! * The electric field lines produced by 1 K 3/ 4
- the changing magnetic field must be a \QT:,///%

—

L= set of concentric circles. —
* As long as the magnetic field is « If the magnetic field remains constant
Increasing with time, the electric field with time, there will be no induced
will be present. electric field.

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 23



A Reformulation of Faraday’s Law /4 '

» Consider a particle of charge g, moving around the circular path. The work W done
on it in one revolution by the induced electric field is W =&, where & is the

Induced emf. o _
The work W done on it in one revolution

o more general - -
W= | F-ds = (qoE)27r) éxpression > W=Q F-ds =qyP E-ds

* Here where g,E Is the magnitude of the force acting on the test charge and 2zt is

the distance over which that fqorce acts.
By usin *’8—2,—;-5;%:%5- Is - 1D
y : J @ é E-ds = — : _ B (Faraday’s law)
« Combining this result with faradays law; i

» Faraday’s law can be applied to any closed path that can be drawn in a changing

magnetic field. dA ) v l

Electric Potential: Induced electric fields are produced not '

by static charges but by a changing magnetic flux. Therefore,

A%
‘4‘ Electric potential has meaning only for electric fields that are produced by static
charges; it has no meaning for electric fields that are produced by induction.

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 24



30-6 Induced Electric Field:

« Electric potential has meaning only for electric fields that are produced by static
charges; it has no meaning for electric fields that are produced by induction.

» The field lines of induced electric fields form closed loops whereas field lines
produced by static charges must start on positive charges and end on negative
charges.

Sample Problem

Induced electric field due to changing B field, inside and outside
In Fig. 30-11b, take R = 8.5 cm and dB/dt = 0.13 T/s.

(a) Find an expression for the magnitude E of the induced
electric field at points within the magnetic field, at radius r
from the center of the magnetic field. Evaluate the expres-
sion for r = 5.2 cm.

KEY IDEA

An electric field is induced by the changing magnetic field,
according to Faraday’s law.

Calculations: To calculate the field magnitude E, we ap-
ply Faraday’s law in the form of Eq. 30-20. We use a circu-
lar path of integration with radius r = R because we want
E for points within the magnetic field. We assume from the
symmetry that E in Fig. 30-11b is tangent to the circular Flg. 30-11(b)
path at all points. The path vector 45 is also always tangent

to the circular path: so the dot product E-ds in Eq. 30-20

must have the magnitude E ds at all points on the path. We

can also assume from the symmetry that £ has the same

value at all points along the circular path. Then the left side

of Eq. 30-20 becomes

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 25
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Sample Problem

Induced electric field due to changing B field, inside and outside

In Fig. 30-11b, take R = 8.5 cm and dB/dt = 0.13 T/s.

(a) Find an expression for the magnitude E of the induced
electric field at points within the magnetic field, at radius r
from the center of the magnetic field. Evaluate the expres-
sion for r = 5.2 cm.

Calculations: To calculate the field magnitude E, we ap-
ply Faraday’s law in the form of Eq. 30-20. We use a circu-
lar path of integration with radius r = R because we want
E for points within the magnetic field. We assume from the
symmetry that E in Fig. 30-11b is tangent to the circular
path at all points. The path vector 5 is also always tangent
to the circular path; so the dot product E-ds in Eq. 30-20
must have the magnitude E ds at all points on the path. We
can also assume from the symmetry that E has the same
value at all points along the circular path. Then the left side
of Eq. 30-20 becomes

35 E-ds= 35 Eds = Ejg ds = EQmr). (30-23)

(The integral ¢ ds is the circumference 27 of the circular
path.)

16 May 2019
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Circular
path
X

Fig. 30-11

®, = BA = B(wr?). (30-24)

Substituting this and Eq. 30-23 into Eq. 30-20 and dropping
the minus sign, we find that

dB
— 2 _—
EQmr) = (mr 7
or E = —; —ff (Answer) (30-25)

Equation 30-25 gives the magnitude of the electric field at
any point for which » = R (that is, within the magnetic field).
Substituting given values yields, for the magnitude of E at
r=>5.2cm,

52x107?
E = - M) 0.13Tss)
= 0.0034 V/m = 3.4 mV/m. (Answer)
26



30-6 Induced Electric Fields d:

(b) Find an expression for the magnitude E of the induced Calculations: We can now write

ele(ft:ric field at points that are outsicl'e the magnetic field, at ®y = BA = B(7R2). (30-26)
radius r from the center of the magnetic field. Evaluate the ex-
pression for » = 12.5 cm. Substituting this and Eq. 30-23 into Eq. 30-20 (without the

minus sign) and solving for E yield
Circular
path 4

Fig. 30-11 7= R* dB
2r dt’
Because E is not zero here, we know that an electric field is
induced even at points that are outside the changing mag-
netic field, an important result that (as you will see in
Section 31-11) makes transformers possible.
With the given data, Eq. 30-27 yields the magnitude of

(Answer) (30-27)

Eatr=12.5cm:
8.5 X 107*m)?
6 E= ( 0.13 T/
2125 X 102 m) \ S)

T 4 =38 X 107? V/m = 3.8 mV/m. (Answer)
= Equations 30-25 and 30-27 give the same result for
e 9 r = R. Figure 30-12 shows a plot of E(r). Note that the inside
= and outside plots meet at r= R.

0

0 10 20 30 40
r (cm)

Fig. 30-12 A plot of the induced electric field E(r).
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’ sl
Example 4
The figure shows two circular regions

R, & R, with radiir;=1m & r, = 2m.
In R,, the magnetic field B, points
out of the page. In R,, the magnetic
field B, points into the page.

Both fields are uniform and are
DECREASING at the SAME steady
rate = 1 T/s.

Calculate the “Faraday” integral for jﬁ E.ds |l
the two paths shown. "

dd ,
dt

path 1:§ E - d5 =— 2 = ~(mr" )(~1T / 5) = +3.14¥
C

Path II:
§E-ds = (i )=1T / 5)+(u;’ W1T / ) Jp +9.42V

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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4. Figure shows a rod of length L=10.0 cm that is forced to move at constant speed
v=5.00 m/s along horizontal rails. The rod, rails, and connecting strip at the right
form a conducting loop. The rod has resistance 0.400 Q ; the rest of the loop has
negligible resistance. A current i = 100 A through the long straight wire at distance
a =10.0 mm from the loop sets up a (nonuniform) magnetic field through the loop.
Find the (a) emf and (b) current induced in the loop. (c) At what rate is thermal
energy generated in the rod?

Fig. 30-52

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 29



30 Solved Problems

A (35)

o Gt z‘)/Memfz?we.in; M@ e,

e a4’
w,smf Bane) - pp 4 poes o Bz ngnum%m
R=0-400w é‘,.A.g,_, dd= bc,b\- H

wie 12 )@ﬁixdr

f-luo A

oy mmf LM%;

fﬂWL ‘f‘e.(ooj) A &

D" 5..4,» o £ 453 AL MJ@
_? - (QWK/D rf'/_ﬁ-,) (f'-"’ﬁ (5 ), e,b(:o"‘nfto M [:_z 40;/0\/

0%,

)Wammd Kc.g. > € _z.yom""/ (ao;c/o”A G"P
) P, 2R = gdaxm"'/y’{of(,ouu. /44;(/0 w ,dws;W W

fnl'\f-) ! l o1 %1 — i
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The crude inductors with which Michael

Faraday discovered the law of induction. In
those days amenities such as insulated wire
were not commercially available. It is said
that Faraday insulated his wires by wrap-
ping them with strips cut from one of his
wife’s petticoats. (The Royal .
Institution/Bridgeman Art Library/NY) .

An inductor (symbol22 ) can be used to
produce a desired magnetic field.
If we establish a current i in the windings
(turns) of the solenoid which can be treated
as our inductor, the current produces a
magnetic flux @; through the central region
of the inductor.
The inductance of the inductor is then

N®

*

[
The Sl unit of inductance is the tesla—square

meter per ampere (T m?/A). We call this the
henry (H), after American physicist Joseph
Henry.

Inductors are with respect to the magnetic
field what capacitors are with respect to the
electric field.

They “pack a lot of field in a small region”.
Also, the higher the current, the higher the

L =

(inductance defined)

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectu . field the roduce.

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 31



IZMIR
KATIP CELEBI
UNIVERSITESI

« What is the inductance per unit length near its middle?

 Consider a long solenoid of cross-sectional area A, with number of
turns N, and of length |. The flux is N&, = (nl)(BA)

* The magnitude of B is given by B = pyin, (n is the number of turns per unit length)

 Therefore, , _ NPy _ (n)(BA) _ (nl)(poin)(A)

! ! L
= pon’lA.
The inductance per unit length near the center
IS therefore: ;

— #D;-IEA (solenoid).

[

Capacitance C how
much potential for a
given charge: Q=CV

Inductance L how
Here. X0~ 4 X 107 T-m/A much magnetic flux for
y — 101 —7 . ;
A X 1077 Him, a given current; ®=L |

* Inductance depends . |f the solenoid is very much longer than its
only on the geometry  radius, the spreading of the magnetic field
of the device. lines near the ends of the solenoid is

o neglected
http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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« If two coils are near each other, a current i1 in one coil produces a

magnetic flux @; through second coll.
* |f we change this flux by changing the current, an induced emf

appears in the second coil according to Faraday’s Law.

W An induced emf €; appears in any coil in which the current is changing.

 This process is called self-induction, and the emf that appears IS

called a self-induced emf, —Wﬂw
. E g t
Using g, = d(NPy) and N@, = Li :L)
HI! '@“1%'_ .|'u.-.:':--3I
€ ——Lﬂr—E self-induced emf " <=3
; o (sell-induced emt ) , r)

* In any inductor (such as a coil, a solenoid, or a toroid) a self-induced
emf appears whenever the current changes with time.

« The magnitude of the current has no influence on the magnitude of the
Induced emf; only the rate of change of the current counts.

 The direction of a self-induced emf: (from Lenz’s law) it has the

orientation such that it opposes the change in current |.
16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 33
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) i (increasing) i (decreasing)
The changing — —_—

current changes
the flux, which

creates an emf gﬁ 1'@_;r 1§ “-
that opposes = =
the change. '

« We cannot define an electric potential within the inductor itself
however, potentials at other points of the circuit can still be defined.

* We can define a self-induced potential difference V, between the
terminals of an inductor.

* For an ideal inductor, the magnitude of V, is equal to the magnitude
of the self-induced emf ¢

« |If the inductor has resistance r, the potential difference across the
terminals of a real inductor then differs from the emf.
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« If the inductor were not present, the current would rise
rapidly to a steady state value ¢/R.

 Because of the inductor, a self induced emf ¢, appears in
the circuit. 2=

» This emf opposes the rise of the current, by opposing the
battery emf ¢ in polarity.

» Thus, the current in the resistor responds to the
difference between two emfs; a costant ¢ due to the
battery and a variable g, (=-Ldi/dt) due to self-induction.With the switch S thrown to a,

* Aslong as g, Is present, the current will be less than ¢/R. iR di | 20

 As time goes on, the rate at which the current increases : dt
becomes less rapid and the magnitude of the self-induced , < di Ri=%  (RLcircui)
emf becomes smaller. dt
)

W Initially,an inductor acts to oppose changes in the current through it. A long time
later, it acts like ordinary connecting wire.

- _— : — III i = —_ | . L
i =—(1—e Rill ) or (rise of current)| | 7, = — (time constant)

R 'R | R

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan 35
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* The potential differences Vg (iR)across the resistor and inductor are;

wol-Bl 10 L€ Fig. 30-17 The varation with time of
— 8 —~ B (a) Vg, the potential difference across the
= 6 = 6 resistor in the circuit of Fig. 30-16, and (b)
B ;Ll - 1 Vi, the potential difference across the in-

) P S S B A ——— ductor in that circuit. The small triangles

0 2 4 6 8 0 2 4 6 8

{ (ms) : (ms) represent successive intervals of one indu
ms . . .
tive time constant 7; = L/R.The figure 1s

The physical Slgnlflcance Of the  plotted for R =2000 Q. L = 4.0 H, and
time constant; ;__{1 o1y — ”m% €=10V.

 The time constant t, is the time it takes the current in the circuit to
reach about 63% of its equilibrium value &/R.

« If we suddenly remove the emf (i.e., switch is closed) from this same
circuit, the charge does not immediately fall to zero but approaches
zero in an exponential fashion:

L iR=0. — _ ¢

dt R

_fu'l.‘T!_ f'|'l TL

= Ige~ (decay of current).
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30-9 RL Circuits

Sample Problem

RL circuit, immediately after switching and after a long time

Figure 30-18a shows a circuit that contains three identical
resistors with resistance R = 9.0 (), two identical inductors
with inductance L = 2.0 mH, and an ideal battery with emf
€ =18 V.

(a) What is the current / through the battery just after the
switch is closed?

KEY IDEA

Just after the switch is closed, the inductor acts to oppose a
change in the current through it.

Calculations: Because the current through each inductor is
zero before the switch is closed, it will also be zero just after-
ward. Thus, immediately after the switch is closed, the induc-
tors act as broken wires, as indicated in Fig. 30-18b. We then
have a single-loop circuit for which the loop rule gives us

€—iR=0.
Substituting given data, we find that
€ 18V

‘TR 000
(b) What is the current 7 through the battery long after the
switch has been closed?

KEY IDEA

Long after the switch has been closed, the currents in the cir-
cuit have reached their equilibrium values, and the inductors
act as simple connecting wires, as indicated in Fig. 30-18c.

=2.0A. (Answer)

|
I 2 R% - R‘é
R L R%
L I
(@) (6) Initially, an inductor
acts like broken wire.
R

| gl +
|
|I|+

ER/S

(e) . ()
Long later, it acts

like ordinary wire.

Fig. 30-18 (@) A multiloop RL circuit with an open switch. (b)
The equivalent circuit just after the switch has been closed. (¢) The
equivalent circuit a long time later. (d) The single-loop circuit that
is equivalent to circuit (c).

Calculations: We now have a circuit with three identical
resistors in parallel; from Eq. 27-23, their equivalent resistance
is R.qg = R/I3 = (9.0Q)/3 = 3.0 (). The equivalent circuit shown
in Fig. 30-18d then yields the loop equation € — iR, = 0, or

€ 18V

1 = —

Ry 300

= 6.0 A. (Answer)

PHY102 Physics 11 © Dr.Cem Ozdogan
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30-9 RL Circuits

Sample Problem

RL circuit, current during the transition

A solenoid has an inductance of 53 mH and a resistance of 0.37
{). If the solenoid is connected to a battery, how long will the
current take to reach half its final equilibrium value? (This is a
real solenoid because we are considering its small, but nonzero,
internal resistance.)

KEY IDEA

We can mentally separate the solenoid into a resistance and
an inductance that are wired in series with a battery, as in
Fig. 30-16. Then application of the loop rule leads to
Eq. 30-39, which has the solution of Eq. 30-41 for the current
i in the circuit.

Calculations: According to that solution, current i in-
creases exponentially from zero to its final equilibrium
value of €/R. Let ¢, be the time that current i takes to reach
half its equilibrium value. Then Eq.30-41 gives us

1 € €

——— = —— ]_ YL .

NI
We solve for ¢, by canceling /R, isolating the exponential,
and taking the natural logarithm of each side. We find

L 53x 107*H
=rn2=—mMn2=————In2
h=nio=7p 0370

=0.10s. (Answer)

PHY102 Physics 11 © Dr.Cem Ozdogan
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30-9 RL Circuits 4

RC vs RL Circuits

m%
60
Oz

| gl +

o

In an RL circuit, while fluxing up
In an RC circuit, while charging, (rising current), £ = Ldi/dt and the
Q = CV and the loop rule mean: loop rule mean:

» magnetic field increases from 0 to B
e current increases from 0 to £/R

» voltage across inductor
decreases from-£1t0 0

« charge increases from 0 to CE
* current decreases from E/Rto 0

« voltage across capacitor
increases from0to €

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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» Magnetic energy is stored in a magnetic field with current instead of electric charges.
For the single loop circuit, -

. Recall that
e {_ f X - 1
&= L % + iR Capacitors store energy In
Multiply each side by i, «}== 1Qke,  anelectric Tield
g — 19 L o Inductors store energy in a
dt \ : magnetic field.
/ \4 energy
the work done  Energy appears as This represents the total energy
by the battery  stored in thermal stored by an inductor L carrying a
on charges the energy in the current i.
pal%”e;'fh resistor
Q i:m(iiuc(ior € Up = %Lil (magnetic energy)
The rate dUg/dt at which ﬁ
magnetic potential energy Ug . .- O |
is stored in the magnetic field. —, U8 _ ;. @ o Lidi
IS S g . — = Li— — dUg = | Lidi
dt dt 0 0

http://www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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Sample Problem

Energy stored in a magnetic field

A coil has an inductance of 53 mH and a resistance of
0.35 1.

(a) If a 12V emf 1s applied across the coil, how much en-
ergy is stored in the magnetic field after the current has built
up to its equilibrium value?

KEY IDEA

The energy stored in the magnetic field of a coil at any time
depends on the current through the coil at that time, accord-
ing to Eq.30-49 (U, = L&)

Calculations: Thus, to find the energy Upg. stored at
equilibrium, we must first find the equilibrium current. From
Eq.30-41, the equilibrium current 1s

h=%=%=3¢3a (30-51)
Then substitution yields
Upe = $Li% = (3)(53 % 10 *H){34.3 A)®
=311 ( Answer)

(b) After how many time constants will half this equilib-
rium energy be stored in the magnetic field?

Calculations: Now we are being asked: At what time r will
the relation :
Us = 3 Uk

16 May 2019

be satisfied? Using Eq. 30-49 twice allows us to rewrite this
energy condition as

s L= (3)3LE

_ AP
o I_(v’i)“’"
This equation tells us that, as the current increases from its ini-

tial value of 0 to its final value of i, the magnetic field will
have half its final stored energy when the current has in-

creased to this value. In general, we know that i 1s given by Eq.
30-41, and here i, (see Eq. 30-51) is /R s0 Eq. 30-52 becomes

(30-52)

t {3
—(1—e ) =—0m—.
AV,
By canceling €/R and rearranging, we can write this as
etn=1- % = 0.293,
which vields
L = —In0293 =123
T
or t==1.27,. { Answer)

Thus, the energy stored in the magnetic field of the coul by
the current will reach half its equilibrium value 1.2 time
constants after the emf 1s apphied.
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« Consider a length I near the middle of a long solenoid of cross-sectional area
A carrying current i; the volume associated with this length is Al.

* The energy Ug stored by the length | of the solenoid must lie entirely within
this volume because the magnetic field outside such a solenoid is
approximately zero. Also, the stored energy must be uniformly distributed
within the solenoid because the magnetic field is (approximately) uniform
everywhere inside.

. . Up
 Thus, the energy stored per unit volume of the field is upz = A/
Since Uy =1L ; L2 L 2
- g = —
P2Al 1 24
% = ugh*A (solenoid). (30-31)
2
B’ _erL
Ug = ——— (magnetic energy density) Up —
2o 2
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« If two coils are close together, a steady
current 1 in one coil will set up a magnetic
flux @ through the other coil.

* |f we change 1 with time, an emf ¢ appears
In the second coll (called as induction)

 To suggest the mutual interaction of the two
coils and to distinguish it from self-
Induction, it is called mutual induction.

We define the mutual inductance M.. of coil 2
with respect to coil 1 as
N, Dy

1'1’.;"2 1 — - .
I

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan
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* \WWe can recast the formula as:
J:I"l’i’lj]l; I — 1'\"'2{1-]21

{h‘l ) fj(-[-)‘}l \ y
My, < = N, L2 /
= T \-""':'

B,

The right side of this equation ~
1s, according to Faraday’s law, / W
just the magnitude of the emf

g, appearing in coil 2 due to the

changing current in coil 1
: ‘ 0
= rgz = _f'l“f’l,_:'_l {ffl R +::— [®]

dt Coil 1 Coil 2

3

i

-

=TS
-l .
_..|.-—-—\ = 5
—

A 4

\\_-\‘_ ——
D
_"“—_—;7 =

K

—_—
—-—

(
I

Here, minus sign indicates the direction

Since the proportionality constants M,, and M,, are the same,

fﬁl di
€ =—-M— and € = —-M—=
’ dr € dt
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30-12 Mutual Inductance

Sample Problem

Mutual inductance of two parallel coils

Figure 30-20 shows two circular close-packed coils, the
smaller (radius R,, with N, turns) being coaxial with the
larger (radius R, with N, turns) and in the same plane.

(a) Derive an expression for the mutual inductance M for
this arrangement of these two coils, assuming that R, > R,.

il

=

Fig. 30-20 A small coil is located at the center of a large
coil. The mutual inductance of the coils can be determined by
sending current i; through the large coil.

Ny
T

The flux ®,, through each turn of the smaller coil is,
from Eq.30-2,

M = (30-66)

D, = B1A,,

where B, is the magnitude of the magnetic field at points
within the small coil due to the larger coil and A, (= 7 R3) is
the area enclosed by the turn. Thus, the flux linkage in the
smaller coil (with its N, turns) is

N,®,, = N,B,A,. (30-67)

To find B, at points within the smaller coil, we can use
Eq. 29-26,

Mo E.Rz
2( R2 + z2)3f2 2

B(z) =

with z set to 0 because the smaller coil is in the plane of the
larger coil. That equation tells us that each turn of the larger
coil produces a magnetic field of magnitude pq,/2R, at
points within the smaller coil. Thus, the larger coil (with its
N, turns) produces a total magnetic field of magnitude

B, = N, ;‘gl‘ (30-68)
at points within the smaller coil.
Substituting Eq. 30-68 for B, and 7R3 for A, in Eq.
30-67 yields
TN N, R3 iy
2R, '

Substituting this result into Eq. 30-66, we find

N, @y =

No®ar _ o Ny R; (Answer) (30-69)

R

M =

16 May 2019 PHY102 Physics 11 © Dr.Cem Ozdogan
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30-12 Mutual Inductance id:

(b) What is the value of M for N, =N,= 1200 turns,
R,=1.1cm,and R, = 15cm?

Calculations: Equation 30-69 yields

_ (m)(47 X 1077 H/m)(1200)(1200)(0.011 my’

M (2)(0.15 m)

=229 X 1073 H = 2.3 mH. (Answer)

Consider the situation if we reverse the roles of the two
coils—that is, if we produce a current ¢, in the smaller coil
and try to calculate M from Eq. 30-57 in the form

_ NICI)12

M

b
!’11 I The calculation of ®,, (the nonuniform flux of the smaller
coil’s magnetic field encompassed by the larger coil) is not
simple. If we were to do the calculation numerically using
a computer, we would find M to be 2.3 mH, as above! This
emphasizes that Eq. 30-63 (M,, = M,, = M) is not obvious.

Fig. 30-20 A small coil is located at the center of a large
coil. The mutual inductance of the coils can be determined by
sending current i, through the large coil.
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Inductor

The inductance L of the inductor is
NG

. Eq. 30-28

I

I =

The inductance per unit length
near the middle of a long solenoid
of cross-sectional area A and n
turns per unit length is

% —_ #ﬁﬂgﬂ Eq. 30'31

Self-Induction

This self-induced emf is, =

€, = —L i
_ Eqg. 30-35
Mutual Induction

The mutual induction is described by,

€= M Eq. 30-64
rﬁ:] = —M Z;; Eq 30'65
16 May 2019

Series RL Circuit
Rise of current,

. ._
i=o(-e") Eq. 30-41

» Decay of current
Eqg. 30-45

i = EE[]E_:'IT'

Magnetic Energy

The inductor’s magnetic field
stores an energy given by

Eqg. 30-49

U = iL2

The density of stored magnetic
ehergy. B Eq. 30-55

U = 2e
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5. The current i through a 4.6 H inductor varies with time

t as shown by the graph of Fig.30-58, where the vertica _ /\\

axis scale is set by 1.=8.0 A and the horizontal axis < /

scale is set by t.=6.0 ms. The inductor has a resistance / \
of 12 Q. Find the magnitude of the induced emf ¢ " \?
during time intervals (a) 0 to 2 ms, (b) 2 ms to 5 ms, i) ‘

and (c) 5 ms to 6 ms. (Ignore the behavior at the ends
of the intervals.)

[ ) £=1.6x104V, b) £=3.1x103V, ¢) £= 2.3x104V]

Fig. 30-58 Problem 46.

26) | £ootdh 5 €208 oy RS gy
A+

Labit b | . 200185
1‘5,3.04 ﬂ) i,[é-éﬁ)/s'“"?")”) L 3‘/){/03‘/
¢, {.Oms SO R 3~ 2.000 /f/- /
e v ) $
L W) .,(4 ‘ﬁ) (oA —5'0.4) =-2-31/‘)4V ;”OM

o
£.0xlo’s~S0x00 5
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