ELECTROMAGNETIC INDUCTION

29.1. IDENTIFY: The changing magnetic field causes a changing magnetic flux through the loop. This induces
an emf in the loop which causes a current to flow in it.
SETUP: |e|= a0y
t

, @y =BAcos¢, ¢=0°.4 isconstant and B is changing.

d

EXECUTE: (a) |¢|= A; =(0.0900 m?)(0.190 T/s) =0.0171 V.
t

by 1= 00171V
R 0.600Q

EVALUATE: These are small emfs and currents by everyday standards.
dd,

=0.0285 A.

29.2.  IDENTIFY: |¢]= . @, = BAcos@. @ is the flux through each turn of the coil.

SETUP: ¢; =0° ¢ =90°.
EXECUTE: (a) ®p; = BAcos0°=(6.0x107 T)(12x10~* m*)(1)=7.2x10"" Wb. The total flux through
the coil is N® 4; =(200)(7.2x10™° Wb)=1.44x10" Wb. @ ; = BAc0s90° =0.

_|N®; - N®:| 1.44x107 Wb

(b) lea oA 0.040's

EVALUATE: The average induced emf depends on how rapidly the flux changes.
29.3.  IDENTIFY and SET UP: Use Faraday’s law to calculate the average induced emf and apply Ohm’s law to
the coil to calculate the average induced current and charge that flows.

=3.6x10%V=036mV.

. Initially,

. . . - AD
(a) EXECUTE: The magnitude of the average emf induced in the coil is |€av| =N ‘ AtB

@, = BAcos$ = BA. The final flux is zero, so |&

a

W[=N

Dy — Dy
[©5 ~ Pl = NfA. The average induced current
t

At

. £, NBA o NBA NBA
is I = M =——. The total charge that flows through the coil is Q =IAt =| —— |At =——.
R RAt RAt R

EVALUATE: The charge that flows is proportional to the magnetic field but does not depend on
the time At.
(b) The magnetic stripe consists of a pattern of magnetic fields. The pattern of charges that flow in the
reader coil tells the card reader the magnetic field pattern and hence the digital information coded onto
the card.
(¢) According to the result in part (a) the charge that flows depends only on the change in the magnetic flux
and it does not depend on the rate at which this flux changes.
29.4. IDENTIFY and SET UP: Apply the result derived in Exercise 29.3: O = NBA/R. In the present exercise the

flux changes from its maximum value of ®; = BA to zero, so this equation applies. R is the total
resistance so here R =60.0 Q+45.0Q2=105.0 Q.
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29-2 Chapter 29

_OR _(3.56x107° €)(105.0 Q)
NA  120(3.20x107* m?)

EVALUATE: A field of this magnitude is easily produced.

29.5. IDENTIFY: Apply Faraday’s law.
SETUP: Let +z be the positive direction for A. Therefore, the initial flux is positive and the final flux is
Zero.

EXECUTE: Q= =0.0973T.

ADy  0—(1.5T)7(0.120 m)?
At 2.0x107 s

toward us, the induced current is counterclockwise.
EVALUATE: The shorter the removal time, the larger the average induced emf.
29.6. IDENTIFY: Apply Eq. (29.4). I =¢/R.

SET UP: d®y/dt = AdB/dt.

Ndd,
dt

|e| = NA((0.012 T/s) + (1.2x107 T/s*)%) = 0.0302 V +(3.02x10~ V/s*).

EXECUTE: (a)and (b) £=- =+34 V. Since £ is positive and A is

EXECUTE: (a) |¢|= —NA (B) NA—((O 012 T/s)t +(3.00x107 T/s*)r*)

(b) At £=5.00's, |¢]=0.0302V+(3.02x107* V/s°)(5.00 5)’ =0.0680 V.

= £ 00080V _ 504 A,
R 600Q
EVALUATE: The rate of change of the flux is increasing in time, so the induced current is not constant but
rather increases in time.
29.7. IDENTIFY: Calculate the flux through the loop and apply Faraday’s law.

SET Up: To find the total flux integrate d®  over the width of the loop. The magnetic field of a long

p=tol

Py The direction of B is given by the right-hand rule.
r

straight wire, at distance » from the wire, is

EXECUTE: (a) B= ﬂ, into the page.
2zr

(b) d, = BdA= f—olLdr.

r

b Hoil cbdr il
(© ‘1>B=f dd, = 207[ ja7=20—ﬂln(b/a).

@ || =28 “OLl (bla )—

,uO(O 240 m)

@) |e|= In(0.360/0.120)(9.60 A/s) =5.06x107" V.

EVALUATE: The induced emf is proportional to the rate at which the current in the long straight wire is
changing

29.8. IDENTIFY: Apply Faraday’s law.
SETUP: Let A be upward in Figure E29.8 in the textbook.

—|d
- |dt (BLA)|

d((1.4 T)e ~(0.057s~ j
dt

|€ima| = 72(0.75 M) (sin 60°)(1.4 T)(0.057 s @075 = (0,12 V) ¢~ 005757

EXECUTE: (a) |&,4|=

B
dt

[€inal = Asmﬁo"fi (7 )(sin 60°)(1.4 T)(0.057 s 1) (@057

‘ Asin 60°

(b) =gy =1(0.12V). £(0.12V)=(0.12V) e SO In(1/10) = —(0.057 s™')¢ and ¢ =40.4s.
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(¢) B is in the direction of A so ® p 1s positive. B is getting weaker, so the magnitude of the flux is
decreasing and d®p/dt <0. Faraday’s law therefore says £ > 0. Since € > 0, the induced current must flow

counterclockwise as viewed from above.
EVALUATE: The flux changes because the magnitude of the magnetic field is changing.

29.9. IDpENTIFY and SET UP: Use Faraday’s law to calculate the emf (magnitude and direction). The direction
of the induced current is the same as the direction of the emf. The flux changes because the area of the loop
is changing; relate dA/dt to dc/dt, where c is the circumference of the loop.

(2) EXECUTE: ¢ =27rand A=7r? so A=c4rx

@, = BA = (B/4m)c?

e =99 - (i)c de
dt 2z ) |dt

At t=9.05,¢=1.650m—(9.05)(0.120 m/s) =0.570 m

€ =(0.500 T)(1/272)(0.570 m)(0.120 nv's) = 5.44 mV

(b) SET UP: The loop and magnetic field are sketched in Figure 29.9.

Take into the page to be the
positive direction for A.
Then the magnetic flux is positive.

Figure 29.9

EXECUTE: The positive flux is decreasing in magnitude; d®p/dt is negative and & is positive. By the

right-hand rule, for A4 into the page, positive £ is clockwise.
EVALUATE: Even though the circumference is changing at a constant rate, dA/dt is not constant and |£|

is not constant. Flux ® is decreasing so the flux of the induced current is ® and this means that 7 is
clockwise, which checks.

29.10. IDENTIFY: Rotating the coil changes the angle between it and the magnetic field, which changes the
magnetic flux through it. This change induces an emf in the coil.

AD,

SETUP: ¢, =|—=|, @5 =BAcosg. ¢ is the angle between the normal to the loop and B, so

#;=90.0°—-37.0°=53.0° and ¢ =0°.

_ NBA|cosgy —cosg;|  (80)(1.10 T)(0.250 m)(0.400 m)
v At - 0.0600s
EVALUATE: The flux changes because the orientation of the coil relative to the magnetic field changes,
even though the field remains constant.

29.11. IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil.
SET Up: The flux through a coil is ® 5 = NBAcos¢ and the induced emfis & =—-d®y/dt.
EXECUTE: (a) |&|=d® p/dt = d[ A(B, +bx))/dt = bA dx/dt = bAv
(b) clockwise
(c) Same answers except the current is counterclockwise.
EVALUATE: Even though the coil remains within the magnetic field, the flux through it changes because

the strength of the field is changing.
29.12. IDENTIFY: Use the results of Examples 29.3 and 29.4.

EXECUTE: ¢ |cos0°—cos53.0°| =584V.

27 rad/rev

SETUP: £, =NBAw. €, = zsmax. w=(440 rev/min)( J =46.1rad/s.
b2

60 s/min
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29.13.

29.14.

29.15.

29.16.

29.17.

EXECUTE: (a) &,x = NBAw=(150)(0.060 T)z(0.025 m)?(46.1rad/s)=0.814 V
) &, = ge‘max 22(0.815 V)=0519V
T V4

EVALUATE: In ¢

'max = NBA@, @ must be inrad/s.
IDENTIFY: Apply the results of Example 29.3.

SET UP: €., = NBAw

max

Emax 2.40x1072 V
EXECUTE: @=—% = 3
NBA  (120)(0.0750 T)(0.016 m)

EVALUATE: We may also express @as 99.3 rev/min or 1.66 rev/s.

=10.4 rad/s

IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil.
SET Up: The flux through a coil is®@ 5z = NBA cos¢ and the induced emf is £ = —d® 5 /dt.

EXECUTE: The flux is constant in each case, so the induced emf is zero in all cases.

EVALUATE: Even though the coil is moving within the magnetic field and has flux through it, this flux is
not changing, so no emf is induced in the coil.

IDENTIFY and SET UP: The field of the induced current is directed to oppose the change in flux.
EXECUTE: (a) The field is into the page and is increasing so the flux is increasing. The field of the
induced current is out of the page. To produce field out of the page the induced current is
counterclockwise.

(b) The field is into the page and is decreasing so the flux is decreasing. The field of the induced current is
into the page. To produce field into the page the induced current is clockwise.

(¢) The field is constant so the flux is constant and there is no induced emf and no induced current.
EVALUATE: The direction of the induced current depends on the direction of the external magnetic field
and whether the flux due to this field is increasing or decreasing.

IDENTIFY: By Lenz’s law, the induced current flows to oppose the flux change that caused it.

SET UP and EXECUTE: The magnetic field is outward through the round coil and is decreasing, so the
magnetic field due to the induced current must also point outward to oppose this decrease. Therefore the
induced current is counterclockwise.

EVALUATE: Careful! Lenz’s law does not say that the induced current flows to oppose the magnetic flux.
Instead it says that the current flows to oppose the change in flux.

IDENTIFY and SET UP: Apply Lenz’s law, in the form that states that the flux of the induced current tends
to oppose the change in flux.

EXECUTE: (a) With the switch closed the magnetic field of coil 4 is to the right at the location of coil B.
When the switch is opened the magnetic field of coil 4 goes away. Hence by Lenz’s law the field of the
current induced in coil B is to the right, to oppose the decrease in the flux in this direction. To produce
magnetic field that is to the right the current in the circuit with coil B must flow through the resistor in the
direction a to b.

(b) With the switch closed the magnetic field of coil 4 is to the right at the location of coil B. This field is
stronger at points closer to coil 4 so when coil B is brought closer the flux through coil B increases. By
Lenz’s law the field of the induced current in coil B is to the left, to oppose the increase in flux to the right.
To produce magnetic field that is to the left the current in the circuit with coil B must flow through the
resistor in the direction b to a.

(¢) With the switch closed the magnetic field of coil 4 is to the right at the location of coil B. The current in
the circuit that includes coil 4 increases when R is decreased and the magnetic field of coil 4 increases
when the current through the coil increases. By Lenz’s law the field of the induced current in coil B is to
the left, to oppose the increase in flux to the right. To produce magnetic field that is to the left the current
in the circuit with coil B must flow through the resistor in the direction b to a.

EVALUATE: In parts (b) and (c) the change in the circuit causes the flux through circuit B to increase and
in part (a) it causes the flux to decrease. Therefore, the direction of the induced current is the same in parts
(b) and (c) and opposite in part (a).
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29.18. IDENTIFY: Apply Lenz’s law.
SET UP: The field of the induced current is directed to oppose the change in flux in the primary circuit.
EXECUTE: (a) The magnetic field in 4 is to the left and is increasing. The flux is increasing so the field
due to the induced current in B is to the right. To produce magnetic field to the right, the induced current
flows through R from right to left.
(b) The magnetic field in 4 is to the right and is decreasing. The flux is decreasing so the field due to the
induced current in B is to the right. To produce magnetic field to the right the induced current flows
through R from right to left.
(c¢) The magnetic field in 4 is to the right and is increasing. The flux is increasing so the field due to the
induced current in B is to the left. To produce magnetic field to the left the induced current flows through
R from left to right.
EVALUATE: The direction of the induced current depends on the direction of the external magnetic field
and whether the flux due to this field is increasing or decreasing.

29.19. IDENTIFY and SET UP: Lenz’s law requires that the flux of the induced current opposes the change in flux.
EXECUTE: (a) ®pis© and increasing so the flux @, 4 of the induced current is ® and the induced

current is clockwise.
(b) The current reaches a constant value so @ is constant. d® p/dt = 0 and there is no induced current.

(c) @y is O and decreasing, so @y 4 is © and current is counterclockwise.

EVALUATE: Only a change in flux produces an induced current. The induced current is in one direction
when the current in the outer ring is increasing and is in the opposite direction when that current is
decreasing.

29.20. IDENTIFY: The changing flux through the loop due to the changing magnetic field induces a current in the

wire. Energy is dissipated by the resistance of the wire due to the induced current in it.
ddg dB

dt dt

EXECUTE: (a) B is out of page and ® p 1s decreasing, so the field of the induced current is directed out of

SET UP: The magnitude of the induced emfis |¢| = =xr*|==|,P=1’R, I =¢/R.

the page inside the loop and the induced current is counterclockwise.

(b) |€| = ‘& =’ 9B . The current due to the emf is
dt dt
2 2
£ . . . .
1= u _Zr\dB)_ m(o.&;o T/s)=0.03076 A. The rate of energy dissipation is
R R |dt 0.160 Q

P=1’R=(0.03076 A)*(0.160 Q) =1.51x10~* W.

EVALUATE: Both the current and resistance are small, so the power is also small.
29.21. IDENTIFY: The changing flux through the loop due to the changing magnetic field induces a current
in the wire.

dD,

SET UP: The magnitude of the induced emfis |¢] = ‘7 B

dt

EXECUTE: B is into the page and ® g 18 increasing, so the field of the induced current is directed out of

=7’ , I =¢&lR.

the page inside the loop and the induced current is counterclockwise.

le|= d:{% =1 d—f: = 7(0.0250 m)>(0.380 T/s>)(3r%) = (2.238%x107> V/s?)s2.
I =% =(5.739x107> A/s®)r>. When B =1.33T, we have 1.33 T =(0.380 T/s®)s>, which gives

t=1.518s. Atthis#, 7 =(5.739x107> A/s?)(1.5185)> =0.0132 A.

EVALUATE: As the field changes, the current will also change.

29.22.  IDENTIFY: The magnetic flux through the loop is decreasing, so an emf will be induced in the loop, which
will induce a current in the loop. The magnetic field will exert a force on the loop due to this current.
SET UpP: The motional € is e =vBL,I =¢/R,and Fj = ILB.
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242
Execure: [=5=BK g _jp-,BL_300ms
R R R 0.600Q

B is into the page and ® p 1s decreasing, so the field of the induced current is into the page inside

(3.50 T)?(0.0150 m)*> = 0.0138 N.

the loop and the induced current is clockwise. Using F = II x B, we see that the force on the left-hand
end of the loop to be to the left.
EVALUATE: The force is very small by everyday standards.

29.23. IDENTIFY: A conductor moving in a magnetic field may have a potential difference induced across it,
depending on how it is moving.
SET UP: The induced emfis € = vBL sin @, where ¢ is the angle between the velocity and the magnetic field.
EXECUTE: (a) £ =vBL sin ¢ =(5.00 m/s)(0.450 T)(0.300 m)(sin90°) =0.675 V
(b) The positive charges are moved to end b, so b is at the higher potential.
(¢) E=V/L=(0.675V)/(0.300 m) =2.25 V/m. The direction of E is from b to a.

(d) The positive charges are pushed to b, so b has an excess of positive charge.
(e) (i) If the rod has no appreciable thickness, L = 0, so the emf is zero. (ii) The emf is zero because no
magnetic force acts on the charges in the rod since it moves parallel to the magnetic field.
EVALUATE: The motional emf is large enough to have noticeable effects in some cases.
29.24. IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil.
SET UP: The flux through a coil is @z = NBA cos¢ and the induced emf is € = —d P z/d!.

EXECUTE: (a) and (c) The magnetic flux is constant, so the induced emf is zero.
(b) The area inside the field is changing. If we let x be the length (along the 30.0-cm side) in the field, then
A=(0.400 m)x. @z = B4 =(0.400 m)x

|e| =|d® g/dt| = B d[(0.400 m)x)/dt = B(0.400 m)dx/dt = B(0.400 m)y

£ =(1.25 T)(0.400 m)(0.0200 m/s) = 0.0100 V

EVALUATE: Itis not a large flux that induces an emf, but rather a large rate of change of the flux. The
induced emf in part (b) is small enough to be ignored in many instances.
29.25. IDENTIFY: &£=vBL
SETUP: L =5.00x10"> m. 1 mph =0.4470 m/s.
EXECUTE: v=— = L0V 5 =46.2m/s =103 mph.
BL  (0.650 T)(5.00x10™ m)

EVALUATE: This is a large speed and not practical. It is also difficult to produce a 5.00-cm wide region of
0.650 T magnetic field.
29.26. IDENTIFY: &£=vBL.

SETUP: 1mph=0.4470m/s. 1G=10"*T.

EXECUTE: (a) €=(180 mph)(wJ (0.50x 107 T)(1.5 m) = 6.0 mV. This is much too small to be
noticeable.
(b) £=(565 mph)[wj (0.50x 107 T)(64.4 m)=0.813 V. This is too small to be noticeable.

EVALUATE: Even though the speeds and values of L are large, the earth’s field is small and motional emfs
due to the earth’s field are not important in these situations.
29.27. IDENTIFY and SET UP: ¢ =vBL.Use Lenz’s law to determine the direction of the induced current. The

force F,, required to maintain constant speed is equal and opposite to the force F; that the magnetic field

exerts on the rod because of the current in the rod.
EXECUTE: (a) £€=vBL =(7.50 m/s)(0.800 T)(0.500 m)=3.00 V

(b) B is into the page. The flux increases as the bar moves to the right, so the magnetic field of the
induced current is out of the page inside the circuit. To produce magnetic field in this direction the induced
current must be counterclockwise, so from b to a in the rod.
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© 1=5=39Y 5 00A. F, = ILBsing = (2.00 A)(0.500 m)(0.800 T)sin90° = 0.800 N. F, is to the

R 150Q
left. To keep the bar moving to the right at constant speed an external force with magnitude F,, =0.800 N

and directed to the right must be applied to the bar.
(d) The rate at which work is done by the force F,, is F_,,v=(0.800 N)(7.50 m/s) =6.00 W. The rate at

which thermal energy is developed in the circuit is / R= (2.00 A)2 (1.50 Q) =6.00 W. These two rates are

equal, as is required by conservation of energy.
EVALUATE: The force on the rod due to the induced current is directed to oppose the motion of the rod.
This agrees with Lenz’s law.

29.28. IDENTIFY: Use the results of Example 29.5. Use the three approaches specified in the problem for
determining the direction of the induced current. / = £/R.
SETUP: Let A be directed into the figure, so a clockwise emf is positive.
EXECUTE: (a) € =vBl=(5.0m/s)(0.750 T)(1.50m)=5.6 V

(b) (i) Let ¢ be a positive charge in the moving bar, as shown in Figure 29.28a. The magnetic force on this
charge is F = gv x B, which points upward. This force pushes the current in a counterclockwise direction

through the circuit.
(ii) @ is positive and is increasing in magnitude, so d®y/dt > 0. Then by Faraday’s law £ <0 and the

emf and induced current are counterclockwise.
(iii) The flux through the circuit is increasing, so the induced current must cause a magnetic field out of the
paper to oppose this increase. Hence this current must flow in a counterclockwise sense, as shown in
Figure 29.28b.

5.6V

(© e=RLI1=5=2"Y_02A.
R 25Q

EVALUATE: All three methods agree on the direction of the induced current.

X I .
lind
T g — v
[ ] o
Y B A
X X ° °
(@ (b)

Figure 29.28

29.29. IDENTIFY: The motion of the bar due to the applied force causes a motional emf to be induced across the
ends of the bar, which induces a current through the bar. The magnetic field exerts a force on the bar due to
this current.

SET Up: The applied force is to the left and equal to F,i.q = Fg =ILB. £ =BvL and [ =% = %

EXECUTE: (a) B out of page and ® p decreasing, so the field of the induced current is out of the page

inside the loop and the induced current is counterclockwise.

272
(b) Combining F,jiq = Fp =ILB and €= BvL, we have [ = % B applied = vB'L . The rate at
2 2
which this force does work is By, jieq = FapplicdV = (VB;) _[690 m/s)(04.‘655(()) 2;)(0'360 ml” _ 0.0424 W.

EVALUATE: The power is small because the magnetic force is usually small compared to everyday forces.
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29.30. IDENTIFY: The motion of the bar due to the applied force causes a motional emf to be induced across the
ends of the bar, which induces a current through the bar and through the resistor. This current dissipates
energy in the resistor.
SETUP: P, =1°R, £=BvL=1IR.
EXECUTE: (a) B is out of the page and ® p 18 increasing, so the field of the induced current is into the page
inside the loop and the induced current is clockwise.
(b) Py=1’R so I = /i _ [0330W 1366 a, = SmE BV
R 45.0Q R R
v=£ _ (0.1366 A)(45.0 Q) 263 mls,
BL  (0.650 T)(0.360 m)
EXECUTE: This speed is around 60 mph, so it would not be very practical to generate energy this way.
29.31. IDENTIFY: The motion of the bar causes an emf to be induced across its ends, which induces a current
in the circuit.
SETUP: £=BvL,I=¢/R
= . - . . . BvL
EXECUTE: Fjp on the bar is to the left so v is to the right. Using € = BvL and I = £/R, we have I = %
p= IR _ (LTSAN600Q) 00 o
BL (1.20 T)(0.250 m)
EVALUATE: This speed is greater than 60 mph!
29.32.  IDENTIFY: A motional emf is induced across the blood vessel.
SET UP and SOLVE: (a) Each slab of flowing blood has maximum width d and is moving perpendicular to
the field with speed v. £ = vBL becomes &€ = vBd.
1.0x1073
() B==~= 0x10 " v —=13T.
vd  (0.15m/s)(5.0x10™> m)
(c¢) The blood vessel has cross-sectional area 4 = zd 2/4. The volume of blood that flows past a cross
section of the vessel in time ¢ is 7 (d 2 4)vt. The volume flow rate is volume/time = R = zd 2y/4. v= é
7d* (€ med
0 R=—r| — |=—.
4 \Bd 4B
EVALUATE: A very strong magnetic field (1.3 T) is required to produce a small potential difference of
only 1 mV.
29.33. IDENTIFY: A bar moving in a magnetic field has an emf induced across its ends.
SET UP: The induced potential is € = vBL sin ¢.
EXECUTE: Note that ¢=90° in all these cases because the bar moved perpendicular to the magnetic field.
But the effective length of the bar, L sin 6, is different in each case.
(a) €=vBLsin 6 =(2.50 m/s)(1.20 T)(1.41 m) sin (37.0°) = 2.55 V, with a at the higher potential because
positive charges are pushed toward that end.
(b) Same as (a) except @ = 53.0°, giving 3.38 V, with « at the higher potential.
(c) Zero, since the velocity is parallel to the magnetic field.
(d) The bar must move perpendicular to its length, for which the emf is 4.23 V. For V}, > V,, it must move
upward and to the left (toward the second quadrant) perpendicular to its length.
EVALUATE: The orientation of the bar affects the potential induced across its ends.
29.34. IDENTIFY: While the circuit is entering and leaving the region of the magnetic field, the flux through it

will be changing. This change will induce an emf in the circuit.

SET UP: When the loop is entering or leaving the region of magnetic field the flux through it is changing
and there is an induced emf. The magnitude of this induced emfis €= BLv. The length L is 0.750 m.
When the loop is totally within the field the flux through the loop is not changing so there is no induced

emf. The induced current has magnitude / =% and direction given by Lenz’s law.
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29.35.

Executs: (@) 1= & = BLY _ (125 V)0T50m)B.0mss)
R R 125Q

is directed out of the page and is increasing, so the magnetic field of the induced current is into the page
inside the loop and the induced current is clockwise.
(b) The flux is not changing so £ and / are zero.

=0.225 A. The magnetic field through the loop

) 7 =% =0.225 A. The magnetic field through the loop is directed out of the page and is decreasing, so

the magnetic field of the induced current is out of the page inside the loop and the induced current is
counterclockwise.
(d) Let clockwise currents be positive. At ¢ =0 the loop is entering the field. It is totally in the field at time

t, and beginning to move out of the field at time #,. The graph of the induced current as a function of time
is sketched in Figure 29.34.

!

Figure 29.34

EVALUATE: Even though the circuit is moving throughout all parts of this problem, an emf is induced in
it only when the flux through it is changing. While the coil is entirely within the field, the flux is constant,
so no emf is induced.
IDENTIFY: Apply Egs. (29.9) and (29.10).
SET UP: Evaluate the integral if Eq. (29.10) for a path which is a circle of radius » and concentric with
the solenoid. The magnetic field of the solenoid is confined to the region inside the solenoid, so
B(ry=0forr>R.
EXECUTE: (a) 4oy = Ad—B = 7[7‘12 d—B
dt dt dt

0 Fo\ %5 7’ dB_rds

27 dt 2mn odt 2 dt

. The direction of E is shown in Figure 29.35a.

| d®, 7R’ dB_R’dB

(c) All the flux is within 7 < R, so outside the solenoid £ = = .
27[}"2 dt 27[7"2 dt 2}"2 dt

(d) The graph is sketched in Figure 29.35b.

2
(€) At r=R/2, |g|=&=ﬁ(m2)2d_3=ﬂd_3.
d dt 4 dt
(H) At =R, |g|:&:ﬂ-R2d_B.
dt dt
do dB
At r=2R, le|="—L8 = zR*==.
® 4 dt dt

EVALUATE: The emf is independent of the distance from the center of the cylinder at all points outside it.
Even though the magnetic field is zero for » > R, the induced electric field is nonzero outside the solenoid

and a nonzero emf is induced in a circular turn that has » > R.
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1
I
B
B ! L i
dr R 2R
C)) (b)
Figure 29.35
29.36. IDENTIFY: Use Eq. (29.10) to calculate the induced electric field £ at a distance » from the center of the
solenoid. Away from the ends of the solenoid, B = yyn/ inside and B =0 outside.
(a) SET UP: The end view of the solenoid is sketched in Figure 29.36.
Let R be the radius of the solenoid.
Figure 29.36
jnd 7 dQB . . . . .
Apply CﬁE -dl =- ” to an integration path that is a circle of radius », where » < R. We need to
t
calculate just the magnitude of £ so we can take absolute values.
EXECUTE: |<ﬁ E-dl | =EQnr)
(O =Bﬂ'r2, ——dq)B =2 d—B
dt
|<JSE -dl | = ‘_ dPg implies EQ27r) = 7rr? d—B‘
dt dt
B
E= %r d—
dt
dB dl
B = uynl, so—= yyn—
Ho ar Ho ar
1 _ -
Thus E = %rﬂon% = %(0.00SOO m)(47x107 T -m/A)(900 m™')(60.0 A/s) =1.70x10™* V/m.
(b) »=0.0100 cm is still inside the solenoid so the expression in part (a) applies.
E= %r,uyz? =1(0.0100 m)(47x10™" T-m/A)(900 m™")(60.0 A/s) =3.39x10~* V/m
t
EVALUATE: Inside the solenoid E is proportional to 7, so £ doubles when r doubles.
29.37. IDENTIFY: Apply Eq. (29.11) with @5 = yynid.

SETUP: A=7r?, wherer=0.0110 m.In Eq. (29.11), 7 = 0.0350 m.

EXECUTE: [¢]= 20 i(BA) = i(,Uom'f‘l) = ponA & ana |e| = E(27r). Therefore, diy_ Eamr
dt dt dt dt LionA
; -6
di| _ (8.00x10 Y/m)2ﬂ(0.03502m) 991 AL
dtl  145(400m™")7(0.0110 m)
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EVALUATE: Outside the solenoid the induced electric field decreases with increasing distance from the
axis of the solenoid.

29.38. IDENTIFY: A changing magnetic flux through a coil induces an emf in that coil, which means that an
electric field is induced in the material of the coil.

. . . . — = (O]
SET UP: According to Faraday’s law, the induced electric field obeys the equation q‘DE dl = —dd—tB.
EXECUTE: (a) For the magnitude of the induced electric field, Faraday’s law gives

E27r =d(Brr*)/dt = nr? dB/dt
p=ldB _00225m 5 5h 1) = 2.81x107° V/m
2 dt 2
(b) The field points toward the south pole of the magnet and is decreasing, so the induced current is
counterclockwise.
EVALUATE: This is a very small electric field compared to most others found in laboratory equipment.
29.39.  IDENTIFY: Apply Faraday’s law in the form |g,,|= N A(ADB )
t

SET Up: The magnetic field of a large straight solenoid is B = yynl inside the solenoid and zero outside.

®, = BA, where 4 is 8.00 cm?, the cross-sectional area of the long straight solenoid.
|AD,| _|NA(B; — B)| _ NAugnl

EXECUTE: |€av|:N| v b T

 1p(12)(8.00x10™* m?)(9000 m~")(0.350 A)
0.0400 s

EVALUATE: An emf is induced in the second winding even though the magnetic field of the solenoid is
zero at the location of the second winding. The changing magnetic field induces an electric field outside
the solenoid and that induced electric field produces the emf.

29.40. IDENTIFY: Use Eq. (29.10) to calculate the induced electric field £ and use this £ in Eq. (29.9) to
calculate £ between two points.
(a) SET UP: Because of the axial symmetry and the absence of any electric charge, the field lines are
concentric circles.
(b) See Figure 29.40.

=9.50x107* V.

av

E is tangent to the ring. The direction
of E (clockwise or counterclockwise)
is the direction in which current will
be induced in the ring.

Figure 29.40

EXECUTE: Use the sign convention for Faraday’s law to deduce this direction. Let A be into the paper.

. o . do
Then ® is positive. B decreasing then means —-2

. . ddy . .
is negative, so by € = i € is positive and

therefore clockwise. Thus E is clockwise around the ring. To calculate E apply @E dl = —d;% toa

circular path that coincides with the ring.
$E-di = EQrr)
dt

dB
dt

(I)B=Bﬂ'r2; =71’
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dB

EQnr)=nr’ 5 and E=1r
20| dt

=1(0.100 m)(0.0350 T/s) =1.75x10™ V/m

(¢) The induced emf has magnitude
£= @E -dl =EQmr)= (l.75><10_3 V/m)(27)(0.100 m) = 1.100x107 V. Then

-3
(= £ LI0OXI0TV ) s 10 Al
R 4000

(d) Points a and b are separated by a distance around the ring of 77 so
£=E(mr)=(1.75x10"> V/m)(x)(0.100 m)=5.50x10~* vV

(e) The ends are separated by a distance around the ring of 277 so € =1.10% 107 V as calculated in
part (c).
EVALUATE: The induced emf, calculated from Faraday’s law and used to calculate the induced current,
is associated with the induced electric field integrated around the total circumference of the ring.

29.41. IDENTIFY: Apply Eq. (29.14), where €= K¢,

SETUP: d®,/dt =4(8.76x10° V-m/s*)r’. €, =8.854x107'? F/m.

EXECUTE: e=—D = 12.9x107'2 A
. (d®p/dt)  4(8.76x10° V- m/s*)(26.1x107° s)°

=2.07x10""" F/m. The dielectric

constant is K =-€ =234,
€

EVALUATE: The larger the dielectric constant, the larger is the displacement current for a given d® /dt.
29.42.  IDENTIFY and SET UP: Eqgs. (29.13) and (29.14) show that i~ =i, and also relate i to the rate of change

of the electric field flux between the plates. Use this to calculate dE/dt and apply the generalized form of
Ampere’s law (Eq. 29.15) to calculate B.

(a) EXECUTE: ig =ip, sojp =2 =lc J0280A  0380A 557,
A A 7 7(0.0400 m)
. 2
b) o= so Lo BTAM____(70x102 Vim-s

dt  dt € 8.854x1072 C*/N-m
(c) SET UpP: Apply Ampere’s law 4)1? .l = Ho(ic +ip)ena (Eq- (28.20)) to a circular path with radius
r=0.0200 m.

An end view of the solenoid is given in Figure 29.42.

By symmetry the magnetic
field is tangent to the path
and constant around it.

Figure 29.42

EXECUTE: Thus 951“: dl = gSBd/ =B j dl = BQ2xr).

ic =0 (no conduction current flows through the air space between the plates)

The displacement current enclosed by the path is jDﬂI’z.

Thus B(27r) = ty(jpmr?) and

B =1y jryr =L (4mx1077 T-m/A)(55.7 A/m*)(0.0200 m) =7.00x10~" T

(d) B=1pyjpr. Now ris 1 the value in (c), so Bis 1 also: B=1(7.00x107 T)=3.50x107" T
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EVALUATE: The definition of displacement current allows the current to be continuous at the capacitor.
The magnetic field between the plates is zero on the axis (» =0) and increases as r increases.

. A E
29.43. IDENTIFY: ¢ =CV. For a parallel-plate capacitor, C = %, where €=Kg¢,. ic =dg/dt. jp = GE.

SETUP: E=gq/ed so dE/dt =i-/€eA.

ed)  (4.70)€,(3.00x10~* m*)(120 V)

EXECUTE: (a) ¢=CV =(—JV 5 =5.99x1071° C.
d 250107 m

dg . _3
b) - =i~-=6.00x10"" A.
(b) ol

dE o i o ,
(©) jp=e—=Keg—S—=C=j, so ip =ic =6.00x107 A,
dt Keyd A

EVALUATE: iy =ic, so Kirchhoff’s junction rule is satisfied where the wire connects to each capacitor

plate.
29.44.  IDENTIFY and SET UP: Use i~ =g/t to calculate the charge g that the current has carried to the plates in

time ¢. The two equations preceeding Eq. (24.2) relate ¢ to the electric field £ and the potential difference
between the plates. The displacement current density is defined by Eq. (29.16).

EXECUTE: (a) ic =1.80x107> A

qg=0atr=0

The amount of charge brought to the plates by the charging current in time ¢ is

q=ict=(1.80x107° A)(0.500x107° s) =9.00x107'% C

=2-49 9.00x107 C =2.03x10° V/m
€ €A (8.854x107'2 CE/N-m?)(5.00x10~* m?)

V = Ed =(2.03x10° V/m)(2.00x10>m) = 406 V

(b) E=qle,A

dE _dqldt i 1.80x107° A

At A €A (8.854x10712 C2/N-m2)(5.00x10~ m2)

Since i is constant dE/dt does not vary in time.

=4.07x10"" V/m-s

© jp=¢ Cciz’_t (Eq. (29.16)), with ereplaced by ¢, since there is vacuum between the plates.)

Jp =(8.854x10712 C*/N - m?)(4.07x10"! V/m - s) =3.60 A/m>
ip = jpA=(3.60 A/m?)(5.00x10~* m*)=1.80x107 A; ip = ic
EVALUATE: i~ =ip. The constant conduction current means the charge ¢ on the plates and the electric

field between them both increase linearly with time and ip is constant.

29.45.  IDENTIFY: Ohm’s law relates the current in the wire to the electric field in the wire. jp = chi_lt?. Use
Eq. (29.15) to calculate the magnetic fields.
SET UP: Ohm’s law says E = pJ.Apply Ohm’s law to a circular path of radius r.

S Pl (2.0x10° Q- m)(16 A)
4 2.1x107% m?
d_E_i(p_Ij_ﬂﬂ_z.Oxlogglm
dt—dt\A) Adt  21x107° m?

EXECUTE: (a) E=p =0.15V/m.

(b) (4000 A/s)=38 V/m-s.

© Jjp= Eoiz_Ez € (38 V/m-5)=3.4x107"" A/m?,
t
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@) ip = jpA=(3.4x10""" A/m?)(2.1x107% m?)=7.14x107'® A. Eq. (29.15) applied to a circular path of
-16
radius r gives Bp = Holp = Ho(7.14x10° 7 A) =2.38x1072! T, and thisis a negligible contribution.
2zr 27(0.060 m)
1 16 A -
po=tole oy _U6A) 5330057
2zzr 27 (0.060 m)
EVALUATE: In this situation the displacement current is much less than the conduction current.
29.46.  IDENTIFY: Apply Eq. (28.29): B =B, + u,M.
SET UP: For magnetic fields less than the critical field, there is no internal magnetic field. For fields
greater than the critical field, B is very nearly equal to BO'
EXECUTE: (a) The external field is less than the critical field, so inside the superconductor B=0 and
- B 0.130 T)i : : . :
M=-"0= _{ )i = —(1.03><105 A/m)i. Outside the superconductor, B = By =(0.130 T)i and
Ho Ho
M =0.
(b) The field is greater than the critical field and B = Bo =(0.260 T)f , both inside and outside the
superconductor.
EVALUATE: Below the critical field the external field is expelled from the superconducting material.
29.47.  IDENTIFY: Apply B =B+ oM.
SETUP: When the magnetic flux is expelled from the material the magnetic field B in the material is
zero. When the material is completely normal, the magnetization is close to zero.
EXECUTE: (a) When Bo is just under Ecl (threshold of superconducting phase), the magnetic field in the
. - B 107 T)i :
material must be zero, and M =——¢L=— (55x10° T)i =—(4.38x10* A/m)i.
Hy Ho
(b) When EO is just over Ecz (threshold of normal phase), there is zero magnetization, and
B=B,=(15.0 T)i.
EVALUATE: Between B and B, there are filaments of normal phase material and there is magnetic
field along these filaments.
29.48.  IDENTIFY and SET Up: Use Faraday’s law to calculate the magnitude of the induced emf and Lenz’s law

to determine its direction. Apply Ohm’s law to calculate /. Use Eq. (25.10) to calculate the resistance of
the coil.

(a) EXECUTE: The angle ¢ between the normal to the coil and the direction of B is 30.0°.
dt
For <0 and ¢>1.00 s, dB/dt =0,|e| =0 and I =0.

For 0<¢<1.00 s, dB/dt =(0.120 T/s)zsin ¢

|e|= = (N7zr*)(cos§)(dB/dt) and I =|e|/R.

|e| = (N7r?)(cos ¢)7(0.120 T/s)sin 7zt = (0.8206 V)sin ¢

R for wire: R, =2L - p—LQ; =1.72x10% Q- m, r=0.0150x10" m
A rzr
L=Nc=N2xr=(500)27)(0.0400 m)=125.7 m
R,, =3058Q and the total resistance of the circuit is R =3058 Q+600Q =3658 Q

1= |8|/R =(0.224 mA)sinzt. The graph of I versus ¢ is sketched in Figure 29.48a.
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1

0.224 mA +

05s 10s
Figure 29.48a
(b) The coil and the magnetic field are shown in Figure 29.48b.

B increasing so @3 is O
and increasing.
D; 418 ® solis

clockwise.

Figure 29.48b

EVALUATE: The long length of small diameter wire used to make the coil has a rather large resistance,
larger than the resistance of the 600-€2 resistor connected to it in the circuit. The flux has a cosine time
dependence so the rate of change of flux and the current have a sine time dependence. There is no induced
current for t<0orz>1.00s.

29.49. IDENTIFY: Apply Faraday’s law and Lenz’s law.

Vo -
Yo -RC

SET UP: For a discharging RC circuit, i(¢) = 2 , where ¥}, is the initial voltage across the

capacitor. The resistance of the small loop is (25)(0.600 m)(1.0 2/m)=15.0 Q.
EXECUTE: (a) The large circuit is an RC circuit with a time constant of
T=RC=(10 Q)(20><10_6 F) =200 us. Thus, the current as a function of time is
i=((100 V)/(10 Q)) e /20045 At +=200 us, we obtain i=(10 A)e”')=3.7 A.

(b) Assuming that only the long wire nearest the small loop produces an appreciable magnetic flux through

the small loop and referring to the solution of Exercise 29.7 we obtain @5 = J-cm ’Lzlledr = ‘ulebln(l + Zj.
< 2rr V4 c

—dq)B = __N,Uob ln(1+£)£

Therefore, the emf induced in the small loop at 1 =200 ysis €=—-N .
dt 4 c)dt

-7 2
(25)(47x10"" Wb/A - m~)(0.200 m) In(3.0) _L‘% =+20.0 mV. Thus, the induced current
2 200x10"s
in the small loop is i’ = £_200mv._ 1.33 mA.
R 15.0Q

(¢) The magnetic field from the large loop is directed out of the page within the small loop.The induced

current will act to oppose the decrease in flux from the large loop. Thus, the induced current flows

counterclockwise.

EVALUATE: (d) Three of the wires in the large loop are too far away to make a significant contribution to

the flux in the small loop—as can be seen by comparing the distance ¢ to the dimensions of the large loop.
29.50. IDENTIFY: The changing current in the large RC circuit produces a changing magnetic flux through the

small circuit, which induces an emf in the small circuit. This emf causes a current in the small circuit.

SET Up: For a charging RC circuit, i(¢) = %e_t/ RC, where € is the emf (90.0 V) added to the large circuit.
. Moib . dDy

Exercise 29.7 shows that @ = 2—ln(1 + alc) for each turn of the small circuit, and & 4,ceq = e

V4

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



29-16 Chapter 29

Execute: 998 — #_Obhl(l ¥ a/c)ﬁ. di ___ € ke g4
dt 27 dt” dt R*C
d®g|  Nygb _ Nunb 1 .
|€induced| = N‘—B = ﬂln(l + a/c)%e 4RC D2 In(1+ a/c)——i. The resistance of the small loop
dt | 2& R’C 2z C

is (25)(0.600 m)(1.0 /m)=15.0Q.
1

(10Q)(20x107° F)

|€induced| _ 0.02747 V

R 15.0Q

current in the large loop is counterclockwise. The magnetic field through the small loop is into the page
and the flux is increasing, so the flux due to the induced current in the small loop is out of the page and
the induced current in the small loop is counterclockwise.

EVALUATE: The answer is actually independent of N because the emf induced in the small coil is
proportional to N and the resistance of that coil is also proportional to N. Since [ =¢&/R, the N will

|€induced| = (25)(2.00x1077 T - m/A)(0.200 m)In(1 +10.0/5.0) (5.00 A).

=1.83x107> A =1.83 mA. The

|ginduced| =0.02747 V. The induced current is

cancel out.
29.51. IDENTIFY: The changing current in the solenoid will cause a changing magnetic field (and hence
changing flux) through the secondary winding, which will induce an emf in the secondary coil.

dt
EXECUTE: B = tiyni = (47x107" T-m/A)(90.0x10* m~")(0.160 A/s?)r* = (1.810x107 T/s*)r>. The

total flux through secondary winding is (5.0)B(2.00x 107 mz) =(1.810x 10°° Wb/sz)tz.

SET UP: The magnetic field of the solenoid is B = yyni, and the induced emf is |€| =N

le|=N =(3.619x107° V/s)r. i=3.20 A says 3.20 A =(0.160 A/s*)t*> and ¢ =4.472 s. This gives

dD,
dt

e|=(3.619x10° V/s)(4.472 5)=1.62x107> V.
EVALUATE: This a very small voltage, about 16 uV.

29.52. IDENTIFY: A changing magnetic field causes a changing flux through a coil and therefore induces an emf
in the coil.

. . ()
SET UP: Faraday’s law says that the induced emfis € =— d0p

and the magnetic flux through a coil is

defined as @3 = BAcos¢.
EXECUTE: In this case, @3 = B4, where 4 is constant. So the emf is proportional to the negative slope of

the magnetic field. The result is shown in Figure 29.52.

EVALUATE: It is the rate at which the magnetic field is changing, not the field’s magnitude, that
determines the induced emf. When the field is constant, even though it may have a large value, the induced
emf is zero.

1

Figure 29.52
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d(;i . The flux is changing because the magnitude of the magnetic field of the
t
wire decreases with distance from the wire. Find the flux through a narrow strip of area and integrate over
the loop to find the total flux.

SET Up:

29.53.  (a) IDENTIFY: (i) |¢]=

Consider a narrow strip of width dx

"1 and a distance x from the long wire, as

dx shown in Figure 29.53a. The magnetic field
i of the wire at the strip is B = 1yl/27x.

il b The flux through the strip is
i d® g = Bb dx = (1yIb/27)(dx/x).

Figure 29.53a

EXECUTE: The total flux through the loop is @ = Ide B= ('uo—]bjj s @

2
2T r

dd, _dCI)Bﬂ_,uOIb[_ a j

r X

v
dt dr dt 2r&w r(r+a)
|g| __ Mylaby
2rr(r+a)

(ii) IDENTIFY: & = Bvl for a bar of length / moving at speed v perpendicular to a magnetic field B.
Calculate the induced emf in each side of the loop, and combine the emfs according to their polarity.
SET UP: The four segments of the loop are shown in Figure 29.53b.

EXECUTE: The emf in each side

T! of the loop is & = ('u—oljvb,
5 2zr
5 b &= /J—O] vb, & =¢&,=0.
! : AETSS 27(r+a)

r+a

Figure 29.53b

Both emfs & and &, are directed toward the top of the loop so oppose each other. The net emf is

_,uolvb[ 11 j_ Holaby
27 \r r+a) 27r(r+a)

€=€l—€2

This expression agrees with what was obtained in (i) using Faraday’s law.
(b) (i) IDENTIFY and SET UP: The flux of the induced current opposes the change in flux.
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29.54.

29.55.

29.56.

EXECUTE: B is ®.®, is decreasing, so the flux @, of the induced current is ® and the current is

clockwise.
(ii) IDENTIFY and SET UP: Use the right-hand rule to find the force on the positive charges in each side of
the loop. The forces on positive charges in segments 1 and 2 of the loop are shown in Figure 29.53c.

segment | segment 2
"—B

FH
bl bl
® | O ® O
B B

Figure 29.53¢

EXECUTE: B is larger at segment 1 since it is closer to the long wire, so Fj is larger in segment 1 and the
induced current in the loop is clockwise. This agrees with the direction deduced in (i) using Lenz’s law.

(c) EVALUATE: When v=0 the induced emf should be zero; the expression in part (a) gives this. When
a — 0 the flux goes to zero and the emf should approach zero; the expression in part (a) gives this. When
r — oo the magnetic field through the loop goes to zero and the emf should go to zero; the expression in
part (a) gives this.

IDENTIFY: Apply Faraday’s law.

SET UpP: For rotation about the y-axis the situation is the same as in Examples 29.3 and 29.4 and we can
apply the results from those examples.

EXECUTE: (a) Rotating about the y-axis: the flux is given by ® ; = BAcos¢ and

€ = 0BA=(35.0 rad/s)(0.450 T)(6.00x1072 m)=0.945 V.
(b) Rotating about the x-axis: d;& =0 and £=0.
t

(c) Rotating about the z-axis: the flux is given by @ = B4Acos¢ and

£, = WBA=(35.0 rad/s)(0.450 T)(6.00x107> m) =0.945 V.

EVALUATE: The maximum emf is the same if the loop is rotated about an edge parallel to the z-axis as it
is when it is rotated about the z-axis.

IDENTIFY: Apply the results of Example 29.3, so &, = N@wBA for N loops.

SET UP: For the minimum @, let the rotating loop have an area equal to the area of the uniform magnetic
field, so A4 =(0.100 m)°.

EXECUTE: N =400, B=15T, 4A=(0.100 m)2 and &£, =120V gives
W= €, /NBA = (20 rad/s)(1 rev/27z rad)(60 s/l min) =190 rpm.

EVALUATE: In g, = wBA, wis inrad/s.

max

IDENTIFY: Apply the results of Example 29.3, generalized to N loops: &, = NwBA. v=rw.

SET UpP: In the expression for &,,,

® must be in rad/s. 30 rpm =3.14 rad/s

9.0V )

EXECUTE: (a) Solving for A we obtain 4= Eimax _ 8 m”.

=1
@NB  (3.14 rad/s)(2000 turns)(8.0x107> T)
(b) Assuming a point on the coil at maximum distance from the axis of rotation we have

2
V=ro= /ﬁwa/lgm (3.14 rad/s) = 7.5 mys.
T T

EVALUATE: The device is not very feasible. The coil would need a rigid frame and the effects of air
resistance would be appreciable.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Electromagnetic Induction 29-19

29.57.

29.58.

29.59.

AD,

IDENTIFY: Apply Faraday’s law in the form &,, =—-N to calculate the average emf. Apply Lenz’s

law to calculate the direction of the induced current.
SETUP: @, =BA. The flux changes because the area of the loop changes.

2 2
AD, A g™ —(135 T)75(0.0650/2 m)
At At At 0.250 s
(b) Since the magnetic field is directed into the page and the magnitude of the flux through the loop is

decreasing, the induced current must produce a field that goes into the page. Therefore the current flows
from point a through the resistor to point b.

=0.0179 V = 17.9 mV.

EXECUTE: (a) &,, =

EVALUATE: Faraday’s law can be used to find the direction of the induced current. Let A be into the
page. Then @ is positive and decreasing in magnitude, so d®p/dt < 0. Therefore £ > 0 and the induced
current is clockwise around the loop.

IDENTIFY: The movement of the rod causes an emf to be induced across its ends, which causes a current
to flow through the circuit. The magnetic field exerts a force on this current.

SET UP: The magnetic force is F,,, = ILB, the induced emfis £ =vBL. X F =ma applies to the rod,

mag
and a =dv/dt.

2,2 2,2
EXECUTE: The net force on the rodis F —iLB=ma. i= ﬂ F— VB ma. F— VBRL = m%
, 2,2
Integrating to find the time gives Ej.tdt' =IVd—v, which gives f__IR n|1- vBL .
mI0 S0 VB m B FR
FR

Solving for ¢ and putting in the numbers gives

R B> 25.0
t=——3In|1-2 =—(0.120 kg)(888.9 s/kg)In| 1— 3.0 m/s =1.59s.

BL R (1.90 N)(888.9 s/kg)

EVALUATE: We cannot use the constant-acceleration kinematics formulas because as the speed v of the
rod changes, the magnetic force on it also changes. Therefore the acceleration of the rod is not constant.
IDENTIFY: Use Faraday’s law to calculate the induced emf and Ohm’s law to find the induced current.
Use Eq. (27.19) to calculate the magnetic force F; on the induced current. Use the net force F —Fj in
Newton’s second law to calculate the acceleration of the rod and use that to describe its motion.

(a) SET UP: The forces in the rod are shown in Figure 29.59a.

dd,

EXECUTE: |¢]= =BLv
=By
R

Figure 29.59a

do L - S
Use e= _TtB to find the direction of I: Let 4 be into the page. Then @5 > 0. The area of the circuit is

. . do . .. - .
increasing, so TB > (. Then € < 0 and with our direction for A4 this means that £ and 7 are
1

counterclockwise, as shown in the sketch. The force F; on the rod due to the induced current is given by

F, = Il x B. This gives F, to the left with magnitude F; = ILB = (BLV/R)LB = B?I*V/R.Note that F T is

directed to oppose the motion of the rod, as required by Lenz’s law.
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29.60.

EVALUATE: The net force on the rod is F — F}, so its acceleration is a =(F —F;)/m =(F —Bszv/R)/m.
The rod starts with v=0 and a = F/m. As the speed v increases the acceleration a decreases. When a =0
the rod has reached its terminal speed v,. The graph of v versus ¢ is sketched in Figure 29.59b.

v

(Recall that a is the slope of the

b+ tangent to the v versus 7 curve.)
a=10

a= .""j' m

Figure 29.59b

F—B*[*v/R RF

(b) EXECUTE: v=v, whena =0 so =0andv, = ﬁ

m
EVALUATE: A large F produces a large v,. If B is larger, or R is smaller, the induced current is larger at a
given v so Fj is larger and the terminal speed is less.

IDENTIFY: Apply Newton’s second law to the bar. The bar will experience a magnetic force due to the
induced current in the loop. Use a =dv/dt to solve for v. At the terminal speed, a =0.

SET UP: The induced emf in the loop has a magnitude BLv. The induced emf is counterclockwise,

so it opposes the voltage of the battery, £.

. . £—-BL . .
EXECUTE: (a) The net current in the loop is 7 = Tv The acceleration of the bar is

,_F _ILBsin90°) _(e~BLv)LB
m m mR
method of separation of variables:
272
IVL = tﬂdt —v= i(1 —eBL t/mR) =(22 m/s)(1—e "), The graph of v versus ¢ is sketched
0(e-BLv) 'OmR BL

in Figure 29.60. Note that the graph of this function is similar in appearance to that of a charging capacitor.
(b) Just after the switch is closed, v=0 and I =¢/R=2.4 A, F=ILB=1296N,anda=F/m=1.4 m/s.

(© When v=2.0 ms, @ =12V =5 TO36 m)Q2.0 036 m)AL5T) o o
(0.90 kg)(5.0 Q)

(d) Note that as the speed increases, the acceleration decreases. The speed will asymptotically approach the
£ - 12V
BL (1.5T)(0.36 m)
EVALUATE: The current in the circuit is counterclockwise and the magnetic force on the bar is to the
right. The energy that appears as kinetic energy of the moving bar is supplied by the battery.

_(e—-BLv)LB

R and solve for v using the

ﬂ =
. To find v(¢), set 7

terminal speed =22 m/s, which makes the acceleration zero.

v

Figure 29.60
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29.61. IDENTIFY: Apply £=BvL. Use X F =ma applied to the satellite motion to find the speed v of the
satellite.

SET Up: The gravitational force on the satellite is F, = G—ZE, where m is the mass of the satellite
r

and r is the radius of its orbit.

2
EXECUTE: B=8.0x107° T, L=2.0m. G'2E=m’— and r=400x10° m+R; gives v=
r r r

7.665x10° m/s. Using this vin € =vBL gives £ =(8.0x107> T)(7.665x10° m/s)(2.0 m)=1.2 V.

EVALUATE: The induced emf is large enough to be measured easily.
29.62. IDENTIFY: The induced emfis &= BvL, where L is measured in a direction that is perpendicular to both

GmE _

the magnetic field and the velocity of the bar.
SET UP: The magnetic force pushed positive charge toward the high potential end of the bullet.
EXECUTE: (a) €=BLv=(8X 107 T)(0.004 m)(300 m/s) =96 u4V. Since a positive charge moving to the
east would be deflected upward, the top of the bullet will be at a higher potential.
(b) For a bullet that travels south, ¥ and B are along the same line, there is no magnetic force and the
induced emf is zero.
(¢) If v is horizontal, the magnetic force on positive charges in the bullet is either upward or downward,
perpendicular to the line between the front and back of the bullet. There is no emf induced between the
front and back of the bullet.
EVALUATE: Since the velocity of a bullet is always in the direction from the back to the front of the
bullet, and since the magnetic force is perpendicular to the velocity, there is never an induced emf between
the front and back of the bullet, no matter what the direction of the magnetic field is.

29.63. IDENTIFY: Find the magnetic field at a distance 7 from the center of the wire. Divide the rectangle into
narrow strips of width dr, find the flux through each strip and integrate to find the total flux.
SET UP: Example 28.8 uses Ampere’s law to show that the magnetic field inside the wire, a distance

from the axis, is B(r) =/101r/27rR2.

EXECUTE: Consider a small strip of length /# and width dr that is a distance » from the axis of the wire, as

shown in Figure 29.63. The flux through the strip is d®p = B(r)W dr = ’;IOH/Z
TR

r dr. The total flux through

. IW \¢R 1
the rectangle is @ p =_[d(DB =(§0R2 Jjo rdr:’u?‘—W,
r r

EVALUATE: Note that the result is independent of the radius R of the wire.

T [ W

Figure 29.63

29.64. IDENTIFY: Apply Faraday’s law to calculate the magnitude and direction of the induced emf.
SETUP: Let A be directed out of the page in Figure P29.64 in the textbook. This means that
counterclockwise emf is positive.

EXECUTE: (a) ®p = BA = Byrrd (1-3(t/ty)* + 2(t/y)°).
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ddyg
) e= —7 =-Byrry —(1 3(tlty)* +2(t1ty)*) = Ot” 0 (=6(t/1) + 6(t/1)%).
0
6Bt (t Y (¢
g=—220T0 | L1 LAt =5.0%107s,
Q) ) ly
6B,7(0.0420 m)? | [ 5.0x107> s ? (50x107 s
£= 0=~ . - = =0.0665 V. & is positive so it is
0.010s 0.010s 0.010 s
counterclockwise.
© I=—5 = Rog=r+R=55,=29CY _1pg_ 1020
Rigtal I 3.0x1077 A
(d) Evaluating the emfat ¢ = 1.21x1072 s and using the equations of part (b), £ =-0.0676 V, and the
current flows clockwise, from b to a through the resistor.
t : t t
() £=0 when 0=|| —| —| —||. 1=— and t=¢,=0.010s.
) ) )
EVALUATE: At t=t¢,, B=0. Att= 5.00x1073 s, B isin the +k direction and is decreasing in
magnitude. Lenz’s law therefore says ¢ is counterclockwise. At =0.0121s, B is in the +k direction
and is increasing in magnitude. Lenz’s law therefore says ¢ is clockwise. These results for the direction of
£ agree with the results we obtained from Faraday’s law.
29.65. (a) and (b) IDENTIFY and SET UP:

The magnetic field of the wire is
Hol
2rr
the length of the bar. At every point along
the bar B has direction into the page.
Divide the bar up into thin slices, as
shown in Figure 29.65a.

given by B = and varies along

Figure 29.65a

EXECUTE: The emf de induced in each slice is given by de=vxB-dl. vx B is directed toward the

wire, so de=—vB dr = —v(gi) dr. The total emf induced in the bar is
r

d+L( polv Holv pd+Ldr _ ,uolv d+L
de= S In
J. '[ [ 2rmr ] 2z '[ d r [ n(r )]

lyb_

a

OIV 20 (1n(d + L)~ In(d)) = ZOIV In(1+ L/d)

EVALUATE: The minus sign means that ¥}, is negative, point a is at higher potential than point b.
(The force F =gv x B on positive charge carriers in the bar is towards a, so a is at higher potential.)
The potential difference increases when / or v increase, or d decreases.

(c) IDENTIFY: Use Faraday’s law to calculate the induced emf.

SET UP: The wire and loop are sketched in Figure 29.65b.
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— s EXECUTE: As the loop moves
I to the right the magnetic flux
T & e through it doesn’t change.
T —y Thus £=—&=0 and 7=0.
t

Figure 29.65b

EVALUATE: This result can also be understood as follows. The induced emf in section ab puts point a at
higher potential; the induced emf in section dc puts point d at higher potential. If you travel around the
loop then these two induced emf’s sum to zero. There is no emf in the loop and hence no current.

29.66. IDENTIFY: & =vBL, where v is the component of velocity perpendicular to the field direction and

perpendicular to the bar.
SET UP: Wires 4 and C have a length of 0.500 m and wire D has a length of 4/2(0.500 m)2 =0.707 m.
EXECUTE: Wire 4: v is parallel to B, so the induced emf is zero.

Wire C: ¥ is perpendicular to B. The component of ¥ perpendicular to the bar is vcos45°.
£ =(0.350 m/s)(cos45°)(0.120 T)(0.500 m) =0.0148 V.

Wire D: ¥ is perpendicular to B. The component of ¥ perpendicular to the bar is vcos45°.
£ =(0.350 m/s)(cos45°)(0.120 T)(0.707 m)=0.0210 V.

EVALUATE: The induced emf depends on the angle between ¥ and B and also on the angle between
v and the bar.

29.67. (a) IDENTIFY: Use the expression for motional emf to calculate the emf induced in the rod.
SET UP: The rotating rod is shown in Figure 29.67a.

o - - 4 : . The emf induced in a thin

i e @ ks s slice is de=vxB-dl.
axis @ I 1 | [}

- - - (fr - 5

—

Figure 29.67a

EXECUTE: Assume that B is directed out of the page. Then ¥x B is directed radially outward and
dl=dr, sovxB-dl =vBdr

Vv=rm so de = wBr dr.

The de for all the thin slices that make up the rod are in series so they add:

e=[de=[" wBrdr=LwBI? =1(8.80 rad/s)(0.650 T)(0.240 m)? = 0.165 V
I 0 2 2

EVALUATE: ¢ increases with @, B or I2.

(b) No current flows so there is no /R drop in potential. Thus the potential difference between the ends
equals the emf of 0.165 V calculated in part (a).

(¢) SET UP: The rotating rod is shown in Figure 29.67b.

Figure 29.67b
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EXECUTE: The emf between the center of the rod and each end is
£= %wB(L/ 2)2 = %(0.165 V)=0.0412 V, with the direction of the emf from the center of the rod toward

each end. The emfs in each half of the rod thus oppose each other and there is no net emf between the ends
of the rod.

EVALUATE: @ and B are the same as in part (a) but L of each half is %L for the whole rod. ¢ is

proportional to I?, so is smaller by a factor of %.

29.68. IDENTIFY: The power applied by the person in moving the bar equals the rate at which the electrical
energy is dissipated in the resistance.
SET UP: From Example 29.6, the power required to keep the bar moving at a constant velocity is

_ (BLv)?
P= R
. _ (BLv)? _[(0.25T)(3.0 m)(2.0 m/s)]? _
EXECUTE: (a) R= P = 5 W =0.090 Q.
(b) For a 50-W power dissipation we would require that the resistance be decreased to half the previous
value.

(¢) Using the resistance from part (a) and a bar length of 0.20 m,

_(BLv)*> _[(0.25 T)(0.20 m)(2.0 m/s)]*
R 0.090 Q

EVALUATE: When the bar is moving to the right the magnetic force on the bar is to the left and an applied
force directed to the right is required to maintain constant speed. When the bar is moving to the left the
magnetic force on the bar is to the right and an applied force directed to the left is required to maintain
constant speed.

29.69. (a) IDENTIFY: Use Faraday’s law to calculate the induced emf, Ohm’s law to calculate 7, and Eq. (27.19)
to calculate the force on the rod due to the induced current.
SET UP: The force on the wire is shown in Figure 29.69.

P =0.11W.

e EXECUTE: When the wire has speed v
ol % 3 ,*T X % X the induced emf'is € = BvL and the
,L F—|—aV L Bl
x_x x| x x xB induced current is [ = &/R = 2=,
T R
Figure 29.69

The induced current flows upward in the wire as shown, so the force F =1l x B exerted by the magnetic
field on the induced current is to the left. F' opposes the motion of the wire, as it must by Lenz’s law. The
magnitude of the force is F' =ILB = B*I*vIR.

(b) Apply X F =mi to the wire. Take +x to be toward the right and let the origin be at the location of the
wire at =0, so x;, =0.

2F, =ma, says —F =ma,

_F_ B

m mR
Use this expression to solve for v(z):

_dv_ BM*v _ dv_ BM?

ayx

a,=—=-— and —=———dt
dt mR % mR
Iv ' :_BZLZ >
vV mR 70
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29.70.

272
In(v)— In(vg) =~ 2L
mR
2,2 ,
In| | =BT andv=voe_Bth/mR
Vo mR

Note: At t=0,v=v, and v — 0 when ¢ — oo
Now solve for x(z):

dx _p2y2 _p2y2
v__:voeBLt/mR BLt/det

T dt

x t _p2y2
J'O dx/:J‘OVOe B Lt/det/

so dx =vye

R _B ¢ mR | R -
xzvo(— ”; 2)[6 B /ij| _ m2 Vg (1 B LiimRy
B°L 0 B°L

Comes to rest implies v=0. This happens when ¢ — oo,

mRy, .. . . .
3 g . Thus this is the distance the wire travels before coming to rest.
B°L

t — oo gives x =

EVALUATE: The motion of the slide wire causes an induced emf and current. The magnetic force on the
induced current opposes the motion of the wire and eventually brings it to rest. The force and acceleration
depend on v and are constant. If the acceleration were constant, not changing from its initial value of

a, = —Bszvo /mR, then the stopping distance would be x = —vé/ 2a, = mRv,/ 2B*I”. The actual stopping
distance is twice this.

IDENTIFY: Since the bar is straight and the magnetic field is uniform, integrating de = v x B - dl along

the length of the bar gives £=(¥xB)- L

SETUP: ¥ =(6.80 m/s)i. L=(0.250 m)(cos36.9° +sin36.9°}).

EXECUTE: (a) £€=(¥xB) - L=(6.80 m/s)i x((0.120 T)i —(0.220 T)j — (0.0900 T)k)- L.

£=((0.612 V/m)j—(1.496 V/m)k)- ((0.250 m)(cos36.9% +sin36.9°)).

£=(0.612 V/m)(0.250 m)sin36.9°=0.0919 V=91.9 mV.

(b) The higher potential end is the end to which positive charges in the rod are pushed by the magnetic
force. ¥x B hasa positive y-component, so the end of the rod marked + in Figure 29.70 is at higher
potential.

EVALUATE: Since ¥ X B has nonzero j and k components, and L has nonzero i and j components, only

the k component of B contributes to €. In fact,
| €= v B.L, [(6.80 m/s)(0.0900 T)(0.250 m)sin36.9°=0.0919 V=919 mV.

Figure 29.70
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29.71.  IDENTIFY: Use Eq. (29.10) to calculate the induced electric field at each point and then use F= qE‘ .

SET UP:
= = dD
Apply @sz’l =— dtB toa
concentric circle of radius 7, as shown
in Figure 29.71a. Take A to be into the
page, in the direction of B.
Figure 29.71a

. . . dd S . . .
EXECUTE: B increasing then gives TtB >0, so 95E -dl 1is negative. This means that E is tangent to the

circle in the counterclockwise direction, as shown in Figure 29.71b.

E
E ~
@E =—EQ7xr)
ddy . dB
: dt dr
E E
Figure 29.71b
-EQnr)= —zr? d—B so £= dB
dt 3" dr

point @ The induced electric field and the force on ¢ are shown in Figure 29.71c.

dB
E =gE=Llgr==
F=qF >qr U
. = .
F g F is to the left (F is in the same

direction as E since ¢ is positive).
Figure 29.71¢

point b The induced electric field and the force on ¢ are shown in Figure 29.71d.

F
dB
=gE=14+22
[ 1!—: F=qE=-qr o
g F is toward the top of the page.

Figure 29.71d

pointc r=0 here,so E=0and F =0.

EVALUATE: If there were a concentric conducting ring of radius 7 in the magnetic field region, Lenz’s law
tells us that the increasing magnetic field would induce a counterclockwise current in the ring. This agrees
with the direction of the force we calculated for the individual positive point charges.

29.72. IDENTIFY: A bar moving in a magnetic field has an emf induced across its ends. The propeller acts as
such a bar.
SET Up: Different parts of the propeller are moving at different speeds, so we must integrate to get the
total induced emf. The potential induced across an element of length dx is de = vBdx, where B is uniform.
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29.73.

29.74.

EXECUTE: (a) Call x the distance from the center to an element of length dx, and L the length of the

L2
propeller. The speed of dx is xw, giving d& =vBdx = xwBdx. € = J.() xwBdx = wBL*/8.
(b) The potential difference is zero since the potential is the same at both ends of the propeller.

220 rev (2.0 )

(¢) e=(27 rad/rev)( j(o.50><1o*1 T)~=—2 =58x10"* V=0.58mV

EVALUATE: A potential difference of about 4 > mV s not large enough to be concerned about in a

propeller.
IDENTIFY: Apply Eq. (29.14).

SETUP: €=3.5x10""' F/m

dd

EXECUTE: ip = e—£ =(3.5x107" F/m)(24.0x10° V- m/s*)%. ip =21x10° A gives 1=5.0s.

EVALUATE: ip depends on the rate at which @ is changing.

IDENTIFY and SET UP: Apply Ohm’s law to the dielectric to relate the current in the dielectric to the
charge on the plates. Use Eq. (25.1) for the current and obtain a differential equation for ¢(¢). Integrate

this equation to obtain g(¢) and i(¢). Use E =g/eA and Eq. (29.16) to calculate jp.
EXECUTE: (a) Apply Ohm’s law to the dielectric: The capacitor is sketched in Figure 29.74.

d

= i(f)= i[)
Al K
(t)—q()a dc=go4
—q +q d

Figure 29.74
v(t) = t

(0 [ Ke, A]q( )
The resistance R of the dielectric slab is R = pd/A. Thus i(¢) = V(t) q(t)d A = q(t) . But the

current i(¢) in the dielectric is related to the rate of change dg/dt of the charge ¢(¢) on the plates by
i(t) =—dg/dt (apositive i in the direction from the + to the — plate of the capacitor corresponds to a

decrease in the charge). Using this in the above gives _dq = q). —
dt ero

. Integrate both
Péo

sides of this equation from ¢ = 0, where g = ), to a later time ¢ when the charge is g(¢).

j" @:—( ]j dt. ln[ j ' and q(t) = Qye"5P%. Then i(r):—ﬁz[&je‘”’“’fo
% g K pe, o) Kpe, dt |\ Kpe

(¢ _ . .. .
and jc = 0] = Y ¢ KP4  The conduction current flows from the positive to the negative plate
A AK pe,
of the capacitor.
t t
m) E@)=99 q@) _ q()
ed K €A
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. dE dE dq()/dt _ i-(t) .
HN=e—=Keyg—=Key————=—"—=—j(¢
Jp(?) d 0 0 Keod y Jc(0)
The minus sign means that jj(¢) is directed from the negative to the positive plate. E is from + to — but
dE/dt is negative (E decreases) so jp(¢) is from —to +.
EVALUATE: There is no conduction current to and from the plates so the concept of displacement current,
with fD = —]'C in the dielectric, allows the current to be continuous at the capacitor.
29.75. IDENTIFY: The conduction current density is related to the electric field by Ohm's law. The displacement
current density is related to the rate of change of the electric field by Eq. (29.16).
SET UP: dE/dt = WE cos wt
E A4 -
EXECUTE: (a) jo(max) =20 = 0450V o010 A/m?
2300 Q- m
. dE -9 2
(b) jp(max)=¢y| — =eyWE) =2rey fE) = 27€y(120 Hz)(0.450 V/m) =3.00x10"" A/m
max
. _ £y 1 7
(©)If jc=jp then — = weyE, and @ =——=4.91x10" rad/s
P P
;
7 _o _ 4.91x10" rad/s —782%10° Hz.
2r 2r
EVALUATE: (d) The two current densities are out of phase by 90° because one has a sine function and
the other has a cosine, so the displacement current leads the conduction current by 90°.
29.76. IDENTIFY: A current is induced in the loop because of its motion and because of this current the magnetic
field exerts a torque on the loop.
SET UP: Each side of the loop has mass m/4 and the center of mass of each side is at the center of each
side. The flux through the loop is ®3 = BAcos ¢.
EXECUTE: (a) 7, =2, xmg summed over each leg.
L) m . L\ m . m .
T, =|— || — |gsin(90° - @) +| — || — | gsin(90° - @)+ (L)| — |gsin(90° -
=2 2)oson—or+{ L) 2 s —op+ o s
mgL .
T, = Tcosgb (clockwise).
Tp = |i’ X l§| = I4ABsin ¢ (counterclockwise).
L. —%icow = ﬁﬂsin(;ﬁ = BAw sing. The current is going counterclockwise looking to the —k
R R dt R dt R
2 42 274 274
L A . . . L B'Lw .
direction. Therefore, 75 = z 2 Sin? o= 2 D sin? ¢. The net torque is 7= g cos@— R D sin? 9,
opposite to the direction of the rotation.
(b) 7=1Ic (I being the moment of inertia). About this axis / = %mLZ. Therefore,
12 1 L Bl'o . 12B* I
o=——-: %cos¢——wsm2 o= 6—gcosr,b——wsm2 0.
5ml?| 2 R 5L 5mR
EVALUATE: (c) The magnetic torque slows down the fall (since it opposes the gravitational torque).
(d) Some energy is lost through heat from the resistance of the loop.
29.77. IDENTIFY: The motion of the bar produces an induced current and that results in a magnetic force on the

bar.
SETUp: F » is perpendicular to B, so is horizontal. The vertical component of the normal force equals
mgcos@, so the horizontal component of the normal force equals mg tan ¢.
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EXECUTE: (a) As the bar starts to slide, the flux is decreasing, so the current flows to increase the flux,

2 2p2
which means it flows from a to b. Fj =iLB ZEgZEdq)B :EBd_A: LB (VL cos ) = vL°B
R dt R dt R R
2p2
. ) 2
(b) At the terminal speed the horizontal forces balance, so mg tan¢g = i cos¢ and v, = —2m g2 tan¢.
L"B*cos¢
1do 1 dA B LB
(c) i:ﬁ__d B __Bd_z_(Vthow): viLBcosp _ mgtan¢.
R R d R dt R R LB
2,2, 2
@ P=iR=2" é;ﬂ ?
° Rmg tang | . Rng2 tan2¢
() Py =Fv cos(90°—@)=mg| ————|sing and P, =—>———
LB cos¢ I’B

EVALUATE: The power in part (e) equals that in part (d), as is required by conservation of energy.
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