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CHaPTER 31

Answer to Checkpoint Questions

A o

b, then d and e tie, and then a and c tie (zero)
(@) and () tie, then (¢) (zero)

¢ and d tie, then a and b tie

b, out; ¢, out; d, into; e, into

(d) and (e)

(a) 2,3, 1 (zero); (b) 2, 3,1

a and b tie, then ¢

Answer to Questions

A B o ol ol

e = e e
CU = W v = O

(@) all tie (zero); (b) all tie (nonzero); (¢) 3, then tie of 1 and 2 (zero)
(@) all tie (zero; (b) 2, then tie of 1 and 3 (zero)
out
(a) 2,6; (b) 4 (c)1,3,5, 7
(@) into; (b) counterclockwise; (¢) larger
(@) clockwise; (b) increasing and then decreasing
(@) leftward; (&) rightward
clockwise
c,a,b
d and c tie, then b, a
(a) 1,3, 2; (b) 1 and 3 tie, then 2
¢, b, a
(a), then tie of (b) and (¢)
o), (a), (b)
)

(
(a) more; (b) same; (¢) same; (d) same (zero)
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16. (a) all tie (zero); (b) 1 and 2 tie, then 3; (¢) all tie (zero)
17. a2,b4,¢1,d3
18. (@) all tie (independent of the current); (b) 1, then 2 and 3 tie

Solutions to Exercises & Problems

dp = /B-dA = BAcos57° = (4.2 x 107°T)(2.5m?)(cos 57°) = 5.7 x 107° Wh.

2E
_ d®p  d(BA) dB d S d,
E=— T g = A= —Aa(ﬂom) = —A/,Lon%(zo sinwt)
= —Apgniow coswt .
3E

The magnetic field is normal to the plane of the loop and is uniform over the loop. Thus
at any instant the magnetic flux through the loop is given by &5 = AB = 7r? B, where A
(= mr?) is the area of the loop. According to Faraday’s law the magnitude of the emf in
the loop is

dd dB
€=—"L == = 7(0.055m)*(0.16 T/s) = 1.5 x 107> V.
dt dt
4E
_ ddp dB d —t)ry 7r2Bye~t/T
& —— = A = E(Boe )= .
5E
(a)
ddp| d

&| = = —(6.0t> + 7.0t) = 12t + 7.0 = 12(2.0) + 7.0 = 31 mV .

i

dt
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(b) Use Lenz’s law to determine the direction of the current flow. It is from right to left.

6E
Use £ = —d®pg/dt = —7r*dB/dt.
(a) For 0 <t < 2.0s:

&= —ﬁrzcil—? = —m(0.12 m)2<
(b)2.0s <t <4.0s: & xdB/dt =0.
(¢)4.0s<t<6.0s:

05T
2.0s

> = —-1.1x1072V.

dB —0.5T
_ 200 2 _ —2
E=—nr 7 7(0.12m) (6.0s —4.0s> 1.1 x107*V.
7E
(@) The magnitude of the average induced emf is
av pumng pumng pumng pumng = — .4: .
£ ‘ dt ‘ At At 0.20s 040V
v & 040V
= T w1000 - 0N
8E
. L (0.10m)
= p= = (1.68 x 1075 e — 1.1 x107%Q.
fr=pg = (1681070 m) [w(2.5>< 10-2)2/4 X 10
(b) Use i = |E|/R = |[d®g/dt|/R = (7r?/R)|dB/dt|. Thus
~ —3
dB| _ iR _(10M)(L1x1079) o
dt mr? 7(0.10m)% /4
9P
(a) The emf as a function of time is given by
_ ,d®p _d(BA) d o rd? di
E=N 7 =N 7 —NA%(/,LOM)—N<T pom 2
d> d 1
=N (%)Mona(?).()t + 1.0t2) = Zﬂ'dzN/,Lon(?).O +2.0t).

The plot is shown in the next page.
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g|t=2.0s . 7Td2N/,L0TL(30 + 20t)

ii=2.0s = R = AR
~ m(21x 1072 m)*(130)(1.26 x 10~° T-m/A)(2.2 turns/m)[3.0 + (2.0)(2.0)]( A/s)
B 4(0.1592)
=58x 1077 A.

10P

The magnitude of the magnetic field inside the solenoid is B = pgnis, where n is the

number of turns per unit length and ¢4 is the current. The field is parallel to the solenoid
axis, so the flux through a cross section of the solenoid is @5 = A,B = pomrini,, where A,
(= 7r?) is the cross-sectional area of the solenoid. Since the magnetic field is zero outside
the solenoid this is also the flux through the coil. The emf in the coil has magnitude

Nd®
&= 7 = /L07TT§NTL

dig
dt

and the current in the coil is

E pomriNn dig
lp = — =

R R dt’

where N is the number of turns in the coil and R is the resistance of the coil.
According to Sample Problem 31-1 the current changes linearly by 3.0 A in 50ms, so
dis/dt = (3.0A)/(50 x 1073s) = 60 A/s. Thus

(47 x 1077 T-m/A)7(0.016 m)?(120)(220 x 10> m™")

=3.0x107%2A.
=30 3.0 x 10

e =
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11P
ddp d(BA) d , o di
= — = — = —A— — — R
£ dt dt g7 (Honi) = —ponTr
B50A —1.0A
= —(1.26 x 107° T- m/A)(1.00 turns/m)(7)(25 x 107% m)? (015(())>< 10_3OS >

=12x107%V.

Note that since B only appears inside the solenoid the area A should be the cross-sectional
area of the solenoid, not the (larger) loops.

12P
Consider the cross-section of the toroid.
The magnetic flux through the shaded area e b | - h
as shown is d®p = B(r)dA = B(r)hdr. e - R A
Thus from Eq. 31-35 O !
b b : +d
NhA r r+ar
CIDB:/ B(r)hdr:/ Hoto X gy , _
a o 27r cross-sectional view
= In—.
27 a
13P
0N
®p=BA= (’“‘OZO )A
27r
(47 x 1077 T-m/A)(0.800 A)(500)(5.00 x 1072 m)?
27(0.150 m + 0.0500m/2)
=1.15 x 107° Wh.
14P
d®p d(BA) dA d(mr?) dr
£ dt dt dt dt Bar”
= —27(0.12m)(0.800 T)(—0.750 m/s) = 0.452 V.
15P

The magnetic flux ®5 through the loop is given by ®5 = 2B(7r?/2)(cos45°) = mr2B/\/2.

Thus
e_ 4 d(mPB\_ m?(AB
Cdt dt\ V2 ) V2 \ At
. 1072 m)? — 1073T
:_7r(37>< 07°m)® /0—76 x 10 51 x10-2V.
V2 45 %1035
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The direction of the induced current is clockwise when viewed along the direction of B.

16P
Since ®p does not change, £ = —d®g/dt = 0.

17P
(a) Use B ~ p91/2R, where R is the radius of the large loop. Here i(t) = iy + kt, where
iop =200 A and £ = (—200A —200A)/1.00s = —400 A/s. Thus

oty (47 X 1077 T-m/A)(200 A)
2R 2(1.00m)

Bli=o = =126 x 107*T;

polio + kt) (47 x 1077 T-m/A)[200 A — (400 A /5)(0.500s)]

Bli—o.500s = _ :
Ji=o0.500 2R 2(1.00m)

and

to(io +kt) (47 x 107" T-m/A)[200 A — (400 A/s)(1.00s)]

Bli—1.00. = -
i=1.00 2R 2(1.00m)
=—-126x107*T.

(b) Let the area of the small loop be a. Then &5 = Ba, and

_d®s  d(Ba)  dB  [AB
=" =" __“%__“<E>
126x 107 T —1.26 x 107 T
:—(2.00><10_4m2)< 6 <10 s 6 <10 ):5.04><10—8V.
. S

18P

(@) In the region of the smaller loop the magnetic field produced by the larger loop may be
taken to be uniform and equal to its value at the center of the smaller loop, on the axis.
Eq. 30-29, with z = = and much greater than R, gives

B— /,L()Z.fi2
Qa3

for the magnitude. The field is upward in the diagram. The magnetic flux through the
smaller loop is the product of this field and the area (7r?) of the smaller loop:

Tpotr? R

I F—
B 223
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(b) The emf is given by Faraday’s law:

c_ dbp Tpetr? RPN d (1 Tuoir? R2 3 de\  3mueir’R%v
S dt 2 dt \z3) 2 at dt ) 2t '

(¢) The field of the larger loop is upward and decreases with distance away from the loop.
As the smaller loop moves away the flux through it decreases. The induced current will be
directed so as to produce a magnetic field that is upward through the smaller loop, in the
same direction as the field of the larger loop. It will be counterclockwise as viewed from
above, in the same direction as the current in the larger loop.

19P
(a¢) The emf induced around the loop is given by Faraday’s law: &€ = —d®p/dt and the
current in the loop is given by « = £/R = —(1/R)(d®p/dt). The charge that passes

through the resistor from time zero to time t is given by the integral

! 1 [1dog 1 e 1
g= [ idt=—= | EBgp—_— ddp = — [B5(0) — Bp(t)] .
/ R G=g ) s = g les0) - es)

All that matters is the change in the flux, not how it was changed.

(b) If ®p(t) = ®5(0) then ¢ = 0. This does not mean that the current was zero for any
extended time during the interval. If @5 increases and then decreases back to its original
value there is current in the resistor while ®p is changing. It is in one direction at first, then
in the opposite direction. When equal charge has passed through the resistor in opposite
directions the net charge is zero.

20P
From the result of the last problem

= 21@5(0) ~ B(1)] = SB0) ~ B(1)

q = R B B 7R
1.2 1073 m?
_ 120X 07w e (L1.60T)) = 2.95 x 102 C.
13.09
21P
q(t) = %ACI)B = %[BA cos70° — (—BAcos70°)] = QWBARCOS 50
_ 2(1000)(0:390 x 10~ T)r(0.100m)P(cos307) | 5,

85.00+140Q

Note that the axis of the coil is at 30°, not 70°, from the magnetic field of the Earth.
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22P
(a) Let L be the length of a side of the square circuit. Then the magnetic flux through the
circuit is ®g = L*B/2 and the induced emf has magnitude

o dq)B_ L_zd_B
L a2 dt’

Now B = 0.042 — 0.870t and dB/dt = —0.870 T/s. Thus

(2.00 m)?

& = (0.870T/s) = 1.74 V.

The magnetic field is out of the page and decreasing so the induced emf is counterclockwise
around the circuit, in the same direction as the emf of the battery. The total emf is

E+E =200V 4174V =21TV.

(b) The current is in the sense of the total emf, counterclockwise.

23P
(@) The magnetic flux ®p through the loop is

1
P = /B-dA = Zm«23.

Thus

dd g
| dt

dB

dt

2
_| (L _ap)| T
dt \ 4 4

1
= 17r(0.10m)2(3.0 x 107 T/s) =24 x107°V.

(b) From ¢ to b (following Lenz’s law).

24P
(a) and (b) Let A = 7r?. The emf as a function of time is given by

dd g d d d
E=—""= —E(B-A) = -BA~ cos(B,A) = —BA— cos(27 ft + o)

= —927f)BAsin(27ft + ¢o).

Thus the frequency of £ is f and the amplitude is &, = 2rfBA = (2nf)B(nr?/2) =
wir?Bf.
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25P
(a) The area of the coil is A = ab. Suppose that at some instant of time the normal to

the loop makes the angle 6 with the magnetic field. The magnetic flux through the loop is
then &5 = NabB cos 8 and the emf induced around the coil is

dd d
g=_"58_

) de
yr —E(NabB cos @) = (NabBsinb)

% .
In terms of the frequency of rotation f and the time ¢, 6 is given by 8 = 2xft and
df/dt = 2x f. The emf is therefore

E =2xfNabBsin(27 ft).

This can be written £ = & sin(2x ft), where & = 2rf NabB.
(b) You want 27 fNabB = 150 V. This means

&o 150V

= = 0.796 m? .
2rfB  2m(60.0rev/s)(0.500 T) o

Nab =

Any loop for which Nab = 0.796m? will do the job. An example is N = 100 turns,
a=>b=28.92cm.

26P
Use the result obtained in 24P, part(b):

Em = (27 fBA)N = 27(1000/605)(3.50 T)(0.500 m)(0.300 m)(100) = 5.50 x 10° V.

27P
(a) It is clear that the magnetic flux through areas
1 and 2 as shown cancel out. Thus X X X ba
a O Xo X x
By =Dy = / B(r)(bdr) © ©
b—a X X b
L
b \ 27T
Loth a
= 1 3 -
27 n(b — a) 7 2b

and
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c_ dég  d /,Loibl a B /,Lobl a dz
T Tat T T d# o Nb—d/| T T or Mb—d/

B _/,L_ob a i 2 ~ —4.50p0bt a
=—5 1n<b — a) o (4.50t" — 10.0t) = - In T

__(4:50)(1.26 x 1075 T-m/A)(0.160 m)(3.005) 12.0 cm
- "\ 16.0cm — 12.0 em

™

= -598x107"V.

(b) From Lenz’s law, the induced current in the loop is counterclockwise.

28P

Use Faraday’s law to find an expression for the emf induced by the changing magnetic field.
First find an expression for the magnetic flux through the loop. Since the field depends
on y but not on x, divide the area into strips of length L and width dy, parallel to the =
axis. Here L is the length of one side of the square. At time ¢ the flux through a strip with
coordinate y is d®p = BL dy = 4.0Lt*y dy and the total flux through the square is

L
dp = / 4.0Lt*y dy = 2.0L%t* .
0

According to Faraday’s law the magnitude of the emf around the square is

ddg d
E=—"2=—(2.0L%?) =4.0L%.
o = a (200

At t = 2.5s this is 4.0(0.020 m)3(2.5 s) = 8.0 x 1073 V.

The externally-produced magnetic field is out of the page and is increasing with time. The
induced current produces a field that is into the page, so it must be clockwise. The induced
emf 1s also clockwise.

29P
(@) Analogous to 27P, part (a), we have

b
r+ 35

Tp = /IOOPB(r)dA: / B(r)adr

_2
r—3

_/H'% Momd _/,Loial 2r +b
) 27 T M)

N o
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(b) Now
(o)) 2 ()
dt or dt or | 27 2r — b
_ potaw 1 1 _ 2pptabu
- <2r—|—b_ 2r—b> - m(4r? — b))
Thus
. & 2pgiaby
"TRT TR —2)
30P*
(a) Suppose each wire has radius R and the distance
between their axes is a. Consider a single wire and FR—
calculate the flux through a rectangular area with the
axis of the wire along one side. Take this side to have dar
length L and the other dimension of the rectangle to -

be a. The magnetic field is everywhere perpendicular
to the rectangle. First consider the part of the rect-
angle that is inside the wire. The field a distance r
from the axis is given by B = ugir /27 R? and the flux
through the strip of length L and width dr at that
distance is (poir/2rR*)L dr. Thus the flux through

the area inside the wire is

R . .
L L
P, = / Rol> | g = HO22
o 2mR? 47

Now consider the region outside the wire. There the field is given by B = puoi/27r and
the flux through an infinitesimally thin strip is (po¢/27r)L dr. The flux through the whole

region 1s
CI)out - /a MOZL ﬂ = MOZL In <g> .
r 27 r 27 R

The total flux through the area bounded by the dotted lines is the sum of the two contri-

butions: .
o o (3)]

™

Now include the contribution of the other wire. Since the currents are in the same direction
the two contributions have the same sign. They also have the same magnitude, so

L
b= 1420 (3)]
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The total flux per unit length is

Protal _ ot ay] _ (4w x 107" T-m/A)(10 A) 20 mm
L~ 2n [1+21H<R>} - o b2 s

=1.3x 107> Wb/m.

(b) Again consider the flux of a single wire. The flux inside the wire itself is again &, =
potL/4m. The flux inside the region of the other wire is

“ porL dr poiL a
Douy = —— = In :
a—p 27 T 27 a— R

Double this to include the flux of the other wire (inside the first wire) and divide by L to
obtain the flux per unit length. The total flux per unit length that is inside the wires is

(I)Wires o MOZ a
L~ oon [“21“(@_3)]

(47 x 1077 T-m/A)(10A) [1 ol ( 20 mm )]

27 20mm — 1.25mm
=2.26 x 107° Wh/m.

The fraction of the total flux that is inside the wires is

2.26 x 107 Wh/m

=0.17.
1.31 x 10~5 Wh/m 0.17

(¢) The contributions of the two wires to the total flux have the same magnitudes but
now the currents are in opposite directions, so the contributions have opposite signs. This
means Py = 0.

31E

£t _1( d¥p\* . 1/ AB\’ = AB’
Y A PN e A PN
Uthermal thermal R R( dt ) R( At) RAt

32E
Thermal energy is generated at the rate £2/R, where £ is the emf in the wire and R is
the resistance of the wire. The resistance is given by R = pL/A, where p is the resistivity

of copper, L is the length of the wire, and A is the cross-sectional area of the wire. The
resistivity can be found in Table 27-1. Thus

(1.69 x 107% Q-m)(0.500 m)

=1.076 x 1072 Q.
7(0.500 x 10—3 m)?2 8

R =
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Faraday’s law is used to find the emf. If B is the magnitude of the magnetic field through
the loop, then & = AdB/dt, where A is the area of the loop. The radius r of the loop is
r = L/27 and its area is 7r? = wL?/47? = L* /4. Thus

L* dB : ’
= (052—01“1)(10.0 x 107 T/s) = 1.989 x 1074 V..
s s

The rate of thermal energy generation is

€2 (1989 x 1074 V)?
P = — = — . 1 =6 .
R~ 106x102gn ~o08x107W

33E

(@) The flux changes because the area bounded by the rod and rails increases as the rod
moves. Suppose that at some instant the rod is a distance = from the right-hand end of the
rails and has speed v. Then the flux through the area is ®3 = BA = BLx, where L is the
distance between the rails. According to Faraday’s law the magnitude of the emf induced

is £ =d®p/dt = BL(dx/dt) = BLv = (0.350T)(0.250m)(0.550 m/s) = 4.81 x 1072 V.

(b) Use Ohm’s law. If R is the resistance of the rod then the current in the rod is i =
E/R = (481 x 1072 V)/(18.092) = 2.67 x 1073 A.

(¢) The rate at which thermal energy is generated is

P=i R=(267Tx10"°A)*(18.002) =128 x 107*W.

34E

(a) Let = be the distance from the right end of the rails to the rod. The area enclosed
by the rod and rails is Lz and the magnetic flux through the area is &3 = BLx. The
emf induced is & = d®p/dt = BLdx/dt = BLv, where v is the speed of the rod. Thus
E=(12T)(0.10m)(5.0m/s) = 0.60 V.

(b) If R is the resistance of the rod, the current in the loopis: = £/R = (0.60V)/(0.40Q) =
1.5A. Since the rod moves to the left in the diagram, the flux increases. The induced
current must produce a magnetic field that is into the page in the region bounded by the
rod and rails. To do this the current must be clockwise.

(¢) The rate of generation of thermal energy by the resistance of the rod is P = £?/R =
(0.60V)?/(0.402) = 0.90 W.

(d) Since the rod moves with constant velocity the net force on it must be zero. This
means the force of the external agent has the same magnitude as the magnetic force
but is in the opposite direction. The magnitude of the magnetic force is Fg = LB =
(1.5A)(0.10m)(1.2T) = 0.18N. Since the field is out of the page and the current is up-
ward through the rod the magnetic force is to the right. The force of the external agent
must be 0.18 N, to the left.
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(e) As the rod moves an infinitesimal distance dx the external agent does work dW = F dx,
where F is the force of the agent. The force is in the direction of motion, so the work done
by the agent is positive. The rate at which the agent does work is dW/dt = F dx/dt
(0.18 N)(5.0m/s) = 0.90 W, the same as the rate at which thermal energy is generated. The

energy supplied by the external agent is converted completely to thermal energy.

35P
Let Fhet = BiL — mg = 0 and solve for ¢:
jome el 1 d@B )
BL R ’
SO
_ mgR
Vs = BZLZ .
36P

(a) At time ¢ the area of the closed triangular loop is A(t) = £ (vt)(2vt) =

P pli=3.00s = BA(t) = (0.350 T)[(5.20 m/s)(3.008)]* = 85.2T-m?.

(%)
d®p d(BA) dA d(v*t?) )
__ B _ _ - ¥ __p — _2Buv%
¢ dt dt dt dt ’
= —2(0.350 T)(5.20m/s)*(3.00s) = —56.8 V.
(¢) From part (b) above we see that £ = —2Bv?t o« t'. Thus n = 1.
37P
From
1 T
[sin® (27 f1)]ay = T/ sin?(27 ft)dt = =
0
we obtain , 2 in?( ) , ( )2
& Ef[sin” (27 ft & 150V
Ppy = 20 =2 Moo =268 W.
R R 5R ~ 2(42.0Q)
38P

(a) Apply Newton’s second law to the rod:

dv

— =BL.
meos =1

242 Thus

:FU:
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Integrate to obtain

v points away from the generator G.

(b) When the current ¢ in the rod becomes zero, the rod will no longer be accelerated by a
force F' = 1BL and will therefore reach a constant terminal velocity. This happens when
|ginduced| — ga i.e.,

d®p
dt

_ ‘d(BA) ‘

dA
dt

B—‘:BvL:S,

|ginduced| - ‘ dt

or v = E/BL, to the left.

(¢) In case (a) above electric energy is supplied by the generator and is transferred into the
kinetic energy of the rod. In the current case the battery initially supplies electric energy to
the rod, causing its kinetic energy to increase to a maximum value of %mv2 = %(S/BL)z.
Afterwards, there is no further energy transfer from the battery to the rod, and the kinetic
energy of the rod remains constant.

39P

(a) Let & be the distance from the right end of the rails to the rod and find an expression
for the magnetic flux through the area enclosed by the rod and rails. The magnetic field
is not uniform but varies with distance from the long straight wire. The field is normal to
the area and has magnitude B = pgt/27r, where r is the distance from the wire and ¢ is
the current in the wire. Consider an infinitesimal strip of length = and width dr, parallel
to the wire and a distance r from it. The area of this strip is A = = dr and the flux through
it is d®p = (poix/27r)dr. The total flux through the area enclosed by the rod and rails is

potx [TEdr pgix a+ L
(I)B = —_— = In .
2 J, r 27 a

According to Faraday’s law the emf induced in the loop is

dP ot dx a+ L ot a+ L
&= =— —1In = In

T dt 2« dt

a 27 a
_ (47 x 1077 T-m/A)(100 A)(5.00m/s) n 1.00 cm 4 10.0 em
N 27 1.00 cm
=240 x 107*V.

(b) If R is the resistance of the rod then the current in the conducting loop is iy = E/R =
(2.40 x 107*V)/(0.400 Q) = 6.00 x 10~* A. Since the flux is increasing the magnetic field
produced by the induced current must be into the page in the region enclosed by the rod
and rails. This means the current is clockwise.

(¢) Thermal energy is being generated at the rate P = iR = (6.00 x 107* A)?(0.400 Q) =
1.44 x 107" W,
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(d) Since the rod moves with constant velocity the net force on it is zero. The force of
the external agent must have the same magnitude as the magnetic force and must be in
the opposite direction. The magnitude of the magnetic force on an infinitesimal segment
of the rod, with length dr and a distance r from the long straight wire, is dFp = ¢¢B dr =
(potet/27r) dr. The total magnetic force on the rod has magnitude

Fpy — Lot /a—i—L ﬂ _ otet n (a—l—L)

27 r 27 a
_ (47 x 1077 T-m/A)(6.00 x 107* A)(100 A) In (1.00 cm + 10.0 cm)
27 1.00 cm
=287 x107*N.

Since the field is out of the page and the currentin the rod is upward in the diagram, this

force is toward the right. The external agent must apply a force of 2.87 x 1078 N, to the
left.

(e) The external agent does work at the rate P = Fo = (2.87 x 107¥ N)(5.00m/s) =
1.44 x 107" W. This is the same as the rate at which thermal energy is generated in the
rod. All the energy supplied by the agent is converted to thermal energy.

40E
(a¢) The field point is inside the solenoid, so Eq. 31-27 applies. The magnitude of the
induced electric field is

1 dB 1
E=-—r= §(6.5 x 107° T/5)(0.0220m) = 7.15 x 107° V/m .

(b) Now the field point is outside the solenoid and Eq. 31-29 applies. The magnitude ofthe
induced field is

(0.0600 m)>

_1dBR* 1
B (0.0820m)

—— — = 2(6.5x 107*T/s)

_ —4
=5 =5 =143 x107*V/m.

S
[y
=

ibg  d iBy  ,dB,
Beds— — 28— C(pay =4, = 52000
7{ i g~ g B = A =y

= 7(0.200m)*(—8.50 x 107* T/s) = —~1.07 x 107>V,

d® o dB,
B-ds = — R ]
7{ i a2t

= 7(0.300m)*(—8.50 x 107* T/s) = —2.40 x 107>V,
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and

fE-ds = fE-ds — fE-ds =—-1.07x107°V - (-24x107°V) =133 x 10° V.
3 1

2

42P
The magnetic field B can be expressed as

B(t) = By 4 By sin(wt + ¢o) ,

where By = (30.0T +29.6T)/2 =29.8T and By = (30.0T —29.6T)/2 = 0.200T. Then
from Eq. 31-27

1/dB rd . 1
E = §<%>r = §£[Bo + By sin(wt + ¢o)] = §Blwr cos(wt + ¢y ) .

Thus

1 1
Emax = §B1(27Tf)7“ = 5(0.200 T)(27)(15Hz)(1.6 x 107 *m = 0.15V/m.

43P
The induced electric field E as a function of r is given by E(r) = (r/2)(dB/dt). So

ekl er [ dB
e =0 = — = — | —
m 2m \ dt

1.60 x 10712 C)(5.0 x 1072 10x1073T
2(9.11 x 1027 kg)

a, points to the right and a,. points to the left. At point b we have ap o rp = 0.

44P

Use Faraday’s law in the form § E-ds = —(d®p/dt). Integrate around the dotted path
shown in Fig. 31-61. At all points on the upper and lower sides the electric field is either
perpendicular to the side or else it vanishes. Assume it vanishes at all points on the right
side (outside the capacitor). On the left side it is parallel to the side and has constant
magnitude. Thus direct integration yields § E-ds = EL, where L is the length of the
left side of the rectangle. The magnetic field is zero and remains zero, so d®g/dt = 0.
Faraday’s law leads to a contradiction: EL = 0, but neither E nor L is zero. There must
be an electric field along the right side of the rectangle.
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45E
Since N®p = Li, where N is the number of turns, L is the inductance, and 2 is the current,

Li  (8.0x1072H)(5.0 x 107% A) e
= 2L =1. 1 b.
B N 200 O0x107"W

dp = NBA = NB(nr?) = (30.0)(2.60 x 107> T)(7)(0.100m)? = 2.45 x 107> Wh.

Oy 245 x 1073 Wh
p=2p 24X Wb e 10~ H/m.
i 3.80 A

47E
(¢) N =2.0m/2.5mm = 800.
(b) L)1 = pon*A = (47 x 107" T-m/A)(800/2.0m)?(7)(0.040m)*/4 = 2.5 x 10+ H.

48P
If the solenoid is long and thin, then when it is bent into a toroid (b — a)/a < 1. Thus

2 2 _ 27 (p _
o N hlné:/,LoN hln 1_|_b a %/,LON h(b a)‘
b 27bh

™ a ™

Ltoroid =

Since A = h(b — @) is the cross-sectional area and [ = 27b is the length of the toroid, we
may rewrite the expression for L toroid above as

Ltoroid ~ MONZA

I 2 pon” A,

which indeed reduces to that of a long solenoid. Note that the approximation In(1+x) ~ «
was used for |z| < 1.

49P
(a) Suppose we divide the one-turn solenoid into N small circular loops placed along the
width W of the copper strip. Each loop carries a current Ai = ¢/N. Then the magnetic
field inside the solenoid is B = ponAi = po(N/W)(¢/N) = pot/W.
(b)
I &g  TR’B  aR(ui/W)  mpeR?
I : W
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50P

The area of integartion for the calculation of the
magnetic flux is bounded by the two dotted lines
and the boundaries of the wires. If the origin is
taken to be on the axis of the right-hand wire and
r measures distance from that axis, it extends from
r =a tor =d— a. Consider the right-hand wire
first. In the region of integation the field it produces

is into the page and has magnitude B = poi/27r.
Divide the region into strips of length [ and width
dr, as shown. The flux through the strips a distnace |- d-———— -
r from the axis of the wire is d® = Bldr adn the

flux through the entire region is

g il [ ﬂzﬂﬂm(d—a)

27 Ja r 27 a

The other wire produces the same result, so the total flux through the dotted rectangle is

[ d—
(I)total:% Il( aa>-

The inductance is P diveded by i:

Diota [ d—
L= ttl:/ML—O1Q< a).

7 T a

51E
(a) Since &€ enhances 7, ¢ must be decreasing.

(b) From & = L di/dt we get

;€ 1V
C o di/dt  25kA/s

6.8 x 107*H.

52E
Since & = —L(di/dt), we may obtain the desired induced emf by setting

di E 60V

You might, for example, uniformly reduce the current from 2.0 A to zero in 40ms.
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53K

~~
5
~—

% = pon*A = (47 x 107" T-m/A)(100 turns/cm)*(7)(1.6 cm)* = 0.10 H/m.

(b) The induced emf per meter is

E= L% =(0.10H/m)(13A/s) =1.3V/m.

& 30x107%V
Cdi/dt  5.0A/s

(b) From L = N®p/i we get

L =6.0x107*H.

iL  (8.0A)(6.0x107*H)
® B 40 x 10-¢ Wb 0

55P
Use & = Ldi/dt.
(a) For 0 <t < 2ms

o A (46H)(7.04—0)

— =1.6x10*V.
At 2.0 x 10-3 5 8

(b) For 2ms <t < 5ms

oA (46H)(50A - 704)

— =3.1x10°V.
At~ (5.0 —2.0)10~%s 8

(¢) For 5ms < t < 6ms

Ai (46H)(0—5.0A) )
£=L"" = —23x 10V,
At~ (6.0 —5.0)10-s 8

o CI)total

P P P P
Loj = 1—|.- 2 1 2

=—+ —=0L1+1L,.
7 7

4 4
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(b) If the separation is not large enough then the magnetic field in one inductor may produce
a flux in the other, which would render the expression ® = L: invalid.
(¢) For N inductors in series

N

N N
Leq q)total_%zq)nzz%zzl—/n'

n=1 n=1 n=1

57P
(a) In this case tiota1 = 21 + 2. But Vigta) = ®/Leq and 13,2 = ®/Ly 5 so ®/Leq =
(I)/Ll —|—(I)/I/27 or

1 1 1

L L 'L

(b) The reason is the same as in part (b) of the previous problem.
(¢) For N inductors in parallel you can easily generize the expression above to

N
:ZE.

n=1

58E
Suppose that i(tg) = 19/3 at t =t,. Write «(tg) = io(1 — e_tO/TL), which gives

t .

In(1—i/ip)  In(1—1/3)

59K
Starting with zero current at time ¢ = 0, when the switch is closed, the current in an RL
series circuit at a later time ¢ is given by

iz%(l—e_t/”) ,

where 77, 1s the inductive time constant, &£ is the emf, and R is the resistance. You want
to calculate the time ¢ for which ¢ = 0.9990€ /R. This means

0. 9990% - % (1 . e_t/TL> ,

SO

0.9990 = 1 — et/
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or

e~/ = 0.0010.
Take the natural logarithm of both sides to obtain —(¢/7) = In(0.0010) = —6.91. Thus

t = 6.9177. That is, 6.91 inductive time constants must elapse.

60E
The current in the circuit is given by

—t/TL

i:ioe 5

where ¢ is the initial current (at time t = 0) and 77, (= L/R) is the inductive time constant.
Solve for 77,. Divide by ¢y and take the natural logarithm of both sides of the resulting

equation to obtain
1Il - = ——.
to TL

_ b 1.0s —0.217
T Tfifi] T n[(10x 103 A)(LoA)] T

Thus R=L/r, = (10H)/(0.217s) = 46 Q.

This yields

61E
Write ¢ = ige /7% and note that i = 10%1i,. Solve for #:

iv L. iy 2.00H io
R L e 1 = 1.54s.
T TR T 3000 1“(10.0%@'0> i

62E

(@) Immediately after the switch is closed £ — & = i¢R. But i = 0 at this instant so £, = £.
(b) E(t) = Ee™ /™ = £e7207e/m0 = €720 = (.135€.

(¢) Solve Er(t) = Ee /L for t/rr: t/m =In(E/EL) =1n2. Sot =77, In2 = 0.6937.

63E
(@) If the battery is switched into the circuit at time ¢ = 0, then the current at a later time

t is given by
1= & <1 — e_t/TL)
R b
where 77, = L/R. You want to find the time for which ¢ = 0.800€/R. This means

0.800 = 1 — ¢~ t/7z
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or

e~/ = 0.200.
Take the natural logarithm of both sides to obtain —(¢/77) = In(0.200) = —1.609. Thus

1.609L  1.609(6.30 x 107° H)
R 1.20 x 103 Q

t =1.6097 = =845 x 107 %s.

(b) At t = 1.071, the current in the circuit is
7 =

(1—e1?) = (%) (1—e ) =737Tx107°A.

|

64E
(a) L=®/i =26x 1073 Wh/5.5A = 4.7 x 1073 H.
(b) Use Eq. 31-45 to solve for t:

R L R
t = —TL1n<1 — %) = —E1n<1 — %)

47 x107%H [1 (2.5A)(0.759Q)
_E 0 AU TH

1

=24x10%s.
0.75 9 6.0V ] S

65P
Apply the loop theorem E(t) — L(di/dt) = iR and solve for £(t):
di . d
E(t) = L5 +iR = L (3.0+ 5.0t) + (3.0 + 5.00 R
= (6.0H)(5.0A/s) + (3.0 A + 5.0t)(4.0Q)

= (42 +20t) V,

where t is in seconds.

66P
(a) and (b) Write Vi (t) = Ee~t/T. Consider the first two data points, (Vi1, t1) and
(Via, ta), satisfying Vi; = 74/ (1 = 1, 2). We have Vi, /Viy = Ee~(—1)/70  which

gives

t1—t2  1.0ms—2.0ms

n(V2/Vi)  In(13.8/18.2) e

TL

So £ = Vyjelt/ = (18.2V)el? ms/3.6ms — 24V, You can easily check that the values of
71, and & are consistent with the rest of the date points.
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67P
Take the time derivative of both sides of Eq. 31-45:

di  d[€ o £ _pr
A i /T _ = /L
dt dt[R( ‘ >] L

45.0V _s _s
_ —(1802)(1.20x107 %) /(50.0x10™"H) _ 19 0 A /s
<5O.O><10—3H>6 0Afs
68P
(@) Since the inner circumference of the toroid is [ = 27a = 27x(10cm) = 62.8 cm, the

number fo turns of the toroid is roughly N = 62.8 cm /1.0 mm = 628. Thus

L=

T a 27 10 cm

woN*H | b (47 x 107" T-m/A)(628)?(0.12m — 0.10m) | (12 cm)
n— ~ n

—=29x107*H.

(b) Since the total length [ of the wire is [ = (628)4(2.0cm) = 50m, the resistance of the
wire is R = (50m)(0.02Q2/ m) = 1.0. Thus

L 29x107*H
===——=2. 107%s.
Tr, R 100 9 x 10 S

69P
(@) The inductor prevents a fast build-up of the current through it, so immediately after
the switch is closed the current in the inductor is zero. This means

B & B 100V
R+ Ry 10.092+20.0Q

ilziz

=3.33A.

(b) A long time later the current reaches steady state and no longer changes. The emf
across the inductor is zero and the circuit behaves as if it were replaced by a wire. The
current in R3 is 11 — 29. Kirchhoft’s loop rule gives

g —ilRl - izRQ — 0
and
g - ilRl - (ll - iz)R3 — 0
Solve these simultaneously for ¢y and 5. The results are
_ E(R2 + R3)
RiRy + RiR3 + Ry Rs
(100V)(20.0Q +30.09)

(10.092)(20.02) + (10.02)(30.0€2) + (20.02)(30.0 Q)
= 4.55 A

(3]




CHAPTER 31 INDUCTION AND INDUCTANCE 853

and

B ER;
"~ RiRy+ RiR; + R2Ry
(100 V)(30.0Q)
(10.09)(20.02) + (10.092)(30.02) + (20.0Q)(30.0Q)
=273A.

i2

(¢) The left-hand branch is now broken. If its inductance is zero the current immediately
drops to zero when the switch is opened. That is, ;7 = 0. The current in R3 changes
only slowly because there is an inductor in its branch. Immediately after the switch is
opened it has the same value as it had just before the switch was opened. That value is

4.55A —2.73A = 1.82A. The current in R, is the same as that in R3, 1.82 A.

(d) There are no longer any sources of emf in the circuit, so all currents eventually drop to
ZeTo.

70P

(¢) When swith S is just closed (case I), V3 = & and iy = £/R; = 10V/5.002 = 2.0A.
After a long time (case II) we still have V4 = &, so i1 = 2.0 A.

(b) Case I: since now &5, = &, 15 = 0; case II: since now £, =0, is = E/Ry, = 10V/10Q =
1.0A.

(¢)Caseii=14; +13=2.0A+0=2.0A; case [l. 1 =4, +12 =2.0A+1.0A =3.0A.

(d) Case L: since &, =&, Vo =& — €L =0; case Il: since £, =0,V =& - &, =& =10V.
(e) Case I £, = & =10V; case II: £, = 0.

(f) Case L: dip/dt =& /L =E/L=10V/5.0H =2.0A/s; case II: diz/dt = £, /L = 0.

71P

For t < 0, no current goes through Ly, so 12 = 0 and ¢y = £/R. As the switch is opened
there will be a very brief sparking across the gap. ¢; drops while ¢, increases, both very
quickly. The loop rule can be written as

. diq diy
_ —Li—=_TL — L,—= =
&E—-—1nR ldt o R Zdt 0,

where the initial value of iy at ¢ = 0 is given by £/R and that of iy at t = 0 is 0. Now
consider the situation shortly after ¢ = 0. Since the sparking is very brief, we can reasonably
assume that both 2; and 75 get equalized quickly, before they can change appreciably from
their respective initial values. Thus the loop rule requires that Li(dey/dt), which is large
and negative, must roughly cancel Ly(diz/dt), which is large and positive:
dil dlz
Ly o~ —L, e
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Let the common value reached by 27 and i5 be ¢, then

di, Ai, _i-&/R

dt T At T At

and

diy _Aiy -0

dt T At T A

Ly <@ - %) = —Ly(i — 0),

. ELy Ly €&
1= = —.
LZRl ‘|‘ L1R2 L1 —|— L2 R

The equations above yield

or

72P

(a) Before the fuse blows, the current through the resistor remains zero. Apply the loop
theorem to the battery-fuse-inductor loop: € —L di/dt =0. Soi = Et/L. As the fuse blows
at t =19, 7 =19 = 3.0A. Thus

oL (3.0A)(5.0H)

30A

0.67 A

15s (fuseblows)

73P*

(@) Assume ¢ is from left to right through the closed switch. Let ¢; be the current in the
resistor and take it to be downward. Let 79 be the current in the inductor and also take it to
be downward. The junction rule gives i = ¢y 5 and the loop rule gives iy R—L(diz/dt) = 0.
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According to the junction rule, (diy/dt) = —(diy/dt). Substitute into the loop equation to
obtain

di, .
Ld—t1—|—z1R:0.

This equation is similar to Eq. 31-48, and its solution is the function given as Eq. 31-49:

il — Z'Oe—Rt/L 7
where 2, is the current through the resistor at + = 0, just after the switch is closed. Now

just after the switch is closed the inductor prevents the rapid build-up of current in its
branch, so at that time 15 = 0 and 7y = ¢. Thus 19 = ¢, so

il Z'e—Rt/L

and

@'2:@'—@'1:@'(1—6—Rt/L).

(b) When iz = il,
e—Rt/L — 11— e—Rt/L7

SO
RyL_ 1
2
Take the natural logarithm of both sides and use In(1/2) = —In2 to obtain (Rt/L) =1n2
or

t—LIZ
=5 n2.

2Up  2(25.0 x 1072 J)
2 (60.0 x 1073 A)?2 59

(b) Since Up o i?, for Up to increase by a factor of 4 i must increase by a factor of 2, i.e.,

i should be increased to 2(60.0mA) = 120 mA.

75E
Let Ug(t) = %Liz(t) = tUR(t — ) = iLig. This gives i(t) = io/\/§. But i(t) =

-2

io(1 — e_t/"L), sol—e t/m = 1/v/2. Solve for t:

1
t=—7rrlnl{l—— ) =1.2371.
- ( ﬂ) -
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76E
(a) ip=E/R=100V/10Q = 10A.
(b) Up = $Li3 = 1(2.0H)(10A)? = 1007J.

T7E
(a)

d% - %(%Li2> - L@% — Liy (1 - e_t/TL> % {@'0 (1 - e—t/TLﬂ

Lid ., ez _
= = 0=t/mr (1 = /TL>:— Rt/ L <1— ””)
E St (L/RR" ’
~ (100V)? _(190)(0.10)/2.0H [ . —(109)(0.105) /2.0 H
= 7 ¢ 1—e

102
=24 x10?W.

Pihermal = i°R = 1 <1 — e_t/TL>2 R = ‘%2 <1 _ e—Rt/L>2

_ (100 V)2 {1 _ (10 Q)(O.lOs)/Z.OH}Z
100
—1.5x10°W.

) ; —t/T 52 _
Pyattery = 1€ = &1 <1 e L> == <1 e Rt/L>
= M {1 _—(10 Q)(O.lOs)/Z.OH}
10Q

=3.9x10°W.

Note that the law of conservation of energy requirement Pyaitery = dUp/dt + Pinermal 1s
satisfied.

78P
Use the results of the last problem. Let Piermal = dUp/dt, or

% <1 B e—Rt/L>2 _ %G—Rt/L <1 B e—Rt/L)

and solve for #: I
t = EIHQ =7,In2=(37.0ms)In2 =25.6ms.
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9P
(a) If the battery is applied at time ¢ = 0 the current is given by

iz%(l—e_t/”) ,

where & is the emf of the battery, R is the resistance, and 77, is the inductive time constant.
In terms of R and the inductance L, 71, = L/R. Solve the current equation for the time
constant. First obtain ,

et/ =1 — % )
then take the natural logarithm of both sides to obtain

1 'R
D om(1- ),
L n( 5)

iR (2.00 x 1073 A)(10.0 x 10° Q)
" ( 5 ) . [ 50.0V 5108,

the inductive time constant is 7, = ¢/0.5108 = (5.00 x 107%)/(0.5108) = 9.79 x 107 % s
and the inductance is

Since

L=7,R=(9.79 x 107%5)(10.0 x 10> Q) = 97.9H.

(b) The energy stored in the coil is

1 1
Up = §L@'2 = 5(97.9 H)(2.00 x 107* A)? =1.96 x 107*J.

¢ t g2 _ £? L/ _
Eyattery = / Pyattery dt = / 7 <1 —e Rt/L) dt = 7 [t + I <e Rt/L _ 1> ]
0 0

10. 2 550H —(6.70Q)(2.00s)/5.50H __ 1
00VE[, o 50H) [ |
6.70 2 6.70 2
=18.77J.
(b)
1 '2 1 € ’ —Rt/L\2
Finductor = UB(t) — §LZ (t) = §L E (1 — e )

2

1 10.0V\?
— ~(5.50H 1 — —(6.70Q)(2.00s)/5.50 H
5 )<6.7OQ> [ ¢

=5.10J.
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(C) Edissipated = Ebattery — Linductor — 18.7J —5.10J = 13.6J.

81P
(@) The inductance of the solenoid is
L = pon? Al
= (47 x 1077 T-m/A)(3000 turns/0.800 m)?(7)(5.00 x 1072 m)?(0.800 m)
=0.111H.

Thus

Up(t) = SLi%(t) = ;L(g) (1)’

2
_ (0.111H) (12-0V> {1 _ —(10.092)(5.00x107%5)/0.111 H 2

2 10.0Q
—=1.05x10727.
()
&? L/ _
Ebattery = E |:t + E <€ Rt/L _ 1> :|
(12.0V)? -3 0.111H —(10.02)(5.00x107%5)/0.111 H
= 15.00x 1 B |
1000|2000 s+ { 500 {e }
=1.41x1072J.

82P

Suppose that the switch has been in position a for a long time, so the current has reached
the steady-state value 7y. The energy stored in the inductor is Ug = %Lig. Now the switch
is thrown to position b at time ¢ = 0. Thereafter the current is given by

i =ige

where 77, is the inductive time constant, given by 7 = L/R. The rate at which thermal
energy is generated in the resistor is given by

P=i?R=4Re %/t
Over a long time period the energy dissipated is

>0 o0 1
E = / Pdt = ZSR/ e_Zt/TL dt = —§igRTL6_2t/TL _
0 0
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Substitute 7, = L/R to obtain

1
E=_Li.

the same as the total energy originally stored in the inductor.

83E

(a) At any point the magnetic energy density is given by up = B*/2ug, where B is the
magnitude of the magnetic field at that point. Inside a solenoid B = pgne, where n is
the number of turns per unit length and 2 is the current. For the solenoid of this problem

=(950)/(0.850m) = 1.118 x 10 m~!. The magnetic energy density is

1 1
up = 5/,L0n2i2 = 5(47r x 1077 T-m/A)(1.118 x 10 m™)*(6.60 A)? = 34.2T/m’ .

(b) Since the magnetic field is uniform inside an ideal solenoid, the total energy stored in
the field is Up = upV, where V is the volume of the solenoid. V is calculated as the
product of the cross-sectional area and the length. Thus

Up = (34.27/m*)(17.0 x 107 m?)(0.850m) = 4.94 x 10727

84E
The magnetic energy stored in the toroid is given by Up = %Liz, where L is its inductance
and ¢ is the current. The energy is also given by Up = upgV, where up 1s the average

energy density and V is the volume. Thus

3
/2uBV 700J/m 00200m):5.58A.
90.0 x 103 H

85E
Let ug = %eoEz =up = %Bz//,LO and solve for E:

B 0.50 T
E = — = 1.5 x 10° V/m.
Veoro  4/(8.85 x 10712F/m)(47 x 10~7 T-m/A)

86E
Use 11y = 9.46 x 10" m

VB2 (946 x 10'5)>(10710 T)?

— =3x10*7.
210 2(4n x 10~ T-m/A) 8

Ugp =Vug =




860 CHAPTER 31 INDUCTION AND INDUCTANCE

87E
Use Eq. 31-53 to solve for L:

b . b
I — _ Mot

72 12 4rm a 27 a

88E
(@) The energy needed is

1 1
Ugp =upV = 5eoEzv = 5(8.85 x 10712 F/m)(100kV/m)*(10 em)® = 4.4 x 107°J.

(b) The energy needed is

1 (1.0T)?2
— — —B2 —
Up=upV =5 BV = 107 T-m/A)

(10em)® = 4.0 x 10%J .

(b) Obviously, since Up > Up greater amounts of energy can be stored in the magneticc

field.

S9FE
(a) , . \ \
B:w: (47 x 107" T-m/A)(100 A) 13%10-3T.

R 2(50 x 10~3 m)

(b) 2 ( 3 )2
B 1.3%x 1073 T
— — =0.63]/m>.
YB = 5 T 2(4n x 107 T-m/A) fm

90P

(a) The energy density at any point is given by up = B*/2u, where B is the magnitude
of the magnetic field. The magnitude of the field inside a toroid, a distance r from the
center, is given by Eq. 30-26: B = pgiN/27r, where N is the number of turns and ¢ is the

current. Thus )
. 1 MolN . /,L()Z'Z_Z\f2
2 \ 27r ~ 8m2p2

up

(b) Evaluate the integral Up = fuB dV over the volume of the toroid. A circular strip
with radius r, height A, and thickness dr has volume dV = 27xrhdr, so

Up

[o12 N2 bdr pei?NZh b
82 a T 47 a
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Numerically,

Up =

(47 x 1077 T-m/A)(0.500 A)*(1250)*(13 x 10~°m) | (95 mm>

4 52 mm

=3.06x10747J.

(¢) The inductance is given by Eq. 31-37:

NZ2h b
L= Ho In (—)
27 a

2.2
UB:%LiZZth(é) ]

4 a

so the energy is given by

This the exactly the same as the expression found in part (b) and yields the same numerical
result.

91P
(a)
- B_2 IR S AN [hoi? _ (47 x 107" T-m/A)(10 A)? 10T /m’
2 20 \ 2R R? 8(2.5 x 10—3 m/2)?
(b)

1, e\ e[iR\
up = ek —§<;> —§<7>

1
= 5(8.85 x 10712 F/m)[(10 A)(3.3Q2/10° m)]?
=48x 1071 J/m?.

Here we used J/o =1/0A and R/l = p/A =1/0A to obtain J/o = iR/I.

92P

(a) BZ ( 6 T)Z
50 x 10~
= € — =1. 1 -3 3 ]
UB = 5 T 3(ar x 10T Tomja) ~ 10X 10 /m
(b) The volume of the shell of thickness h is V =~ 47 R%*h, where R, is the radius of the
Earth. So

Up~Vup ~47(6.4 x 10°m)?(16 x 10°m)(1.0 x 107* J/m®) = 8.4 x 10" J.
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93E
(®) 3 25.0mV
M= 2V 67mH.
iy jdt] ~ 15.0A7s  0Tm
(b)
&, = Mi; = (1.67mH)(3.60 A) = 6.00 mWh.
94E
) Liii  (25mH)(6.0mA)
By, = L 2OV 5 W
127 7N, 100 a
o
£ = Llﬁ = (25mH)(4.0A/s) = 100mV .
) Miy  (3.0mH)(6.0mA)
1 Om Om
A 200 P0nW
o
a1 = M£ = (3.0mH)(4.0A/s) = 12mV .
95E
Use & = M diy /dt to find M:
3 30 x 103V
dir/dt ~ 6.0A/(2.5 x 10-35) 3
96P

(@) Assume the current is changing at the rate di/dt and calculate the total emf across
both coils. First consider the left-hand coil. The magnetic field due to the current in that
coil points to the left. So does the magnetic field due to the current in coil 2. When the
current increases both fields increase and both changes in flux contribute emf’s in the same
direction. Thus the emf in coil 1 is
di

& =—(Li1+ M) R
The magnetic field in coil 2 due to the current in that coil points to the left, as does the
field in coil 2 due to the current in coil 1. The two sources of emf are again in the same
direction and the emf in coil 2 1s

&y =— (L2 + M) %
The total emf across both coils is
di
e
This is exactly the emf that would be produced if the coils were replaced by a single coil
with inductance Loq = Ly + Lo + 2M.

E=&6+& =—(L1+ Ly +2M)
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(b) Reverse the leads of coil 2 so the current enters at the back of coil rather than the
front as pictured in the diagram. Then the field produced by coil 2 at the site of coil 1 is
opposite the field produced by coil 1 itself. The fluxes have opposite signs. An increasing
current in coil 1 tends to increase the flux in that coil but an increasing current in coil 2
tends to decrease it. The emf across coil 1 is

di
Ei=—(L1 - M) —.
! (Ly ) 3
Similarly the emf across coil 2 is
di
E=—(Ly— M) —.
? (L2 ) &
The total emf across both coils is
di

This the same as the emf that would be produced by a single coil with inductance Loq =
Ly + Ly —2M.

97P

b =g, - Ve _ Nl

ls ls

= pomR*nN.

As long as the magnetic field of the solenoid is entirely contained within the cross-section
of the coil we always have ®,. = B,A, = B,mR?, regardless of the shape, size, or possible
lack of close-packing of the coil.

98P
Use the expression for the flux ® over the toroid cross-section derived in Sample Problem
31-6 to obtain

M= M, = N P _ &MOitNth lné _ poN1N2h lné

o o 27 a 27 a

Y

where Ny = N; and N, = Ns.

99P

Assume the current in solenoid 1 is ¢ and calculate the flux linkage in solenoid 2. The
mutual inductance is this flux linkage divided by ¢:. The magnetic field inside solenoid 1
is parallel to the axis and has uniform magnitude B = pginy, where n; is the number of
turns per unit length of the solenoid. The cross-sectional area of the solenoid is 7R} and
since the field is normal to a cross section the flux through a cross section is

®=AB = FR%/,Lonli.
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Since the magnetic field is zero outside the solenoid, this is also the flux through a cross
section of solenoid 2. The number of turns in a length [ of solenoid 2 is Ny = nyl and the
flux linkage is

NQCI) == TLQZﬂ'R%/,LOnli .

The mutual inductance is

N, ®
M =2

4

= WR%Z/,LOnan )

M does not depend on Ry because there is no magnetic field in the region between the
solenoids. Changing Ry does not change the flux through solenoid 2, but changing R; does.

100P
(@) The flux over the loop cross section due to the current 7 in the wire is given by

a+b a+b ] il b
o = Byire(r)ldr = BO g = B0 (14 2.
“ a 27r 27 a

N® Nyl b
M:—,: MO 1Il<1—|——>
a

7 27

Thus

(b) From the formula for M obtained above

M =

-7,
(100)(47 x 1077 T-m/A)(0.30m) (1 N fg

) =13x10"°H.
2w ) %



