CHAPTER 30 Faraday’s Law

Answers to Understanding the Concepts Questions

1. By Gauss’ law for magnetism, the magnetic flux through a closed surface is always zero. Thus there will
be no induced electric field. Another way of seeing this is to view the sphere as consisting of two

adjacent hemispheres separated by the equator. Suppose for example that B is oriented perpendicular
to the plane of the equator and increases with time. The normal to the surface of the lower atmosphere

points in a direction opposite to that of B, hence by Faraday's law there is an induced electric field on
the equatorial boundary of the lower hemisphere due to a decreasing B-dA.On the upper hemisphere

the normal to the surface is aligned with the direction of B, there is an increasing B- dA, and the
induced electric field on the equatorial boundary of the upper hemisphere win be the sanle as that of
the lower atmosphere, but of opposite sign. The two contributions cancel.

2. No. An electric field is induced in an imaginary loop in vacuum whenever the magnetic flux through the
surface enclosed by the loop varies with time. If a real conducting loop is present, the induced electric
field can drive an induced current in the loop.

3. (a) is not necessarily correct; it depends on whether the N-pole or the S-pole is brought closer to the
loop. (b) is incorrect; Lenz’s law does apply. (c) is incorrect, with an induced emf there is actually an
induced current in the wire loop. (d) is also incorrect; the induced emf depends only on the rate of change
of the magnetic flux through the loop, but not on its resistance. (e) is the correct choice. Note that the
current in the wire loop satisfies Ohm’s law.

4. By twisting the wires together that might be part of a closed circuit, the effects of Faraday's law are
drastically reduced. You can contrast this case with a case in which the wires are widely separated:
this opens a large area and hence the possibility for a large magnetic flux. Pulling the wires together
reduces this possibility; twisting them reduces it even further, because then there are a series of very
small areas, and successive areas are oppositely oriented, reducing the possibility of a flux even
further.

5. Yes. The magnetic flux is @, =] B-dA, and there are many ways to change B without changing ®,.

Here are just two examples: (a) Divide the region into two subregions of equal areas, increase B in the
first region at a certain rate and decrease it in the second one at the same rate. The changes in ®; of the

two subregions cancel out. (b) Introduce a variable component of B that is perpendicular to dA.
Regardless of how this component changes, its contribution to B-dAis always zero, so @, does not
change.

6. As the north pole of the bar magnet approaches the wire loop, the flux through the loop increases over
time (if we choose down as the positive direction), so the induced current is counterclockwise (as that
would produce a counter-acting flux in accordance with Lenz’s law). Later on, as the south pole of bar
magnet leaves the loop, the flux through the loop decreases, so the induced current runs backwards, i.e.,
it becomes clockwise. The correct choice is therefore (b).
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Chapter 30: Faraday’s Law

7. (a) No: the flux entering from the right increases, and by Lenz' law the current must be such as to
counteract that. (b) Yes: the induced current gives rise to a field that opposes the increase in the flux
due to the approaching loop. (c) No: when the switch is closed, there is a rising flux in the direction to
the right. The induced current must counter that. (d) No: the loop is oriented so that there is no
magnetic flux through it from the straight wire, hence no current is induced.

8. There is no change in the magnetic flux through the hoop as it rolls, since the area of the hoop facing
the terrestrial magnetic field lines as well as the strength of the field itself are both constant. So no
induced emf or current will result.

9. Aslong as the loop is in a region in which the magnetic field is uniform, and it does not change its
orientation, then the magnetic flux is constant and there is no induced emf. If the loop enters or leaves
the region of constant field, then there win be a change in flux, and there win be an emf, unless the plane
of the loop is parallel to the direction of the magnetic field vector.

10. See the sketch below. The emf in the loop is given by € = Blv, and the currentis [ = €/R = Blv/R, with R
the resistance of the loop. Note that [ reaches its maximum value of D, the diameter of the loop, when
the center of the circle passes through x = 0.

I
B
— BuD/R[——— —==
’() —
I
w X t
0 0 D/v
|

11. Yes it does. Pulling the sheet of metal out of the region between the two poles changes the magnetic flux
through the sheet from a finite value to zero. The change in magnetic flux results in an induced emf,
which drives a current in the sheet. As the current flows it generates thermal energy, which must come
from the positive work done in pulling the sheet out.

12. In each case, as the magnet is thrust into the tube, the magnetic flux through the cross-section of the
tube changes, and an emf is induced. In the case of a copper tube this induced emf drives a relatively
large current through the tube, and as a result there is relatively strong a magnetic resistance on the
falling magnet, which as a result falls slower than the case of free fall. The only difference for an
aluminum tube (of the same dimensions, we assume) is that its resistance is higher than that of the
copper tube, so the induced current is not as strong, and the falling motion of the magnetic is not affected
by it as strongly as in the case of the copper tube. Since plastic is an insulator, no current is generated
even though there is still an induced emf. Therefore the plastic tube provides no magnetic resistance to
the falling motion of the magnet.

13. There will be no change in any physically measurable quantity. The reason is the invariance of the
laws of electromagnetism under Galilean transformations: the laws of motion are the same in all
inertial frames.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

As the plate oscillates in and out of the region in between the two magnetic poles the magnetic flux
through its surface changes. An induced emf result in the plate. If the plate is metallic then this
induced emf drive a current, which generates thermal energy — taken from the mechanical energy of
the oscillation of the plate. Eventually as all the mechanical energy of the plate is depleted it stops.
One way to prevent this from happening is to use an insulating material, instead of metal, for the
plate. That way no current is induced in the plate.

As the water is dammed up it is at a higher level. Once it flows down it gives up its gravitational
potential energy in exchange for kinetic energy. The fast-flowing water at the bottom of the dam is used
to drive the blades of a large turbine. As the turbine blades are forced to rotate inside a magnetic field
(which can be provided by permanent magnets) an emf is induced, which is then distributed through
the power transmission lines.

Consider, for definiteness, a flow of plasma directed from the top to the bottom of this page, up in the
plane of the paper, and a magnetic field directed into the plane of the paper. The force on moving
positive charges win be to the left. As a result, these charges will be deposited on the left-hand
boundary, with a consequent an electric field to the right. This electric field will increase as charges

accumulate until it is strong enough to prevent more charges from accumulating. This happens when E +

% x B =0. Thus o = E/B, independent of the density of the carriers and the magnitude of their charge.
The same analysis leads to the same speed if the carriers are negative.

This is similar to the situation discussed in Question 12 above. An induced current is generated in the
copper tube as the magnet enters the tube, since the magnetic flux through the tube is changing. Since
the tube is long, however, once the magnet has fallen deep into the tube the magnetic flux through the
tube no longer changes, and as a result the induced emf and current drop to zero.

In any case there is an induced emf on the straight wire. If the wire is part of a closed circuit with finite
electrical resistance, then this induced emf would result in a current. If, instead, the wire is isolated
and open at both ends, then no current can flow in it.

When the circuit is closed, there is a change in the current in the wire, and therefore a change of
magnetic flux in the iron core. This induces an emf in the aluminum ring, and the current generated by
this emf must be in a direction opposite to that in the coil. Since two antiparallel currents repel, the
aluminum ring jumps. The repulsion can be thought of as a direct manifestation of Lenz' law.

(a): The magnetic field produced by the current in the solenoid changes as the voltage that drives the
current varies. This results in a change in the magnetic flux through the ring. An emf is then induced in
the ring, and a current results. As the current flows through the ring it generates Joule heat (P = I’R), so
the ring gets hot. (b) and (c): The thermal energy generated in the ring is the result of an induced
current, which is due to the varying magnetic flux created by the variable voltage that drives the
current in the solenoid. The thermal energy in the ring ultimately comes from the voltage source, i. e., it
is converted from the electrical energy needed to drive the current through the solenoid.

A harmonically varying voltage across the solenoid gives rise to a harmonically varying current
through the solenoid, and therefore a harmonically varying magnetic flux. This induces an emf in the
copper ring, which in its turn gives rise to a current flowing in the copper. The current in the copper ring
will always be opposite in direction to the current in the coil by Lenz' law. Since opposite currents repel,
the copper ring has a tendency to be accelerated in a direction opposite to the direction of gravity. The
copper ring must be of such a radius and thickness that the two forces cancel.

We can fix a pair opposite magnetic poles in between the metal spokes of a wheel. As the wheel turns,
the spokes cut through the magnetic field lines, generating an induced emf which can be used to power
the light.
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Chapter 30: Faraday’s Law

23. Most cars have iron frames with some residual magnetic fields. As a car drives over the embedded wire
loop it changes the magnetic flux through the loop, and that causes an induced current in the loop. This
current can be used to change the signal.

24. A positive sign in front of the time rate of change of magnetic flux for the induced emf means that, once
the current in an inductor increases (thereby increasing the magnetic flux through it), the induced emf is
in the same direction of the current, which in turn increases even further as a result — we would in fact
be able to generate “free” electrical power, using by using an inductor. This violates the conservation of
energy. (Sadly, if you continue to leave a lightbulb hooked up to a battery pack after you turn it on, then
the inductance of the lightbulb would drive the current higher and higher, and the bulb glows brighter
and brighter, only it does not last very long — it invariably overheats and burns out!)
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Solutions to Problems

1. Connect the coil to the bulb and place the coil between the poles of the horseshoe magnet. Rotate the
magnet around the coil (which may be easier than rotating the coil). To make the bulb brighter
increase the speed of rotation, which increases the rate at which the magnetic flux changes.

2. (a) The magnetic flux through the galvanometer coil from the bar magnet is to the right and
increasing. To oppose this increase, the flux created by the induced current must be to the left,
which requires the induced current shown.

(b) When the switch is closed, the magnetic flux through the galvanometer coil from the top coil is
down and increasing. To oppose this increase, the flux created by the induced current must be up,
which requires the induced current shown.

(c) When the galvanometer coil moves up, the magnetic flux through the galvanometer coil from the
top coil is down and increasing. To oppose this increase, the flux created by the induced current
must be up, which requires the induced current shown.

(d) When the galvanometer coil swings into the magnetic field of the top coil, the component of the
area vector parallel to the magnetic field increases and thus the downward magnetic flux from the
top coil is increasing. To oppose this increase, the flux created by the induced current must be up,
which requires the induced current shown.

3. The magnetic flux through the loop is
®,=[f B-dA= BA.
The magnitude of the induced emf is
€=d®,/dt=AdB/dt=A(B,-B,)/At

=(12x104m?)(2.0 T-1.5T)/(5.7s) =[1.05 x 10~ V|.

4. The current in the loop is
I=E/R.
Because the emf is constant, we have

P=I’R=€/R=(1.05x10"%V)?/(7.7 Q) =[1.4 x 10-° W]|.

5. The magnetic flux through the loop is
®,=[[ B-dA = [[(Bi)- (dAi) = BA.
The magnitude of the current in the loop is
I=€&/R=(d®y/dr)/R =(A/R) dB/dt = (r?/R) dB/dt;

2 A =[n(35x10-2m)?/(1.5 x 10-3 Q)] dB/dt, which gives dB /dt=|0.78T/s)i|

Since the direction of current is not specified, so the magnetic field could be increasing or decreasing.

6. The current in the ring is

I-€/R=—(dd,/dt)/R = (A/R) dB/dt = - (A/R) AB/At. B
For the three segments we have or
0<t<03s: I =-(A/R)AB/At

=-[(14 x 10-*m?2)/(0.02 ©)][(0.8 T)/(0.3 s)] | |
=-0.19 A. 0 03 o1z 1

03s<t<10s: I =-(A/R)AB/At 1(A)
=—[(14 x 10~*m?)/(0.02 ©)][(0)/(0.7 s)] 028}~ —_
=0.

1.0s<t<12s: I =-(A/R)AB/At
=~ [(14 x 10-*m2)/ (0.02 Q)][(- 0.8 T)/(0.2 5)] o 05 TRERA
=+0.28 A. Corol—
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Chapter 30: Faraday’s Law

We take t = 0 when the leading edge of the loop enters
the magnetic field. The position of this edge is given
by x =—L + vt. The leading edge will reach the z-axis
at t; = L/v and the other side at t, = 2L/v. The trailing
edge will leave the magnetic field at t; =3L/v.
We have three regions to consider:
RegionI, 0<t<(L/v).
The magnetic flux through the loop is
®,=BL(x +L). (Note thatx <0.)
The induced emf is
g =—do,/dt
=—BL(dx/dt) = |— BLv (clockwise as viewed from above)|.
RegionIl, (L/v)<t<(2L/v).
The magnetic flux through the loop is
@ =[+B(L-x)-B(x)][L =BL(L-2x). (Note thatx>0.)
The induced emf is
&, =-do,/dt
=—BL(-2dx/dt) = |+ 2BLv (counterclockwise)|.
Region III, (2L/v) <t < (3L/v).
The magnetic flux through the loop is
®,=-B(Q2L-x)L =B(x-2L)L. (Note thatx>L.)
The induced emf is
& =-do,/dt
=-BL(dx/dt) = |-BLv (clockwise)|

With the current in the + z-direction, the magnetic
field of the wire is up in the region where the
loop is located:

B =+ u,l/2nx, I x _
so the flux through the loop is z é
®p=BA =+ (u,l/2rx)A. 30ecm —
Because the motion is uniform and we ignore the g cm
variation of the magnetic field across the loop, we 1cm

find the emf induced in the loop from
€=~ ADy/At =~ A(B;~ B)/ At
=~ Ayl /211 /x,~1/x) | At
— _[(2.5x10-2m)2(4rt x 10-7 T-m/ A)(0.120 A)/2r][1/(0.14 m) - 1/(0.15m)]/ (0.05 s)
l€1 =[1.3 x 10-10V clockwise].

If we take the area of the coil to be aligned with the field at t = 0, we have
®,=NB - A = NBA cos(wt) = NBA cos(2mft).
The emf induced in the coil is
E=-d®,/dt =- N (d/dt)[BA cos(2mft)]
= NBA2nf sin(2mft).
The maximum value occurs when sin(2mft) is maximum:
Emax = NBA2Tf (1) = (100 turns)(0.30 T)(8.0 x 10-2 m)22n(15 Hz) = [18V].
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10. If we take the area of the coil to be aligned with the field at t = 0, we have

®,=NB - A = NBA cos(wt) = NBA cos(2mft).

The emf induced in the coil is
E=-d®,/dt =- N (d/dt)[BA cos(2mft)]

= NBA2nf sin(2mft).

The current in the coil is
[ = E/R = NBA2nf sin(2nft) / R.

The maximum value occurs when sin(2mft) is maximum:
I =NBA2nf/R

3.0 A = (450 turns)(0.35 T)(2.5 x 102 m)22nf/ (12 Q), which gives f=[19 Hz (1.6 x 102 rad/s)|

11. We take t = 0 when the leading corner of the loop passes the origin and enters the magnetic field.
Before t = 0, there is no flux through the coil, and thus there is no emf. The trailing corner will enter the
magnetic field at t = L/v,. After this time the flux through the coil will be constant, and thus there is
no emf. Between these two times, each side of the coil will have moved a distance v,t into the
magnetic field. The area of the coil through which there is a magnetic field is

A = (vt)2k .
The magnetic flux through the coil is

®p=B - A=[By(i+j+k)] - [(0gt)2k ] = Byov,2t2.
The induced emf is

g=-doy/dt=F2B v 0<t<L/v,

12. Att =0, the flux through the loop is maximum. The rate of change
of the flux, however, is zero, so € = .
At t = T/4, the flux through the loop is zero. The flux is changing
from entering one side of the loop to entering the other side. The
induced current will oppose this change by producing a magnetic
field that will maintain the original flux. For the view in the
figure, the induced field is directed into the page, and € is .
At t =T/2, the flux through the loop is maximum. The rate of change
of the flux, however, is zero, so €= Ig
Att =3T/4, we have the same view as for t = T/4. Eis .
Note that, in the reference frame of the loop, the emf has reversed.

—>
S

;

Rotation

T{;

13. Because the magnetic field varies in the x-direction ¥
but not the y-direction, we find the flux through
the loop at time f by choosing a strip with length D
and thickness dx:

ot
@B:U E-dA:/ (Cxj) + (D dx ) = JCDot. /
0

The induced emf is

E=-d®d,/dt =-CDv?t clockwise. s ot d
The resistance of the loop is R = aL = a(2D + 2vt).
The current in the loop is

I=€/R=[CDv? /2a(D + vt) clockwise|
This differs from the result of Example 31-5 by the presence of a vt term in the numerator. Here the
cause of the emf is both the increasing area and the increasing magnetic field.

o]
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Chapter 30: Faraday’s Law

14. The magnetic flux through the loop is
®,=B - A=(Byk)- (Dvtj)=0.
Thus there is no flux and no change in flux through the loop. There is no induced emf; the induced
current is ﬂ

15. Because the magnetic field varies, we choose a differential area dx dz ]A and integrate to find the flux
through the loop:

ch:”B'-dA:U (Cz)) - (dx dz))

D ot
=/[Czdxdz=[ Czdzf dxz%CDzvt.
0 0

The induced emf is
€=-dd,/dt =-1CD?.

The resistance of the loop is R = aL = a(2D + 2vt). The current in the loop is
I=E/R= |—CD27J/4OC(D + vt) clockwise|.

16. From the expression for the radius, r = r,(1 + at), we have
dr/dt=r,a.
Because the magnetic field is constant and perpendicular
to the ring, we find the flux through the loop from
®,=B - A =B,A =By,
The induced emf is
€=-d®,/dt =-2B,mr (dr/dt) =-2Byn[r,(1 + at)]r,a clockwise.
The resistance of the ring is
R'=R2mr = R (1 + pt)2mry(1 + at),
so the induced current is
I=€E/R' =-2Bymry?a(l + at)/[Ry(1 + Bt)2mry(1 + at)]
= Byroa/Ry(1 + B) clockwise].

17. If we take the area of the coil to be aligned with the field at t = 0, we have
®;=B - A =BAcos(wt).
The emf induced in the coil is

€=~ ddy/dt =~ (d/dH[BA cos(wt)] =[BAw sin(wt)]

18. Because the angle between the magnetic field and the area varies
over the surface of the hemisphere, we find the flux by integration.
We choose a strip at an angle 6 with a thickness R d6, as shown in
the diagram. The area of this strip is

dA = (2nR sin O)R d O = 2rtR? sin 0 d6.

From the diagram, we see that 0 is the angle between B and dA,

so we have y
. . /2
q>B=UB-dA=/ B, (cos 0)2nR*sin 6 d6 /
0 X
.2 /2
- Boanz(sz 2 ) = Bk
0

This is the flux of a constant field through the area of a circle of radius R, as found in Example 30-3.
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19.

20.

21.

22.

23.

24.

=]

Because the velocity is perpendicular to the magnetic field and the antenna, we find the magnitude of
the emf from
&=BLv

=(2x1010T)(5 m)(8 x 103 m/s)= [8x 1076 V|.

The component of the magnetic field perpendicular to both the velocity and the wing produces the

magnetic flux through the area swept out by the wing, so we find the magnitude of the emf from
€=B,Lv = (2.8 x 10-5 T)(35 m)(940 km /h)(1 h/3.6 ks) =[0.26 V]

If the velocity is to the east, the component of the magnetic field perpendicular to both the velocity

and the wings is the same, so the answer would not change.

Because the velocity is perpendicular to the magnetic field and the rod, we find the magnitude of the
potential difference from
€=BLv

=(0.069 T)(0.25 m)(1.7 x 10-2m/s) =[29 x 10-* V|.

Because the velocity is perpendicular to the magnetic field and the rod, we find the magnitude of the
potential difference when the speed is v from

E=BLv.
The rate at which this potential difference changes is

d€/dt = BL dv/dt = BLg = (1.5 x 10-4 T)(0.06 m)(9.8 m/s2) =[8.8 x 10-5 V /.

We find the magnetic field from
E= %BowLZ ;
100 x 103 V = 1B,(100 rad/s)(0.10 m)?, which gives B, =[0.20 T}

We find the flux through the area swept out by a radial line on the disk, as in Example 30-7:
®, = B(16R?) = 1BwtR?.

The induced voltage is
€=-dd,/dt =-1BwR?

=-1(0.10 T)(150 rad /s)(0.035 m)? =|-9.2 x 10-3 V|.

The negative sign indicates that when the direction of  is the same as the direction of B, the emf is
directed radially out from the axis, and the rim is at the higher potential.

. When the bar has moved a distance x, the area swept out by the bar is

A = xL sin 60°,
so the magnetic flux through the area is
®, = BxL sin 60°.
The potential difference is due to the induced emf:
€=-d®,/dt =—(dx/dt)BL sin 60° = - (5.0 m/s)(5 x 10-3 T)(0.7 m)(0.866) = — 1.5 x 10-2 V.
From Lenz’s law, the emf would generate a current to oppose the increase in flux, so it is directed down.
The potential difference between the two ends of the bar is
[L5 x 10-2 V, with the bottom end at the higher potentiall.
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27.

28.

29.

30.

Chapter 30: Faraday’s Law

Assuming that the magnetic force exerted on the rod is small in comparison to the gravitational force, so
the motion of the rod is still that of a simple-harmonic motion:
0(t) = 0, cos (wt + ¢,), where w=(L/g)">.
The angular velocity of the rod as a function of time is then
do/dt =d[6, cos (wt + ¢)]/dt =— w0, sin (wt + ¢,).
The average linear speed of the rod cutting the magnetic field is
v, =1iL1d0/dt) | =LLwb, |sin (wt + ¢) |
The induced emf is
€=v, BL=1BL*w6, |sin (wt + ¢,)|.
This can be written as a function of 6, as
I'sin (wt + ¢) | =[1-cos (wt + ¢)]">=[1-(6/6,)*]"?;s0
E=[BL"*[¢(6,> - 0]"q, where in the last step we noted that w = (L/g)"/>.

(a) Fy =evB=(1.6 x10-12 C)(0.25 m/s)(0.030 T) =[1.2 x 10-2I N|.

(b) Let F. =eE=¢V/d=F;, to obtain

V=F;d/e =evBd/e = vBd = (0.25 m/s)(0.030 T)(0.003 m) =2 x 10-5 V|.

When the plate is entering the region between the poles of the electromagnet, the eddy currents will
circulate to produce a magnetic field with a direction opposite to the field of the magnet. The
magnitudes of the currents will depend on the rate at which the area of the plate within the magnetic
field is changing. The magnitudes will increase and then decrease to zero, when the entire plate is
within the magnetic field.

When the plate is leaving the region between the poles of the electromagnet, the eddy currents will
circulate to produce a magnetic field with a direction the same as the field of the magnet. The
magnitudes of the currents will depend on the rate at which the area of the plate within the magnetic
field is changing. The magnitudes will increase and then decrease to zero, when the entire plate is
outside the magnetic field.

We let t = 0 when the rod enters the magnetic field. When the
rod has traveled a distance x = vt, the length of the rod in the
magnetic field is 2R sin 6, where

cos 0=(R-vt)/R=1-vt/R and

sin O=[1-(1-0vt/R)?]'/2 = 20t/ R - v?t2/R?)1/2.
Because v, B, and L are perpendicular, the motional emf is

€=—-BuL =-Bv2R sin 0

=— Bv2R(2vt/R — v2t2/R2)1/2 = — 2Bv(2Ruvt — v2t2)1/2,

From Lenz’s law, we see that the emf will be directed down.
After the rod leaves the field at t = 2R /v, the emf will be zero:

€= [-2Bv(2Rvt — v2#2)1/2 for 0 < t < 2R /0.

To produce the maximum current, the axis of rotation is perpendicular to the field. The flux through
the coil is

D= NB - A = NBA cos 6= NBA cos(wt).
The induced emf is
£=-d®,/dt =— NB dA/dt = NBAw sin(wb).
The maximum current in the circuit is produced by the maximum emf:

I =€,/ R=NBAw/R, which gives B={I_. R/NA«w|
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31. (a) Because the split-ring commutator makes the I
current always positive, we have
I =(NBAw/R)|sin(wt) . Lax
(b) The value of sin(wt) is positive for 0 < wt < .
We find the average current from the average ¢
of sin(wt) for half of a cycle: 0 T 2T

fm sin(wt) dt jmf:n sin(wt) d(wt) - cos(wt)

wt=m

wt=0

[Sin(wt)]av: - T/2 - wt=mn = TT :3-%'
dt f , o)

wt=

0
For the average current, we have

I, = (NBAw/R)[sin(wt)],, = PNBAw/Rr]
(c) For the magnetic field we have B = IEI R/ 2NA23|.

32. The magnetic field is not constant over the area swept out by the

rod. We select a differential slice a distance y from the wire and F——H —] y
find the magnetic flux through the area by integration: _| — ] |_ x
N o D+L T
P, — B-dA= Mol 17 g e L . | Go
o L A o <
v
()25 L), SN
27 D o [') ° o) Y (o). (e

The induced emf is , | By

E=—dd,/dt = (u,I/2m)(dH/dt) In[(D + L)/ D] 19

== (uylv/2m) In(1 + L/ D)

= [(4rx 107 T-m/A)(0.650 A)(2.2 m/s)/2m] x
In[1+ (45 cm)/3.5 cm)]

=-75x10"7 V|

The magnetic flux on the side of the moving rod is into the page. The induced emf in the rod is 7.5x 10-7
V and the end of the rod closer to the current carrying wire has lower potential.

. We find the current in the loop from

I=—(d®,/dt)/R.
Because the straight section is perpendicular to both the magnetic field and the velocity, the drag force
is

F = IBL = (d®,/dt )BL/R

= (17 T-m?/s)(0.16 T)(0.12 m)/(25 Q)

The force to keep the loop moving must have the magnitude of the drag force, so the power is

P=Fv

=(1.3x10"2N)(35m/s) = [046 W],
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Chapter 30: Faraday’s Law

34. The power supplied by the force equals the power dissipated
by the current in the resistance of the loop. We take t =0
when the front tip of the loop is leaving the region of the
magnetic field. The position of the front tip is x = vt.
For 0 < t < L/vv2, the first half of the loop is leaving the field.
The magnetic flux through the loop is
®,=BA= B(L2-22).
The induced emf is
€=-dd,/dt = B2x (dx/dt) = 2Bxv = 2Bv?t.
The power dissipated in the resistance, which must be the power
supplied by the external force, is
P=12R=€2/R=[2Bv?)2/R for0<t<L/ov2|
For L/vv2 <t < (2L/wvv2 = LV2/v), the second half of the loop is leaving the field.
The magnetic flux through the loop is
®,=BA= B[QL/v2) - x2 = B(Lv2 - x)2.
The induced emf is
€=-d®d,/dt =-B2(Lv2 - x) (- dx/dt) = 2B(Lv2 — x)v = 2Bv(LV2 — vt).
The power dissipated in the resistance, which must be the power supplied by the external force, is
P=12R=€2/R= [RBv(Lv2 - vt)]*/R for L/ov2<t<Lv2/d

35. (a) IfL is the separation of the rails and D is the distance of the bar from the end of the rails, the
magnetic flux through the loop is
®, = BA = BLD.
The induced emf is
€=-d®,/dt =-BL (dD/dt) =- BLv,
which produces a current
I=€&/R=BLv/R.
The Lorentz force on this current is
F =ILB = B?L?v/R, opposite to the direction of the motion.
To maintain the motion, an equal and opposite external force is required:
F = (0.28 T)*(0.30 m)2(0.60 m/s)/(0.050 ©) = [0.085 N].

(b) The rate of Joule heating in the resistor is
P=I?R = (BLv/R)?R = B?L?v?2/R =Fv

= (0.085 N)(0.60 m/s) =[0.051 W|.

36. (a) From Ohm’s law
I=E/R=5V/25Q= counterclockwise.
(b) Fy=1IBL=(2A)0.3T)0.12m) =[0.07 N to the right].
(c) Apply Newton’s second law to the movable wire:
2F = Fp — Fregistance = m(do/ dt);
IBL — Fistance = m(dv/ dt).
Here the current I satisfies
€ -BLv=1IR,orl= (€ - BLv)/R, which we plug in to the equation of motion for the wire:
[(€ = BLv)/R]BL - F,ogistance = m(do/dt); or a —bo = dv/dt, where
a = EBL/MR — F,ogsiance/ M = (5 V)(0.3 T)(0.12 m)/m(2.5 Q) — (0.02N)/m and
b=B’L*/mR =[(0.3T)(0.12 m)]*/ m(2.5 Q).
The solution to this equation is
o(t) = (a/b)(1 - e ™) = [[(EBL — FegianceR) / BLI](1 — expl— (B*L?/ mR)t] .
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37.

38.

39.

40.

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently

Let the (constant) terminal speed of the wire be v. Then the induced emf generated in the wire is € =
BLv. The resulting current I in the circuitis I = € /R = BLv/R, and the power dissipated due to ohmic
heating is

Pr=IR = (BLv/R)’R = (BLv)*/R.
Meanwhile, the power generated by gravity as it pulls the wire of mass m down at speed v is

P, =F,v=mguv.
From the principle of conservation of energy

P =P, ; (BLv)*/R=mgov. Thus

v=[mgR /(BLA]

(a) The magnetic field of the wire depends on the distance B
from the wire, B = (u,/2m)I/y. We select a differential U¢ * y
slice a distance y from the wire and find the magnetic — |_
flux through the area by integration: | X
. o L+D I ° L ° ®
®y= || B-dA= M)L d d
] e s
_ (Mol L+D - B
= ( o )ln ( D ) ° 5 L) ®) Yy (e .
The induced emf in the loop is | |
£=—dd,/dt = (uy/2m)I,L(- L/ D2)(dD/d#)/[(L + D)/ D] —>1,

=+ [(uy/2m)I,L?/[D(L + D)]v].
The current in the loop is
I=&/R = (uy/2m0I,L20/[D(L + D)R] = uyI,L20/[2r D(L + D)R].
Because the flux through the loop is decreasing, the current will be counterclockwise.

The force required to pull the loop must balance the net Lorentz force on the loop. The forces on the

segments of the loop perpendicular to the wire will be in opposite directions away from the loop,

so their net force is zero. The force on the top segment parallel to the wire will be directed up, and
the greater force on the bottom segment parallel to the wire will be directed down. The magnitude

of the external force is equal to the difference of these two forces:
F = IL(uyl, /2mD) — IL[(uyl /2r(L + D)]
= [l L20/2m D(L + D)RIL(uyl,/2m)[1/D~1/(L + D) = [[u,I,L2/2nD(L + D)]*(v/ R).
(b) The rate at which this force is doing work is
P = Fo = [(yy],L?/2nD(L + D)]2(v/ R)v = [[uyl,L?v/2nD(L + D)]2(1/R)|.
(c) The Joule heating in the loop is

P=12R=[uyl,L%0/2n D(L + D)RI?R = [yl ,L?v/2nD(L + D)I*/R, [the same as the answer in (b)|

(a) If v, <v,, the induced emf and the induced current are less, so the drag force is less. The resultant
force is directed down; the speed will increase until v, is reached.

(b) If v;>wv,, the induced emf and the induced current are greater, so the drag force is greater. The
resultant force is directed up; the speed will decrease until v, is reached.

Because all elements of the disk have the same angular speed w, the linear speed of an element at a
distance r from the axis is v = r@w. This produces a drag force

F,=k'v=k'ro.
In equilibrium, the net torque on the disk is
Trmotor ~ Zripdi = Tmotor ~ Zrik ,riweq = Tmotor ~ kweq =0.

The equilibrium angular velocity is

@ oq = Tootor/ k» Which is proportional to the power consumed.
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Chapter 30: Faraday’s Law

41. We find the current in the loop from
I=—(d®,/dt)/R.
The power to pull the cross bar must equal the thermal power generation in the circuit:

P=12R=[d®,/dt?/R

42. If we ignore the variation of the magnetic field across the loop, the flux through the loop is
®,=BA = (yyl/2ma) LH.
The induced emf is
€=-dd;/dt = (u,/2ma)LH (dI/dt) = - (u,/ 2ma) LHI,(220m)[-sin(220mt)].
The emf is maximum when sin(220mt) = 1:
€. = (U /2ma)LHI,(220m) = (u,/4m)(440nLHI,/ a);
1.3x 1076 V = (107 T-m/A)(440m /s)(0.090 m)(0.008 m)I,/(0.020 m), which gives

10:‘

43. Because the area vector and the magnetic field are parallel, the flux through the loop is ®, = BA.
The magnitude of the induced emf is

€=dd,/dt = AdB/dt = Ad[By(1 - e*)/dt =[pABy e

44. Because the field increases linearly, the rate of change of the flux, the induced emf and the current are
constant. The induced emf is

€=dd,/dt = AdB/dt= A AB/AL
The current is
I=¢€/R=(A/R)(AB/At
= [m(0.015 m)?/(0.15 @)][(2.7 T)/(0.05 5)] = [0.25 A]

45. From the cylindrical symmetry, we know that the electric field depends only on r and must be circular.
For a circular path just outside the solenoid, the magnetic field through the path is the magnetic field
inside the solenoid, B = uonl, so the flux is

®p = BA = Bru? = yynlmr?.
If we apply Faraday’s law, we have
[E-ds =—d®,/dt
E[ds=-uynmr? (dI/dt);
E2mr = — pyynmr?ljo [- sin(wt)], which gives

E= (uynl,or/2) sin(wt), circular|.

46. (a) The circumference of each turn in the coil of radius r is 2r, so the number of turns in the coil made
from a wire of length L is N = L/2nr. The magnetic flux before the current is reversed is BA, where A

= %, After the current is reversed so is the direction of B, so the new flux is — BA. The net change in
flux is
A®, =-BA - BA =-2nr"B, and the corresponding induced emf in the coil is
€ =-N(d®, / dt) = IR, so the total amount of charge Aq that passes through is
Ag=[1dt=—(N/R)J (d®g / dt) dt =-(L/2nrR) [ dD,
=—(L/2nrR) A®, = (L/2nrR)(2nr’B) = LBr/R
= (20 m)(2.4 T)(0.043 m) /5.5 Q =0.38 C|
(b) I,,=Aq/At=0375C/(85 x107°s)= and

€, =L,R=(44A)(55Q) =p1V]
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@. (a) The induced emf in the loop due to the change in current in the solenoid is

48.

49.

50.

E=-do, / dt=—d(AB)/ dt=—A (dB/ dt)
= — (wwr®) d(ugnl)/ dt = — (r®) ugn (dI/dt) = — mriugn (AI/At)

=-m(0.04 m)*(4x x 10-7 T-m/A)(1800/0.90 m)(1.2 A-5A)/03s=1.6 x10-* V.
The induced current in the loop is then

I= €/R=(16 x10*V) /(6 Q) =27 x10-5 A]

(b) Since the current in the solenoid decreases, the induced current in the loop flows in the same sense as
the current in the solenoid.

The magnetic field through the loop is B = y nI inside the \
solenoid only, so the flux is

D, = B-dA = BA = Nugnl e t''omur?.
The current induced in the loop is
I’:S/R:—(l/R)% 7
=— (N%nnrzlo/R) (—1/t0)e"”0= (ZMOnmzlo/Rto)e"”O. I,¢

Because the flux through the loop is decreasing, I’ will be opposite to the direction shown in the figure.

We take the clockwise path as the positive direction.
The magnetic flux through the path is

®,=B-A=-BA
=-B(1/4)[rn(R/2)* -(R/4)?] = - 3BnR?/ 64.
The induced emf is
E=—-dd,/dt =+ (3nR?/64) dB/dt.
Because the magnetic field decreases linearly, we have
€=+ (3nR?/64) AB/At
= [3m(0.08 m)? /64][(0.7 T — 1.5 T) /(25 x 103 5]
= [-0.030 V (counterclockwise)|

Looking at
north pole

From the cylindrical symmetry, we know that the electric

field depends only on r and must be circular. Fa

For path 1, r <R, the magnetic field through the path is | \\
B = uynl, so the flux is ” \
®, = BA = Brur? = yynlnr?. I{ \\

If we apply Faraday’s law, we have
J E-ds=-— d®y/dt; EJfds=-unm? (dI/dt);
E2mr = — pynmr?l o cos(wt), which gives
E =—(uynlywr/2) cos(wt).
For path 1, r = R/2; we have
E= |- (uynl,wR/4) cos(wt) circular].

|
For path 2, r > R, the magnetic field through the path \‘ ’I\
Path 1 \\ /

is B = uynl inside the solenoid only, so the flux is

®p = BA = BniR? = yynInR2. / Path2
If we apply Faraday’s law, we have \

[E -ds =—d®,/dt; Efds=— uynmR? (dI/d#);

E2mr = — uynmR?1 w cos(wt), which gives E = — (uynl,wR?/2r) cos(wt).

For path 2, r = 3R; we have E = |- (uynl,wR /6) cos(wt) circular|
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51.

52.

K4

54.

55.

Chapter 30: Faraday’s Law

(a) We find the maximum current from
I =& /R=NABw/R
= (180 turns)(6.0 x 10-4m?2)(0.40 T)(0.6 rev/s)(2m rad/rev)/ (3 Q)
=5.4x10"2A= 54 mA|
(b) The average power produced is
P =iP_ =1 2R

max ~ 2'max

=1(54x102A2(3 Q) = 44 x 103 W =14 mW]

For a circular coil of radius r, the number of turns from a wire of length L is
N=L/2mr.

The maximum emf is
€. = NABw = (L/2mr)(rr?)B(2nf) = LB f;

120 V = n(18 m)r(0.45 T)(300 Hz), which gives

r=0.016 m =[L6 cm|

If we assume rolling without slipping, the tangential speed of the friction wheel is the tangential
speed of the bicycle wheel, which is the linear speed of the bicycle. Thus the angular speed of the
friction wheel is @ = v/r, where r is the radius of the friction wheel. We can write the magnetic flux
through each coil as

@, = NByA cos(wt),
For the two coils, the induced emf is

£=2(- dd,/dt) = - 2NByAw sin(wt).
We find the speed of the bicycle from the maximum emf:

Emax = 2NByA w;

6.4 V =2(70)(0.1 T)(8 x 10-4m?)[v/(0.01 m)], which gives

A spoke of the bicycle wheel will rotate through an angle 6 = wt, from some arbitrary starting location.
The area swept will be
A = (6/2m)nR? = 16R2.
The magnetic flux through the area is
®,=[ B-dA=1B6OR? = 1BwR?t.
The magnitude of the induced emf is
€=dd,/dt = iBwR?

= 1(0.55 T)(53 rad /s)(0.33 m)2 =[L.6 V]

The electric field seen by an observer moving with a velocity u is
E'=E +(u xB)=Ei +[u x (Bk)].
For this electric field to be zero, we have

U x (BkA) =— EiA, which gives 1 =— (E/B)]A', or |a constant speed of E/B in the — y—direction|.
If we take u = 0.1c for the nonrelativistic limit, we find the minimum value of B from

u=01c=E/B,,;

0.1(3 x 108 m/s) = (103 V/m)/B

B.. =3x105T.

The range of values of Bis B >3 x 10->T|.

which gives

min”’
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56. A side view of the rail and wire is shown in the figure.
When the wire is a distance s from the bottom, the magnetic
flux through the loop is

®,=[ B-dA= B - A =BLs cos 6.
The induced emf is

E=—dd,/dt

=—(BL cos 6)(ds/dt) = - BL(-v) cos 8 = BLv cos 6.

This produces a current in the wire

[=&/R = (BLv cos 60)/R into the page.
Because the current is perpendicular to the magnetic field, the force on the wire from the magnetic field
will be horizontal, as shown, with magnitude

Fy=ILB = (B?L?v cos 6)/R.
For the wire to slide down at a steady speed, the net force must be zero. If we consider the components
along the rail, we have

Fpcos —mgsin 0=0;

[(B2L?v cos 6)/R] cos 6= (B>L?v cos? 6)/R = mg sin 6,

(0.68 T)?(1.2 m)?>v(cos? 15°)/(2.0 Q) = (65 x 10-3 kg)(9.8 m/s?) sin 15°, which gives

57. (a) The magnetic field of the wire depends on the distance from I >
the wire, B = (u,/2m)I/y. When the moving rod is a distance | |

x from the resistor, we select a differential slice a distance y
from the wire and find the magnetic flux through the area y
by integration: | =

S ol
®B=[[B-dA=L(ﬁ)xdy <

Iox
= (Eetin( D),
The induced emf in the rod is
E=-dd,/dt =—(uyl/2m)(dx/dt) In(b/a)
=-(2x10"7T-m/A)(150 A)(45 x 102 m/s) In[(16 cm)/(8 cm)]
= 9.4x10-°V (up)|
(b) To oppose the increase in flux into the page, the induced current in the loop will be
counterclockwise, with magnitude
I.4=€/R
= (9.4x10°V)/(0.20 Q) = 4.7 x 105 A=[i7 uA|
(c) We find the time for the rod to move 100 cm from At = Ax/v. The rate at which work is done on the
rod must equal the Joule heating. The work done in At is
W =PAt=I 7R At
= (4.7 x 10-5 A)2(0.20 ©)(1.00 m)/ (45 x 10-2m/s)
The work must be done by an applied to the rod. The small value means that the

presence of any friction would require much more work by the external force.

Lw
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58. (a)

(b)

59. (a)

(b)

60. (a)

(b)

(c)

Chapter 30: Faraday’s Law

As the bar falls at constant velocity, the magnetic flux
into the loop increases. The induced current is €
I=¢&/R=Bv/R, (a) R ® 4 R
and will be in the direction shown to create a flux that II-
opposes the increase. There will be an upward magnetic
force on this current that balances the weight of the bar:
mg = I{B = (Bv/R){B, which gives
Because the bar is still moving with a constant velocity, Y Yma
the forces must be the same, which means that the current mg 3
has the same magnitude and direction:
mg = I{B.
Because the flux is decreasing in the loop, the induced emf must be clockwise. We write a
clockwise loop equation for the circuit, starting at point d:
IR + €+ Blv =0, which gives €=- Blv—IR.
When we substitute for the current and speed, we get
€=-B{(mgR/B2?) - (mg/IB)R = [-2mgR / Bi, polarity opposite from that shown|.

ool
®
}
~
(oo ]l
®
>
ot
—~

N)
<
AU
—>

The magnitude of the magnetic field of the large coil is

B = uyNI/2R, which we can assume is constant over the small ring.
If the coil and the ring are parallel at = 0, the angle between their area vectors is 6 = wt.
The magnetic flux through the ring is

=B - Aring = Brur? cos(wt) = (uyNI/2R)mr? cos(wt).
The induced emf is
E=-dd,/dt

=—(r?u,NI1/2R)[- sin(wt)]w
= [(m2u,NIw/2R) sin(wt)]
The maximum emf occurs when sin 6 =1, which gives =m/2 = .

Note that at this angle there is no flux through the small ring, but the rate of change of flux is a
maximum.

The direction of the current is clockwise, so it is

down in the rod. From ﬁB —IL xé, we see that -
gbattery . ° ° .

there is a force toward the battery due to the
magnetic field.
[The bar accelerates toward the battery]. . . . o L
When the bar of length L is a distance x from
the battery, the flux through the circuit is

®,=B - A =BLx.
The induced emf is

€,.q4=—d®;/dt =—-BL(dx/dt) = - BLo.
We find the direction of the emf from Lenz’s law. Because the
flux out of the page is decreasing, the induced current will be
counterclockwise to produce an induced field out of the page.
The induced emf in the bar will be El
For the loop circuit, we have

I=2€/R= (gbattery + sind)/R = (8battery - BLU)/R

=[1.50 V - (0.400 T)(0.200 m)(12.0 m/s)]/(0.30 Q)

54l

l<
|
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61.

62.

63.

64.

The magnetic field from the wire is directed into the page with a
magnitude that depends on the distance D from the wire:
B = u,I/2nD.
As the wire is moved toward the loop, D decreases, so B at the loop
will increase. The magnetic flux through the loop, which is directed
into the page, will increase. The induced current will produce a magnetic
field out of the page, to oppose the increased flux.
Thus the direction of the induced current is |ounterclockwise]. I
The induced current in the side of the loop closer to the wire will be
in a stronger magnetic field and will experience a greater Lorentz force.
Because the force on the side closer to the wire is directed away from the
wire, while the force on the side farther from the wire is directed toward
the wire, the net force will be |away from the wire|.

The magnetic field produces a force on the moving positive charges toward the point b and on the
moving negative charges toward the point a. This accumulation of charge creates an electric field from
point b to point a. When equilibrium is reached, in the reference frame moving with the charges there
is no electric field:
E'=E +u xB =0, which gives
u=E/B=V/Bd
— (1000 V) /(2.5 T)(1 m)

Because the change in flux through the coil is due to the change in the magnetic field, we have
E=-dd,/dt=-NAdB/dt.
We find the charge that passes through the coil from
g=J1dt=[ (§/R)dt=] (-NA/R)(dB/dt)dt
=—-(NA/R)[ dB=-(NA/R) AB=-(NA/R)(-2B) =2NAB/R
= 2(200 turns)m(4.0 x 10-2m)2(1.4 T)/ (5.6 @) = [p.50 4

(a) In the frame of the coil, the initial flux through the coil is ®, = BA. The flux changes due to the
reversal of the magnetic field, so we have
£=-dd,/dt =— NA dB/dt.
We find the charge that passes through the coil from
g=J 1dt=J(€/R)dt=] (-NA/R) (dB/d¢t)dt
—_(NA/R)J dB=-(NA/R) AB =— (NA/R)(- 2B) = 2NAB/R;
0.007 C =2(200 turns)(12 x 10-4m?)(0.5 T)/R, which gives
(b) The maximum charge through the coil occurs when the change in flux is maximum, which occurs
when the coil starts with its plane perpendicular to the magnetic field.
From the analysis of part (a), we have
q =2NBA/R;
0.02 C = 2(200 turns)B(12 x 10-#m?)/ (34 Q), which gives

B=[14T]

(c) From part (b) the magnetic field is perpendicular to the xy-plane, that is |along the z—axis|.
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65.

66.

67.

Chapter 30: Faraday’s Law

Because the flux through the loop is increasing,
the induced emf and current will be clockwise
and positive charge will accumulate on the lower
plate of the capacitor. The magnitude of the
induced emf is
E=dd,/dt=AdB/dt=Ad(at)/dt = Aa.
We write a clockwise loop equation for the circuit,
starting at point a:
Aa—IR-Q/C=0, with I=dQ/dt.
This is the equation for a series RC circuit, which
has the solution

Q= CAa(l —-e ”RC)

a

C_| |
* | b

= (15x 10" °F)(100 x 10 * m?)(0.03 T/ s)[l — g /5107 "F]

- (45x10”° C)[l —g 100 5S§|, with lower plate positive.
We find the current in the circuit from
_dQ  Aq -wre
=qTe
(100x10 " m?)(0.03T/s) o~ 1R 5 X106 _

o) (1.5 % 107" A)e G0 x10°° 9 clockwise.

(a) The magnetic field through the sense coil is
B = uynl RN
inside the solenoid only, so the flux is \
@, =N,[[B-dA=N,B- A

solenoid
= NZMOHIASOIenoid - /././/
= N2Au0nIOAsolenoid cos(wt). IT 1\
The induced emf is I
8=—dq)B/df sense
== NZ AuOnAsolenoidIO [- sin(wt)]w

= ZMOnAsolenoidlow Sin(wt)
= (10 turns)(4rtx 107 T-m/ A)(10° turns/m)(10 x 10~4m?2)(10 A)2r(60 Hz) sin(wt)

= K.7 sin(120mt) V|

(b) The current in the sense coil is
Iiense = €/ R = [4.7sin (120mt) V]/ (5 Q) =/0.95 sin(120mt) Al

If we choose t = 0 at the position shown, the magnetic > ¢ : O O
flux through the circuit is B
Cy= (I)B?rectangle + @B semicircle G * e e e
- (I)B,rectangle + B(ma?/2) cos(wt). (w__e a\\. L
The induced emf is 0 0 . . .
- —ddy/dt
=— (Bna?/2)[- sin(wt)|w = |(B1'[a2w/2) sin(a)t)|. 0 . 0 . .
We find the average power dissipated from bt
I1=¢€/R; R

Pav = IzaVR = 82EIV/IQ

= [(Bra2w/2)/R][sin*(wt)],, = [(Bra?w/2)?/RI(1/2) =
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68.

69.

70.

71.

For small oscillations the induced current in the loop will make
the system a lightly damped simple pendulum. If the amplitude of
the motion changes very slowly, we have
0= Oax sin(wt), with an angular frequency o = (g/4)'/2.
The energy of the pendulum is
U = Imog 2 = 3mgl 00,2
For small angles, the area perpendicular to the magnetic field is
A, =LQsin 0 =L{O =L16,,,, sin(wt), so the induced emf is
€=-BdA,/dt=-BL{6,,,,» cos(wt).
The average power over a cycle is
Py = (gz)av/R = [(BL*Q Bmaxw)z/R][Cosz(a)t) ]av = (BL'QGmaxa))2/2R-
For the ratio of the power over a cycle to the energy of the cycle, we have
P,,/U=[(BLAOy.)?/2R]/ 3mgl6,,4,2) = B2L20 w? / mgR = B*L2 /mR

— (0.12T)2(0.10 m)?/ (0.15 kg)(0.030 Q) =B.2 x 10-2571]

The small value justifies our assumption of light damping, so the amplitude does not change much over
a cycle.

The train effectively acts as a rod of length L, cutting through the terrestrial magnetic field lines as a
speed v. The component of the magnetic field perpendicular to the velocity of the train is B cos 30°, so
€ =vLB cos 30°

= [(60 mi/h)(1h/3600 s)(1609 m/mi)] (1.5 m)(0.7 x 10-4 T) cos 30°

As the bar moves forward it generates an induced emf, € = BLv, so a current [ = € /R =BLv/R runs
through it, and the bar is therefore subject to a magnetic force of magnitude

F = BIL = B(BLv/R)L = (BL)*v/R, which is against the direction of motion. The equation of motion
of the bar is then

mdv/dt =—(BL)*v/R, or dv/dt=-[(BL)*/mR] v. Rewrite this as

dv/v = - [(BL)*/mR] dt and integrate over both sides:

Jdv/v=-[(BL)*/mR][dt;

In (v/v,) = [(BL)*/mR] t; so

[o=v,e ", where a=—(BL)*/mR|.

(a) The magnetic force provides the centripetal acceleration:
evB = mv?/R, which gives
v =eBR/m = (1.6 x 10-1° C)(10-6 T)(1 m)/(9.1 x 101 kg) =[L.8 x 105 m/g]
(b) The kinetic energy of the electron is
E = lmo? = 1(9.1 x 10-31 kg)(1.8 x 105 m/s)? =[L.4 x 10-20]]
(c) We find the electric field along the electron’s path by applying Faraday’s law:
[E gy~ ds =—ddy/dt;
Epoaf ds = Egy2mR = — A AB/ At = —R2 AB/ At, which gives E g = - 1R AB/At.
In a time At, the electron moves a circular distance As = v At, so the work done by the field, which
changes the energy of the electron, is
W =—¢E 4 As =—e(- 1R AB/At)v At = JeRv AB = AE.
The fractional energy change is
AE/E = (}¢Rv AB) [/ (3mv?) = (eR/mv) AB.
If we use the result from part (a) for the speed, we have
AE/E = [eR/m(eBR/m)] AB = AB/B, which is independent of R and v.
(d) From part (c), we have

AE/E=AB/B = [10%]
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