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b. The magnitude of the current induced in the coil is

_e_050V _
I= R~ 500 0.10 A.
Significance

If the area of the loop were changing in time, we would not be able to pull it out of the time derivative. Since the
loop is a closed path, the result of this current would be a small amount of heating of the wires until the magnetic
field stops changing. This may increase the area of the loop slightly as the wires are heated.

13.1 Check Your Understanding A closely wound coil has a radius of 4.0 cm, 50 turns, and a total
resistance of 40 Q. At what rate must a magnetic field perpendicular to the face of the coil change in order to

produce Joule heating in the coil at a rate of 2.0 mW?

13.2 | Lenz's Law

Learning Objectives

By the end of this section, you will be able to:

* Use Lenz's law to determine the direction of induced emf whenever a magnetic flux changes
* Use Faraday’s law with Lenz’s law to determine the induced emf in a coil and in a solenoid

The direction in which the induced emf drives current around a wire loop can be found through the negative sign.
However, it is usually easier to determine this direction with Lenz’s law, named in honor of its discoverer, Heinrich Lenz
(1804-1865). (Faraday also discovered this law, independently of Lenz.) We state Lenz’s law as follows:

Lenz’s Law

The direction of the induced emf drives current around a wire loop to always oppose the change in magnetic flux that
causes the emf.

Lenz’s law can also be considered in terms of conservation of energy. If pushing a magnet into a coil causes current, the
energy in that current must have come from somewhere. If the induced current causes a magnetic field opposing the increase
in field of the magnet we pushed in, then the situation is clear. We pushed a magnet against a field and did work on the
system, and that showed up as current. If it were not the case that the induced field opposes the change in the flux, the
magnet would be pulled in produce a current without anything having done work. Electric potential energy would have been
created, violating the conservation of energy.

To determine an induced emf &, you first calculate the magnetic flux @, and then obtain d®,/dt. The magnitude of &
is given by & = |d®,/dt|. Finally, you can apply Lenz’s law to determine the sense of €. This will be developed through

examples that illustrate the following problem-solving strategy.

Problem-Solving Strategy: Lenz’s Law

To use Lenz’s law to determine the directions of induced magnetic fields, currents, and emfs:

1. Make a sketch of the situation for use in visualizing and recording directions.

2. Determine the direction of the applied magnetic field TS) .

3. Determine whether its magnetic flux is increasing or decreasing.

ﬁ
4. Now determine the direction of the induced magnetic field B . The induced magnetic field tries to reinforce a
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magnetic flux that is decreasing or opposes a magnetic flux that is increasing. Therefore, the induced magnetic
field adds or subtracts to the applied magnetic field, depending on the change in magnetic flux.

5. Use right-hand rule 2 (RHR-2; see Magnetic Forces and Fields) to determine the direction of the induced

—
current [ that is responsible for the induced magnetic field B .

6. The direction (or polarity) of the induced emf can now drive a conventional current in this direction.

Let’s apply Lenz’s law to the system of Figure 13.7(a). We designate the “front” of the closed conducting loop as the
region containing the approaching bar magnet, and the “back” of the loop as the other region. As the north pole of the
magnet moves toward the loop, the flux through the loop due to the field of the magnet increases because the strength
of field lines directed from the front to the back of the loop is increasing. A current is therefore induced in the loop. By
Lenz’s law, the direction of the induced current must be such that its own magnetic field is directed in a way to oppose the
changing flux caused by the field of the approaching magnet. Hence, the induced current circulates so that its magnetic field
lines through the loop are directed from the back to the front of the loop. By RHR-2, place your thumb pointing against
the magnetic field lines, which is toward the bar magnet. Your fingers wrap in a counterclockwise direction as viewed
from the bar magnet. Alternatively, we can determine the direction of the induced current by treating the current loop as an
electromagnet that opposes the approach of the north pole of the bar magnet. This occurs when the induced current flows as
shown, for then the face of the loop nearer the approaching magnet is also a north pole.

<|

(@) (b)
Figure 13.7 The change in magnetic flux caused by the approaching magnet induces a
current in the loop. (a) An approaching north pole induces a counterclockwise current with
respect to the bar magnet. (b) An approaching south pole induces a clockwise current with
respect to the bar magnet.

Part (b) of the figure shows the south pole of a magnet moving toward a conducting loop. In this case, the flux through the
loop due to the field of the magnet increases because the number of field lines directed from the back to the front of the loop
is increasing. To oppose this change, a current is induced in the loop whose field lines through the loop are directed from
the front to the back. Equivalently, we can say that the current flows in a direction so that the face of the loop nearer the
approaching magnet is a south pole, which then repels the approaching south pole of the magnet. By RHR-2, your thumb
points away from the bar magnet. Your fingers wrap in a clockwise fashion, which is the direction of the induced current.

Another example illustrating the use of Lenz’s law is shown in Figure 13.8. When the switch is opened, the decrease in
current through the solenoid causes a decrease in magnetic flux through its coils, which induces an emf in the solenoid.
This emf must oppose the change (the termination of the current) causing it. Consequently, the induced emf has the polarity
shown and drives in the direction of the original current. This may generate an arc across the terminals of the switch as it is
opened.
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Figure 13.8 (a) A solenoid connected to a source of emf. (b) Opening switch S terminates the current, which in turn induces
an emf in the solenoid. (c) A potential difference between the ends of the sharply pointed rods is produced by inducing an emf
in a coil. This potential difference is large enough to produce an arc between the sharp points.

@ 13.2 Check Your Understanding Find the direction of the induced current in the wire loop shown below as
the magnet enters, passes through, and leaves the loop.

@ 13.3 Check Your Understanding Verify the directions of the induced currents in Figure 13.3.

Example 13.2

A Circular Coil in a Changing Magnetic Field

—_
A magnetic field B is directed outward perpendicular to the plane of a circular coil of radius » = 0.50 m
(Figure 13.9). The field is cylindrically symmetrical with respect to the center of the coil, and its magnitude

~5.0s" by

decays exponentially according to B = (1.5T)e , where B is in teslas and t is in seconds. (a) Calculate

the emf induced in the coil at the times t; =0, 7, =5.0X 10725, and t3 = 1.0s. (b) Determine the current

in the coil at these three times if its resistance is 10 Q.
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Figure 13.9 A circular coil in a decreasing magnetic field.
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Strategy
Since the magnetic field is perpendicular to the plane of the coil and constant over each spot in the coil, the dot

product of the magnetic field ﬁ and normal to the area unit vector II; turns into a multiplication. The magnetic
field can be pulled out of the integration, leaving the flux as the product of the magnetic field times area. We
need to take the time derivative of the exponential function to calculate the emf using Faraday’s law. Then we use
Ohm’s law to calculate the current.

Solution

—_
a. Since B is perpendicular to the plane of the coil, the magnetic flux is given by

®,, = Brr?=(1.5¢">% T)z(0.50 m)2

—(5.0s71)

=1.2e " 'Whb.

From Faraday’s law, the magnitude of the induced emf is

_|dPm| _ | d
dt(l.Ze

—(5.0s" by
=Iar |~

—(5.0s

l)t
Wb)| =6.0e V.

-
Since B is directed out of the page and is decreasing, the induced current must flow counterclockwise

when viewed from above so that the magnetic field it produces through the coil also points out of the
page. For all three times, the sense of € is counterclockwise; its magnitudes are

e(t]) =6.0V; () =47V; e(t3) =0.040 V.

b. From Ohm’s law, the respective currents are

et
I(t) = (Rl) = 61(())—5‘2’ = 0.60 A;
I(ty) = ‘}g—s‘z’ =047 A;

and

I(ty) = 0%‘—22" —40x 1073 A.

Significance

An emf voltage is created by a changing magnetic flux over time. If we know how the magnetic field varies with
time over a constant area, we can take its time derivative to calculate the induced emf.

Example 13.3

Changing Magnetic Field Inside a Solenoid

The current through the windings of a solenoid with n =2000 turns per meter is changing at a rate
dlldt = 3.0 A/s. (See Sources of Magnetic Fields for a discussion of solenoids.) The solenoid is 50-cm long
and has a cross-sectional diameter of 3.0 cm. A small coil consisting of N = 20 closely wound turns wrapped in

a circle of diameter 1.0 cm is placed in the middle of the solenoid such that the plane of the coil is perpendicular
to the central axis of the solenoid. Assuming that the infinite-solenoid approximation is valid at the location of
the small coil, determine the magnitude of the emf induced in the coil.

Strategy

The magnetic field in the middle of the solenoid is a uniform value of ugnl. This field is producing a maximum
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magnetic flux through the coil as it is directed along the length of the solenoid. Therefore, the magnetic flux
through the coil is the product of the solenoid’s magnetic field times the area of the coil. Faraday’s law involves
a time derivative of the magnetic flux. The only quantity varying in time is the current, the rest can be pulled out
of the time derivative. Lastly, we include the number of turns in the coil to determine the induced emf in the coil.

Solution

Since the field of the solenoid is given by B = uynl, the flux through each turn of the small coil is
2
ourolf)

where d is the diameter of the coil. Now from Faraday’s law, the magnitude of the emf induced in the coil is

d® 2
e =y dzm|=‘N“°"Mﬂ

4 dr
2

= 20(4zx 1077 T-m/s)(2000 m™ POLOM (3 0 )

=12x107° V.

Significance

When the current is turned on in a vertical solenoid, as shown in Figure 13.10, the ring has an induced emf from
the solenoid’s changing magnetic flux that opposes the change. The result is that the ring is fired vertically into
the air.

Figure 13.10 The jumping ring. When a current is turned on
in the vertical solenoid, a current is induced in the metal ring.
The stray field produced by the solenoid causes the ring to jump
off the solenoid.

Visit this website (https://lopenstaxcollege.orgl/l/21flashmagind) for a demonstration of the jumping ring
from MIT.
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