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M-5. Faraday’s Law

Teaching Notes

THE MAIN POINT

1. Learn to calculate induced EMFs and induced currents using Faraday’s Law.

2. Understand work and energy issues in Faraday’s Law problems.

SAMPLE LESSON PLAN

Discussion Question 1........ 20 minutes in groups, 10 minutes GSI-led discussion & boardwork.
Discussion Question 2 ........ 15 minutes in groups.

Problem 1.......ccooeeviiennnnnnn. 25 minutes in groups, 10 minutes GSI-led discussion & boardwork.
Problem 2........ccccoevveenennn. 20 minutes in groups, 10 minutes GSI-led discussion & boardwork.
Problem 3........ccoeevieennnnn. 15 minutes in groups, 5 minutes GSI-led discussion & boardwork.

GENERAL TEACHING SUGGESTIONS

Return of the flux concept. One of the reasons why Faraday’s Law is difficult is that it involves the
concept of flux, which may still be troublesome for some people. Be on the lookout for students who
still cannot reason intuitively about flux.

Flux integrals in Faraday’s Law problems. Treat these the same way you treated flux integrals in
Gauss’s Law, with the difference that we are now dealing with an open, rather than a closed surface!
As always, have your students start by writing out the integral:

[[B-da.

surface
Then have them ask the questions:

Is the magnitude of B the same at all points of the surface? If so, then pull out that constant
value B.

Is the angle between B and da the same at all points of the surface? If so, then pull out the
constant factor cos ! .

And so on.

By taking this strictly parallel approach, the students who struggled with flux integrals in Gauss’s
Law will have another chance to get it right. Meanwhile, the students who understood flux integrals
the first time around get to apply skills they already have, instead of feeling like they are learning
new ones. This frees them up to think about what’s going on, instead of focusing on the math.
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Rates of change. Even those students who have completely understood the flux concept can get
tripped up on Faraday’s Law. This is because the induced EMF depends on the time derivative of the
magnetic flux. The problem is that students seem naturally to want to relate the induced EMF to
the flux itself. Thus, whenever the flux through a loop is zero, they are tempted to say that the
induced EMF is zero. Conversely, if you tell them that the induced EMF in a loop is zero, they are
tempted to explain this by saying that the flux through the loop is zero. Discussion Question 2
should give you a chance to sort out this misconception. (See the Sample Lesson Plan above.)

Motional EMF vs. Induced E-fields. Some of the questions and problems on this worksheet could in
principle be solved without using Faraday’s Law, by appealing to motional EMF. (On this point of
view, when you move a metal loop within a magnetic field, the charge carriers in the metal loop feel
individual gv" Bext forces, which are ultimately responsible for the current flow.) Other questions
and problems on the worksheet deal with situations which are most naturally described by saying
that changing B-fields create E-fields. Your students cannot realistically understand these
situations without Faraday’s Law per se.

After the students have gone through most of the worksheet, you might draw their attention to these
two categories. (By doing this towards the end of section, you run less risk of compromising the
primary message, which is that these problems can all be treated with Faraday’s Law. Don’t
multiply the number of topics if you don’t have to.)

Work and energy. “Why will you have to do work to pull the loop out of the field?” is a simple
question. But to answer it, the student must tell quite a sophisticated story, one that draws together
many of the topics they have studied in magnetism so far (not to mention the basics of work and
energy from Physics 7A). When your students can tell this story, you can be sure that they are
starting to see the big picture.

Lenz’s Law. Everyone seems to have their own way of applying Lenz’s Law to determine the sense of
the induced current. I like to explain it this way (with reference to the figure in Discussion Question
1):

When we move the loop to the right, the magnetic flux into the page increases. So to oppose the
change, the induced current will set up a magnetic field that will decrease the magnetic flux into
the page. The way to do this is to create a magnetic flux out of the page. So the induced
current’s magnetic field should point out of the page (within the loop area itself). This will
happen if the current flows counter-clockwise.

The distinguishing feature of this approach is that we give a “sense” to the flux (“into the page” or
“out of the page”). This does the work of introducing a coordinate system, but without going to all
the trouble. (Naturally, if you have a better approach, then by all means use it!)

Once when I taught Faraday’s Law in Physics 8B, some of my students actually decided that the
optimal strategy on exams is to guess the direction of the induced current. Their reasoning was that:

(1) the odds of guessing correctly are “even money”;
(i1) it’s only worth one point; and
(ii1) doing it correctly takes valuable time away from the rest of the exam.

I certainly did not endorse this approach, but I do submit that there is a lesson here for us GSIs.
Lenz’s Law explanations can take up a lot of your section time, especially if people don’t “get it” on
the first try. Don’t lose sight of other, more important issues, such as work and energy.
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SAMPLE MINI-LECTURE AND BOARD SUMMARY

It goes without saying that in teaching Faraday’s Law, we are presenting the students with a
significant new fact of nature. But don’t let the majesty of the topic lure you into waxing rhapsodic
about the wonders of electro/magnetism in a long mini-lecture. dJust state Faraday’s Law, draw a
diagram to illustrate the equation, explain Lenz’ Law, and dive into the Discussion Questions.

REMARKS ON THE DISCUSSION QUESTIONS AND PROBLEMS

Discussion Question 1

This question makes a good starting point for the worksheet (see the Sample Lesson Plan above),
and gives you a chance to address most of the concerns listed above in the General Teaching
Suggestions.

You might ask the students to work on parts (a) and (d) first. That way you can make sure
everyone has a handle on the flux issue and on the rate-of-change issue, before moving on to the
Lenz’s Law issue (part (b)) and the force issue (part (c)).

For part (c), make sure everyone realizes that there are two non-zero iL" Bext forces on the loop,

with opposite directions and unequal magnitudes. The force you must exert to pull the loop with
constant speed is then equal and opposite to the net iL" Bext force. (Draw a force diagram.)

Discussion Question 2

In many questions of this type, the students are presented directly with a time-varying B-field.
In this question, however, the students are presented with a time-varying current. This gives
them a little more thinking to do, as they try to connect the stated situation with its effects on
the two loops.

A good way to get people started is to ask what the magnetic field of the wire looks like, at any
given time. Have them sketch it on the two diagrams. Then ask them how this field changes as
the current in the wire increases.

Once people get started on part (a), there are two things to watch for:

Students who don’t realize that the flux through loop 1 is zero at any given moment;
Students who think that no current is induced in loop 1 because the flux through loop 1 is
zero.

The first error reflects a lack of flux intuition. The second problem could be a misunderstanding
of the rate-of-change aspect of Faraday’s Law. (See the General Teaching Suggestions above.)
Make sure everyone understands what’s crucial here: not that the flux through loop 1 is zero per
se, but that the flux through loop 1 is constant.

It will help to distinguish these ideas if you draw a graph of the flux through loop 1 versus time.
The fact that the flux value is zero is irrelevant; what matters is that the graph is flat. Point out
that you could add a static magnetic field to the problem, one that contributes a flux through
loop 1, and still no current would flow in loop 1 as the current in the wire increased. Draw this
on your graph as an elevated, but still flat, line.
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Discussion Question 3

If someone is getting stuck, you might have them draw a side view of the generator (viewed from
the left, so that the loop appears simply as a diagonal line). Then have them put in the static B-
field. Then ask, “Is there any flux through the loop right now?” Then, “How about when it turns
a little bit. [They draw another diagonal line.] Is there any flux now? Is it the same amount of
flux?” And so on.

For part (b), see if people can give two explanations for why you will have to do work to pull the

handle. One explanation invokes #onloop = p" Bext (together with dW = #d! , which you can be sure
no one remembers). Another explanation invokes P = i2R heat dissipation through the resistor.

Discussion Question 4

Your students may wonder why a worksheet on Faraday’s Law contains a question about
Gauss’s Law for magnetism. And admittedly, this question might be better suited to the
worksheet on Maxwell’s Equations. Instead it is here, first of all because it provides some
practice with the flux concept (which is important for Faraday’s Law), and second of all because
we will see in Discussion Question 5 that Gauss’ Law for Magnetism is important for the
consistency of Faraday’s Law!

If your lecturer is not pushing Gauss’s Law for magnetism yet, then you may want to skip this
question and return to it if necessary near the end of the course.

Discussion Question 5

This is a rather sophisticated question and might not be appropriate at this time. However, it is
important and should get the students thinking more deeply about what these laws mean. If a
student ever asks which surface they should use for a given loop, definitely refer them to this
question to verify that it doesn’t matter, as long as the boundary is the same!

Problem 1

For part (a), make sure that people are actually thinking about the changing magnetic flux
through the loop, and not just invoking “motional EMF” ideas. (See the General Teaching
Suggestions above.)

For part (c), see if people can explain the decrease in speed using both force ideas (iL" Bext) and
energy ideas (12R dissipation in the resistor).

For part (d), which is the actual calculation of iinduced, some students may need a little nudge
before they think of giving a variable-name to the distance of overlap. Once this is done, have
them evaluate the flux integral in the same way they have always evaluated flux integrals. (See
Flux integrals in Faraday’s Law problems, in the General Teaching Suggestions above.)

Problem 2

This problem steps people through some of the quantitative work and energy reasoning involved
in Faraday’s Law problems. (See Work and energy in the General Teaching Suggestions above.)
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If you are pressed for time, you might consider assigning “half” of this problem.

For the W=Fyy you$x approach, do parts (a) through (g).
For the W=Presistor$t approach, do parts (a), (b), and (h) through (k).

For part (b), make sure that people are actually thinking about the changing magnetic flux
through the loop, and not just invoking “motional EMF” ideas. (See the General Teaching
Suggestions above.) Note also that some students may need a little nudge before they think of
giving a variable-name to the distance of overlap. Once this is done, have them evaluate the flux
integral in the same way they have always evaluated flux integrals. (See Flux integrals in
Faraday’s Law problems, in the General Teaching Suggestions above.)

Problem 3

In this problem we go through many of the steps that would be required for finding the mutual
inductance of the pair of loops. However, we never actually isolate the geometric factors, since
inductance hasn’t been covered on the worksheets yet. (Note by the way that Worksheet M-6,
Inductance, deals only with self-inductance.)

In part (c), have the students evaluate the flux integral in the same way they have always

evaluated flux integrals. (See Flux integrals in Faraday’s Law problems, in the General
Teaching Suggestions above.)

Problem 4

A problem like this often shows up on exams, and is a good example of a changing magnetic flux
due to a changing magnetic field and not from any motion of the loop of wire itself.



