Faraday’s Law
Challenge Problems

Problem 1:

A coil of wire is above a magnet whose north pole is pointing up. For current, counter-
clockwise when viewed from above is positive. For flux, upwards is positive.

Suppose you moved the loop from well above the magnet to well below the magnet at a

constant speed. Which graph most closely resembles the graph of current through the
loop as a function of time?
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(e) None of the above.



Problem 2:

(a) Calculating Flux from Current and Faraday’s Law. You move a coil from well
above to well below a strong permanent magnet. You measure the current in the loop
during this motion using a current sensor. You are able to graph the flux “measured” as a
function of time.

Q) Starting from Faraday’s Law and Ohm’s law, write an equation relating the
current in the loop to the time derivative of the flux through the loop.

(i) Now integrate that expression to get the time dependence of the flux through
the loop @(t) as a function of current I(t). What assumption must the software
make before it can plot flux vs. time?

(b) Predictions: Coil Moving Past Magnetic Dipole

In moving the coil over the magnet, measurements of current and flux for each of several
motions looked like one of the below plots. For current, counter-clockwise when viewed
from above is positive. For flux, upwards is positive. The north pole of the magnet is
pointing up.
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Suppose you move the loop from well above the magnet to well below the magnet at a
constant speed. Which graph most closely resembles the graph of:

Q) magnetic flux through the loop as a function of time?
(i) current through the loop as a function of time?

Suppose you move the loop from well below the magnet to well above the magnet at a
constant speed. Which graph most closely resembles the graph of:

(iii)  magnetic flux through the loop as a function of time?



(iv)  current through the loop as a function of time?
(c) Force on Coil Moving Past Magnetic Dipole

You can “feel” the force on a conducting loop as it moves past the magnet. For the
following conditions, in what direction should the magnetic force point?

As you move the loop from well above the magnet to well below the magnet at a constant

Speed...
Q) ... and the loop is above the magnet.
(i) ... and the loop is below the magnet

As you move the loop from well below the magnet to well above the magnet at a constant

Speed...
(iii) ... and the loop is below the magnet.
(iv) ... and the loop is above the magnet

(d) Feeling the Force

Now use an aluminum cylinder to “better feel” the force. To figure out why, answer the
following.

Q) If we were to double the number of turns in the coil how would the force
change?

(i) Using the result of (a), how should we think about the Al tube? Why do we
“better feel” the force?

In case you are interested, the wire is copper, and of roughly the same diameter as the
thickness of the aluminum cylinder, although this information won’t necessarily help you
in answering the question.



Problem 3:

(a) When a small magnet is moved toward a solenoid, an emf is induced in the coil.
However, if the magnet is moved around inside a toroid, no measurable emf is induced.
Explain.

(b) A piece of aluminum is dropped vertically downward between the poles of an
electromagnet. Does the magnetic field affect the velocity of the aluminum? Explain.

(c) What happens to the generated current when the rotational speed of a generator coil is
increased?

(d) If you pull a loop through a non-uniform magnetic field that is perpendicular to the
plane of the loop which way does the induced force on the loop act?



Problem 4:

A rectangular loop of dimensions | and w moves with a constant velocity v away from
an infinitely long straight wire carrying a current | in the plane of the loop, as shown in
the figure. The total resistance of the loop is R.
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(a) Using Ampere’s law, find the magnetic field at a distance s away from the straight
current-carrying wire.

(b) What is the magnetic flux through the rectangular loop at the instant when the lower
side with length 1 is at a distance r away from the straight current-carrying wire, as
shown in the figure?

(c) At the instant the lower side is a distance r from the wire, find the induced emf and
the corresponding induced current in the rectangular loop. Which direction does the
induced current flow?



Problem 5:

A conducting rod with zero resistance and length w slides without friction on two parallel
perfectly conducting wires. Resistors

R; and R; are connected across the ends

of the wires to form a circuit, as shown.

A constant magnetic field B is directed B O B ®©
out of the page. In computing magnetic
flux through any surface, take the

surface normal to be out of the page,
parallel to B. R1 é V< b § R2

(a) The magnetic flux in the right loop
of the circuit shown is (circle one)

1) decreasing

2) increasing.

What is the magnitude of the rate of change of the magnetic flux through the right loop?
(b) What is the current flowing through the resistor R, in the right hand loop of the
circuit shown? Give its magnitude and indicate its direction on the figure.

(c) The magnetic flux in the left loop of the circuit shown is (circle one)

1) decreasing

2) increasing.
What is the magnitude of the rate of change of the magnetic flux through the right loop?
(d) What is the current flowing through the resistor R; in the left hand loop of the circuit

shown? Gives its magnitude and indicate its direction on the figure.

(e) What is the magnitude and direction of the magnetic force exerted on this rod?



Problem 6:

A rectangular loop of wire with mass m, width w, vertical length I, and resistance R falls
out of a magnetic field under the influence of gravity, as shown in the figure below. The

magnetic field is uniform and out of the paper ( B = Bf) within the area shown and zero
outside of that area. At the time shown in the sketch, the loop is exiting the magnetic
field at speed v = vk .
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(a) What is the direction of the current flowing in the circuit at the time shown, clockwise
or counterclockwise? Why did you pick this direction?

(b) Using Faraday's law, find an expression for the magnitude of the emf in this circuit in
terms of the quantities given. What is the magnitude of the current flowing in the circuit
at the time shown?

(c) Besides gravity, what other force acts on the loop in the +k direction? Give its
magnitude and direction in terms of the quantities given.

(d) Assume that the loop has reached a “terminal velocity” and is no longer accelerating.
What is the magnitude of that terminal velocity in terms of given quantities?

(e) Show that at terminal velocity, the rate at which gravity is doing work on the loop is
equal to the rate at which energy is being dissipated in the loop through Joule heating.



Problem 7:
Bext
A “pie-shaped” circuit is made from a straight vertical @
conducting rod of length a welded to a conducting rod
bent into the shape of a semi-circle with radius a (see
sketch). The circuit is completed by a conducting rod of
length a pivoted at the center of the semi-circle, Point P,
and free to rotate about that point. This moving rod
makes electrical contact with the vertical rod at one end
and the semi-circular rod at the other end. The angle &is
the angle between the vertical rod and the moving rod, as
shown. The circuit sits in a constant magnetic field Bex:
pointing out of the page.

(@) If the angle @is increasing with time, what is the direction of the resultant current
flow around the “pie-shaped” circuit? What is the direction of the current flow at the
instant shown on the above diagram? To get credit for the right answer, you must
justify your answer.

For the next two parts, assume that the angle #@is increasing at a constant rate,
do(t)/dt=w.

(b) What is the magnitude of the rate of change of the magnetic flux through the “pie-
shaped” circuit due to Be: only (do not include the magnetic field associated with
any induced current in the circuit)?

(c) If the “pie-shaped” circuit has a constant resistance R, what is the magnitude and
direction of the magnetic force due to the external field on the moving rod in terms
of the quantities given. What is the direction of the force at the instant shown on the
above diagram?



Problem 8:

A conducting bar of mass m slides down two frictionless R
conducting rails which make an angle & with the W

horizontal, separated by a distance ¢ and connected at the r _~b
top by a resistor R, as shown in the figure. In addition, a

uniform magnetic field B is applied vertically upward. & >;.-4""
The bar is released from rest and slides down. At timet a 1
the bar is moving along the rails at speed v(t).

(a) Find the induced current in the bar at time t. Which ™
way does the current flow, fromato b or b to a? 6 ( \/F,

(b) Find the terminal speed v, of the bar.

After the terminal speed has been reached,
(c) What is the induced current in the bar?
(d) What is the rate at which electrical energy is being dissipated through the resistor?

(e) What is the rate of work done by gravity on the bar? The rate at which work is done
is F-v. How does this compare to your answer in (d)? Why?



Problem 9:

A uniform magnetic field B is perpendicular to a one-turn circular loop of wire of
negligible resistance, as shown in the figure below. The field changes with time as
shown (the z direction is out of the page). The loop is of radius r =50 cm and is

connected in series with a resistor of resistance R =20 Q. The "+" direction around the
circuit is indicated in the figure.
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(a) What is the expression for EMF in this circuit in terms of B, (t) for this arrangement?

(b) Plot the EMF in the circuit as a function of time. Label the axes quantitatively
(numbers and units). Watch the signs. Note that we have labeled the positive direction of

the emf in the left sketch consistent with the assumption that positive B is out of the
paper.

(c) Plot the current | through the resistor R. Label the axes quantitatively (numbers and
units). Indicate with arrows on the sketch the direction of the current through R during
each time interval.

(d) Plot the power dissipated in the resistor as a function of time.



Problem 10:

Consider a copper ring of radius a and resistance R. The loop is in a constant magnetic
field B of magnitude B, perpendicular to the plane of the ring (pointing into the page, as
shown in the diagram).
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(@) What is the magnetic flux @ through the ring? Express your answer in terms of B,
a, R,and g, as needed.

Now, the magnitude of the magnetic field is decreased during a time interval from t =0
to t=T according to

B(t) = 50(1—%), for 0<t<T

(b) What are the magnitude and direction (draw the direction on the figure above) of the
current I in the ring? Express your answer intermsof B,, T, a, R, t,and g, as

needed.

(c) What is the total charge Q that has moved past a fixed point P in the ring during the
time interval that the magnetic field is changing? Express your answer in terms of By, T,
a, R, t,and g, as needed.
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