
Physics - 8.02

Massachusetts Institute of Technology - Physics Department

Assignment #4 March 1, 2002.

We strongly recommend that you read about a topic before it is covered in lectures.

Lecture Date Topics Covered Reading from Giancoli

#12 Mon 3/4

Wed 3/6

Review Exam 1

Exam 1
covering the first 3 assignments, and all
material covered in reading assignments and
in lectures through Wed 2/27
(last names A-K in 26-100, L-Z in Walker)

#13 Fr 3/8 Moving charges in .a-fields - Cyclotron
Synchrotron - Mass Spectrometer
Cloud Chamber (discovery positron)

#14 Mon 3/11 Biot-Savart law - Gauss' law for magnetism
Revisit the "Leiden Jar"
High-voltage power lines

#15 Wed 3/13 Ampere's law - Solenoids
Revisit the Kelvin Water Dropper (take notes)

#16 Fri 3/15 Electromagnetic Induction - Faraday's Law
Lenz Law - Complete Breakdown of Intuition
Non-Conservative Field

Sect. 27-8 & 27-9
Page 1116, 1117
Page 1120

Chapter 28 through Sect. 28-3
Sect. 28-6, 29-6 & 32-2

Sect. 28-4, 28-5 & 28-8

Chapter 29 through Sect. 29-4
Sect. 29-7 & 29-8
Lecture Supplement (on the web)

Due before 4 PM, Friday, March 15 in 4-339B.

Problem 4.1
K elvin Water Dropper.
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The above diagram shows the famous "mysterious" Kelvin Water Dropper which, as demonstrated in
lectures, is capable of creating a large electric potential difference between the conducting cups D (at the
same potential as B) and C (at the same potential as A). The cylinders A and B are also conductors and so
are the wires that connect D with B, and C with A (these wires do not touch each other). The "tubing" at
the top is all glass. Sparks (at more or less regular intervals, depending on the water flow) were observed
between the cups.

Try to explain this bizarre phenomenon.

Hint: Assume that there is a minute asymmetry and that, e.g., cylinder A is slightly positively charged
when the water starts dripping. Draw carefully the field lines between the water drop and the cylinder as
the drop is formed. Compare charge densities at the top and the bottom of the drop (tap water is a fair
conductor), and evaluate what effect that has on the net charge of the drop as it breaks (pinches) off, and
falls down. You are now well on your way!

Problem 4.2
Force on current loop.
Ginacoli 27-12.

Problem 4.3
Lorentz force on an electron.
Giancoli 27-20.

Problem 4.4
Spiraling electrons.
Giancoli 27-29.

Problem 4.5
Torque on one winding of the rotor of your motor!
Giancoli 27-33.

Problem 4.6
Mass Spectrometer.
Giancoli 27-49.

Problem 4.7
Acceleration of deuterons in a cyclotron.
Giancoli 44-10 (page 1137)

Problem 4.8
Force on wire loop.
Giancoli 28-14. Use Ampere's Law (Sect. 28-4 but see also Sect. 28-1).

Problem 4.9
Biot-Savart in action.
Giancoli 28-30.

Recitations.

There are 28 recitation sections (see the 8.02 Website). If for any reason you want to change section,
please see Maria Springer in 4-352.
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Adam S. Bolton
bolton@mit.edu

Problem 4.1
Kelvin Water Dropper.

MIT 8.02 Spring 2002
Assignment #4 Solutions

March 15, 2002

Anyone who has not seen the "mysterious Water Dropper of Lord Kelvin" in operation is
hard-pressed to comprehend how an initially "symmetric" device can develop "all by itself"
such a strong asymmetry. After all, there seems to be no difference between left and right, yet
one observes sparking, which implies a large potential difference between the water collectors
on the left and on the right. After a brief reflection, however, one thing becomes clear: in
order for the potential difference between the collectors to grow so quickly the water falling
into the left cup must carry a net electric charge of the oppo8ite sign relative to that falling
into the right cup. Once we accept, as a working hypothesis, that the falling water on the
left is, say, negatively charged and the falling water on the right is positively charged, we can
see immediately how the buildup of the negative charge of the conducting system (B,D) and
the positive charge of the conducting system (A,C) keeps growing until the critical value of
~ 3 x 106 Vim field at the sparking site is reached. The remaining mysteries are where and
how the water gets charged and why the tendency for the water to acquire a negative charge
on one side of the apparatus leads to a positive charging-up of the water on the other side.

The site where there is most action is near the spout where the water comes out. To appre
ciate what is happening there, consider the following chronological sequence of hypothetical
events near the upper rim of cylinder A:

1. By some tiny accidental perturbation, cylinder A acquires a minute charge. Let's say
it's positive. If there were no water near the spout, the electric field lines at the upper
rim would look something like the lines shown in sketch (a) below. Notice that they
run predominantly upwards near the cylinder-spout axis.

2. In the water, there are OH- and H+ ions. If the water were pure and the PH were 7,
1 in 107 molecules would be dissociated into OH- and H+. As a result of the external
field (as shown in (a)), the H+ will be somewhat pushed up and the OH- pulled down.
Thus there is an induced charge separation similar to what we have seen demonstrated
several times in lectures when a conductor is "exposed" to an external field. The
charge distribution is now somewhat as shown in sketch (b). We only show one drop
but the above charge separation works equally well for a continuous stream of water
(as demonstrated in lecture).
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3. Think of a stream of water as a stream of individual drops. It is manifestly clear from
sketch (b) that, when the drop breaks off along the dotted line shown in the sketch,
some of the upper (positive) polarization charge will be left behind in the water spout.
Thus the separated water drop becomes negatively charged.

4. The next step is the automatic triggering of a perturbation of opposite sign on cylinder
B. (The negative charge of the drop arriving in D distributes itself throughout the
(B,D) equipotential surface). The perturbation field on site B has line patterns like
those shown in sketch (a) except the directions of lines are reversed. The water drop
that breaks off in cylinder B will carry a positive charge (opposite to the charge of the
water drop formed inside cylinder A). The charge left behind in the right-hand side
spout is, of course, negative.

This is the onset of an out-of-control process that feeds on itself: a minute perturbation
grows larger and larger until a "disaster" strikes (here, the air breakdown). We witness here
a "playful" example of a physical instability. (Our physical world is plagued with serious
instabilities: violent weather (tornadoes, hurricanes), undesirable instabilities in the labora
tory plasma that hamper our efforts to achieve controlled fusion, convective instability in
the Sun's interior, violent flares at the solar surface, etc.)

It sometimes seems as if the growth of instability defies the law of energy conservation. This
is of course not the case. Energy of another form is drained to feed the growing instability.
In the "Kelvin Water Dropper" it is gravitational potential energy that feeds the machine.

Two last remarks to complete the story:
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1. We started arbitrarily with a positive perturbation charge on A and ended up with a
large positive charge on the (A,e) system. Assuming that the perturbation is initiated
by chance with a negative trace charge changes nothing in the argument except that
(A,e) is interchanged with (B,D). Since the initial perturbation is random in character,
we cannot predict which column of falling water will turn out to be negative. Once A
starts out negative, it remains that way as long as the water is running because the
spark does not entirely discharge the system. However, the next day when we start up
again, A could well be positive.

2. What about the fate of the charges left behind in the two spouts of the glass tubing?
Notice that they are of opposite sign; thus the water in the tubing and the tank does
not charge up. There is, however, an electric current in the water contained in the
tubing. If both the tubing and the liquid were good insulators the machine would not
work. The remaining charge at the spouts could not be removed (no current could flow
through the liquid or tubing from one spout to the other), and the charge separation
process in the liquid would quickly come to a halt (Why?). It is therefore essential
that either the tubing or the liquid has modest conducting qualities.

Problem 4.2
Force on a current loop. (Giancoli 27-12.)

Let's take the z-direction to be along the axis of the loop of
current, with positive z being in the overall direction of the
magnetic field. The magnetic force on a differential segment of
the wire (see figure) is given by Giancoli equation 27-4 (p. 691),
and since the magnetic field is in fact perpendicular to the wire,
we have

,,
A

,
,

:S B,

I
,
,~,,,

1£11
)e

dF = I dl x B = IdlE, directed as shown in figure.
£IF

From the azimuthal symmetry of the problem, we may conclude that the wire loop as a
whole can only experience a force in the z-direction (any outward component of force on any
particular segment of the wire will be exactly balanced by an oppositely-directed outward
force component on an identical, diametrically opposite segment). So in calculating the total
force on the loop, we need only add up (i.e., integrate) the z-components of the force on
the many differential segments making up the loop. From our diagram, we see that this
component for a typical segment has magnitude IdFzl = IdFI sinO, and is directed towards
negative z-values (downward). So the total force on the wire is

(0 eliminated in favor of d using elementary trigonometry.)

Jeff
Cross-Out


	8_02_spring_2002_ps4.pdf
	Pages from 8_02_spring_2002_pss4.pdf

