Physics114—Test 2
Thursday, March 6, 2003

Geometric factors: You may find some of the following formulas helpful:

Sphere: Volume V=4mr® Area A=4m?

w|h

Circle: Area A=’ CircumferenceC = 27r
Part One— Do any four of the following five problems (10 pants ead)

1. For each of thefollowing combination of units, give a single name for theresulting unit.
For example, if | gaveyou AfQ, the answer would be V.
a) T’
Magnetic field multiplied by areayields magnetic flux, which is measured in Webers, so
Tm® = Wh.
1

N

Comparing this to the formula w = , we seethat L has the units of inductance

1
JLc
(Henrys, H) and C has the units of cgpadtance (Farads, F), so the resulting combination must
have the unit of angular frequency w, which is Hertz, Hz.

Alternatively, simply substitute the definitions. H = V@A, and F = C/V, so we have
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Aninverse seondisaHertz, Hz.

d) HHz
A HenryisVIF/A, andHz isan inverse seond,so HIHz = V/A = Q. Alternatively, nae
that inductive reacanceis given by X, = Lw, and sinceL has units of H and w has units of
Hz, the product must have the units of inductive rea¢ance, which isohms Q.

N
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Thisis one of the ways of defining aTesla. Alternatively, nae that Aim = Cin/s, so if
youlook at formulas like F = qvB, we can seethat magnetic field has units like F/qv,
which islike N/(Cmn/s). SothisisaTeslaT.



2. A mystery box hastwo leads coming aut of it. Thismystery box containsa
resistor, acapacitor, or an inductor. In each of thethree ases, explain how
one muld determine what isin the box, and how one would measure the
resistance, capacitance, or inductanceof theobjed. For example, one-third
of your answer might say, “only aresistor allowsdirect current to pass
through, so you can use a battery, and deducethe resistanceusing the |
formulaR = AVcosl.” Giveany relevant formulas.

The method you describe may use any type of eledrical instruments, and you can

measure the voltage acrossthe mystery box, a the airrent through the box, but you

may not open the box or measure anything interior. For example, you cannot say “I

would measure if the component is heating up, sincethat would tell meit isaresistor.”

There ae several methods that would work. One way to dothisisto attach an AC source

to the mystery box, and measure the voltage and current as afunction d time. If the voltage and
the aurrent are synchronized, then thereisaresistor. If the aurrent lags the voltage (rises and
pe&ks later), thenit isan inductor. If the arrent leads the voltage (rises and peeks ealier), then it
isa cgadtor. The frequency can presumably controlled, o if nat, it can be measured by
examining the graph d voltage vs. time (seeproblem 6). Then the aurrent is related to the
voltage by one of the following threeformulas:

AV = 1R

AV =IX, =lLw

sz|xC:|_
Cw

These formulas can be used with either maximum values or rms values; they work in
either case.

If measuring the phase shift isdifficult, it isaso pasgbleto vary the frequency , say
increasing it, and seewhether the aurrent rises (cgpadtor), fall s (inductor), or stays the same
(resistor). Many other strategies would work as well.

3. Consider the drcuit at right, containing abattery, a
resistor, an inductor, and a two-way switch

a) The switch ismoved to the bottom position, and left R

therefor alongtime. Describe qualitatively the long-

term behavior of the drcuit, explaining where + & L

current isflowing, and giving any relevant formulas. =T

Eventually the system will read a stealy state, which °
means that the aurrent will be constant. With the switch in the - °
down pasition, the current will flow out of the battery, through the resistor, then through the
inductor, and badk to the battery. The inductor provides no resistancein the stealy state, so the

current will flow through the resistor acording to Ohm’sLaw, AV =IR, so | = &/R.




b) Att=0,theswitch issuddenly moved to the upper position, bypassing the battery.
Describe qualitatively the behavior at later times, and give any formulasthat you
think arereevant.

Redlistically, switches are not instantaneous, but we have to treat the problem asif itis
instantaneous. The inductor, which had a steady current in it, resists sudden changesin current.
Therefore, current will continue to flow through the inductor. The only way it can flow is
through the switch and the resistor, continuing to circulate in a clockwise direction. However,
the circuit isnow an LR circuit, and the current will steadily die away as the energy in the
inductor is converted to heat in theresistor. The current dies away with the characteristic time t
=L/R

4. A wire contains negatively charged electrons, which are flowing from top to
bottom.

a) Which direction isthe current flowing?
Current is flowing the opposite of the direction that the negatively charged

electrons are flowing, and therefore, the current is flowing upwards. O_FL
b) Which direction isthe magnetic field pointing at some of the points near
thewire? In particular, which direction isthe magnetic field at the point v

P?

Placing our thumb in the direction the current is flowing (up), we see that our fingers curl
around the wire in such away that they point out of the paper to the left of the wire, and into the
plane of the paper on theright of the wire. In particular, the magnetic field is pointing out of the
plane of the paper at the point P.

c) At thepoint Pthereisanother negatively charged eectron which is moving directly
towardsthewire. What direction isthe magnetic force on the electron?

The magnetic force on aparticleis given by F = q(\7>< I§). Placing our fingersin the

direction of the motion (to the right), we find that when we curl our fingers, they will
point out of the plane of the paper if we place the back of our hand against the paper.
This only happens if our thumb is pointing downwards. Hence thisis the

direction of the cross-product. However, the charge is again negative, so the T F
force gets reversed, and the force is actually towards the top of the paper.



5. Consider the proposed AC generator
sketched at right. It consists of a

per manent magnet which isrotated ;g:j:
rapidly, sothat first the north pole of grid
the magnet and then the south poleare

near theloop. Theloop has several Turbine
turnsof wire. Would thisAC

generator work? Giveany relevant
formulas. S

Yes, it would work, although as
described, it might not yield anice, nea, sinusoidal AC signal. Faraday’s law of induction
applies whether the magnetic field changes due to motion d the @il or motion d the magnet (as
do,
dt
where @ isthe magnetic flux through the loopat timet. Asthe magnet is rotated badk and

forth, the flux would change sign, and the voltage generated in the loopwould correspondngly
change sign aswell. Because there ae several loops, we must then multiply this by N, the
number of loops.

demonstrated in clasg. The EMF generated by asingle loopis smply given by £ = -

PART TWO — Do any two o the following threeproblems (30 pants ead)

6. Thecircuit shown at right hasa variable AC source, a
resistor, an inductor, and a capacitor. The AC sourceis
measur ed to produce a voltage as sketched in the graph
below (the solid curve). Thecurrent ismeasured aswell,
and also shown in the graph below. 2
a) What istheperiod T, frequency f, and angular
frequency wthat the AC sourceisoperating at? | | ‘
|

Looking at the graph, we seethat the pe&ks of the voltage
are bou 80 ms apart, so the periodisT=80ms=0.08s. The
frequency isjust theredprocd of this, sof=1/T =12.5Hz. The angular frequency can be found
from w=2nf =78.54 Hz.

b) What isthe maximum voltage AVmax and the maximum current | o for thiscircuit?

What istheroot-mean-squar e voltage and current AV, ms and | ;mgs?

The maximum voltage is the highest value the voltage dtains over a ¢/cle. Looking at
the graph, thisis between 150V and 2000V, and allittl e doser to 150V, so | estimate that it is
170V. Similarly, the arrent maxes out between 10and 15A, and alittl e doser to 10,50 |
estimateit at 12 A.

The rms voltage and current are simply obtained by dividing these by J2. The aswers
are:
AViax = 170.V, Imax = 12.0A, AVims =120.V, lrms = 8.5A.
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Voltage (solid curve, left scde) and current (dotted curve, right scae) asa
function d timefor problem 6. Thetimeisin milliseconds, and the voltage
and current are in vdts and amps respedively.

¢) What istheimpedance Z for thiscircuit?
The impedance can be obtained from

Z= —Alvmax =V _ 1420

d) Doesthecurrent lag (come after) or lead (come befor €) the voltage? |sthe phase
difference ¢ positive or negative? Estimatethe phasedifference@. You may use
radians or degrees.

The aurrent rises and pe&ks after the voltage does. Therefore, the airrent lags the voltage.
Y ou can get the phase shift most easily by looking at the placewhere the voltage and current
crossthetime ais. Thevoltage aosses zero predsely at t = 0, while the arrent crosses at
approximately t = 10 ms. Sincethe periodis 80 ms, thisis one-eighth of a g/cle. Dividing afull
cycle, which corresponds to 2rtradians or 36, by 8, the phase shift is Yartradians, or 45°.

e) Which isbigger, theinductive reactance X, or the capactitative reactance Xc? If we
wished to change the frequency of the source so that the frequency was at the
resonance frequency of thecircuit, should weincreasef, decreasef, or isit already
tuned correctly?

We use the formula tan@ = A EXC to deducethat

XL ~ XC
R
so we oncludethat X, —X. =R. SincetheresistanceR is positive, we must have X > Xc.

=tan@=tan45° =1,



To get to resonance, we have to make the inductive reatcance match the cgadtive
1
Cw

this can be acomplished by lowering the angular frequency w, which is the same & lowering the
frequency f.

readance, by lowering the former, or raising the latter, or both. Since X, =Lw, and X_ =

7. A tokamak isadonut shaped eledromagnet, sort of likea ) _
solenoid bent into acircle. It istypically formed by Outside view:
wrapping wires repeatedly around a hollow donut-shaped shell and wires
shell. The solenoid shown below hasa major axisof 5cm S

(that meansthat the distancefrom the center of the “hole’ 4.cm \\\\w,// ,,,,,,,,,,,,,,,,,,,,,,,,, )
to the center of theturnsis5 cm) and aminor axisof 2 cm ~\\\ / 5cm

(that meansthat the distanceacrossthe “ cake’ part of the — -
donut is4 cm). Thedonut has 36 windings each carr ying — gm—
150A of current. The airrent isflowing in such away // \-

that the aurrent comes up (out of the plane of the page) in //// \\%

the“hole” of thedonut, outwards acrossthetop of the ‘\\

donut, back down (into the plane of the paper) around the
outside alge of the donut, and back inwards on the bottom of
the donut.

a) What isthetotal current, and direction of current
flowing through acircle of radiusr =5 cm (the dashed
circle)? Is theanswer any different forr =4cmorr=6
cm?

The aurrent is flowing out of the plane of the pagein the
center part, andthisisinside our dashed circle. Each of the wires
caries 150A, and sincethere ae 36 d them, the total current
flowing out of the plane of the paper is 5400A. The answer isthe
sameforr =4 cmandr = 6 cm, because the wiresin the center still
passthrough this circle, and the wires on the outside do nd.

Cutaway view:
wires only

b) What isthedirection of the magnetic field on the dashed circle? Use Ampere'sLaw
to calculate the magnitude of that magnetic field. What, if anything, changesif you
calculatethe magneticfieldatr =4cmor r = 6cm?

A solenoid has amagnetic field that points along its axis. If you look, say, at the top o
the donu, the arrent will flow in the diredion o your curled fingersif you pant your thumb to
theleft. By asimilar argument, it will point in a courter-clockwise diredion all aroundthe
dashed curve. So the magnetic field pants courter-clockwise everywhere.

As an dlternative agument, thereis a net current flowing upwardsin the inner part of the
circle. Pointing your thumb upwvards, you seethat your fingers curl cournter-clockwise, so again,
thefield is pointed counter-clockwise aoundthe arcle.

Now, what is the magnitude of this magnetic field? We can cdculate this easily using
Ampere' s Law. Sincewe don't have aty changing eledric fluxes, we can use the simple form



EP B s = Ul . Sincethe magnetic field is pointed along the diredion d the drcle, theintegral is
just the magnetic field times the drcumference, or 2rrB. So we have
) (4mx107T 0WA ) (5400 A)
2mB =y, ,sotha B=-2-=
2 2r(0.06 m)

The only thing that changesif you caculatetheflux at r =4 cmor r = 6 cm isin the final
step, when you dvide by r. The magnetic field at these distancesare 27 mT and 18mT
respedively.

=0.026T=216mT

¢) How much current isthereflowing through a circle of radius 8 cm (outside the
entiredonut)? How about radius 2 cm (in the hole of the donut)? What isthe
magnetic field there?

A circleof radiusr = 2 cm would be entirely inside the hoe of the donu, so there would
be no current penetrating it. Ampere’s Law can still be used, bu the total current is 0, so thereis
no magnetic field. Atr =8 cm, the drclewould be bigger than the entire Tokamak. There ae
36 wirescarying 150A eat coming upin the center of the donu, but also 36wires carying
150A going badk down aroundthe outer perimeter of the donu, for atotal current of OA. Soin
baoth cases, the magnetic field (in the hde and ouside the donu) is zero.

8. A pendulumisformed asfollows. A solenoid isformed with a cross-section that isa
rectangle (size 2 cm x 3 cm) with 100 windings/cm and a length of 10 cm and mass 100
g. A current of 2 A isthen turned on, in such away that when the solenoid hangs down,
the current isrunning counter-clockwise around the solenoid. It isthen dangled
vertically from oneend in a gravitational field g= 9.8 m/s’. A vertical magnetic field of
magnitude B = }T_ |sturn_ed on in the+zdirection. Suspension
a) If thesolenoid ishanging at an angle 8 compared paint P
to thevertical, what isthe magnetic flux through
oneturn of the solenoid? What isthetotal flux
through all the turns of the solenoid?
The magnetic flux is equal to the magnetic field
dotted into the aea The solenoid has a aosssedional area

of A=ab=(0.02m)(0.03m)=0.006 m?. The agle  is

the same & the angle between the verticd diredion (the way 10cm
the magnetic field is painting) and the diredion d the normal
to asingleloop,so theflux is

@, = AB = ABcos® = (0.006 Whb)cos6
Sincethere ae 100windings per cm, and the solenoid
is10cm long, there ae atotal of 1000windings, so we

simply multi ply this by 1000to get the total for the whole
solenaid:

®, =N (AEB) = ABcosf =(0.60 Wb)cos6




Some people interpreted the question dfferently, thinking | was asking abou the
magnetic field caused by the solenoid through itself. Thiscan be computed by the formula

B = NI /L=25mT to get the magnetic field, then multi ply by the aeato get 1.5x10™° Wb

through asingle ail, or 0.015Whb through all 1000coils. However, in this case, thereisno
fador of cos@, sincethe solenaid is obviously aigned with itself. Tedchnicdly, thisfador can be
added to the previous oneto give the total flux.

b) What isthe magnetic potential energy of the solenoid dueto itsinteraction with the
magnetic field, if it is hanging straight downwards, and if it is hanging straight
upwards?

For aloop d wirewith a arrent I, the magnetic potential energy is U = —IAB. Again,

you have to multiply by the number of coils, U = —INAB. Thisisjust the arrent | timesthe
previous answer, so we have
U =-®,l =-(1.20 J)cosb

But wait! We have to make sure we get the sign right! This sgn is corred provided we
have cdculated flux in acardancewith the right hand rule. Asviewed from the top, the airrent
isflowing aroundin a @urter’ clockwise manner, andif you curl your fingers in such a manor,
youwill findyour thumb pdnting upwards. So, indeed, we have the sign right, and the energy is
cdculated corredly. Now, for it hanging up a down, we simply plugin 6=0 or 8= 18, and
find atotal energy of —1.20Jwhen it is hanging down, and +1.20Jwhen it is painting up.

Again, some people dtempted to cdculate the energy caused by the solenoid’ s interadion
with its own magnetic field. Thisisgiven by U = %1% We can get the inductance L from the

U,N*A

formula L = =7.54 mH, sowith 2 A running through the wire we have U = 0.015 J.

Again, it does not depend on the angle.

¢) Thebackground magnetic field isadjusted so that the solenoid isindifferent; it
prefersneither to hang downwards nor upwards. Which direction must the
magnetic field be, and how large must it be? The gravitational potential energy is
given by U = mgh, where h isthe height of the center of mass of the solenoid.

The magnetic field, asit is arranged, has its energy at a minimum when the solenoid
points down, so it prefers, magnetically, to hang down. Gravity, of course, also prefers things to
hang down, so clearly the two forces do not oppose each other.

If we change the magnetic field from 1 T to B, then the magnetic potential energy will

alterto U, =—(2.40 J)(B/T)cos . The gravitational potential is given by mgh, where histhe

center of mass. The distance from the top of the solenoid to the midpointis5cm. Whenitis
hanging downwards, this represents a negative height, and when it is upwards, it is a positive
height, so h =~(0.05m)cos6 . The gravitational potential energy is therefore

U, =mgh =(0.1kg)(9.8 m/s*)(~0.05 m)cosé = —(0.049 J)cosd

The total energy isthe sum of these two, whichis
0B 1

U=U,+U, =—ao.049 J)+(2.40 J)B?%cose



Thisis zero, which means the solenoid daesn’t care which way it paints, if the agument in
square bradkets vanishes, which happens when

(0.0 J)+(2.40 J)ﬁ?@:o, or  B=-00204T

The minus sgn in thisformulajust signals that the magnetic field must be reversed, so that it
points downwards.

What abou the self-energy of theinductor? Thisis0.015J no matter which dredionthe
solenoid hangs. Therefore, this contributionisirrelevant to cdculating the badgroundfield
required.



