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Solutions to Problems

Part A

Question 1
Sooner ar later we need to ind both the location of the center of mass r and the ratational inertia

[ ahont the axis of rotation. Let's do Lhese two things first
We can treat the top disk as a solid disk of mass M, with o hole of mass 17, cot aut. Sivee the

radlivg of the hole is hall the radivs of the disk, we can conclude that

|
A = - M., 'AL-1)
i
&0 :
M =AM, - M, = 1 . = 3 AL-2)
By svinmetry the center of mouss will be onoa line connecting the centers of both the hole and the

disk, and must. be located a distance v o the right of the center of the disk, where

I
M0} = M{=v] + M5 (AL-3)
Then n
- TAl-4)
LH] ’

We can apply a similar approach to find the rotaticnal mertia about the axis of ravation:
fo— I+ I, [A)-G;

wlherve o8 the rotational inertia of a sofnd disk and £y 35 the rotarional inertin of the part thia
tsed to be in the hole, both measured about the axis of rotation. [, 8 easy,

I b

f. AMRE [&1-H]

a

1 y y
= ,I'r‘i":.lh =i

while [y, requires an application of the parallel asxis -heorem,

1 R -C S .
fo = 5 My, —:) - A (g | - MR (ALT

s y
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Hh Servahoal Fxaon Solutions 9

Fially.
: oy o
! i, Iy = ll.‘”q'l'e{. [ A4

Now consider the motion of the center of mass, 10 i= rotating abour the axis of rotation with
an angnlar speed wos0 that Lhe sagncfude of the aceeleration of the venter of mass is given by

= ¥, (A1)
The net foree on the disk when the cenler of mass is al Lhe Lop is then given by
Fieo = Mg Fn= Mrwf, (Al-10

where Fyis the normal force. The disk begins to hop when the normal foree is zero, so

g fa
W= - = —, ! 2
— =5 (A1-11)
The total kinetic encrgy is then
il IFld . oy f6gy 13 .
K=<Li- (MR [—- - —AMgR. Al 12
31+ = 3 {22 J K)~ wMe [

{luestion 2

a, Treat the systemn as two capacitors in parallel. One has a spacing of 24 and a surface area
ol LIL — ), the other a spacing of 2d — o and a surface area of Ly, The capacitunce s they
found frem the formula ep A/ d and rhe rule for capacitors in parallel to be

|"|p||r.|‘.|r.— L'] N ‘|3.|'r..‘_j |‘1|.Ir|.||r+|}l|

- U T
2d d 2d vy

(=

b The potential energy stoved 0 the capreitor i= given hy

.. LGP

fr=2= t"‘_ [AD-2
-l 4

a0 the clectric foree of attractnm an the slabos

ol

F o= — ‘A2 3)
I'-.}h
QB Ch i
207 iy (24
4 2
TR - (A2

talll + 2’
Bul tlas is equal to the force Trom gravity, g, when g = Lf2, s0

i 4

- = =, { A2
enoLlL F 028 Oeggl? e

i
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G Semithial Fxam Solutons 3

e We need 1o expand the expression for the foree alwot the paint - L7520 Letting = L/2 - r.

Wi el

. fi )

Jr. - —r(t — [r*LE.-T}
ea L (AL /2 ¢
EHIOE ary 2
Boord T ALHE)
r]r'.“.lr.'{ ( 4 4 ||r.- .-] I AZ-K
. £ Tt

& Il"a'IQ ([ _a Pl J . (A2.9)

Qe L4 L

A 6Bl )*
% _ 1k (AZ-1001
€0

——
2Tep Lt
W krow the frst terme i the last line balanees gravite; it s the second ternm thar is of
interest. Tt is usefnl to write it in terms of the mass.

16de} _ dmg

L= =T, (AZ11]
ETF”.III.:I 3L

aF =

sv that the effective spring constanl ks given by

1 p .
_ Amy (A2.12)
34
The frequeney of small oseillations is then
1 ,"T i
= (% = DA (A2-13]
2r l'.- m w V3L
Cuestion 3
a. First ind ~:
Cp Cy+R_ §+t 5
ST B ol i g = = [A3.1)
Cy £y 5 3

Fast processes are adiabatic processes. especinlly when we are told that no heat exchange
oeenurs! This means that gV is a constant, and then

paVy = p V). (A3-2]
EFTTS
Pl =naftl [Ad-3)
- RI
e e (A3
iz nocematant. Finallv, we can write
T > =Wl (A3-0]

Wark 1= done on the gas by the falling cvlinder and the externnl atmosphere Hence,

A I T R A TP (A3 6}
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200G Semiliaal Exanm Solutions

wliere o oag the mass of the piston. Hot the rross sections A
Voo Ay and then the work done 1

Wo— (mg— iy — w)

This work must equal the change o internal energy of the gas,

i B L IJf.ﬂll'ﬂ'nI l’lrl.’?il { _—! -
L T
Gut
I.III! II.L_.'”-.I w1
A\
and
= R =
T R 2?.- Tu ,_?,HL'- ihs
=i}
) a gy T
g 4 poAl (o~ ) — cpedu | | =
2 i
ar

o :
Py + A (l - y—]) = aluu..‘-l ([Lﬂ—])
] = ]

T

Bt o — 8y, =0

»

fTY 3 \
fiteg 1 opnd ( : ) = A (30,
) 2

r )

Solve for . and
24 ,n“.-i
(L) T
) |||'
We a:_'.tua]]_\-' want the f[:—*mair].'. K00

o 21 gy

PaE T b
b. Eventually the gas temperature returns 1o 75 and then

palo = paby.

are umfarm, a0 we can write

(A3-T)
b

1) . {AZ8)
(A9}
(A3-141

| K
= 1) . (A4 11]
= :) . (A3-12)
(A3-13)
{AZ-14)

(A3-15)

(A3-16)

The pressure will rise to the point that ir can suppaoct the cvlinder,

g =Alpz pol,

1 n
ey = Apg (L—ﬂ - L)

Rewriting in terms of the ratio w iy,

din FrLif
y A
249
ol o I\
:
A
T
and then
L
iy A0

(A3-17)

[A3.1%)

(A3-19)

(A3-20)

{A3-21]

T AS-22)
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Question 4

a. The joms= move, Tor the most part, in untdorm cizenlar nection under the influence of a megnetic
foree an

E 2
e
== = g, [44-1)
5
il
i — B PA-T)
Wohen v = A we ave the neoanrim possible momentan, s
Poax — gB R, CAA-G)
b Sinee :
; o ' F
K= ) A=
% e LA%-4)
wir b R e
g o "
o i (Ad-5)
T ' :
Bt B B
m=ygH— = . .,
LN

[Ad-G)
P qBRw .

2

[A4-T)
¢. The wms pick wp this kinetie energy from the changing potential, colleeting 2¢1 alter every
revolulion, The number of revolutions required is then

N o= DR

plaiiliorre) (A=)
41".;]
and sinee each revolation requires a Lime 27 /w, the total time s given by
" rBR?

: EERY
21 l ’

d. The evelstran works only becaose the revolution of the charged particle is constant in time.
p = qfr s relativistivally correct, but now the velocity is given by the condition that g

The angular frequency of revolition needs to be w in order to get a boost each hall-cvele, so

TR
U= fA-100
Then s
tl M TR
=i e = e (A
P N R T T Y R '
Putting this mto the momentwm expression vields

. 15
Tl rZadd
F="211-
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Part B

Question |
a. For simplicity we write v mstead of vy, 00 Wherever possible we will salve the problem in

thee simplest possible manner.
i. The magnitude of the torce of grovity on the wire is
Foo= 1y, (Hl-11
the magmtude of the magnetic foree omoa cuerent £ in the wire 13
P = BEX, iB1-2]
the induced emf, V. in the wire when teaveling with speed 1 is
V= -BudX. [B1-3)

and, finally, rhe relationship between the el uwd current is

V=IiIR (B1-4)
Terminal velocity ocours when there is no aceeleration, =0 that the net foree is zero,
Then
iy = DOFX. (B1-5)
v .
miy = H!—?.'; (B1-63
BulX _
LTI H-—-ﬁ;— X, (B1-T}
ma T
e 7 (H1-%)
Bixi

It is traditional to give the terminal speed, and consequently we don’t usnally write the

negative sign indicating downward metion. Hencelorth,

e fi

"= gy ‘B1-9)

i Lot the above syinbols, except for v now be varialles o tine, Deline o dof nutation

for Vit derivatives, so that velocity is geen by

riy .
I- P 1= L1
i b {I_ 4 /

ang .
11 .
g = = (BL-11}

oft
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Tl acceleration of The wire s given by Newton's secord Taw,

s - Fon - F_u.*-
ped BIX - gy
Har X
Tl — —BJTX = R
X
i s i r””.
mift )
> ™y

Ho= -y L :-:.' f lJ.

We st now integrate this expression,

i at
7 = i),

d
U= o i
I B 1y ) i

v g
/{{' + 1] o / v @,
W) E
LY ty

iit. Thermal energy dissipates wt a rate given by

Splving for ..

P=1 = ViR,

g4 x?
=

= T (r'

P -

bl I.:I z &

=TI

(Bi-123
(B1-13)

(B1-14)
fR1-15)

(B1-16}
(B1-17"

(B1-18)
[R1-19]
([1-20)

(B1-21)

(B1-22)

[B1-23)

(B1-24)

(B1-25]

iv. It ig tempting to integrate the above sxpression. Dan't do it! Instead, forus on the fact
that the energy dissipated is equal to the chanpe in energy of the wire, Note that il s

moving at terminal speerd when it completely leaves the field region, so

- 1 r
E— mglt - ;rrr.r.',«‘z.

L

(B1-26)

b. Be warned that we pever actually need 1o find £ i this problem, so don't spend time trying

t calenfate it!

i. Eguations B1-1, B1-2. and B1-3 are sl true. But now the emf is related to the indue-

tance ated the change i corrent by

B =
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The ot above the T omeans time derpeariees Comibining.

mle = BIXN — my.
mie = HiX,
@
- -B-X,
£
Rixe

—-

L

({B1-28)
(120

(B

(-4

This is the differential cquatinn for a simple harmanie aseillator, with angular feequency

w given by

%
wh = 1|'.' f.f'.! }l E
The period of ascillation s then
II — z—ﬂ = 2—_7:- VJ:T”I
e X

i, Oscillatory motion is necessarily of the form

= Acosied +3) + B

where A, B oawd & are constants Shuee » s a megnmm when !

{B1-32)

(B1-33)

(E1-34]

0, we can conelude

thet @ — {l. The acceleration will be piven by a = 4, and the madmum acceleration is
then g,y = Aw?. This maxinumn acceleration ocears when the object s released. and

there 15 not yer any current throngh the wire, so, lvom Eqg. B1-258.

mde® = my,
| myl

Fially, y = £3 when ¢ — {1, a0
y = Aeosiutl+D-

gl 2'12
= |. e l + .[:I.
(U.}“I ( T

il Using vigpas = o,

K]
WA

. 1
Foax = J
] g z
I :r;zrrl.zl

(B1-35}
(B1-36)

(B1.37)

{B1-38)

(B1-39}
(B1-40)

[H1-41)

iv. Al the bottom point of the path all of the “lost” potential energy of the wire must be

stored in the magnetic field, so

Tt yg? L

L — 2engd T

Clopyright 2006 Awerican Assoviation of Physios Teachers

(131--12;



2006 Serntbinal Feaaoe Salotons

wo A the low point of the oseillanion the magneric rnergy will be uaximal, o

T syml

fmax = 5 =~ (H1-43]
Question 2
a. The rodiation power absorbed by the pateh of area a is
ral {B2-1;
while the power radiated from the patel s

taa T, iB2-2)

Tha Dobaluuee couses w temperature change given by

ol EL—J:_ = taf - caaT?, (B2-3)
dT
G i g, (B2-4)
(v
b. We will need to do an expansion of 79
.},I . q
™ = T (1 4 T—_.-,-m:.-w-s—a__wj , (B2-5]
U
| 4 . T-I i # .
= T (1 - 4T—, sin{at — .,tr]) . (B2-G)
i

Lnsert this and the given expression for Toanto R B2

s {(Nwecosiuwt — ¢l = (BT}
x
i g 1 i : ?1] [ ..L i e
fo = fysinjwt) — ol [ 1 + 44— sinfuit — m}) ; {B2-8}
' . To
U..I " .'I'l
aTi® + 40T T sinfwt — o) + If{ L coslwt @) = Jo + 1y sinfwt), (B2-9)
Clearly, then
4 = T {B2-10)
8 — 1|T].;|;!T[. {Bg—ll}
el T )
. (B2-12)
£

o, The anly way that it can work i= if A = Fy. Of conrse, one would expect the average mtensity
tn be related to the average temperatuee m Uas way.

Expand the left hand sine and cosine terms according to the angle addition formulae:

sinfudd — @) = coswt sing ¢ oslnwt cos g, (H2.14)

ens{wd — o) vl rosd 4 S LEin g (B2-14}
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Sibstitnte into Bguation (1) frong the guestion paper,

Bi—coswd sing +sinwt cosa) 4 (7 {cos of coso = st sittgd) = 0 sinwet (B2-15)
This, alver eollescting 1erns, yields
Hsing ~ Crosglcoswt + {Boosd + Csinglsinad = [ sinw! (B2-16}

The cosiie term st vanish, and this ondy happens if

- Osineg+ Cessa =0, {R2-17)
leaving the smn term, so
Boeosd + Osing = 1, iB2-18)
'ambining,
sl g .
Seosah + B——ing — [y, {Bﬂ—l!‘}’}
£ :
H = fcosd (B2-20)
and then "
s o ey
e, et Iosing fBa-41)
(WAL EA]
d. Fvaluate 8/4.
P E R _ 5
5= Foes v (32.22)
s 0

and

B 4cTy'T, T
. o Nk P 2. (B2-23)

Ty} e

wie L
A gt B2-24
casg = 4—, i
-lrl'_'| Ji'_[.'l |: J
Sinee [/ fy = 0.126/0.244 = 0.516 we ought be concerned that T /7, might not be a suffi-
ciently small quantity [or this approximation!

e, Since (he temperabure difference g fuace the czeillation amphtude,

AT = 2Ty [B2-25)
s0 we are mterested in graphing
/T = ol CO . (B2-26)
2.5

= [T31 Kjicos (E (B2-27)

o
G onently f
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o B ¥ | B =
o o o O =

M
L]

=

05 1 15 2 25 3
tlime {months)

|
1

Temperalure difference (Centigrade;

[

f. According to the data on the question paper the peak temperature happens about one month
after the salstice. The predicted summer fwinter temperature difference would then be about
62 0 which is about 2.5 times that seen in the average temperature data for BWIL
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