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MC1
We may consider the wedge and the object as one system.
By using Newton’s 2" law of motion, we have
(m + M)gsind = (m+M)a

J.a=gsing ...(1)

Consider the object:

mg—N =masind ....(2)

sub (1) into (2), we have — _________ 1 m
mg — N = m(g siné) sind = mg sin*4 oF

N = mg — mg sin?d = mg cos*8 ak,"
Answer: (b) e
MC2

In the frame rotated by an angle &, we can consider only the horizontal component of the
gravitational force that accelerates the ball forward. In the vertical motion, the ball bounces
elastically with an effective acceleration gcosé. To find the distance between the first and the
last bounce, say the fourth, we should also account for the velocity the ball acquires before
the first hit:

Denote v, as the horizontal component of the initial velocity of the ball before the first hit
with respect to the inclined, to; as the time between releasing the ball and the first hit and t;4
as the time between the first to the fourth hit.

The horizontal component of the initial velocity of the ball before the first hit is given by
v, =gsind-t, ...(1)

.2

The time to1: t,, :\/ZH £ =\/2H
gcosé g
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Since the ball makes 3 hits and each hit takes 2 times of to; therefore,

[2 Z_H]H H
g g

The total distance between the first and the last hit, d, is

(gsin 0)
2

d=v,t, + A ()

By substituting equation (1), (2) and (3) into (4), we have
. 2
d =| gsing. [2H (6 /2HJ+(gsm9)_ 5 [2H
g g 2 g

=12H sin &+ 36H sin & Answer: (e)
=48H sin 4

MC3*
Using Newton’s law of universal gravitation and Newton’s second law for circular orbits,
M oc R®/T?. Comparing with Earth’s orbit, where M = 1 solar mass, R=1 AU and T =1

2
year, R =3 1.5(%) =0.48 AU . Answer: (e)

MC4

Let the x axis points in the direction along the plane, and the y axis is normal to the plane. Let
m be the mass of the ball. Let u be the velocity of the ball immediately before it touches the
surface. Then the impulse of the impact is given by

I, =mv, —mucosa

I, =mv, + musin o

Due to the presence of friction, I, =—ul,
Hence mv, —mucosa = —u(mv, +musin «)
Vv, =u(cosa — usina) — v, (1)
Balance of energy:

1mvf+1mv§ ~ L w2 where £ =2

2 2 6

Vi vy = fu?

Substituting (1),

[u(cosa — psin ) — v, I* +v; = fu?

we arrive at a quadratic equation in vy:

(+ 1 )vy —2u(cosa — usin a)uv, +u®(cosa — usin a)* — fu* =0

(%) _1(v)_1_g
4\ u 2L u ) 16
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v
Angle with the x axis: § =tan™ L =tan™"2=63° Answer: (d)
v

X

MC5

Consider the motion of the center of mass of the sand. At t = 0, the center of mass starts to
move downwards. Hence there is a downward acceleration. Using Newton’s second law, the
reaction force of the balance on the hourglass should decrease, so that it cannot completely
cancel the weight of the sand, and the net force on the sand is downward. Throughout the
dripping process, the center of mass of the sand is moving downwards at a constant velocity.
There is no acceleration and hence the reaction force stays at the equilibrium value. At the
end of the dripping process, the downward motion of the center of mass is stopped. There is a
deceleration and the reaction force increases momentarily. Answer: (e)

MC6
Using Archimedes’ principle, volume of water displaced Vg = (Mot PceVice) ! Pocter -

Suppose a volume of AV, melts, then the volume of water displaced decreases by
PiceAVieo | Poater - Al the same time, since mass is conserved, the volume of water increases by
LAV | Porer - HENCE there is no change in the water level. However, when all ice melts and
the stone sinks to the bottom, the volume of water displaced is M./ Pyone < Myone! Poater -

Hence the water level falls. Answer: (b)

MC7

The key is the conservation of energy. The electrical energy generated by the turbines comes
from the kinetic energy of the wind, which in turn comes from the kinetic energy of the trains.
Hence no energy is saved, and the air resistance experienced by the trains will increase.
Answer: (a)

MC8
Sol. ¥ gk LenT fm (T X 4 BT o
O r C B
O

a B\

T=mg, f=90°-2Z.
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XF,=0,Tsin B+ Nsina-mg=0, Nsina=mg-m,gsin 3 (1)
>F, =0,Tcosf—Ncosa=0, N cosa =m,gcos (i)
tan

(i)=(Gi): =
T m, V21 -cosa)

= /3. Answer: (e)

MC9
The force which is responsible for restoring the liquid levels in two arms of the tube is

F =- ApA = - (hy + hy) pgA, where Ap is the pressure difference and h; & h; being the rise
and fall of liquid levels in the two arms in vertical direction respectively.

Denote x as the change in length of the liquid along the tube. (note: the change in length of
the liquid in both arms, either rise or fall, is the same)

Using this restoring force can enable us to have the following equation:
F =- (xsin@ + xsin@)pgA = - pgA(siné;, + siné)x = ma
_ PYA(SIn 6, +5sin 6,) XX

m

By using S.H.M. equation, we have

o 1 [pgA@ing +sind,) 1 [g(sind, +sind,)
Z_Z\/ AL, +L,) _Z\/ L +L,
where mass of liquid in the tube m = pV = pA(L; + L)

= a=

f= Answer: (a)

MC10
For simple harmonic motion, x = Acoswt and v=-wAsinwt . Substituting into the
expression of the total energy,

E=lavs+ipe = Lpa +1(aa)2 —b)Asin? ot .
2 2 2 2

For energy to conserve, we have o’ :9 and f =2 =i 10 . Answer: (b)
a 27 2z \Va

MC11
Denote the friction force and normal force acting on each blade as Frand N, respectively. At

the critical angle the static friction force should reach its maximal value which is F = uN.

The condition for the wire not to move is when all components of the forces adding up equal
to zero. As shown in the force diagram acting on the wire,
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the vertical components cancel each other by symmetry, and the horizontal components
cancel if 2F, cos% =2N smTa'

Thus, from the condition of the critical angle we obtain: x = tan %. Answer: (d)

Note that the angle in the question is twice the angle here.

MC12
Let M be the mass of the box.
If the box is not sliding, we have F < Mg ...(1)
If the box tips over, it will happen at the lower right hand corner, so it is better to measure
torques about this point. For tipping, clockwise moment must exceed counterclockwise
moment:

MgL

Combining (1) and (2), we have (tipping before sliding)
MgL
——<F <M
oH HVg
= > L
*”2n

Thus, the critical condition in this case (x> u,) IS u, = i Answer: (a)

MC13
Let v be the velocity of the particle of mass m. Kinetic energy of the compound pendulum:

2
K:Emv2+£(2m) V1 2 3me
2 2 2 4

Potential energy of the compound pendulum:
U =-mgLcosd—-2mg %cos@ =-2mgLcosé

2

For small oscillations, U ~ —2mgL[1—%j = cosntant + mgL§?

For small oscillations, we can approximate the linear displacement by x = Lé.

Hence U = m—l_gx2

Using the result of MC12, we can substitute a = gm , b= 2mg and
f :i /2m_gll_ :i /4—9 . Answer: (b)
27\ 3m/2 2z V3L
MC14
Using Newton’s second law, we find that the acceleration of the upward displacement is
v, vy

—g(sina + ucosa). Hence t, = — and L= - :
g(sin o + ucosa) 29(sin a + ucosa)
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The acceleration of the downward discplacement is g(sin« — ucosa) (in the downward
direction). Hence the time is given by L = % g(sin & — ucosa)t’ . Hence

2 _ 2L B V7 _2Sina+pucosa
> g(sina—pcosa) g2(sina— ucosa)(sin @+ ucosar) ' sina— ucosa

L —S!naJr,uCOSa Answer: (b)
iy SIn ¢ — ucosa
MC15

Sol.  mvy,=(M+M)v,v= Lv0:2m/s,
m+M

AE, =1mv02—1(m+|\/|)v2 _ L a0 —1><(1+4)><22 =40
2 2 2 2
Answer: (e)

MC16

Sol. @& s m;=1kg, my=3kg, F=6N, vo =2m/s, d =1m..

TR BRI RS ), MEFOERE L VY BESE TR
m, 3

m,v, =(m, +m,)v,v= V, = x2 =1.5m/s.

20 ( 1 2) m1+m2 0 1+3
& pEd o Eerr RS T, v, =aT =v,+a,T,6T =2-2T, T =0.25s,v =1.5m/s.
AE, :%mzvo2 —%(mﬁmz)v2 =%><3><22 —%(1+3)><1.52:1.5J: FAs, As=0.25m.

B 47 88 B ehdoo]) BE4E = d — 45 = 0.75 m. Answer: (C)

MC17
Let x be the fraction of the rod length submerged in water. Using Archimedes’ principle, the
buoyancy is given by pwaerAXLQ. Taking moments about the hanging end,

X L
p\AaterAXLgL(l_Ej = prodALg (Ej

X 501 1
X1l-=|=—|=| = X==
(1-3)-3G) = *=3

The fraction of the rod length above the water is 2/3. Answer: (d)

MC18

Using x = Eat2 , the time taken by the first carriage to pass the observer is the time difference

. . 1
between x = L and x = 0, where L is the length of a carriage. Hence L = Eat(f where tp = 5's.
The time taken by the tenth carriage to pass the observer is the time difference between x =

10L and x = 9L. Hence the time is t, —t;, where 9L:%at12 and 10L:%at22 =

t,—t = (\/E—B)to =0.81s. Answer: (e)
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MC19
Let T be the tension in the light string, and a the acceleration. Using Newton’s second law,

F-T=ma 1)
T-F,=ma )

D+(@2): F-F,=(m+m)a = a= Aoh gng 7 =MehREME
m, +m, m, +m,
= v = m,F, +mF, . Answer: (b)
k  k(m +m,)
MC?20
Consider the forces acting on the two piece of wood. The normal reactions are
N, =mgcosa and N, =mgcosp.
Consider the vertical component of the forces acting on the triangular block.
F = Mg+ N, cosa + N, cos # = Mg +mg(cos’ a +cos’ )
Since a+ £=90°, F = Mg +mg(cos’a+sin’a)=Mg+mg. Answer: (c)

Open Problems

Q1* (10 points)

Solution:

Two forces act on the sign, namely the horizontal force,
Fuwing, from the wind and the force of gravity, mg, of the
sign.

If the sign turns over, it will be pivoting at the lower Fuind
right edge and there will be no longer be a force between
the ground and the lower left edge. This means we need
to balance the torques, about the lower right edge.

The force of gravity, acting from the center of mass,

provides a stabilizing torque of weight
Tgravity = Fying -d = (Mg)(h)tan(8/2) = (6 kg)(9.8)(1.0) N
tan15° = 15.8 Nm g

The force from the wind acts in the center of the left board, causing a tipping torque of
h
. =F. =] .1
wind wind (2} ( )
By using Newton’s 2™ law of motion, Fying can be expressed as:
o A(mv)  pA(vAt) Ve

wnd = m PAV? ....(2) , where A is the cross-sectional area of the board.

Combining equation (1) & (2), which yields 7, = Tying = (pAVZ)(gj

This suggests the minimum speed of the wind vy is

V.. = 2 yrany = 2(158) =7.26 m/s
" =\ oAh | (L.2)(05)(L.0)
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02 (10 points)
Sol.

1) ¥ rC: 2T:mg,T:%mg; % J& B: N, =mg, f1=T=%m9?

()

_;]l;@ A: N = N1+3mg =4mg, f = f1+T :%mg+%mg:mg_
SRR R PR RS f <N e f <N o

1 1 1
Emgs;lmgfrmgs;z(4mg) J yzzfryzz IR TP

N =

B —>
lmg T.

<

X B4k B A 2a, B CHeig B 5 a

(20 % & C: mg—2T =ma; (i)

4 & B: N,=mg,T-f =2ma, f, =N, = umg, (i)

T — umg =ma (iii)

& (i) (iii), @ az%g T =2+T“mg (iv)

S B A N=4mg, f =f +T (V)
2+ u 2+6u

mg =

(ife@iv) = » (v), ® f = umg + z M9

Co T3 hvii@dm AF L > PR a>0fcf <uN »

1-2u 2+6u
——g>04r
5 9>0% 5

1 1 1 1
mg < u(dmg) > u<— 2= =>u>=
g <u(4mg) > u 21‘?# = ST HES

Q3 (15 points)

(a) First we calculate the position of the neutral point, where the attractive forces due to the
planet and the satellite are equal and opposite. Let x be the distance of the neutral point from
the center of sphere B. Then
GMm  G4Mm

= 5 X=2R
X (6R—x)

It is sufficient to send the projectile to the neutral point. Beyond the point, the projectile can
fall to the surface of sphere A under free fall. Using the conservation of energy,

1, GMm G4Mm GMm G4Mm /3GM
— MV, — - == - = Vain =al e
2 R 5R 2R 4R 5R
(b) When the projectile reaches the surface of sphere A,
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GMm G4Mm 1, GMm G4Mm 27GM
—~ — ==mv’ - — = v= [T
2R 4R 2 SR R SR

(c) Escape velocity:

1 , GMm G4Mm /18GM
= MV — - =0 = Ves =\ " Ep
2 R SR SR

Q4 (15 points)
(@) Let 4 be the angle between line PC and the vertical. Using the conservation of energy,
the velocity of the bob at point C:

0=—mg%(1—cos@)+%mv§ = V. =+/gL(1—cosd)

2
Using Newton’s second law, T +mgcosé = m% =2mg(1l-cosd)

T =0 at point C. Therefore, cosd = % = 6=148°

(b) At point C, the velocity is v=,/gL(l-cosf) = /%L and makes an angle & with the

horizontal. Hence after the sting becomes loose, using point P as the origin, the coordinate of
the bob is given by

X= Lsin 6 —Vv. cosa
2

L . 1 .,
=—C0S@+V.Sin&kt—=qt
y 5 c 29

V. sin @
g

Using v, =V, sin & —gt, the maximum height is given by vy =0 = t=

vesin®0 _ L ngs(gJ _B
29 3 29 \9) H

Hence the maximum height is 23L/54 above point P.

(c) At point E, x = 0. Hence

L
= —C0S@+
y 2

_ Lsing
2V, cosd
- 2 - 2
y:£c059+ sin“ @ I__3s|n20 L:iL
2 2cos@  8cos g 32

Hence point E is at a distance 7L/16 below point O.

Q5 (10 points)
(@) The system oscillates about the center of mass, which is at a distance of L/3 from particle
A. Let a be the acceleration of A. Using Newton’s second law,

2ma=—qEsin 4.

For small oscillations, sin@ ~ 6 = 3—:( :

Hence a = —ﬁx . This is the equation of a simple harmonic motion, with »® = 39E .
2mL 2mL



Period of oscillations: T = 27 _ 2 2mL
w 3qE
(b) The amplitude of x: x, = %
. o ol 6,
The amplitude of the velocity: v, = oX, = 3

2

Using Newton’s second law, T —qEcosé = 2mLV—/3

2

T =qEcosf + omv

2
emv;

tensionis T,,, =QqE + =gE+qE&;

10
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. Both terms are largest when €= 0, where v = vy. Hence the maximum



