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Rules and Regulations #t f 4R

All questions are in bilingual versions. You can answer in either Chinese or English, but only
ONE language should be used throughout the whole paper.

AP EEY BB RVERNUP PR R A 2E R NE-FEEY o
The multiple-choice answer sheet will be collected 1.5 hours after the start of the contest.

You can start answering the open-ended questions any time after you have completed the
multiple-choice questions without waiting for announcements.

ERMANEARIT F L - PP A rr o F iAW e AT EH RS
FRATER D g fEGEREH -

On the cover of the answer book and the multiple-choice answer sheet, please write your 8-
digit Contestant Number, English Name, and Seat Number.

BEMEHG A FRMEENL FE L G 8 T AFFRM Eo L IR
B o

After you have made the choice in answering a multiple choice question, fill the
corresponding circle on the multiple-choice answer sheet fully using a HB pencil.

EREREOE R FHER A ApROFEY BBA YR 2%E -
The open-ended problems are quite long. Please read the whole problem first before

attempting to solve them. If there are parts that you cannot solve, you are allowed to treat the
answer as a known answer to solve the other parts.

B R iRt  FREFERFARCL FLI R PRLENSATEMo 2 VRTE
ERF T R EHE B I o



The following symbols and constants are used throughout the examination paper unless

otherwise specified:
% FEEFUAP > FRAERR T THRGEVEK

| Gravitational acceleration on Earth surface ¥ 3¢ 4 & & 4 4cif & | g [98ms”

Trigonometric identities:
ZE&FERN
sin(x +y) = sinx cosy + cosx siny

cos(x +y) = cosxcosy —sinxsiny

tanx + tany
tan(x + y) =
1 —tanxtany
X+ X —
sinx +siny = 2sin ycos 4
2 2
x+y x-—Yy
cosx + cosy = 2 cos cos
2 2
Xty y—X
cosx —cosy = 2sin > sin >

1 x—y 1 x+y

sinxsinyzzcos > —Ecos >
1 x—y+1 x+y
COS X COSY = = COS =COoS
2 2 2 2
, 1 x+y 1 x—y
Sinx cosy = —sin + =sin

2 2 2 2



Multiple Choice Questions (2 Marks Each) £ #4g8(+ 8 2 &)

1. The orbital period of the Moon around the Earth is 27.3 days. The orbital period of the Earth
around the Sun is 365.3 days. What is the time difference between two full moon?
VIR EISE SR R PG 273 0 0 R IREMES B g ¥ 5 3653 9 o B R
2 P AR EE RS

A.25.3days 25.3 p B. 25.4 days 25.4 p C.27.3days27.3 p
D. 29.3 days 29.3 p E. 29.5 days 29.5 p

At the full moon, the Moon is collinear with the Earth and the Sun. The angular displacement
of the Moon is 2wt /27.3. At the same time, the angular displacement of the Sun relative to
the Earth is 2t /365.3. Hence

2mt 2mt _
27.3 365.3

_ (365.3)(27.3)
"~ 365.3-27.3

t = 29.5 days

2. A circular hole with radius R/2 is carved
from a uniform circular disk of radius R. A y
smaller disk with radius R/4 with the same
uniform density is then put inside the hole, as
shown in the figure below. The center of mass

of the whole system is located at a distance d R

from the origin. Find d.

C B i Reubs A G- @8- P
0

Lz s RI2en[Flay » Ris 2l - BE LA .
RIA chp fe 23 % B ] Rl 3 ¢ s 4off)
e BBk SuenfTie R BhEEAES d -

Fodo
A. R/13 B.  5R/52
C. 3R/26 D.  7R/52
E. 2R/13
LM X0+ M/ x (—I]?V{Z) ]J\r/I(M/16) X (=R/4) _ %
M-T+1¢



3. A seconds pendulum clock loses 20 seconds a day at place A but gains 20 seconds a day at
another place B. Find the ratio of the accelerations due to gravity at the two places, gs: ga.
Note: a seconds pendulum has a period of 2 seconds.

~ BT E B A S X Sl 20 4) 0 @K BL B ArE X 4P 20 ) o RiEd ¥ Ehehd
i R ggigac s RPN L 24 o

A. 2159 : 2163 B. 2159: 4321 C. 4323 :4319

D. 4319 : 4321 E. 8647 : 8639
| |
TA=27Z' =y TB=2” —
Ja Op
Os _ T_A _ E _ (24)(60)(60) +20 8642 14 4
g, Tz f, (24)(60)(60)120 8638 8638

2
%:(l_'_iJ z1+i:%
O 8638 8638 4319

4. A loop of chain of mass M and length (circumference) L rests on
the slanted surface of a cone. The chain lies in a horizontal plane,
and the half-angle of the cone is ¥. Assume that the contact
surfaces are smooth. What is the tension in the chain?

S EFEL MSER (M%) 5 L eaBids - BRA
Benplag b oo gaB TR AR TG F Tt o [Fl4afgend
£ 50 o BB Ak daRY k4 LR Y

2nMg
A —
9

B. m2Mg sec® 9
C. %sinﬁ cos V9
D. wcotﬁ

2T

E. None of the above. 17 + £ # 457 & -



Let T be the tension in the chain.

Chain length increase AL = eleastic PE increase TAL

= loop radius increase AL /2w = loop height decrease AL /(27 tan ¢)
= gravitational PE decrease MgAL /(27 tan ¢)

= total PE change [T — Mg / (2m tan 9)]AL.

Chain at equilirium = total PE change = 0 = T = Mg / (2n tan9).

5. Particle 1 of mass m; takes time t; to slide down from rest on a
chord starting from the highest point H of a vertical circle. Particle
2 of mass m; takes time t, to slide down from rest on a chord
ending at the lowest point L of the circle. Particle 3 of mass ms
takes time t3 to drop from point H to point L (along the vertical 5@
diameter). Assume that the contact surfaces are smooth. Compare
1, b, and ts.

FE i om o 1 - L Rlas gy HipE-2FT
ZPE e FR S My S 2500 5T 3 A Fldhk Mgk
Lo Zmthe T8 My et 3 (G0 F4eE2 /5) S H B3 L
TI LB FR e F ARSI E L o BTG R

fo Ak il v R tge

At;=t, =t;.
B.t; =t, > ts.
C.ty >t, >ts.
D.t, >t; > ts.

E. Depends on the relative values of the masses. B~ -3 3 ch/fT & chfp $ @ o

s’:lat2 or t2:§.
a
t2:2(dc0801):ﬁ t2:2<d00892):% tQZ%
! gcoso, g 2 gcosh, g

Thus t=t,=t,.

6. A satellite is orbiting around the Earth on a circular orbit at velocity v. It is hit by an asteroid.
After the impact, the radial velocity of the satellite becomes v/2, and the tangential velocity
remains at the value v. The new orbit of the satellite is



FREGCRRGE RS, ER S Ve WEMB AR  BECHFEOETER
VI2> 7 id B VR4 % o R RTiuE AL

A. acircular orbit with a larger orbital radius — i # ~ [F] % 0[] 2 g

an elliptical orbit — & £ ] #LiE

a parabolic orbit — & ¥t s i

a hyperbolic orbit — & g R #uE

an oscillating orbit about a circular trajectory — & 4% [F]1 2 #ui 4k i chfig

mo o w

Remark: “asteroid” is more appropriately described as “meteoroid”.
;j_:: %—gé “PE } ” }I@ ifE_" /T::L_/‘:fl-_ ”

7. A spacecraft moving with initial velocity u approaches Jupiter (which moves with orbital
velocity U) at an angle ¢ to the planet’s orbital motion. The spacecraft does not enter
Jupiter’s atmosphere. The gravitational pull from Jupiter causes the spacecraft to swing
around the planet and head off with final velocity v in another direction. Note that u and v are
the velocities when the spacecraft is sufficiently far away from Jupiter’s gravitational
influence. Find the final velocity v of the spacecraft.

— AR AL A AR E: ufiTAki (#\Er MEE R UEF) o 2 340l ey
FREARMEEF >3 dd o 33 FEMNAEDAFE - TEDEA B S F 4
HEE AR ’1'1%3\5{ VI Y - 2% 4 18 tufev
Lgpd + 24 IERA R LB (LR £ 91 P)

g R o REZAORBER V-

A. \Ju? + U2 — 2uU cos ¢

B. J/4u? + U2 — 4ul cos ¢

C.Ju? + 4U2 — 4uU cos ¢

D. \/4u? + U2 + 4uU cos ¢

E. u? + 4U2% + 4uU cos ¢
In an elastic collision,

Conservation of KE:

Conservation of linear momentum (horizontal):



mu, + myu, = mu, + m,v,.

=v, —v,=—(u —u,) or v =u,—u+7,
Substitute for v, in the momentum equation: ucos ¢ + 2U
2m, m, —m
v, = — |u, +|——"|u,
m, +m, m, +m,

= v, = 2(U) —(—ucosp) = 2U + ucos .

Final velocity of the spacecraft:

v = \/(usin #)* + (2U + ucos @)’
— \/u2 +4U? + 4uU cos ¢.

8. A large piece of granite is put on board a boat, which floats in a swimming pool, and the
initial water level of the pool is recorded at equilibrium. Now, if the granite is thrown
overboard and sinks into the pool, what will happen to the water level of the pool?

- BOPAREN AR o A PN - KBTS E e A e d R B TSR AR
BT R o MABH T FAU P ARPLIRE P T T o BM R ATk B pE T AR Ze
BTk o RS vk et ?

A. The water level rises. -k =+ = o
B. The water level drops. -k == *% o
C. The water level first rises and then drops to the initial level. -k =4 = {4 "% T 4=4~3 B
D. The water level first drops and then rises to the initial level. -k = £ "% {8 2 T 4428 & -
E. Cannot be determined without the exact values of the densities of granite and water.
R Rfeicf BB R AU E 0 B AR T o
If the granite was lifted, the pool water level would drop by h; corresponding to an amount of
water of the granite’s weight Wg:

W, = pyAhg or m.g=p Ahg

m
= h =—5.
pyA

If the granite sank, the pool water level would rise by h;, corresponding to an amount of water of
the granite’s volume Vg:



p“g p\Vg pVV
= h, = My
Py
m
Thus, -+ =—F = % — e g5 h, > h, = net change in water level: drop.

by my o pVe oy

9. Consider a ship of mass M and volume V floating in water with density p. Assume that its
density is uniform and its horizontal and vertical cross sections are rectangular. To prevent
the ship from overturning, a thin layer of mass m is placed at the bottom floor of the ship.
What is the minimum value of m?

- MRS M W% B VIR FRRA G R Y o B R RIFS o kT fed
DG IELAET e SRR S ARE T - TR maErs omd il
2oL g9

\
Y _ M
2M M
Yy m
V) _ p

.m.U.O.UUPﬁ

Let A be the horizontal cross-section area, H be the height of the ship, and h be the
immersion depth of the ship. Using Archimedes’ principle,
(M +m)g = phAg

M+m
iy
Height of the center of mass of the ship from the floor = i
2(M+m)

Height of the center of buoyancy of the ship from the floor = -

MH h

Hence minimum mass: -
2(M+m)

MH M+m

Mm =4

(M +m)? > MpAH
pVM — M




10. A chain, of mass per unit length 4, is hung vertically by an upward pull P acting at the upper
end of the chain. Meanwhile, the chain is lowered onto the floor with velocity v. Let | be the
length of the free-hanging portion of the chain above the floor. Find the acceleration [ of the
top end of the chain.

— e b d P IE* - ARG R
PUEIpY o AFENFECERDTE
B TAAERPERUER VARTE T I
hoo 2 | AAAE Al oa L BHINA R

B oo FABTETE et B o

Al=—g
.e P
B.lzﬁ—g Floor
ci=24%_> N
Tl 9
P 2v?
D. 1 E—T—g
P 202
E l_Z_ul_T_g

Force = time rate of change of linear momentum:

[u(l—i—Al)-(v—i—Av)+u(—Al)-v}—,ul-v A
At At

uwlg—P =

As At — 0, plg — P = plo.
But v = —I, thus lg— P=—pull or [ =P /ul—g.

Time #: Time t + At:

10



11. A man with a ball of mass m on his hand is sitting on the basket hung by a —
hot air balloon. The total mass of the balloon, the basket and the manis M/ \
and the whole system remains at rest in the sky. Suddenly the man throws | |
the ball vertically upward, and the ball falls back to his hand after time t.
What is the total work done by the man in throwing the ball?

S AEPETRL M L ARFRTARER o FH P Ef I
AREE L Mo BB IAFLAZY o REBR > AR R e G o ®
R UL IR Ew AL o B A AYeIREARY A0 U H? m
M+ M+
A, M) (242 B, M) 242 C. = g2t?
8M 4M 8
m_2 2.2 M+m 5 o
D. 5 9% E.——g°t

Let Yu(t) and Y (t) are the vertical coordinate of the man and the ball respectively. By the
conservation of momentum, we have:

MV =mv
Yy (t) = —Vt+l(@) t2
M 2\ M
1
Y, () = vt — Egtz
2v
Yyu(@) =Yn@) =t= ) = Yy@) =Y, =0

1 1m
:v—zgtandV—Eﬁgt

m(M+m) gztz

The work done = mv? + 1 MV?2 =
2 2 8M

12. Three blocks with masses 10 kg, 5 kg and 1 kg respectively are sitting on the frictionless
tabletop as shown in the figure. Initially, the 10 kg block is moving with 10 m s to the right.
Assume all the collisions are elastic, what is the final velocity of the 1kg mass after collision?
AeBlror o ZHRFE A S 510 kg5 kg fr 1 kg A AR FRT G F oo At 0 10
kgh {12 10 m ST LA F o K A AL A B RR 0 B 1 kg F Arif (8
YR RAS Y

10 ms!
—)

10 kg

n
<8
a3
—_
=B
Q

11



A.11.1 ms* B.22.2 ms™ C.33.3ms*
D. 44.4 ms* E.55.5 ms*

We first consider the collision between the 10kg and 5kg blocks. By conservation of momentum
and energy, we have
10 X 10 = 10v; + 5v,
l10 x 10% = l10172 +15v2
2 2t 2T
v, =40/3
Next, we can consider the collision between the 5kg and 1kg blocks and we get

5 -
vy =SV, =222 ms™

13. Two blocks with masses 10 kg and 1 kg respectively are sitting
on the frictionless tabletop as shown. The coefficients of static 1 kg
and kinetic friction on the interface between two blocks are 0.5 F
and 0.3 respectively. What is the acceleration of the 1 kg block —
relative to the 10 kg block if the horizontal force F applied 10
kg block is 100 N? | |

10 kg

e o BB E A W 510 kg fo 1 kgeh 4 Ak kT G b oo 3 HLA R 2 B e
Bs k Bcfods B i Bios B 5054003 G - %A 5100 Nevk T da 4 Fie* %10 kg
g R1IkgA AR 310 kg 45 crdp ¥ se i B o

A. 6.77 ms? to the left B. 6.77 ms™ to the right
C. 4.6177 ms™ to the left D. 4.6177 ms™ to the right
E.0Oms?

f=03g=a,

F—03g = 10ay
ay — a, = 6.766 ms™?2

14. A uniform thin rod with mass M and length L is initially
held at an angle 6, with the ground. A small cup is fixed
at the higher end of the rod with the mouth facing
outward and a small ball is put inside the cup, as shown in
the figure. The masses of the cup and the ball are both
negligible. The rod is then released from rest to hit the
ground. It is assumed that the friction of the ground is
large enough so that the contact point of the rod and the
ground remains the same when the rod falls. It is given
that the rotational kinetic energy of the rod rotating about

12



15.

16.

its end with angular speed w is %MLZwZ. At what angle will the ball starts to move out of the
cup, if the friction between the cup and the ball is negligible?

Bl o - RFR L MCER L L as S e Bl g b L G himl o
- AR BRAORG - F o BT et PR - ke | IRERDTEY
FEE cMELHBHA A TETE  REEY g BRRBEF G B g 0 i
B b G R R AT BT R AR L mEy M BHE - B U AE R o &
fopr 2o b b G —ML2 2o BRI A T L BB T L0, P RAARLR
) ik e

A. Atall angle B. At no angle C.sin™? G sin 90)

D. sin™?! G sin 90) E. cos™! G sin 00)

By energy conservation, Mg % sinf, = Mg % sin@ + %MLZa)2
The ball will leave the cup when g sin 6 = w?L
Solving the two equations one gets

3
6 = sin™! (Z sin 00>

The Grand Coulee Dam is 1270 m long and 170 m high. The electrical power output from
generators at its base is approximately 2 x 10° W. How many cubic meters of water must
flow from the top of the dam per second to produce this amount of power if 92% of the work
done on the water by gravity is converted to electrical energy? (Each cubic meter of water
has a mass of 1000 kQ)

A AKBEERL 1270 m B AL 170 mo o kEE RIS BT b G

2X10°W o 4ok 514 i5# s ket 920 1 5 T i o BB AACKFEE IR D i
ISR RESE R RS Y LR

A. 1.0x 103 m® B.1.2x103m? C.1.2 x 106 m®

D.1.3x 103 m® E.1.3x10°m°

mgx170><092—2><109—>m=13><106kg
V—13><W—13><103

A mass is hung from the ceiling of a lift by a spring and is initially at rest. The period of
oscillation of the mass hung by the spring is T. At time t = 0 the lift starts from rest to move
upwards and reaches a constant velocity in a short time. After moving a time interval equal to
3T/2, the lift stops in a short time. Which one of the following figures represents the time
dependence of the height of the mass, measured from the floor of the lift?

13



FE R P B R F o AT A o PR R RS ) 5
2%

To AEFFt=08F > 2 HF4t 2 Aol p o o P25 - R L3TRpFER S
TP AERFRRN B o T o VRAREB A A S RERT F 0 B REFR G R?

>
W

Height from floor
SERELEEY B
Height from floor
9B 8 b 8 0 8 BE

T T T T T 1
-0.5 0 05 1 15 2 25 -0.5 0 0.5 1 15 2 2.5

Time (in units of T) BRI (B A T) Time (inunits of T) B E (B4 B T)

Height from floor
SEEE ML E 0 A
Height from floor
BB b i 68 & B

-0.5 0 0.5 1 1.5 2 2.5 -0.5 0 0.5 1 15 2 25

Time (in units of T) ¥ K (R4 A T) Time (in units of T) BRI (B BT

E.

— U

T T t
-0.5 0 0.5 1 1.5 2 2.5

Time (in units of T) 85 R (R L AT)

i TR

Height from floor

At t = 0, the upward acceleration produces a downward fictitious force. The downward force in a
short time produces a downward impulse setting the mass to oscillate downwards. At t = 3T/2,
the upward deceleration produces an upward impulse, further increasing the velocity of the mass.

17. A mass m is attached to a spring and allowed to oscillate. The velocity of the mass is shown
in the figure. What is the maximum acceleration magnitude of the mass?

~ FR Amend B - BE b IR o dr s B Ao BT o B 4 Bt R b

i

RS Y

14



v, (cm/s)

/%5'\ /TN
1210 14 1.8
802 e 1Y

A.39.27 cm s B. 78.54 cm s C. 157.08 cm s

D.125¢cms? E. 25cm s

2T

Period =8 X 0.2 = 1.6s = =
v(t) = 20 sin(wt + ¢)

20
x(t) = —Ecos(wt + ¢)

amplitude = — = 5.09cm
a(t) = 20w cos(wt + ¢) —»max acceleratlon = 20w = 78.54 cm s~ 2

18. An object is released from rest at time t = 0 at a height of h. Suppose its collision with the
ground is inelastic and during every collision the fractional loss in KE is y, where 1 >y > 0.
After how much time will the object stop and become at rest on the ground?

PR =0, -PHEFAR h Biepd TH - BRPFMEE G i 5 2L
Ridg o F BTN ORI L Y, P F12y>0 - KFGE PR ST R
SRR B LN

A 1+,/1-y 2h B 1+/y 2h C 2 J1-y 2h
T 1-J1-v4 g 1Y g "T1-J1-v4 g
V7 [en
D.2 1—\/7\/; E.

The time between the release and the first collision is \/2h/g. The kinetic energy after the n-
th collision is (1 —y)"mgh, where n = 1,2,3,:--.So the speed after the n-th collision is

(1 —y)¥2,/2gh. The time taken between the n-th and the (n + 1)-th collision is 2(1 —
y)”/z,/Zh/ . The total time taken is

(19.-20.) Two identical particles A and B with charge g and mass m are inside a region of
uniform and constant downward gravitational field § = —gj and uniform time-varying electric

15



field E = E, cos wt i, where { and j are the unit vectors along the x and y axes respectively. At
time t = 0, particle A is located at (0, —d,), moving with speed v, making an angle 6, with the
positive x-axis. Particle B is initially located at (—dg, 0) and is launched with speed vy at an
angle 65 measured from the positive x-axis, as shown in the figure below. It is given that

SRR RF AE BEFFE MACRE Qo VP ASREF - w T8 § a4 5
G=-g) -3 %81 TH E=Eycoswti > B¢ o fAuliis X 2 y o= 5l &
T o b EFRF t=0 F o i T B R F A 238(0,—dy) 0 MiEFun B X fhe k&
O 07 i H k3 B 230 (—dp,0), MiE Fvg LB E Xih k £ Qg miEH o ¢ e

dy

6 >7r tan~!
— — n —
azpmRn g

It is also given that the electric force acting on a charge g under an electric field Eis qﬁ. Assume
that the electrical and gravitational forces between the particles are negligible.

PIEQNEHE ¢ rE 4 L qE o BRARTI T o il F T g e

<
l\
«Q

E
Up
s o
@
(—dg,0) 0 x

(Or _dA)

19. Find the minimum value of vy so that particle B can hit particle A with certain angle 6;.
Fovg ko] B RS BEUEE LR Y T 4o

A. v, sin (QA + tan™? Z—A) B. —v, coS (HA + tan™! Z—A)

B B

C.—v, sec (QA + tan™! Z—A) D.  wacsc (HA +tan™" %)

B B

16



mg —1da
E.—v, —cos (9 + tan —)
4 qEp 4 dp

In the frame of B, A has no acceleration. So there will be collision if the initial velocity of A
relative to B is antiparallel to the position vector of A measured from B. From the figure
below, it can be observed that when vy is smaller than the length shown, no matter how one
chooses 65, v, — U5 cannot be antiparallel to the position vector of A relative to B. The
smallest value of vy is hence as that shown in the figure. Therefore

I8 d d
Vg = V4 COS (9,4 = (E —tan™! d—:)) = vy sin (HA + tan™! d_:>

20. With the above minimum speed and angle, what is the time at which particle B will hit

particle A?
Rprad b [ @ F A e R > FRF ALPABEEY 3+ B

./d,zq*'dlze la2 +a2
A. sin (QA + tan™?! Z—A) B. — cos (HA + tan™?! Z—A)

va B va B

NER: d a3 +d3 ;
C. csc (BA + tan™? d—A) D. — sec (HA + tan™? d—A)

va B va B

/di+d§ d
cos (BA + tan™?! d—A)

wazs B

The speed of A relative to B is

17



I8 d d
V4 sin (9,4 — (E —tan~?! d—A)> = —vy cos (9,4 + tan~?! d_A)
B B

Hence the time taken is

Jdi+d3 da
— YA Bsec(h,+t *—)
- sec( 4 + tan d,

Open Problems (12 Marks Each) B *<4g (& 48 12 4 )
1. Spider-Man Saving a Train gk & 3 5] 2

In the movie Spider-Man 2, Spider-Man uses his spider webs to save a runaway train by bringing
it to a stop (See the figures). The train is running at 80 mph on a straight railway. It has six carts
and the mass of each cart is 58,000 Ib. Spider-Man shoots two identical bundles of spider webs,
one bundle from each hand, which sticks firmly onto the buildings on both sides of the train.
With the help of the webs, the train is eventually stopped in 50 s. The buildings are so close to
the train that the webs can be considered parallel to the railway. Assume that each web bundle
acts like a spring of spring constant k, and that friction is negligible.
ARE (BrkRik 2) ¢ o BrRR Y O dpkp R BT R - 24 prand (LR e
718 02 80 mph fhif B A- T EhpLLt TR B G A BEF A EFHTEL
53,000 lb - Brek %3 5 Riple chbmrie (F &2 60— §) o bppkipE TR ALL 7]
B R IERY o hibmkrEaF AT o A BB A 50 s PARBRT Rk o d NEAF 0D |
Bl o TR T UAUR TR BT T o BRRE ARk T g do- {9F 0 HEF
Wlcs ko Bt v d 23h e
(a) Find the extension of each web bundle. You may take the extension as the distance travelled

by the train during its deceleration by the webs.

KB fdrrg e £ o nF fe 5B Ak brkR e R @ T (AR RS E (TR W £ o
(b) Find the spring constant k of each web bundle.

Foi R iR B ¥ B ke
(c) Find the tension in each web bundle just before the train is stopped.

R B BT > F R kR k4 o
Give your answers correct to 3 significant figures, in SI units.
FRMmI 3 g ondked 0 P URFE el 4T o
[Unit conversions: 1 mph (mile per hour) = 1.61 km/h; 1 kg = 2.2 Ib (pounds).]
(H @3 " 1Imph (2% | pF) =161km/h;1kg=22Ib (%) - ]

18



|

m = 6x58000 /2.2 =158181.82 kg.

v, = 80 mph = 20X L61X1000 _ 45 oo
i 60 x 60

Approach 1: Considering the motion of the train as a simple harmonic motion.
(@) We note that the period of oscillation is (4)(50) = 200 s. In simple harmonic motion,
displacement amplitude and velocity amplitude are related by

v 35.78

V=aX = X=—=———=1139m =1,140 m (3sig. fig.)
o (271200)

(b) Hence the angular frequency is given by

o = % (the factor of 2 is for two web bundles)

= k=

2 2
Mo 158181821 27 1 _ 74 06 Nm? ~ 78.1Nm* (3sig fig)
2 2 (200

(c) The tension in each bundle T = kx = (78.06)(1,139) ~ 8.89x10* N (3sig. fig.)

Approach 2: Approximate that the deceleration is constant and using energy conservation.
(a) The extension is

it = (&28“’}(50) _894.44 ~ 894 m (3sig. fig.)

(b) Energy consideration (Note that the spring force or the deceleration is not constant):
Initial KE of the train is

K = %mvf = %(158181.82)(35.78)2 =101.25%10° J.

Elastic PE stored in the two web bundles is

U:2x%kx2:>k:g

$2 .
By conservation of mechanical energy,

U=K
6
k=9 K 1012507150 5 127 Nm? 3sig. fig)

X* X (894.44)°
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(c) Tension in each web bundle is
T =kx = (126.6)(894.44) =1.13x10° N (3sig. fig)

Approach 3: Approximate that the deceleration is constant and using Newton’s law of motion.
(a) The extension is

X =Vt = (&28“’}(50) — 894.44 ~ 894 m (3sig. fig.)

(b) (b) Deceleration of the train:
a=Y_378_7156ms?
t 50
Noting that the tension in the web bundles is increasing with their extensions, the average force

acting on the train during the deceleration is F = (2k)(x/2) = kx

Using Newton’s law of motion, kx=ma =
ma _ (158181.82)(0.7156)
X 894.44

(c) The tension in each bundle T =kx = (126.5)(894) =113,188 N ~1.13x10° N (3sig. fig.)

k = =126.6 Nm* ~127 Nm™ (3sig. fig.)

2. A Round Snooker Table [f]13] e 4 3k 45

A smooth snooker ball S is struck from point O of a specially-
designed circular snooker table. The ball then moves off
horizontally in a direction making an angle ¢ with the radius
CO. The ball makes n impacts with the smooth vertical wall of
the table before returning to point O. If n = 1, ¢ = 0. The
coefficient of restitution between the ball and the wall is e. (The
coefficient of restitution is the ratio of the normal speed after the
impact to its value before.)

- REFER ORI LR G - RSO B
AED c Afa P FE LI CO x4 ki wRTHE o
Lk b L REE 4 n AR BEY OZcFn=1, PMle=0- L5z 7
R Glics e (AR DR EAR D PR RLE A E BB o)

(@ Ifn=2find pintermsofe. n=2> fp » FxmestT -

(b) If n =3, find ¢ in terms of positive exponentsofe. # n=3> Fp > Exme%x o
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@n=2:
From conservation of linear momentum, 1% impact:
v, sinp, = vsin .
From Newton’s law of impact, 1% impact:
U, COSp, = evCcosy.
_ -1
Thus tang =e ' tanp.

Similarly for 2" impact: tanp, = ' tangp, = e *tan .

From geometry,
A0+, +p,)=m,

T
MM%+¢QZMM5—w

tanp +tany, 1

l—tanp tany, tang
e 'tanp + e *tany 1

1—e?tan’ ¢ tang
1 )
:>tan2g0: n > = ¢ >
e +e +e l+e+e
1 3
:><,0:tan71 = tan"’ 6—2.
\/6714-6724—673 ltete
(b)n=3:

As in (a), from conservation of linear momentum and

Newton’s law of impact, 3™ impact: tan P, = e tan .

From geometry,
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Ap+¢ +o,+¢,)=2m,
tan(p + @) = tan[ﬂ — (i@, 903)] = —tan(p, + ¢,)
tanp +tanyp ~ tanyp, +tang,

I —tanptanp, 1 —tangp, tangp,
tan ¢ + e tany e’ tanp + e’ tan ¢

1—e'tan’p 1—e’tan’¢p
:>tan2¢: 1—{-671—}—672—{—673 _
el tette’ +et
= ¢ =tan'e"’

3. Escalator Breakdown # £ § #-#& R

Drive chain

<. Drive gear
EHMEE

An escalator has a horizontal length L = 30 m and a height H = 18 m. It transports passengers
upward through its length in 90 s. Each step on the escalator is 0.5 m deep and 0.3 m high. There
are 60 steps on the escalator.

-~ pEREITHAE RS L=30m FARZH=18m. 7 u* Q0 shpFREE L E
oA - BPEOERZOEMBALZ03mMe HETHRETF 60 BB o

(a) Assume that there is one passenger with mass m = 70 kg standing on alternating steps of the
escalator (i.e. there are 30 passengers on the escalator at any time). What is the minimum
power of the electric motor to keep the escalator moving in the steady speed?

B A G g - BFE S m=T0kg R Eks (EREESG 30 BB AT
B ke k RH U RAEE o B IRE LR b b A5 0

The vertical velocity = vy = 18m/90s
Number of passengers = n =30

The power required = the power to transport one passenger x (30) = nmgv,, = 4116 W

22



(b) Suppose the drive chain is suddenly broken and all the braking devices malfunction. The
escalator reverses direction, and sends passengers careening downward with an acceleration.
Eventually, all passengers will hit on the ground.

B SRR RETH > 2 B XE R REAR o R ETHEREE e > LR
Erdeig R TH oo B¥ T KRR FR o

Assume both wheels have mass M = 7,000 kg, radius R = 1 m, and there is one passenger
on alternating steps. Initially, the passengers are standing as shown in the figure when the
drive chain is broken. What is the velocity v; of the passengers when the first passenger (P1)
hits on the ground?

BRA B TR SM=7000kg s /& 3R=1m, @& 5t - BRE -3
SREAAB A ST P > R R i E AR Y AT o B R - BRE(P)F W BFE Ry
(Hint: The rotational kinetic energy of a wheel is iMRZcu2 where w is the angular velocity
of the wheel.)

(Bem: - Bl i ;%iMRZwZ VHY LRI AER o)

The vertical velocity vy = 18m/90s
The horizontal velocity v, = 30m/90s

The velocity vy = \/vZ + vZ = 039 ms™!
Initially, the passengers are moving upward with an initial velocity v, = 0.4 ms~! and the
wheels rotate with an angular velocity w, = vo/R = 0.4 rad s,

2
The initial energy is E, = 2 X iMR2 (%0) + 30 x %mvg =692
When the first passenger hits on the ground, the total energy becomes

E =2x1MR2(ﬁ)2+30x1mv2—30m (0.6) =E

By the conservation of energy, we have v; = 1.693 ms™".

(c) What is the velocity v, of the second passenger (P,) before he/she hits the ground? Assume
that the first passenger has left the location.
RS- BREPIOFFPFIE RV, LSV 2 BRY- BRE SHFTLEE -

The total energy after the first person hits on the ground

1 5 (V1) 1
E, =2x MR (E) +29 x mvf = 12941)

When the second person hits on the ground, the total energy becomes
E, = 2 x - MR? (2)2 + 29 X = mv? — 20m (0.6)
Hence, we have v, = 2.347 ms™ L.

(d) What is the velocity of the last passenger (P3o) before he/she hits the ground? Assume that all
passengers hitting the ground earlier have left the location.
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Rate- BREMP)FF P BT S 7 BRL WG Frak e SRBTALE

_BE' o
(Hint: A useful approximation |s Yol m + -+ ﬁ ~ In (1 + Aﬁ/z )
(F7:- 'E;’ﬁ * mﬁ‘”)ﬂ\—i‘m'i' +ﬂ ln(1+A+Ai/2)c )
In general, we have the recursive formula
2(n)mgh M/m
P=vi+———— =1 +2 h(l——)
T Y om0 M/m + 30
2(n—1)mgh M/m
07 — 7+ 20h(1- 2fm )
v v1+M+m(n—1) viteg M/m + 29
2(n—29)mgh M/m
2, = 03 — o, + 2gh (1 )
V3o v29+M+m(n—29) Vo 29 M/m+1
Adding the equations,
2—ZZhSOM ! ! >+ 2gh|30—1001In(1 50
Vso = Vo agh S0ty ChE [ - 1001n +m)]

—430 o+ 1
v3, = v§ + 2gh(3.878)
V30 = 6.76 ms~1

In contrast to the free fall, mg(18) = 0.5mv* -> v = 18.78 m s, the velocity is lower.

4. A block of mass M and length L is sliding on the frictionless table and moves with constant
velocity V, to the right. Suddenly, a small mass m is put on the right end of the block. The
mass m slides relative to the block and fall on the left end of the block. Let the coefficient of
friction between the block M and mass m be p.

T2 M ~E RS Lehdd o k- RKTFagt u@d R iF3 @0 REH o 3{"“ ’

GE ALY - BFRE Ml [ FHRE AR 0 O 2
% Mo mz f¥ s Begie S Bchop o

< >
% . >

(a) What is the loss of the total mechanical energy during the process?
ot iEAR Y dE A et A5 Y

(b) What is the final velocity of the mass m and the total travelled time of the mass m before it
falls on the left end?
B] e R A 4 PR g R e ] B R L B R LS 00

(c) What is the minimum value of V,?
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e Vo ehde | BE S ©7
The friction acts on the mass m (-ve direction)
f =—umg =ma
Let V and v be the velocities of the block M and the mass m when the mass m leaves the block.
v =pugt
By the conservation of momentum
MVy =mv + MV
and the work-energy theorem,
—fL = (lMV2 +1mv2) —lMV2
2 2 20
(@) The loss of total mechanical energy AE = fL = umgL
(b) By elimination, we have
(Mm + m?)v? — 2mMVyv + 2umMgL = 0

<MVO + \/MZVOZ — 2ugML(M + m))

U:
M+m

Since the velocity of the mass m must less than V, we have v < ﬁVO and hence
1
= <MV0 = \/MZVOZ — 2ugML(M + m))
A S _ 272 _
and ¢ == = —— (MV, — M2V = 2ugML(M +m))
(c) For v to be real, we much have M2V¢ — 2ugML(M +m) = 0

v

2ugL(M +m)
S L
Vo = \/ 7

5. A space station orbits around the Earth at the height h above the Earth’s surface. A small
satellite of mass m is launched from the space station to arrive at a geosynchronous orbit,
such that the satellite is constantly above a fixed location on Earth’s surface. Find the energy
required to launch the satellite. The Earth has mass M, radius R, and angular velocity o. The

gravitational constant is G.
- R FEERRMERRORE Y CBEFRRS ho K ZHEH-BFEE m g
AR I - BEIREPHIGE > S FEET RITEIRE - B BTG T o RPF ML
TR R BN E oK My Rfror Wirsafd s Liafrp bk - g7 5/
A ¥k Go
The satellite is in uniform circular motion, gravitational force = centripetal force:
G Mm =m v or v’= GM,
(R + h)® R+h R+h
and therefore the kinetic energy of the satellite (in the space station) is
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I GMm
EK =—-mv =—-—.

2 2(R+h)
The gravitational potential energy of the satellite (in the space station) is

_ GMm
P R+h’
Thus the mechanical energy of the satellite (in the space station) is
EleK+EP:_Gﬂ'
2R+ h)

When the satellite moves to the geosynchronous orbit,

GMm 5 |GM
;= Mmrw or = 3 o
T w

Thus the mechanical energy of the satellite in the geosynchronous orbit is

E, = _GMm = —lm?’ G’M°W*.
2r 2
Let Exo be the initial kinetic energy of the satellite when it leaves the Space Station. By

conservation of mechanical energy for the satellite,

E =E,
K0+ _Gﬂ :_lmgGQMQWQ
2(R+h) 2
or EKo = —lm3 G*M*W* +GJW—m'
2 2(R+h)

(Remark: After the competition, the explanation of the coefficient of restitution was added in
Open Problem 2. This change does not affect the correctness of the solution and the marking
standard.)

(Gr: v FF it BB RAE 2 4o r 0 AR iR o B X7 B Y Al mp{oEs

)
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