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1.

Rules and Regulations 53 Z 8l

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.

FIEREEERTRHRE - RUBEENPXIRXFE 2L BUE—RBSES -

. On the first page of the answer books, please write your 3-digit Contestant Number

and English Name.

EZEENE B L - BELR 3 UBFSEZ MBS -

. 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.

FNDEEERE  AREERETRBEFRE - ERESs A2 - NoifeMiEs
Z1FSHIARMME Mt ER 7

The following symbols and constants are used throughout the examination paper
unless otherwise specified:
BRIEFSRIERR - BRAIAGRER FIIFRMER

Gravitational acceleration on Earth surface
MIKFREE NNERE
Gravitational constant
ENEH

g 9.80 ms™

G 6.67 x 1071t m3kg's?




Multiple Choice Questions (2 Marks Each) EERE (£ 2 73)

1. A 1.0-kg block and a 2.0-kg block are pressed together on a horizontal frictionless
surface with a compressed light spring between them. They are not attached to the
spring. After they are released and detached from the spring

1.4 1.0 AT ERVYEEM 2.0 2ATENYIREEEZEN/KERE LBRE—E  £®EMZEA
—EBENEES  MRIDIEEEEEE - - SEMERIL I ESRR 2%

A. both blocks will have the same amount of kinetic energy. mf&#158 BB E RIS
Bt

B. both blocks will have equal speeds. mfE 432 EE R EIHIRE -

C. the lighter block will have more kinetic energy than the heavier block. BRESFIY 52 LE
RENVEEEESHEE -

D. the magnitude of the momentum of the heavier block will be greater than the
magnitude of the momentum of the lighter block. & E 2RI EN 218 K EREEHIY)

Eih
A= °

E. the heavier block will have more kinetic energy than the lighter block. &RERI¥A2LE
RENMEEEESHERE -

2. A heavy ball is hung with a string from the ceiling. Another string is attached to the
bottom of the ball. A downward pulling force is exerted on the lower string as shown
in the figure below. Which of the following statements is true?

2. A—RAEFHERIER BB —EIIERIIK - 5 —REFMMEIKNESS - —@ FAYRLAHEN
ENAWES L W NEFR o NAUIRIRZ ERERY ?

LU
~ upper string

o

O Lower string
A

Pulling
Force w7

A. If the lower string is pulled suddenly by a large force, the upper string will break
first. MR—EE AW ARAIFRE FANMEF L - Bl EFREFSEREH -

B. If the lower string is pulled suddenly by a large force, the lower string will break
first. MR —EEARNUARKRIEAE FHNE&F L - BINEREFREEmER -




C. If the lower string is pulled suddenly by a large force, the two strings will break at
the same time. IR—EEARRN NWRAERE AT L - BIMIRE 15 E R

1

D. If the lower string is pulled by a slowly increasing force, the lower string will break
first. MR —{E#E 12BN NIERE F A& L - BIFTEF B EER -

E. If the lower string is pulled by a slowly increasing force, none of the string will
eventually break. iIR—AZIEIEBANIERE FANEF £ - MIREFRALHAS
hER

3. Which of the following statements is true in describing two satellites orbiting on
circular orbits with the same radius around Earth?
3. MELU KA E O MEREEFEERETHWAZHE - LNkl 1 EHEN ?

A. The satellites could have different masses. MIEAEEHECIsEEBARINES -
B. The satellites could have different periods. MfE A&&E0IsE BB A ERIEH -

C. The satellites could have different linear speeds. M{EAEFEEgEEB A EIRR TR

=

D. The satellites could have different magnitudes of accelerations. M{E A i&& £89003R
EogE BB ARRAN -

E. The gravitational acceleration measured inside the satellites could be different. @&
ANEBENTAFNENNNEREIBEAR -

4. A roller-coaster cart full of water is moving at a constant speed along a horizontal,
frictionless length of track. Suddenly, a plug in the bottom of the cart is removed, and
the water starts to flow downwards out of the cart. What happens to the speed of the
cart while the water is flowing? Ignore air resistance in your answer.

4. Zom/KRB LB DR ERVERSFIGEEEERENKENEES - KA - BUBERAN—EZEF
TR - JKBRgaE MAaZlBILESNE - SKERBES - BUBRERRZNEEL ? XERBEJR

BEz=smPE 7T -

A. The cart speeds up. 8 LIENZR -

B. The cart slows down. i |11 B8} R

C. The cart speeds up until half the water is gone, then it slows down. B ENZRE %!
M=K - RERE



D. The cart slows down until half the water is gone, then it speeds up. B E IR RE
B D—rK - RENE -
E. The cart's speed does not change. BLUBEHRIRALE -

Solution: The water flowing out of the cart does not exert a horizontal force on the cart, so the
cart's speed does not change. Alternatively, the water leaving the cart does carry horizontal
momentum, so the momentum of the cart does decrease. However, the mass of the cart is
decreasing by the same fraction, so the speed of the cart does not change.

Answer; E

5. A cylinder half-filled with water is hung from the ceiling by a long cable and swings
with a small angle like a pendulum. At the position shown in the figure, the water level
is observed to be (see the figure below for the description of the choices)
S5mKNERRERBRARBMEXRTER L UEEE—RIUVNABEEE - B PR
B BRIKUS (EERPBHFELRETNE)

A. curved & B. horizontal 7K

C. tipped inward ER1{ES D. tipped outward [ESMES

E. tipped outward when the pendulum is swinging outward, and tipped inward when
the pendulum is swinging inward B RIMNEERFEIMES - ERCARDREDAES

curved horizontal tipped tipped
&g 7K inward outward
aARIES EIMES

At the position shown in the figure, the acceleration due to the pendulum motion is dominated
by the acceleration towards the central axis. This generates a fictitious force in the opposite
direction (similar to the relation between centripetal force and centrifugal force in circular
motion). The total force experienced by water is the sum of the downward gravitational force
plus the rightward fictitious force. Since the cable is long, the water level is effectively in
equilibrium, and the water surface is normal to the total force. Therefore, it should be tipped



outward. (In fact, the water surface is effectively orthogonal to the cable direction for small-
angle oscillations, as can be verified by detailed analysis and experimental observation (see the
video).)

Answer: D.

6. Consider the one-dimensional collision of two objects Aand Bwith masses m, =

2 kg and my = 3 kg. The objects are made of unknown materials. Aand Bare initially
moving with constant velocities of 5 m/s to the right and 3 m/s to the left,
respectively, with A on the left side of B Which of the following are possible final
velocities of the objects after the collision?

6. EREER my = 2kg M mp = 3kg WMIEYIEE A B RU—#ERDIE - BEYESHARFM
IR - JURBER - AR B &2 AILEAS m/s MEZE 3 m/sRIEERERZS - M A
£ B RYAM - UNHIRE YRS E MRS A BANIE 2 B O] BEN SRR EE ?

m 5m/s 3m/s
N Lmd = g

mpg

I A: 3 m/s to the left, B: 2 m/s to the right A:[@7%Z3m/s  B: @A 2m/s

I A: 2.5 m/s to the left, B:2 m/sto theright A : @A 25m/s B : @4 2m/s
[ A: 4.6 m/s to the left, B: 3.4 m/s to the right. A : [B/Z 4.6 m/s : B : [@%# 3.4 m/s
IV A:0.2 m/s to the right, B: 0.2 m/s to the right A : [ 0.2m/s - B : @4 0.2m/s

A. Il only B. Il only C.Illand Il only
D. I, Il, and Il only E. 1, I, and IV only

7. Aright-angled plate with equal length on both sides is placed horizontally on a
fixed cylinder. The plate has uniform density and the length of each side is 2R, where
R is the radius of the cylinder. What is the minimum coefficient of static friction u
between the cylinder and the plate to prevent the plate from slipping off?

7. —iMEREMSHNEBIUKCEFHERERENWERRE L - EARNEENTS  BERE
%2R - Hp R BERRAFE - KEFEEMNR ZEFERAE u &/IVE - TeEENRT

ABE?

A 0414 B. 0.207 C.0.104 D.0.828 E.0.312



Solution:
The free body diagram of the L-shaped plate is shown.

F1 Nl
mg
F;
N,
mg
The equilibrium of forces and torques give
N1 + Fz = ng

F; =N,
(mg + N,)R = N;R
The frictional forces must satisfy
F; < uN;
F, < uN,
We conclude that
F, +F, =mg. [1]
Fy < uN; = u(mg + Np) = u(mg + F;) = F; < %ﬂmg

2

U
FZSuF1=1 mg

Sub. Into equation [1],

2
mgS(lﬂTﬂ+1u_‘u>mg
Sut+u=1-p
Su?+2u—1=0
>@-—p)@p—p)=0
where
—2+V4+4

-1++2
> +v2

Hty =
since u > 0 > u_, we must conclude that
Su>p,=V2—1~0414



Answer; A.

8. A trolley with mass m moves along the horizontal track at speed v. The track
continues to extend downward and smoothly connects to a new horizontal track at
height H below. There is a stationary carriage with mass M here (M > m). The trolley
moves towards the carriage, causing a completely elastic collision. What is the
minimum initial speed v of the trolley such that it can return to the upper horizontal
section? The friction can be neglected.

8. BEE/ mW/NELURE v in/KFHENINEES - HlELEERD NMEBIFEBRERSE
K7 H FKFEENE - IWEBFLLN/NER - BEB MM >m) - /NEFOVNER - %
T EMAE - SK/NEBEYRE v NE/IVE - BB o LUREIR| FERKFRE - EEAG -

H
ol M
2\/2MmgH J2MmgH
D.2,/2MgH E.\/2mgH

Solution:
The collision velocity of the trolley before the collision is

v, = V% +2gH
By the conservation of mechanical energy and momentum, we have

mv; = mvy + Mv,’

1 1 1
2 12 12
—mv; = -—mvy° +=-Mv
2t T2t T

>v,+v; =0,
oy m—M
V= —
1 m+M

The trolley rebounds after the collision. In order to returns to the original height, we have

v <0

1 2
Emv1 >mgH
(M—m
=
M+m
(M—m 2
=
M +

_ 2 (M+m>2 1 2H_SgHMm
v M—m g (M —m)?

2
) vi > 2gH

(v? + 2gH) > 2gH




2,/2MmgH

S>v>
M—-m

Answer; A.

9. Two highways intersect at right angles as shown in the figure. At the instant shown,
carAislocated at d = 5 km from the intersection and is traveling at speed v, = 80 km/h.
Car B is located at the intersection and is traveling at speed vz = 60 km/h. When the
two cars are closest to each other, car B has travelled a distance of

9. MEBIFA7R - MIKRSRABMEAMER - ERWBE - SE AFBERXYEOd = 5km - 17
BIRES v, = 80km/h - JRE B URKRNEH - THEESBvy = 60km/h - EMENSE
W UC SRS - S8 B 178 M RUTEEERE

A. 1.8 km B. 2.4 km C.3 km
D.3.2km E. 4 km

Consider the velocity of car A relative to car B.

Vap = /802 + 602 = 100 km/h.

When the two cars are closest, distance travelled by car A in the reference frame of car B
gy = B = f—e — 5(2) — 4km.
IB T 100
Time elapsed:
¢ = a2

= —— =0.04h.
Vs 100



Distance traveled by car B:
dg = vgt = (60)(0.04) = 2.4 km.
Answer: B.

10. As shown in the figure, a block of mass m, is at rest on a long frictionless table that
is touching a wall. Block 2 of mass m, is placed between block 1 and the wall and is
moving to the left at speed u. After block 2 has collided once with block 1 and once
with the wall, both blocks move with the same velocity. Assume all collisions are elastic.
The value of m, is

10. MEFR - BEEm, WYREFERNEERIFa L ZLIFEEBIGE - BEER/ m, 1Y
YR 2 (URYIIR 1 g 28 - WLURE u MARE) - Y5 2 B3R 1 SSEEMYIR 2 B
ERESRARIER - MEYRUMERNERERE - REFIBIHIEEZE LR - m, FNESR

<—
ml my
|
A .m./3 B.m,/2 C.my
D.2m, E.3m,
Conservation of linear momentum:
myu = myv, + myv;. @9)
Conservation of energy:
1,1 1
Emzu = Emzvz +Em1v1. 2)
From (1),
m,(u — vy) = myv;.
From (2),

my(u? — v2) = myv?.
Dividing the two equations,
u+v, =v;. 3)
From (1) and (3),
2myu
Comy +my
_ (my —my)u
V= ———

%1

m; +m,
After block 2 has collided with the wall, its velocity becomes —v,. Hence
‘Ul == _vz,

m, —?.



Answer; A.

11. The trajectory of a toy cannon is shown in the figure below. Assuming that the air
resistance during the flight can be neglected, what is the launching angle 6 of the
projectile?
1. — B BB RITEN N FE PR - BRERITPHNZERBE D oI IR AT - BEHEE
REGHIE e 2% ?
0.3
0.25

0.2

0.15

y (m)

0.1

0.05
x (m)
A. 15° B. 30° C.45° D. 60° E.75°

Answer: C.

12. Following the previous question, what is the initial speed of the cannon?
12ZFLE  FEEENYEZZD ?

A.9.8 m/s B.6.26 m/s C.443 m/s
D.3.36 m/s E.3.13m/s

Solution for Q11 and Q12:

The trajectory of the parabolic is
x=vcosOt

1
y=vsin9t—§gt2

1 x?
=>y=tanfx _Eg—vz 0520
The range of the projectile is given by
2sin6 cos @
R=""202 (1]

9
And the maximum height is



v2sin2 6

29
R 4sinfcosf 4
> — = =
H sin2 0 tan 6
=>tanf = —
an R

From the graph, we have H = 0.25m and R = 1m

= tanf =1
= 0 =45°

Substitute into Eqtn [1],
2
1=%=>v=\/§=3.13m/s

Answer: E.

13. 2020 point particles are equally spaced on a circle with radius 1 m. The particles
are identical with mass 1 kg except two, both with mass 1011 kg. The angle between
the radii joining these two particles to the center is 90°. What is the distance (in m) of
the center of mass of the system from the center of the circle?

13.2020 EEREFE 1 m WE EZED M - IR FMEBEHRESEH1011 kg 9 - HERE(E
BREEHA 1kg - ZMEREEIHERTPONFEZEBNEES 90° - HRFEDLEE
ORIEERE (A m BEA ) 22D 7?

Balj

1011 kg

1011 kg

1 1 1011 1
A.S B. G C. 202005 D. > E.

Answer:;

For simplicity put the circle’s center at the origin with the two heavier masses having radii making
angle 45° and -45° with the positive x-axis, so that the system is symmetric about the x-axis.



Consider it as the composite system of 2020 point particles all with mass 1 kg, and
two particles with mass 1010 kg. The CM of the 2020 identical particles is obviously at

the origin. So
2020 X 0+ 1010 X cos45° + 1010 x cos45°  1010v2 1
e = 2020 + 1010 + 1010 T 4040 T 22
By symmetry,
Yem =0
Answer: B.

14. A truck is travelling on a straight road under a constant acceleration of 4.0 ms™2. A
simple pendulum hung from the ceiling of the truck performs small angle oscillations.
The length of the pendulum is 50 cm and the mass of the bob is 2.0 kg. What is the
frequency f of the oscillations?

14. FBEX 4.0 ms 2 WEEMEEEERE LT - BEMERBEXRTENR ENBEREEDVNBE
g - WENREZS0cm -~ HEESE2.0kg - BIRERVIER f 22D ?

A.0.70 Hz B.0.73 Hz C.0.84 Hz D.44 Hz E.4.6 Hz
Ans: The effective gravity has a vertically downward component of gand a horizontal

component of 4.0 m/s? opposite to the direction of acceleration. The magnitude is
hence

Jefr = /9.8% + 4.02 = 10.6

1 geff . 1 10.6 _
F=52T ~2n.los0 - O73H2

The frequency is

Answer: B.

15. Following the previous question. When the pendulum is at equilibrium, what is its
angle from the vertical direction?
15. % LR - SEEERTERER  BRFEFHONKEEZD ?

A.0° B. 14° C.22° D. 35° E.43°

Ans:



In equilibrium, the pendulum should be along the direction of g.¢. Hence the angle

should be

—lﬁ_ o
tan 98—22

Answer: C.

16. Consider two concentric uniform thin shells. The inner shell has radius R; and
mass M;. The outer shell has radius R, and mass M,. A point particle with mass mis
initially at infinity and moves to a final distance of r from the center, where R, <r <R,
(assuming that the particle can penetrate a shell). What is the work done by the
gravitational force of the shells in the above motion?
16. ZEMIERORITDEIKE - ARNFEARR, - EER M, ° IFWNFLER, BER
BESmNEREVNUREEREZE  WHBERHEE LIRS r WERAMNE - Hoi
R, <r <R, (1’E§i§iﬂ£ﬂu§f A ) ° KT LB EN P M ESEIKERAVE JIPRERYTN

GMim GMim GMim . GM,m
A — B. —— C.—/—+=
r r r r
GMim . GM,m GMim GM,m
D.—/—+—2 E.——— ——2
r R2 T R2
Ans:
The potential energy due to the inner shell is
GMm

r
By definition of PE, the work-done by the gravity of the inner shell is
GMm
r
The potential energy due to the outer shell when the mass moves from infinity to its surface is
GM,m

—

By definition of PE, the work done by the gravity of the outer shell in moving the mass from

infinity to its surface is
GM,m
R,
Inside the outer shell, there is no gravitational force due to the outer shell.

Therefore, the work done by the gravity of the outer shell in moving the mass from its surface

to ris 0.
Hence the total work done by the outer shell is
GM,m
R,

By superposition principle, the work done by the gravity of the two shells is



GMim GM,m
+
T R,

Answer: D.

17. The equation
1 1
x2 a(l —x)?

is a quintic equation in x which has no analytic solution in general.

X =

The numerical (real) solution is approximately 0.849 when « = 81.3, and is 0.892 when
a = 238, and is 0.920 when a = 597.

The mass of a moon is 7.35 x 1022 kg. The mass of the parent planet is 1.75 x 102° kg so
that when considering their orbital motion one can consider the planet to be at rest.
Both the planet and the moon can be considered as point objects. One may also
assume that the moon'’s orbital motion is perfectly circular with a radius of

3.00 x 10° km. An artificial satellite can stay on the line between the planet and the
moon at fixed distances from them. What approximately is the distance of this
satellite from the planet? Choose the best answer.

17.
1 1

x2  a(l—x)?

ExN—BARGERN  RBE—MRENE - Ea = 813K - 8B (B ) BHERELS

0.849 -+ & a = 238 ¥430.892 + & a = 597 I¥430.920 °

—ERENEER 7.35 x 1022 kg - FITENE=51.75 X 10?° kg - RILEZEEMMNE

L@JH{MW TEERFLILALE - TEM@EMILIRAER - IRREENHNEEE S
EWE - K% 3.00x 10°km - BE—BASREARDIERTEN@E ZBENEZR L

X =

*/Liﬁeeﬁmél_%E’JEE%’M%TJF%% - EHEANCRELATENEHEZV ? EESFESE -
A. 32,400 km B. 45,300 km C. 255,000 km

D. 268,000 km E. 276,000 km

Ans:

Let the mass of the planet, the moon, and the artificial satellite be mp, my,, and mg,
respectively.

Consider the orbital motion of the moon, we have
Gmpmy,
RZ

myw?R =

Hence the angular speed is



The mass ratio is

Mmp

— =238

my
Let the distance of the artificial satellite from the planet be 7, then
Gmpmg Gmymg

2. — _
Mmgwr 2 R =1)2
Gmp  Gmp Gmy,
R3 "= T2 (R—1)2
ro omp my
"R G/R)2 (1-r/R)?
ro 1 1
R (r/R)?> (mp/my)(1—r1/R)?
Therefore,
r
R ~ 0.892
r =~ 0.892 X 3.00 X 10°km =~ 268000km
Answer: D.

18. An object of mass 5.00 kg is initially at a height of h above a 10.0 kg-flat plate. The
plate is supported by a long spring below with spring constant 1000 Nm~* , which is
initially at equilibrium under gravity and the spring force. The object is then released
from rest to hit the plate in a perfectly inelastic collision. Find the maximum height h
below which the object will always remain in contact with the plate in the subsequent
oscillations.

8. B2%& 5.00 kg F¥Re & YIMUR 10.0 kg ER EFNSE R E - FIRA T THNREEX
}5 BEE A 1000 Nm ! » XGRS - EMREENDFEZ ONER NERFEIRE - 3R
ERYRS RS LA LB A - E%ﬁ%%%é@%%‘%’fﬁkﬁﬁ@ SKEFASE h - BUE
ERRNIRED - ISR RITETREES -

5kg .

10k [N

k = 1000 Nm™!

A.20cm B.22 cm C.45cm
D.59cm E. 66 cm



Ans:
Let the mass of the object and the plate be mand M, respectively.

By energy conservation, the speed of the object just before the collision is
1
Emu2 =mgh = u =/2gh

By momentum conservation, the common speed after collision is
m

m
mu=m+Mv=>v m+Mu m+M’/ g
The new equilibrium position is lowered by =%,

The amplitude of the subsequent SHM can be obtained by
1 1 1 ,mg\2
ZkAZ == 24 (=2
2kA 2(m+M)v +2k(k)

i )

The maximum magnitude of acceleration is

k k mg \2 2m?gkh mg 2
= 2 =
m+MA Jm+Mv +(m+M) \/(m+M)3+(m+M)
Set this to be smaller than or equal to g, we have
2m?gkh mg \2
2>
g _(m+M)3+(m+M)
h<M(m+M)(2m+M)g_

- 2m2k

59cm

Answer: D.

19. A 2.0-m long ladder leans against a smooth wall, making an angle of 6 with the
rough floor. The mass of the ladder is 10 kg and the linear mass density along its
length is constant. The coefficient of static friction between the ladder and the floor is
0.20. When the angle 6 is smaller than a certain critical value, the ladder cannot be in
equilibrium. What is this critical angle?

19. —f& 2.0 m RAHFEEICBRIMRE £ - BEHERMIRAAEE 0 - BFHEER 10kg
HERENGUEESEERSRE - BHEii Y BNFERGZEE 020 - EEE 0 /NMNRE
&SRB - AR S - BREREEZ D ?

A 11° B. 22° C. 66°
D. 68° E.79°



Ans:

Take moment about contact point,
L
chose = N'Lsin@ = fLsin6

w N
f= 7cot9 =§cot9 < usN

6 > cot™1(2u;) = cot™1(0.40) = 68°
Answer: D.

20. The tip of iceberg has a volume of 1.5 x 10° m? above the sea level. Given the
density for the iceberg is 920 kgm™3 and the density for sea water is 1030 kgm~3. What
is the volume of the iceberg submerged in water?

20. KULFEBE EW—ANEEES 1.5 x 10° m3 - EAKIUMNZEES 920 kgm™3 - JBKH
ZE 41030 kgm™3 < JKIUTEKPHEBBEEZ D ?

LI
LNl =3 ‘di.‘v_?

H i Water
._‘VJH | <‘i°§l‘!

@\é g

{@&%’

Air

A.14.05 x 10° m? B.12.55 x 10° m3 C.1.68 x10° m?
D. 1.50 x 10° m3 E.0.18 x 10° m3

Solution:



Let V; and V, be the volume of the iceberg above and below sea level.

Balance of force:
pwatervzg = Pice (Vl + Vz)g

We have
Pice
V, =V
2 ! Pwater — Pice
1.5 x 1093 x ——20__
T 1030 — 920
= 1.255 x 10%°m3
Answer; B.

21. A basketball is dropped vertically at a height of 1.5m. Initially, it is at rest and if
every time it bounces back from the ground, it loses 30% of its energy. How long can
the basketball stay in motion until it becomes completely at rest again?
EXREISMANSEER L - &) - BERFLLIRE - IRSREMELELQR - BEHE
1BR 30%RIBEE - EIKCIDIEEZRIGRE - ERITEWIEFFLL?

A . 184s B.3.14s C.3.39s
D.6.22s E.6.78s
Solution:

When the ball is released, it takes time T = ,/2h/g. After a bounce, the height it can achieve is
a factor of s = 0.7 of the height in the previous cycle. Therefore, the time it requires become

2h 2sh 2s2h 2s3h
— 42 |[—+2 +2 +
g g g g
_ 2h<1+\/§>
IAFAVERS
1.51++v0.7
= [2X— = 6.22s
9.81-+0.7

22. A mass m is connected to 3 identical springs with spring constant k, as shown in

coming to rest again is

the figure. The whole set is then mounted to a fixed ceiling and floor and is allowed to
settle to equilibrium. Now, we apply a force F in the upward direction to displace the
mass. What will be the displacement from its equilibrium position?

22. MEIF7R - B8 m WYIRERT —EEEE 8IS kL HEEES L - BERGKEEEX
TERANMAR £ - WSS - IRE - FMHEI—Em L] F ZRBENIR - PRS-
UENUBEZD ?



%k

:

A. 2F/(3k) B. F/k C.(F — mg)/(3K)
D. (F + mg)/(3K) E. F/(3k)
Solution:

For the mass displaced by Ay in the positive vertical direction, it causes a further shrinkage of
Ay for the upper spring, making a downward force of kAy. It also causes a further stretching of
Ay /2 for either one of the lower springs. It causes a force in the downward direction of kAy/2.

Therefore, the total downward force is
F =kAy + kAy/2 = 3k Ay /2
Equivalently, for a given force F, the displacement of the mass is
2F /(3k)

23. A block of mass m is hung from the system of massless springs with force
constants shown in the figure. The downward extension of the spring system caused
by the block is

3. BEEmNYRBEHEEESMNES AT L SEENEESREUWEFIR - BERFHY)

REHWE MEEZ
7 mg 22mg 3mg
10 k- 31 k- 4k
17mg 3mg

"15 k 2 k



2k

m

Let x4, x,, x5 be the extended positions of the lower, middle and upper platforms with respect
to the ceiling. Then we have

mg = 2k(x; — xz) + k(x; — x3), 1)
2k(x1 - XZ) = ka + Zk(xZ - X3), (2)
k(x1 - X3) + 2k(x2 - x3) = ZkX3. (3)

From (2) and (3),
5xy — 2x3 = 2x4,
5x3 — 2x, = x4.
The solution is x, = §x1 and x; = %xl. Substituting into (1),
7 mg

TN

Answer; A.

24. As shown in Fig. 1, a massive block is driven by a motor to exercise vertical motion.
The acceleration due to the periodic motion is much higher than the gravitational
acceleration. The displacement of the block versus time for two cycles is shown in Fig.
2. (The units of the vertical axis are arbitrary.)

24. 908 1 Fivr - BEESENYRAE RS IETEEEE - BIHMES SIENNREE
SRENNREE - B 2 PE/R fmEBIRAANRIOAUBERENZE - (EEHNEUSTE
B8 - )

[m]]
i Piston

/b Motor

Fig. 1 Fig. 2

Which of the following plots correspond to the power of the motor?



PUN IR R R AR ¥ RIS BENERI TN ?

x = Asin wt,
v = wA cos wt,
F = ma = —mw?4sin wt.
P =Fv = —w3A?sin wt cos wt = —w3A4% sin(Qwt) /2.

Answer: D.

25. A uniform rectangular slab of width 5 cm, height 10 cm and negligible thickness is
hung from the ceiling by two rods at the upper edges. When the slab is tilted by 20°,
the ratio of the tensions T, /T, is equal to

25.85cm - §10cm - EEURBAGHNIO9HEMR - AMRNR AR/ EREEXIE
i b - B2HEMARIER 20°6F - 58 T, /T, IEEZE



A.-2.14 B.2.14
D. 6.35 E.-6.35

The horizontal displacement of the center of mass of the slab from the left rod is 5sin 20° +
2.5 cos 20°.

The horizontal displacement of the center of mass of the slab from the right rod is 5 sin 20° —
2.5 cos 20°.

At equilibrium, we have

T, (5sin 20° + 2.5 cos 20°) + T, (sin 20° — 2.5 cos 20°) = 0
T,  5sin20° + 2.5 cos 20°

T, —5 sin20° + 2.5 cos 20° -
Please notice that at 6 = 0, the ratio % should be equal to +1.
2

6.35

Answer: D.



Open Problems FAH &

The information below may be useful for solving the problems.
UTERSRBEECRERER -

A. Kinetic friction EfjEE1E

A body moving on a surface experiences a frictional force in the opposite direction of
its movement. The magnitude of the frictional force is f = uN, where u is called the
coefficient of kinetic friction u and N is the normal force acting on the body.
S—EYEEFE LETE eI —EEREEEH S OERNER] - EEDNAKNE
f =uN - B uBREERGE - N SIFREYE LRERT -

B. Elastic potential energy EH2&E

The potential energy stored in a compressed spring is given by E = %k(Ax)Z, where k
is the spring constant and Ax is the compressed length of the spring.
FREBRHEEESPNIARERE = %k(z\x)2 CHopk S EERE - Ax EEBSNEBHERE -

1. (15 points) As shown in the figure below, a uniform rectangular block of mass M is
resting on a smooth horizontal surface. A small cube with mass m and negligible
length and width is on the top of the rectangular block. At time ¢t = 0, the cube moves
from the left end of the block to the right with an initial velocity v. It finally stops at
half the length of the rectangular block. It is known that the coefficient of kinetic
friction between the small cube and the rectangular block is i, and the gravitational
acceleration is g.

(15 2) WHEFIR - E—XEKFE L -  BEA—EER/MEIRAGE - —EE/ m -

RETHOIRERN/NGR - EItRAENLEH - REBE t =05 - BAEKRLUKEYE v FHia
@AET RREFLERFEN—FERERER - SH/NARERSREZENESERLZE Sy -

BENMEER g °

(a) (4 points) What is the time t for the small cube to stop on the rectangular block?
4 7)) KINFRBITERFRILEERSRE EMNE-E T ?

(b) (4 points) From time t = 0 to 7, what are the distances travelled by the small cube and
the rectangular block respectively?
(47)Et =02 7t 8B - NARMEREB BTN RIEZ ) ?



(c) (4 points) What is the length L of the rectangular block? (Express your answer in terms

of v,m,M,p, g)
4n)RAENRELZZD (MLlvmMug RmR) ?

(d) (3 points) From time t = 0 to 7, what is the total work done by the frictional force on
the small cube and the rectangular block?
BN Et=02HE  EEIF/NGRNELS RN  HBENEZ D ?

Solution:

(a) The kinetic friction acting between m and M is
f=umg

The acceleration and velocity of the cube are

a=pug
v () = v —ugt [1]

On the other hand, the acceleration and velocity of the block are

m

A=—
19

m
Vu () = 3 ugt.[1]

The cube m will stop on the block when v,, () = Vy (1), [1]

m
= V= UgT = Qi HgT

v _ Mv
(1 +%) ug - (M + m)ﬂg

>7=

[1]

(b) Assuming the initial position of m is at the origin (x(0) = 0)



1
Xy (t) = vt — Eat2

The distance travelled by the cube is

3 ., v? v? _ (M +2m)Mv?
xm(T)—UT—EaT _(1+%)ug_2(1+%)zyg_ 2(M + m)?ug
And the distance travelled by the block is
_1 2 im v? _ mMv?
2 2M (1 +%)2 " 2(M + m)?ug

(c) When the motion stops, the coordinate of the midpoint of the rectangular block is

5 L+1A2 L+1m v2 1]
mid ==+-At?=-4-—————
2 2 2 2M m\2
(1+77) 1o

As the cube stops at the midpoint of the rectangular block, we have

. =g+%A‘rz =%+%%U—22 = xn(1) = v:l = v > [1]
(1+37) ug (1+737)1g 2(1+77) 1o
JL__ v v? _im
2 (1+37)ug 2(1+%)2ug 2M(1+%)2ug
PP S DU S S U7/ W S /U -
G\ ) 20 ) e

(d) (Method 1) The total work done by the frictional force is

2

W =umg| — d + 7 +1Ev—2 [1]
(1‘*‘%)#9 2 1+mzug zM 1+mzug
M M
>W =mv?| - ! + ! +1 % [1]
SR )
Swe_l ™
(1+7)

(Method 2) The total work done by the frictional force is



W = (=x) + umgX = pmgl __pmg __Mvi___ m v 1+1+1
M
(Method 3) By the work-energy theorem, we have
W = KE; — KE —1( + M)v? ! 2—1( + M) m*v” 2 1
= KEp — KE =5 (A My —omv® =5+ M) Gz~ 2™ W
W 1m? —m? -—mM |, 1 mv? ]
= = — e = ——
2 m+ M 2 U
(1+w)
Where the final velocity of the block and the cube are
Mv mv

vy = V(@) = g =1 [1]

MY M+ mpg ~ M +m)

. (15 points) A wooden cart is driven by shooting marbles from identical compressed
spring launchers mounted on the cart. The cart, including the marbles, has a mass of
M and each marble has a mass of m. For simplicity, we assume that the resistance
experienced by the cart can be effectively represented by a kinetic friction coefficient
p between the ground and the cart and all other resistance such as air drag can be
neglected. The initial velocity of the cart is u before launching any marbles. When a
marble is fired by one of the spring launchers, we assume the impact time is very
short and is negligible. We also assume all the stored elastic energy goes to the
kinetic energy of different parts without generating heat. We are interested on how
far the cart can go by firing these marbles.

(15 7)) —RAREFBBALEREES EHRBIRYEYEEE R aR 2 5K F2RIEE) - BT
EANEFNEER M BIUKFHNESEAm - REEER - HMORERFREEFET
ol DUt E BB F BB E R G B p UK - EtEDAINZEREDRITLRES - R85
Al BFHYBEERER u - E—EEERHREHEFR - @BEBIFERLHJUREA
it - HMIEBRERAEFRHIESLETBEAANRDZHNEEEEASER - RMEEEBIIE
B2 ERERNELENFIUEREESE



(a) (7 points) Suppose each spring is compressed by an amount of Ax in length with
spring constant k. Find the velocity v for the cart after one marble is launched. What is
the distance the cart can elapse before it stops if the initial velocity of the cartisu =
0 ms~1?

(7 7)) BRBEEENEEREE k- WERE LB Ax » SKEF1E 5 —HDK FERVE
Bv MNREFHVRRERERSu = Oms™! - BEFEFIEZATENERZEZ D ?

(b) (8 points) You can fire a second marble at any time you choose, what will be the
maximum and minimum distance the cart can elapse in firing two marbles? The initial
velocity of the cart is still zero before firing the two marbles. Please take the limit m «
M for simplification.

(8 ) IRAJ LA RO I & S8 59 56 MUK+ - BB S8 BT RDR + 18 ol UT &SR S RN &= /) BE Bt
XD ? ERFMADR R - EFNYIRERINAE - BELEER - EHREm <M -

Solution:

(a) In the frame moving at velocity u, the marble moves at velocity v,, while the cart moves at
velocity v'. The conservation of momentum gives

3 (M —m)v'

!
v
m m

We assume the elastic energy completely goes into the kinetic energy of all parts, i.e.

1k(AX)2 = 1(M —m)v'? +1mv’2 = 1(M —m)v'? +L(M -m)?v'?
2 2 2 ™2 2m
b e
Sv=u+v =u+——-—»Ax
VMM —m

The deceleration of the cart is ug and the distance elapsed L is



v? —0? km(Ax)?

L = —
2ug  2ugMM —m)

b) After the first marble has been fired, the second marble can be fired when the velocity of
the cart decreases to u,. At that time, the cart has already travelled by a distance L;:
_vi—ui km(Ax)* Ul

L = =~ -
YT 2ug T 2ugM* 2ug

The cart then changes its velocity to v = u, + %Ax by firing the second marble and travels
by a distance Lj:

L~1 +kmA202~1 +kmA
2:2ug Uy o X = Uy o X

The total distance it travels by firing two marbles is therefore

km(Ax)? N Vkm

L=L+L,=
YR ugM? o ugM

u,Ax

Therefore, the minimum distance is at the case that the second marble is fired after the cart
comes at rest:

L= km(Ax)?
- pgM?

If the second marble is fired immediately after the first marble is fired, the total distance is

I

IR

km(Ax)? Vkm (Vkm 2km(Ax)?
+ Ax |Ax = —————
pgM?  ugM\ M ugM?

which is the maximum distance. In fact, if the two marbles are fired at the same time, we can
obtain the distance by changing k —» 2k, m — 2m in the answer of part (a) and take m « M as

(2k)(2m)(Ax)*  2km(Ax)?

L= =
2ugM? ugM?

Note: this answer goes back to the answer of L for firing the two marbles consecutively only
when m « M for the reason that we have neglected the dynamics within the duration of
impact for simplicity.

. (20 points) This problem is a tribute to Kobe Bryant, one of the greatest basketball
players of all time but whose life was taken in a helicopter accident earlier this year.
(20 7) EBEE Y SEEF(C(Kobe Bryant)lI¥& - M@ AL URREANEIKEEFE 7 — -
BfESFEFUN—RETHSHPIEE -
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Consider a free-throw shot in a basketball game. He projects the basketball with an

initial velocity u. Assume that air resistance is negligible in this problem.
ZR—EEIRLEEPIEIK - AR E u RIEIK - (R ELLBEPZERHE Dol AR
AET -

(a) (4 points) Derive an explicit expression of the angle of inclination 6 such that the
basketball can hit the center of the basket rim, which is at a horizontal distance x and a
vertical distance y.

(4 72) KIERA 6 ERREREZET - DIEEIKJ DI BHREERID L - ZP/ORMEKFEER x F1E
EHibRy B

The projectile motion is given by
X =ucosbt,
1
y =usinf t—Eth.

Eliminating t,
gx*
y = xtan® —ﬁsec2 6.

Since sec? § = 1 + tan? 6, we arrive at a quadratic equation for tan 6,
2 2
X

X
‘Z—tanze—xtan9+%+y=0.
ng2 gx?
xi\/ (2u2+y) u? ut 2yu?
tan 6 = =+ [— T _
gxz gx— |g*x?  gx?

uz



(b) (4 points) A physics professor suggested that the best shot can be achieved by
shooting the ball at the minimum possible speed, because it has a higher chance of
passing through the hoop in case the shot is not accurate and bounces off the rim of
the hoop. Derive an expression for the minimum shooting speed and the
corresponding shooting angle 6.

(4 ) —NIYBEEHIFER - UEUSRENERRFRSRE - AANRFRAER T BRE
EEL - AIZFBIKENEIERA - Ki/NGFIEGERR KBRS A 0 (FREDN -

(The physics professor was Peter Brancazio, who passed away this year due to COVID
19 complications.) In general, for a shooting speed u, there are two possible shooting
angles. However, when the shooting speed is minimum, there is only one possible

shooting angle. Hence

4

u 2yu?

-1=0.

g2x? - gx?
This is a quadratic equation for u2. The solution is

g*x? ([ 2y 4y2 4
2
u- = 2 <gx2 * g2x4 +g2x2>'
u? = g(y+\/m).
u=\/g(y+\/y2+x2).
w2 Y4y R
—

6 = arctan— = arctan
gx

(c) (4 points) For Kobe Bryant, the ball is launched from a height of 2.47 m and the rim of
the hoop is 3.05 m above the ground. The horizontal distance x is 4.44 m. Calculate the
shooting speed and shooting angle in part (b).

4 ) ESEEFECHERSD - KK 247m WEEFL - EENEGERINE 3.05 m WA -
JKFEERE x 7 444 m - 518 (b)) MO PRFKERNBHBE -

y = 3.05 — 2.47 = 0.58 m.

u = \/9.8 (0.58 +/0.582 + 4.442 ) — 7.04ms™ L.




0.58 + 1/0.582 + 4.442 B
4.44 N

6 = arctan

Remark about the dimensions in the question: It has been observed that free throws
are shot from a few inches in front of the free throw line, which is 15 feet from the
backboard. We thus take x to be 4.44 m.

It has also been observed that shooters release the ball, on average, from a height of
approximately 1.25 times the shooter’s own height. Since the height of Kobe Bryant is
1.98 m, we estimate that the ball is launched from a height of 2.47 m.

(d) (4 points) Calculate the angle of approach ¢ when the basketball arrives at the hoop
for the shot in part (c).
A7) ETE () NP EERTZEEERNELA ¢ -

v, = ucosé,

— usin® = usin® gx
v, = usin gt = usin 058"
Dividing the two equations,
vy, X X
tangp = — 2 = —tan9+g——g—tan 9—tan9+g—.

vy u?cos?6 u?
At the minimum shooting speed,

2
_gx (u? gx _ gx
tang = 2 (gx) g% —+— 22

x x
¢ = arctan‘lgl—2 = arctan——— = 419,

e

(4 points) Another physics professor, being a basketball player himself, suggested
that Kobe's shot can be improved by shooting with at a higher angle, so that the
angle of approach ¢is higher and results in a bigger target of the hoop. Calculate the
shooting angle 8and shooting speed corresponding to ¢ = 45°.

4 ) S—AYPBEEHEFAER (M ANACZE—UEKERS ) - BBUERNENABESH
KON EBERIRE AR ¢ SIEA - MMEREANEEZEZ - stEHER

¢ = 45° BUZRETAE 0 MHTBERE -



(The physics professor was John Fontanella, author of “The Physics of Basketball”.) From
tan¢ = ‘Z—jsecz 0 — tan 6.

X 2
g—zsecze = 2tan@ ——y.
u X

2
tan ¢ =tan9——y.

X
2y o . 2(0.58)
tan9-tan¢>+7—tan45 + 444

@ = arctan 1.2809 = 52°

_|gx(1+tan?6) | (9.8)(4.44)(1 + 1.26132)
Y= |2tan6 — 2y/x ~ |2(1.2613) — 2(0.58)/(4.44)

= 1.2613.

= 7.06 ms~ 1.

~ END of PAPER £5&5% ~



