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1.

Rules and Regulations % Z #3 Bl

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

FIEREEERPRHRE - (RUBEENPXIRXFE 2L BUE—RBSES -

. Please write your 3-digit Contestant Number and English Name on the first page of the answer books.

EZEENSE B L BELTHNIUEFSEERBARES -

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.

FANIIEZERE  BREER
SRR EMER D -

BTRBEFRE BREMDAZEH  WoEEMEREE

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

FRAERSRUIERR . BRIFGIFERTIIFRERMEE :

Gravitational acceleration on Earth’s surface

R E AR g 2.8 ms”

Gravitational constant

BNEH

G 6.67 X 10711 m3kg1s?

The following identities may be useful in the competition:

1.

1
\/1+xz1+§x, when |x| <€ 1

sinx = tanx = x. when x < 1 is measured in radian



Multiple Choice Questions
Multiple Choice Questions (2 Marks for each correct answer. 0 Marks for each wrong answer.)

IR (A CHEES 2 5y - B5E 5 0459)

1. As shown below, Bob is using the rope through a fixed pulley to move a box with constant speed v. The
coefficient of kinetic friction between the box and the ground is 4 < 1. Assume that the fixed pulley is massless
and there is no friction between the rope and the fixed pulley. While the box is moving, which of the following
statements is correct?

1. A FEFfTR > Bob IEAEEREREA—ERE BHRNEERE v BE—(EEF - &F Bt 2 FrIENE
BRESu<1- BREEBREEEEN > BENETBR MRBEE - ES2FERHE > TIIIME
SUERIEHERN ?

HU]E

-~

£

A. The magnitude of the force on the rope is constant. 482 A/ JRIERE: o

B. The magnitude of friction between the ground and the box is decreasing. HEF& F 2 RO EIER 1) IE1EH;
I\ o

C. The magnitude of the normal force of the ground on the box is increasing. it E ¥ & Fr0E @ B IEFEIE
e

D. The pressure of the box on the ground is increasing. 8 F{E R {E I E _EAYER S #R AR EE A ©

E. The pressure of the box on the ground is constant. ¥ F{EF{EHME _FAIER I AREE -

Solution:

Let the tension on the rope is T. For constant speed, the net force on the box must be zero.

T cos @ = uN
N +Tsinf = mg

= T cosO = u(mg — T sin 0)

umg
>5T=———"—"—"—
cos @ + usin@
N=mg—Tsinf =m (1—L>
g g U+ cotf



As 0 increases over time. T is not a constant and N is decreasing. Furthermore, f;, = uN also decreases over time.

Remark: You may also expect that when the rope being vertical, the friction becomes minimum.

Answer is B.

2. An inelastic ball is dropped from a height and sticks on the ground. Which graph best represents the
acceleration of the center of mass of the ball as a function of time?

2. —(EESEMERIIKIE SRR P UtGTE E - WisRERAERRIKANE OINEREZFERFEREE 2

acceleration
o
1
|
1
|
1
|
1
1
|
1
w
v
acceleration
(=]
1
1
|
L\\]
v
acceleration
o
1
|
1
1
|
1
|
1
-
v

time time time
(A) (B) (C)
C C
. S
© ©
<@ Q@
g0 g
(8] (&S]
@© ©
time
(D)
Answer is E.

3. A basketball is dropped from the height and bounces on the ground. Considering only the ball just before and
just after the bounce, which of the following statements must be true?

3. —(BEIKESRIE T > WIEHE/E - REEERREZRIFZEAIEK » DA WMEIRRIIA 2 IEBE 2

PN ==

A. The momentum and the total mechanical energy of the ball are conserved. 3RFUE) EFN42HEMAE R TIERY -
B. The momentum of the ball is conserved, but not the kinetic energy. SKINENE T8 > {BENEERTFIE °

V2 ol s

C. The total mechanical energy of the ball is conserved, but not the momentum. EREVAEMEAESTH » (BENER

S -



4L rn

D. The kinetic energy of the ball is conserved, but not the momentum. ERFIBIAESFIE - {(BEIERFIE -

E. The momentum of the ball is not conserved. EKFIEIEARFIE °

Answer is E.

4. A ball enters a 90° bend tube lying on the ground (as shown in the figure). Both the ball and the bend tube can
slide freely on the ground. What is the direction of the velocity of the ball (relative to the ground) when it exits the
tube?

FH » SIRE BRI S R 2

Solution: B

5. A projectile is launched at an angle of 25.0° from the horizontal. Is there any point on the trajectory where ¥
and d are parallel to each other? If so, where?

5. JESEIBUKFEAK 25.0° BOMEEEEEY - WEENIMIF E B EFAE—ER > /azEyE v MdEEFT? MR
B EERGEME 2

A. An instant before impact on the ground. 3ZEE T EAIFT—ZI
B. At the highest point. TEfR = 24 °

AR

C. They are never parallel. EffSIEARFLT



D. An instant after launch. £531&ROBRRY °

E. Somewhere in the middle when the projectile is going down. i fAtE5E FRRIFHNEEME -

ANS: C

Solution: No since d is pointing downward at all time and the horizontal velocity is never zero.

6. A cannon car can fire a cannonball in any direction at a fixed speed u with respect to itself. Now the cannon car,
initially at rest, can move towards North by firing two cannon balls to propel itself. Ignore all frictions. Which of
the following situations will give the cannon car the highest speed after firing the two cannonballs?

6. —TREECJURIEIS O - (RERRERZUIEHRBERNER u 385, SEMEYJUBB R
ML R LSRR R MIES . BEMBNER. DUFNERE RS R EE RS cmARER

A. Fire both cannonballs horizontally towards South at the same time. [E B [a) F@7KF 75 [0 2% 53 My A A 5

B. Fire one cannonball horizontally towards South, then wait for 5 seconds and fire another one towards South
again. [ME/KF B eI —WHRE » Fi5 5 WBRRMESS M -

C. Fire one cannonball at 45° to the ground towards South, then wait for 5 seconds and fire another one towards
South again. [A)Rg 5 il A AT BY, 45° BY75 [a) 32 88— HRGE » 545 5 M B am st 8] » — iR iE

D. Fire one cannonball horizontally towards South-West and another towards South-East at the same time. [G]H5

M AR AR FE 7K 75 o) &% 35 59— MU 3 -
E. Both A and B. will give the car the same speed. A 1 B #8 @45 FHREIHEAVRE -

Solution:

Let the mass of the cannon car be M and the mass of each cannon ball is m.

(1) If we fire two cannon balls at the same time, we have

Mv—-2mu =20
2m
= = —
v Mu

(2) If we fire one cannon ball first,

M+m)v; —mu=0

> v, =
" M+m

Then we fire out the second ball,



Mv, —m(u—vy) =M+ m)v; =mu

= Mv, = 2mu — 2mv, =2mu(1—M+m)

ANS: A.

7. Consider the following two cases:
Case A: A boy is pulling himself up on a movable platform hung on a frictionless pulley at a constant speed.
Case B: The boy on the platform is pulled by another boy standing on the ground.

Suppose the total weight of the boy on the platform and the platform is Mg. The rope is massless. The boy and
the platform eventually moved 2 m vertically upwards. Which of the following statements is/are true?

I. The pulling force applied by the boy in case A is half of the force applied by the boy on the ground in case B.
II. To move up 2 m, the work done by the boy in case A is less than the work done by the boy on the ground in
case B.

[Il. The tension on the rope in both cases are the same.

7. EE A TmREER

BRA —ESZE—(ERHERERBR LB TE LUIEAFEAS -

1B B - Fa_LNBEE S —ELEHE LS IZAE -

B FalTa LBZNBEES Mg - BRREEE - BRNMNTAREEGR LBE 2m - UTHIE
PRati 2 IERERY 2

| FEIER A PRI S EBEINRIRL ) 2157 B TR E ER S neR R —3F -
II. Z{EYESE) EFZE) 2 m - 1B A RAYSBEATMAYIHVIRIEN B SR thE LAV SS FXFRHATIS -
. AEIER T 4EZE LAYRADMERE -

Case A Case B




A. | only B. I and Il only C. Il and Il only

D. [, land llI E. None of them

Answer: A

Solution: The tension at any point of the rope is the same. In Case A, the rope is pulling the boy and the platform
system at two different points. At each point, the tension of the rope pull the boy-platform system up. Therefore,
the tension is half of the weight of the system. The pulling force equals to the tension of the rope that is half of
the total weight of the system.

For Case B, there is only one point of contact of the system and the rope. The tension of the rope must equal to
the total weight of the system. Therefore, the pulling force in Case B is twice as big as that in Case A.

Despite the force are different, the work done in both cases is the same. Since in both cases the work is done to
compensate the work done by gravity which only depends on the height the system moves.

Alternatively, we can see that the force in case A is half of that of in case B. But to lift the system up by 1m, the
rope needed to be pulled for 2m. As work done equals to force times displacement, the two cases are the same in
term of work done.

8. Four identical springs, with spring constant k, are mounted on 3 rigid and vertical thin plates as following in
their equilibrium situation. Now, we compress the whole assembly as a whole in the direction perpendicular to the
plates. What is the effective spring constant as a whole? Assume the masses of both the springs and the plates can
be neglected and the displacement is small.

8. MEEEREE > BEEHS k> DhIREE 3 EEEESRLE > BERSESTEIRE - RE > &
PIREERSGEA—EREEEENERNT [ LERE - BELNAREEFHES D ? REESHE
REVBEHFIINZE > TEBR -

2d

A. k/2 B. k/\2 C. k



Solution: A

The total stored energy is

E=4><%k (d+§)2+d2—\/§d

= ax 1k 1602 1k
(\/‘2> —22”

Therefore the effective spring constant is k /2

9. A lifeguard at point A on the beach, 10 m from the coastline, is going to save a swimmer in the sea at point B,
also 10 m from the coastline. The alongshore distance is 2m between points A and B, as shown in the figure (not in
scale). The lifeguard can run at 6 m/s on the beach and swim at 2 m/s in the sea. Suppose the lifeguard will go in a
straight line from A to C, a point on the coastline and another straight line from C to B. Find the distance x, i.e. the
alongshore distance between A and C if he would like to minimize the total time to reach point B. You may use the
approximation formula written on P.2.

0. FEIEREEFMR 10m BBE L (A BB —NES » thEERIRAESTH—RFXE B &) > B BithLibR
BEAR 10m o AR B ZERYGFIERES 2m > EATR (CRIREEHI) - MESRTIUEDE EIX 6 m/s
ROBREFIE » BT 2 m/s RERENFK © R C BARBRE LA—(ERS > MESRUE A BMUERES C
B Bt CRBILAEARNFE B B - RN RIBRIITEIZIE B B SKIER x - Bl A F C Z@8VnFIE

B o MR MERASE P.2 LRABUEAR -
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A.0m B.0.5m C.1.0m D.1.5m
Solution:
Method 1:

We define angle 8, and 8, below, in analogy to Snell’s law.

Sea
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E.2.0m



sinf, v, 2

sinf;, v, 6
As the horizontal distance is much smaller than the vertical distances, the angles 8; and 6, are very small, i.e.

2—x
X

IR

Wl =

giving

x=15m

Method 2:
Algebraic approach:

The total travel time is

V100 + x2 +\/100 + (2 —x)2

6 2
2 (z_x)Z
z10+20 S
- 6 2
1 4O_i_xz+3(2—x)2
6 20

Method 2a: quadratic minimum

1
T =5 (4x* — 12x + 812) ——(x — 3x + 203) _—((x—15)2+203—152)

Hence, T is minimum when x = 1.5m.
Method 2b: using derivative

dT
— 120(2x—6(2—x))—0

=>x=15m

10. The escape velocity is the minimum speed needed for an object to escape from the gravitational influence of a
planet without burning fuel. The acceleration due to gravity on the surface of an unknown planet X is given as 7.44
m/s? and the escape velocity on the surface is given as 10.06 km/s. Estimate the radius of the Planet X.

10. WRRERYBEERRNERRAE R TR TES| W EMENR/NRE - E—ERMNNTEX L
HEENINRE S 7.44 m/s? > HhRWRIZEREA 10.06 km/s o (HFEITE X HER -

A. 1.7 X 10°m B.3.4 X 10°m C.5.0 X 10°m
D. 6.8 X 10°m E. 13.6 X 10° m

Solution: D



At the escape velocity, the kinetic energy marginally compensates the gravitational energy

GMm 1
=—-mv
r 2

2

and also we have the acceleration due to gravity on surface as

GM
rz 9
Combining the two equations give

v? 100602

e = —68x10°
TS 29 2% 744 m

11. A 15 kg uniform ladder, with a length 2.5 m, is at rest at the corner between a vertical wall and the ground at
an angle of 8 = 60° Suppose the vertical wall is smooth. Find the frictional force on the ground to keep the ladder

at rest without sliding.

N —fE 15 kg 9T HEF > R2.5m> Lo = 60° AFLAZEREME CHANEAE - REREERBEN

BRY - WEIME EREERN > ERFRITFLEMARE -

7

4
Z\9=60°

4

A.36.8 N B.424N C.849N D. 1273 N E. None of the above

Solution: B



The force diagram is drawn above. To balance force in the horizontal direction, the normal reaction force from
the wall Fyy, equal to the frictional force Fy. The balance of moment about the point of contact on the ground can
be expressed as

mglL

cos6 = F,Lsinf

where L is the length of the ladder. Therefore, we have

F_mg t6—1598 t=-=424N
r = 2co > co3

12. Although a photon does not have a mass, it carries a momentum p along its propagation direction, which is
related to its energy E by p = E/c where c is the light speed. A solar sail is a proposed method of spacecraft
propulsion by shining sunlight on it to exert pressure to push the sail. Suppose the area of the sail is A and there are
n photons per unit area per second for the sunlight. What is the maximum resultant force on the spacecraft by the
sunlight? Hint: assume the sail is a perfect mirror to reflect the light off completely, i.e. 100% reflection of light.

12. AN FIRBEEE > EEaHBREARETHEp THENEEE AR p=E/cHP c BH&E - X
PRIl —IEMARZRRVIEE A > BBEECRBEE LHENER D ARIEENN - FRERINAERS A > MEXE
HPEEVEEEYA n @0 F - BRKECHMRBNEASHESZD ? &7 BRNE—E7TEN
R > AR RESSEAR (B 100% SR REY) °



A. E/VA B. 2E/VA C. pnA
D. 2pnA E. None of the above (MA_EBEARE)

Solution: D
Within one second, the total momentum shining on the sail is
pnA

Assume perpendicular incidence and complete reflection, momentum of light changes from pnA to —pnA and
the total momentum transferred to the sail (with conservation of momentum) is therefore

2pnA
within one second. This is also the rate change of momentum giving you the resultant force.

We should also mention that the light of the reflected light will have a Doppler’s shift, and hence the total energy
of the system can be conserved.

13. A tuning fork undergoes simple harmonic motion at one of its ends and fires a middle C musical note at a fixed
frequency of 261 Hz. The simple harmonic motion has a maximum amplitude of 0.4 mm. Find the acceleration
when the end has a displacement of +0.2 mm.

13. BEXEE—InETRERES) > WA 261 Hz FNEIESERIZF L PR C FRF - B EHNRANIRIEA 0.4
mm o K& E X RIHUES +0.2 mm BRFRIINERE -

A. +537.9 m/s? B. —537.9 m/s? C. +268.9m/s?
D. —268.9 m/s? E. 0m/s?
Solution: B

a=—w?x = —(21261)20.0002 = —537.9 m/s?

14. You are given a large collection of identical heavy balls and lightweight rods. When two balls are

placed at the ends of one rod and interact through their mutual gravitational attraction (as is shown

on the left), the compressive force in the rod is F. Next, four balls and four rods are placed at the

vertexes and edges of a square (as is shown on the right). What is the compressive force in each rod

in the latter case?

14. A R EAHFEHERAEERT o & R EBREE —MRAF A W b i E MR L5 [ A
(AEBFTR) B > FRTREERGE I R F - 8 T2 FE TR RS G E VU (EERAT P {E 5
(WEERTR) - EE—EELT > SRIFTERYEZEZ /D ?



1

AF B.VZF C.F D(1+?)F E. 2V2F

Solution:

The magnitude of the resultant force on ball 1 due to the gravity of the other 3 balls is (pointing
along the diagonal direction):

Egmv—ZXFXCOSZ‘F__—(l"‘Z\/_)

To get the compressive force in a rod, we know that the net force on ball 1 vanished. We have

T
2Fr0d COS — 4 Egrav

Egrav . L
ﬁFrod f 2\/_(1+2\/_) F(1+2\/§)

Answer D.

15. A block of mass m = 3.0 kg slides down one ramp and then up a second ramp smoothly without flipping. The
coefficient of kinetic friction between the block and each ramp is ¢, = 0.40. The block begins at a height h; =
1.0 m above the horizontal. Both ramps are at a 30° incline above the horizontal. To what height h, above the
horizontal does the block rise on the second ramp?

15. —IREE% m = 3.0 kg BIKERB T —EEE - AR TRHE LB _EREMATIIE - NRESER
K2 ERENERRES py = 0.40 ° ARIRHMALIKFEUL hy = 1.0 m ISE » MEREISEKFEK
o BARRAES _EIRE LAAEKFELNSE h, 2207

1.0m

A.0.18m B.0.52 m C.0.59m D.0.69m E.0.71m

Solution:
The kinetic friction acting on the block during the sliding is
Fy = upN = ypmg cos 6

By the energy-work theorem



mgh, = mgh, + Fi.(s; + s3)

Where
5i=Sing
cos @
= h1 = hz +[1kC059(81 +52) = h2 +Mk Sin9 (h1 +h2)
tan 6 —
= hy = (—”")hl =0.18m

tan 6 +

Answer A

16. Two cannons are arranged vertically under the Earth’s gravity, with the lower cannon pointing upward
(towards the upper cannon) and the upper cannon pointing downward (towards the lower cannon), 200m above
the lower cannon. They fire a projectile at the same time. The initial speed of the projectiles are both equal to
50m/s. How long after the cannons fire do the projectiles collide?

16. MPIAAEHIKNSINIERTEERS » TAKEEL (BRLEAAR) - EAXEET (BETAE
Af) > WARETARELS200m & - EFIEIREETHRE - BENHIREREITA50 m/s » EERX
BREAGEENMIE ?

0)

200 m

A.05s B.1.0s C.15s D.2.0s E.4.0s

17. Following the above question, how far above the lower cannon do the projectiles collide? Choose the closest
value.

17. A&$% LRE - BT T AKIB LS ZiERE ? EERRANE -

A.50m B.60m C.80m D. 100 m E.120m



Solution:

10. We have

11. The distance beneath the top cannon is

1
h=x0—vt—zgt2=200—100—2g=80.4m

18. A 0.100 kg object is released from rest at the height of 3.30 m above the ground and slides along a frictionless
track with a loop of diameter 3.00 m. While the object is moving along the loop, it can be considered to be
rotating about the center of the loop. When it is at point P (the far-right-most position of the loop), what is the
net force exerting on the object (to 3 sig. fig.)?

18. —1& 0.100 kg RUMIBSFE RN 3.30 m RUSEWEF LLIRREEES) - I/n=E —NEREEEY - IEFE—E
B/ 3.00mWERR - EMERGIRBEE LR BEEEERP OIRE - ETHEP M (ROKARAIN
8) R ey tENZEZD (3 3sig. fig. ) ?

.
) -
A.2.35N B.0.98 N C.2.55N D.2.04 N E.1.56 N

Solution:

The velocity at the point P is

Emv2 =mgx18=>v2=36g

The centripetal force is

2 g
=0.1+36%3-=235N

o
I

The total force

Fpet =+ F? + (mg)? = 255N



ANS: 255N

19. A car heading north collides at an intersection with a truck heading east. The mass of the truck is twice the
mass of the car. If they lock together and travel at 28 m/s at 46° north of east just after the collision, how fast was
the car initially travelling? Assume that any forces exerted by objects other than the car or the truck are

negligible.
19. —EEIE TS EE—ETFROBE—MERTHAATERE - FEEERNEEENME - R

EffEhiE R EE N 28 m/s AURE MIRERAIL 46°1T78L » BREDSERVIITHARER SR ? &

RIEAR RS -FE3 By H H e AR 3t -

truck \ 46°

)
car

A.60 m/s B.20 m/s C.30m/s

D.40m/s E. 58 m/s

ANS: 60 m/s

Solution:

Since there are no external forces in consideration, the total linear momentum of the car and the truck si
conversed. The vertical component (towards North) of the momentum before the collision is:
Pi, = McqrVear = MV
The vertical component of the momentum after the collision is
Pf, = MiotalVfinal sin46° = 3m X 28 X sin46° = 60.4m

By conservation of linear momentum, Pi, =Ps, @V = 60.4 m/s.



20. A 5.00-kg box is sliding down along an incline. The incline makes an angle of 30.0° to the horizontal and the
friction between the box and the inclined surface is non-zero. The box is sliding at a constant speed of 0.60 m/s.

Find the magnitude of the power by the friction on the box.

20. —@ 5.00 AFTAEFIGEREE T - REEKFEMN 300 & > SFRARNAZENEZENASZ - 2
F L 0.60 m/s BYIEEREIRE) - RIFAAEZ F LRIERININERK/ -

A 147 W B.29.4 W C.255W D.OW E.21.3W

ANS: 14.7 W

Solution:

The power by the gravitational force is positive and is 100& dissipated by the friction. Therefore, the
power by friction is negative to the power by gravity.

Pfriction = _Pgravity
|Prriction| = |Pgravity| = mgv sin30° = 14.7W

21. An art sculpture made of material with uniform density is placed on the horizontal ground as shown below.
The sculpture is formed by three identical bars with length L, each with a mass M. The bars are firmly attached
together. Neglect the thickness of the bar. Find the difference in the normal force, AN = N, — Nj;, exerting on the
sculpture.

21. —([AHZREHIMR RN B BN B /K EE L - BT - BEHE=REES L W
BIHIRAERY - BRIENEEA M - BLERFEMEERE L - J2RIEGNERE - RIEMEME LAER
HZER > AN=N,— N, °



L/2 L/2
L
N N> Ground
A.AN = Mg B. AN = 2Mg C.AN = Mg/2
D. AN = 3Mg E.AN =0

ANS: Mg

Solution:

The center of mass of the system is at (measuring from the left leg)

m*0+m*%+m*%_£
3m 3

xcm

Conditions for stable equilibrium are that net force and net torque about its center of mass are both zero.
Fnet = 0 and Tnet == 0

From F,,o; = 0, we have N; + N, —3mg =0 (1)
From T, = 0, we haveN1*§=N2*(§—§)=>N2:2N1 (2)

Combining (1) and (2), we have N, = 2mg and N; = mg. Thus, the difference is AN = mg.

22. A motorcycle moves with constant speed v along a circular track with radius R. The rider leans his body and
the motorcycle inwards so that the line joining the track-motorcycle contact point and the center of mass of the
whole system (rider + motorcycle) makes an angle 8 with the vertically upward direction, as shown in the figure
below.

Find 8 if v = 50 m/s, R =100 m, and M = 200 kg, where M is the total mass of the motorcycle and the rider.



22. BEENFREA R NEFNENER v iEE - BFEERMNEEEQRIER » FNENEITENIER
IhERE RS (RBF+ETE) EONEGEERRD EABFHKAE 6 » AN TFEFAR -
WRv =50m/s R = 100mFIM = 200kg > 5Kk 0 - Hif M 2EEITENEFNEEE -

C. 0=57°

Solution

Method 1:

In inertial ground frame,

R
Ncos@ —W =0

'UZ
N si =m—
{ sin @ mR

172
{Nsine =ma=m-—

Ncosf =mg



t H—U
an =GR

v? — -t 502 690
gR~ " 980x100

@ =tan~!

Method 2:

Inertial force (centrifugal force) F passing through CM

= v
= m—
R
Weight passing through CM
W =mg
In equilibrium:
UZ
Nsin =F =m—
R
Ncos@ =W
Get the same equations and hence the same answer.
6=t 2 = tan™? 50° ~ 69°
—EN R T 980x 100

The answer is D.

23. Two point particles A and B move on the x-y plane. There may be interacting forces between the two
particles, but the system as a whole is isolated. At a certain moment, particle A is at 74 = i and particle B is at
7g = Jj, where i and j are the unit vectors along the x and y direction respectively. Denote the respective
accelerations of A and B at this moment by d4 and dg. Which of the following is/are possible?

23. M{EKLIF A B £ x-y FE LBE) - MEHF ErISEFEREEFERY - ERERFZMUN - X
Bz > K+ AR 7, =1 WIFBUR 7 =7 (HPIH j 2320 x My HRNEMUDE) - A d, Mdp
Rmlbhs AMB FERINERE - U TH—IRZRIEER ?

1. g =31—J dg = —61+ 2]

A. [l only B. IV only C. [lland IV only

D. 1, I, and IV only E. L, and 1V



Solution
From Newton’s law of motion, the total (internal) forces acting on A and B must be vanished, i.e.

- -

Fnet = FA + ﬁB = m_AC_iA + mBC_iB = 0

| is wrong because the two accelerations are linearly independent. In fact,
mAC_iA + mBC_iB == mA(_i + 3j) + mB(i + gj) = (_mA + mB)i + S(mA + mB)j = 6
if and only if my = mp = 0.

Therefore, | violates Newton’s third law (weak form).

mAC_iA + mBC_iB = mA(i - 3j) + mB(Si - 9j) = (mA + 3m3)i - 3(mA + 3m3)f = 6
if and only if my + 3mp = 0 which is impossible.

Therefore, Il also violates Newton'’s third law (weak form).

1l satisfies Newton’s third law (weak form) but violates the strong form because d, and d@_B are neither parallel
nor antiparallel to

-

—)_l\ "~
W= Tn=1—]

IV satisfies the weak form and the strong form.

The answer is B.

24. A point object is under simple harmonic oscillation on the x-axis centered at the origin. The amplitude is A. At
timet =1, its positionisx = A/2. Attimet = 27, its positionis x =-A/2. What is its positionatt = 37?

24, BREMRRE AT O x 8 EENEEIRE) - BEAB A -ERB =1 HUEH x=A4/2 - TEFKE
t =2t HUBERx =-4/2° KEHFEt = 3tHFE -

l.-A I.—-A/2 .o IV.A/2

A. | only B. Il only C. IV only

D. lorlV E. Ilorlll



Solution:

Graphical method:

It can be seen that to go from A/2 at 7 to —A/2 at 27, the angle traversed in time zmust be +60° + 360°n or

180° + 360°n.

Starting in the 1°* quadrant, with 60° + 360°n, the position should be —A.

Starting in the 1°* quadrant, with 180° + 360°n, the position should be A/2.

Starting in the 4" quadrant, with 180° + 360°n, the position should be A/2.

Starting in the 4" quadrant, with —60° + 360°n, the position should be —A.

Algebraic method:

Case 1:

Case 2:

x(t) = Acos(wt + ¢)

{ cos(wt +¢) =1/2
cosQwt + ¢) = —-1/2

{ wT + ¢ = £60° + 360°m
2wt + ¢ = +£120° + 360°n

{ ot + ¢ = 60° + 360°m
2wt + ¢ = 120° + 360°n

{wr = 60° + 360°(n — m)
¢ =360°(2m —n)

cos(Bwt + ¢) = —1

{ ot + ¢ = 60° + 360°m
2wt + ¢ = —120° + 360°n



{(u‘c = —180° + 360°(n — m)
¢ = 240° + 360°(2m —n)

cos(Bwt + ¢) =1/2

Case 3:
{wr + ¢ = —60° + 360°m
2wt + ¢ = 120° + 360°n
{ wt = 180° + 360°(n — m)
¢ = —240° + 360°(2m — n)
cos(Bwt + ¢) =1/2
Case 4:

{ Tt + ¢ = —60° + 360°m
2wt + ¢ = —120° + 360°n

{a)r = —60° + 360°(n — m)
¢ = 360°(2m — n)

cos(Bwt + ¢) = —1

The answer is D.

25. Two tennis balls 4 and B with the same mass, move with respective velocities u4 and up on the x-axis.
B is located in the +x direction with respect to 4 and u, > up, so that 4 will hit B. After the collision, the
final velocities of 4 and B are v4 and v, respectively. What are the possible values of v4? Ignore all
external forces acting on 4 and B.

25. MEE SR ERIEIK A F B 7 x B EIARE uy Mup DHVEE) B RS ARY +x JTETEE uy > up o
EtE A 218% B - hiliE18 - AM B NRERED RIS v, Mg - v, WRIEEESEERZZ) ? BRBRIFRAEA
M B ERIFRESN

Solution
Method 1:
By momentum conservation
V4 +vg =Uy +up

Consider energy:



v+ vi < uf +ud

We should also have

because a tennis ball cannot “penetrate” another.

The three conditions are shown graphically by plotting v versus v,.

Vp

Vyt+vp =uyt+up

vi+vi=ui+ud

Va
up Uy +up Uy

All possible (v,4, v5) should lie on the straight line v, + vy = u, + ug, inside or on the circle vz + v3 = uj + u3,
and on or “above” the straight line vy = v,. That is, the red closed line segment.

Therefore

Method 2
Kinetic energy must not increase:
v+ vi < uf +ud
By momentum conservation
V4 +vg =Uy +up
Vg =Uy +Ug —Vy
vZ + (uy + ug —vy)% < uj +us
vZ+ 13 —2(uy + ug)vy + (uy +up)? < ud +ui
2v2 — 2(uy + ug)v, + 2uup < 0

v2 — (uy + ug)vy + uqup <0



(g —us)(wy —upg) <0

Hence
Ug S vy S Uy
Because
Vg =Uy +Ug —Vy = Vy
Uy + up
2
So
Ug S Vy < E4 42—u3
Method 3
The velocity of the CM is
Uy + up
2

In CM frame, the respective initial velocities of A and B are

uA+uB uA_uB

Uy = Uy — > = >
T _uA+uB_uB_uA
Ys = Us 2 2

Let the respective final velocities of A and B in CM frame be v, and vg.
By momentum conservation
vy +vg =0

Kinetic energy must not increase:

Uy — U
vj,2+ngS2x(A2 B)

2
Therefore
2
(ug — up)
2 2 A B
0<vSvg <
4
Also
v, <0<vp
Hence
Uy — U
-2 P <y <0
2
Back to lab frame
Uy + up
Up < Vg =



Answer is C.
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1.

Rules and Regulations % Z #3 Bl

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

FIEREEERPRHRE - (RUBEENPXIRXFE 2L BUE—RBSES -

. Please write your 3-digit Contestant Number and English Name on the first page of the answer

books.
FEBRENE—EBEL  BEILTRHNIUEFSEEZRB R ENER -

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.

FNIEZERE  SRBEERETEREFHE - EREESI AW - oiBefME
ZEFSHRMEMER D

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

BRIESSRIERR - BRIKESHFERTIIFRMEE

Gravitational acceleration on Earth’s surface

Bk T B R g 9.80 ms2

Gravitational constant

» G 6.67 X 10711 m3kg1s2
EHEHY mxe s

The following identities may be useful in the competition:

1.

1
V1+xz1+5x, when |x| « 1

sinx = tanx = x. when x «< 1 is measured in radian.



Open Problems B % &

1. [15 pts] A bead of a mass m is hanged by a string from the tip of a cone, as shown in the figure below. The cone
surface and the bead have a coefficient of static friction, us = 0.7 and a coefficient of kinetic friction, g, = 0.5.

1. [15 pts] 4 N EFR - —(EEE R m BVERTF—IRAGRIESERG A TR m AR FE T 2ME o SEATRIER T[] HURHEEIR
BRIFERE RO B Ry us = 0.7R1 pye = 0.5

The cone starts to rotate from rest and uniformly increases its angular speed to w in T seconds. The cone surface
drags the bead to move at the same angular speed such that the bead has no relative motion to the cone surface
(i.e. no sliding on the surface). After T second, the cone is rotating at constant speed w and the bead is moving in
a uniform circular motion with a radius r at the same angular speed w as shown in the figure below. Assume a
massless string and neglect air friction. Answer the following questions in terms of m, g, w, r, T and 6.

[BISERSTERT IRRERAR e - YAE © PR AR S 3 w  SEmHEENER T DAHERY AR B -
[EfSER T Bl A AR ES) (AL EME emgs)) - tiME - [EEERRLIAEE o el - BR7DUHE
AR o fEHAE R r (VA 2R B A EE) - 0 NEFTR - ARSI A S B0 RHE 22 REEE - 55 m,

g, w,r, T 16 [BFE FHIREE -

Gravity pointing downward

EJIRT

In (a)-(c), we consider the case where the cone is rotating at constant speed w.

£ (a)-(c) T - M5B EHEAG U E T o feSayiFEi -

(a) [1 pts] Find the linear speed of the bead, v, when the cone rotation is at w.

[1 pts] >KIEISHEIEE Fy w HFERT-HUSRIEZRE v -

(b) [2 pts] Draw the free body diagram of the bead indicating all the force vectors and the acceleration
vector.

[2 pts] FHHERTHIYE HHASE - FoRATER IR ERI R E -

(c) [5 pts] Find the tension of the string, 7, and the normal force, NV, acting on the ball by the cone.
[S pts] >KEMLRAVEEST T FISERSTE FIAEEK EHWARTT N -

(d) [2 pts] Find the linear acceleration of the bead along the direction of motion during the
acceleration fromt = 0stot = ts.

[2 pts] >KAiE ¢ = 0s F] ¢ = T s AYIZRIARER T B 5 (M HYSRMEDIZRE -



(e) [5 pts] Find the maximum value of w such that the bead will not slide on the cone surface
throughout/at the end of the acceleration fromt = 0stot = ts. Givenm = 100 gram, g =
9.8m/s?,r = 1m,7=2and § = 30°.
[5 pts] $XH w HYRERME - (HEAE ¢ = 0s B t = ©s AYREHIREE G » BRTE N S E ik
FEE e 48EmM=1005>g = 98m/s?2 r = 1m>t=2f160=30°-

Solution

(a) The linear speed is v = rw. [1pt]

(b)

va

1))
A
I -

mg

[0.5 pt for each of the vector: mg, n, and T and a]
(c) From the free-body diagram, the Newton’s 2™ law yields,

{T cos@ +nsinf =mg. [L.5]
Tsinf —ncosf = mrw? [1.5]

N T =mgcosO + mrw?sinf [1]
n=mgsind —mrw?cosf [1]

w-0 rw
T

(dag=r—= - [2pt]

(e) The linear acceleration of the bead along its direction of motion equals to the friction on the bead by the cone.
When the bead is not sliding, the friction is static. According to Newton’s 2" law,

mrw

= Fpet = friction < fq pax = Usn

[1 pt for knowing the tangential acceleration is due to friction]
[2 pt for knowing the friction is static and knowing it is bounded by the maximum value pgn. ]

When the required net force, F,et, €xcess the maximum friction, the bead will start to slide. Since the maximum
friction decreased as the angular speed of the bead increases, the bead is most likely to slide at the end of the
acceleration where it angular speed is w. We have the condition,



mrw

< ugn = pugmg sin @ — pgmrw? cos @
i

rw ) 5
= — < uggsinf — us;rw* cos 6
T

rw ) 5
= — < uggsinf — usrw* cos 6
T

= 0.35V3 w2+ 05w —3.43 <0
= -283<w<200

Therefore, the maximum value is wyax = 2.00 rad/s.
[1 pt for solving the quadratic equations]

[1 pt for selecting the right answer.]



2. [15 pts] The figure below shows a small bead with mass m located on the surface of a semi-circular block with
mass M and radius R. The surface of the block is smooth and there are no frictional forces between the two
objects. The bead is initially put at the top of the block (6 = 0°) and is given a very small initial push to the right
so that it starts to slide down the block with negligible initial speed.

2. [15 pts] NEIHEDT T —EEE R m VBRI —EEE 5 M B E R HY-EEIPRAVZRE - - HRAVZRE
St WEPIEE Z B B EEE DT - BR TR EAERAYTHEED (6 = 0°) WA —(EIRE /N A HY
WIEHEEN ST » (EEFAGLART RS A ETHIIRERE I T -

(a) If the block is fixed on the ground.

(a) AN EE A o
(ai) [2pts] Draw the free-body diagram of the bead indicating all the force vectors and the acceleration
vector.

[2pts] S HERTHIYE HfRE > FoRATAERI N RENMEERE

(aii)  [4pts] Find the angle 8 at which the bead will leave the surface of the block.
[4pts] SKERT-BEFAR KAV A 0 -

(aiii)  [4pts] Find the distance of the bead from the center of the block when it hits the ground.
[4pts] SKERT-%& St EERER b Lo PR

(b) [Spts] If the block is free to slide on the ground under no friction and given that the bead does not leave the
surface of the block, find the speed of the bead at angle 6.

(b) [Spts] AIERIRAE )G AR IHVIE L e FE B H) - W 4GB TN e b av2Rm - SKIEAE 0 IF
BRFHYZRE -

Solution:

Solution

(ai)

[0.5] for N; [0.5] for mg; [1] for a



(aii) Let the normal reaction be N at angle 6. Then

.UZ

mgcosH—N=m? [1]

By energy conservation
1
mgR(1 — cos @) = Emv2 [1]

So
mg cos@ — N = 2mg(1 — cos 0)
When N =0,
mg cos 6 = 2mg(1 — cos )
3cosO =2

2
0= cos‘1§ [1+1]

(aiii)  Letd = cos™? g, v= EgR [0.5]

x(t) =Rsinf + vtcos6d [0.5]

1
y(t) = Rcos6 — vtsinf — Egt2 [0.5]

Solve for
1
Rcos6 — vtsinf — Egt2 = 0. [0.5]
Get
. vsin @ £ /v2sin26 + 2gR cos 6
-9
Since t >0,

vsin9+\/vzsin29+2ch059
g g
’2 5 2 5 2
= - +
g g
[ |46 |10\ |[R V46 -+10 |R
\J27 27 /]9 33 g
5 [2 (V46—-+10 |R)\2
xt=R—+/—R———
®) ﬂ 39 33 713




| |5, [2(V46—+10)2
=Rljgt §<3— V3 )5
_ (V5 2(¥92 —+20)

_<?+T>R

_ V5 +4V23 - 4V5
B 27

_5V5+4v23
B 27

= 1.125R [1]

(b) Let the horizontal velocity of M be V (right = +ve) and the speed of m relative to M be v. Then the
horizontal velocity of mis V + v cos 8 and the downward vertical velocity is v sin 8. By momentum conservation
in horizontal direction

MV +m(V +vcosf) =0. [1]

mv cos 6

V=——«+——
M+m

By energy conservation

1 1 1
mgR(1 — cos 0) = EMVZ + Em(V +vcos6)? + Emvzsmza. [1]

2

1
+ v cos 9) + Emvzsinze

1 mvcos\> 1 mv cos 6
mgR(1 — cos ) =—M(——) (

2 Mrm) T2 Mm
Mm? 2
2mgR(1 — cos0) = mvzcoszéi +m (_M g + 1) v2cos?6 + mv?sin?0
Mm? ., M*m ., 2052
2mgR(1 — cos 6) =mv cos 9+mv cos“6 + mv“sin“f

2mgR(1 — 9—Mm2 2 Zsin?
g Ccos )_M+mv cos“f + mv-sin-0

2gR(1 —cos @) = v2(1 — sin?6) + v?sin?6

M+m
2gR(1 —cos @) = M v? + s
g M+m M+m

2(M + m)gR(1 — cos ) = (M + msin?0)v?
([2] for the step to solve the equations)

(M +m)(1 —cos0)

2 =20R
v 9 M + msin26

(M +m)(1 —cosB)
v= |29R :
M + msin?6



3. [20 pts] Newton’s law of gravitation holds only for two point objects. Nevertheless, for finite-sized objects with
spherically symmetric mass distributions, the gravitational forces are still simple due to the following “Shell
theorem”:

The gravitational force by a thin (negligible thickness) spherical shell with uniform mass density exerting on a
small test mass

(i) is the same as if all of its mass were concentrated at a point at its center, if the test mass is outside the
shell, and
(ii) is zero (no net gravitational force), if the test mass is inside the shell.

3. [20 pts] FIHEAS [ IE EEERN R EEYIRE - BIRERETE B meYiRe, Bn g e, Ko OfE
FRRZRFEER -

T e L
—{B'E B S ARHTHERRR i (5w 2%, SRR — Nl B E B IS IA TS

(i) st E BALN U= SN, 5B BT A e E & BB OMmaEs ey —75¢ -
(il) st E EALN BUE N, HZBIH#5 107/ -

M GMm
F=—7>
T
——————— = m
' r=R '

(i) (i)
Figure 3a: Shell theorem for (i) r = R and (ii) r < R respectively.
& 3a: 73 A% (i) = R (i) r < R VAR EH -

(a) [3pts] For a uniform solid sphere with radius R and mass M, let its center be the origin and denote the position
vector of the observation point by 7. Find the gravitational force ﬁ(?) acting on a point mass m at 7 forr > R and
r < R respectively. Express your answer in terms of 7, m, and p, where pis the uniform mass density of the solid
sphere given by

(a) [3pts] ER—(EFE S R ~ BER M A E.LEKE - IEAYHLOREES - H 7 FonBIgRinir &

& o RIFFIET RBEREm FESFE > SRIBEr > RAlr <RWVEN - F 7~ mfll p RERHYE
% Hrp p BH T RGHNE LEREGHE AE B HE

M
P = anr3/3

An alien civilization with very advanced technology in astronomical engineering created an artificial planet with a
hole in it, as shown in the figure below, so that they can reside inside the hole because it is too cold outside. The
planet is made of material with uniform density p. The planet’s surface and the hole are both spherical, with



radius R and R/2, respectively, so that the hole touches the center of the planet.

—{ERAG TARRL o E o Sy 2 SRS T — B NS 2 EK - Hp A —[RE - A NEFTR - RASMEK
72 AP DUMEAERERE - (TREESEER pfIAEHERE o 1TEFRENIFEEZEIZHY » 055 R A
R/2 - KHILIE T e T 2 AT 0 ©

(b) [5pts] Show that the gravitational force acting on a point mass m inside the hole is given by F= —mg'j for
some positive constant g’ and j is the unit vector along the y-axis. Find g’ in terms of p and R.

(b) [Spts] FEWIEF{ERNEE R m FESIH F = —mg'j 464 > Horr g/ RRET RS J 205y #ev e
iz ->Kg' > Hp MRFIR -

If you cannot solve part (b), you may still use the result of part (b) to answer the following parts and express your
answers in terms of g'.

WERIFARERFE (b)) #57  IRUIATEER (b)) BERTAVEERAREIE LN - H g FonRivEZ -

(c) [4pts] A small object with mass m is launched from the center of the hole in the positive x direction with
initial speed u. Find the y coordinate of the point at which the object hits the surface of the hole.
[4pts] —{E'E & Ry m B/ NG DIIAA AR w A8 LA IE x TR o SRYEGEERR mERLT y 244

i)
?Eo

(d) [4pts] If the object can be launched from the center of the hole at any angle, then it will be able to hit any
point of the surface of the hole when u = u, for some critical speed u.. If u < u,, then the object cannot
hit the surface of the hole at which y > yy,,.x for some yy,.x. Find u, and yax-
[4pts] WIERYEG AT AR S DUEE RS 5T - HRERE w R FAERE S 2R ue B (u > ue) - EREHE
BELFERAVEE 8 - 1R u <wu > AV AR SN FEE S Ymax RAVEZRE © K u,
K Ymax °

(e) [4pts] If the object is launched from the center of the hole in the positive y direction and assumes that

there is a very small opening at the top of the hole, find the minimum launching speed so that the object
can escape to infinity.

[Apts] WSRO EITE y 770885 - M FLITE A — (R NGB » SR N
AT DI B

Solution

(a)



(c)

,_ _A4mGpR’m _ _ 4mGpR’m
ﬁ(?) = TZ 3 "= 37'2 r= 37'3 r
G 4nr
( 3 )m . 4nGpm | 4mGpm
- r2 r =— 3 rf = — 3 =
(b)
A’
- 4' 3 F 4 )3 ?l
Fm—tm(pgnr’)=—am(-pgm”) s 141
Y- 4\,
=—-Gm (pgn)r + Gm (Pgﬂ)r’ [1]

N
=~Gm(p37) =) [1]
-G (4 )RA
2
=—m(—nGpR)j
3
=-mg’j

g:

3 wGpR. [1]

forr = R. [1]

forr <R. [2]



R 1|2u? 4yt L R?
y 2 - 2 g/ = gIZ
R N u? N u* R? 1
y - 2 gl = gIZ 4 [ ]
Sincey <R,
R N u? u* R?
RPN P
R 32 3uz \* R? .
Y=3* 2R~ \zmepr) *7 M
(d) It is clear that it is always possible to hit (0, 0).

To hit (0, R), launch upwards with speed u > ,/g'R.
Now for (x, y) on the hole surface where x # 0 and hence 0 < y <R,

x(t) = utcosb

t —R+ tsin@ ! "t2
y()—E ut sin Eg

_R+ N g'sec’
y =7 +xtan gz
R 'x?
y=E+xtan9— e (1 + tan26)
R g'x? 'x? 5
O=E—y—ﬁ+xtan9—ﬁtan9

There will be no solution for the above quadratic equation in tan 8 if

24 9\ (R_,_9%
X 4( w2 I\2 7Y 5 <0. [1]

29' (R "x?
1+i<——y—g—><0

u? \2 2u?
g’ R g (R? ( R)Z
1< |y 2 [y ==
Sz 2 2u2(4 Y73
u?> g'R? R ¢ ( R)z
29’ 8u? A

u4<R2+2u2( R) ( R)
g2 -2 g VT2)T VT2

R\? 2u? R\ R? u
0> (r-3) - -3 i

!



R R u R
2572752
2 2

Since 0 < y < R, the only condition is

When
u2
?2 Reuz=,gR

the condition can never be satisfied and therefore the projectile can hit all points on the hole surface with x # 0.

We also know that it can always hit (0, 0) and in this case it can hit (0, R).

Therefore
[ 2 2
u, =+/g'R = §7TGpR [1]
When u < u,
w3 <R [
ymax_g,_ZT[GpR . [ ]
(e) By energy conservation




