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Rules and Regulations # 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.
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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.
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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.
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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.

ETEREAE R pER A RO FIE* B4 L22% 8 -

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

ABULE BRI R M T T Pk

Gravitational acceleration on Earth surface 0.3 D
Bitde g4 i B g oms
Gravitational constant 1131 1.2

£ 4 ¥ i G 6.67x107 m°kg™'s

Trigonometric identities:
ZABESRN
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 Y
2 2
x + X —
cosx + cosy = 2 cos ycos 4
2 2
x4y  y-x
Ccosx — cosy = 2sin S sin—

1
sinxsiny = Ecos(x -y)— Ecos(x +y)

1 1
COSXCOSy = Ecos(x —-y)+ Ecos(x +y)

1 1
sinxcosy = Esin(x +y)+ Esin(x )



Multiple Choice Questions (2 Marks Each) i£ & 28(F 382 4 )

1. The figure shows the position of an object (moving along a straight line) as a function of time.
Assume two significant figures in each number. Which of the following statements about this
object is true over the interval shown?
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A) The object is accelerating to the right. 4 8 & + 4v i
B) The average speed of the object is 1.0 m/s. 3= %8 eh-T 53¢ F £ 1.0 m/s °

C) The acceleration of the object is in the same direction as its velocity. 47 88 e+ i & 22 H i# &
= ré, #B FE- o

D) The object is accelerating to the left. # %8 o = e i o

E) The acceleration of the object is in the same direction as its displacement. 3= 8 e4c i & &2 H
e iple o

2. Shown below are the velocity and acceleration vectors for a person in several different types
of motion. In which case is the person slowing down and turning to his right?
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3. You are standing in a moving bus, facing forward, and you suddenly step forward as the bus
comes to an immediate stop. The force acting on you that causes you to step forward is



055 - @A BT L

l,l» Ta' BN JE’,!-’ l;q,ljm’} T,E[,—\

‘-r-
k=N
9
=|
A
=
q
\L.
\_E‘
bt
"
b
bt
B
9
<|
W
Re)
-
2
F_‘.
b
m
N
‘-r-
14
o

A) the force due to static friction between you and the floor of the bus ¢ (&= L 3= 45 2 fF e
L S R

B) the force due to kinetic friction between you and the floor of the bus
B)d [Efr= L 2 e B4 1A 4 e

C) the force of gravity
C)s5l4

D) the normal force due to your contact with the floor of the bus
D)d g dfpiiin g4 ze

E) No forces acting on you to cause you to fall.
E)i 23 iZim4 £ 5w 3

4. A worker at the local grocery store has a job consisting of the following five segments:
(1) picking up boxes of tomatoes from the stockroom floor
(2) accelerating to a comfortable speed
(3) carrying the boxes to the tomato display shelf at constant speed
(4) decelerating to a stop
(5) lowering the boxes slowly to the floor

During which of the five segments of the job does the stock person do positive work on the
boxes?
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A) (1) only

B) (1) and (5)

C) (1), (2), (4) and (5)
D) (1) and (2)

E) (2) and (3)

5. A Newton’s cradle consists of four solid balls of equal mass hung on a bar. When the left ball
undergoes an elastic collision with the other balls, it is traveling at the velocity v; and the other
three balls are traveling at the velocity v,. Here, v; > v, . What is the velocity of the right ball after
the collision?
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A. vl B. U2 C. Ul - 1.72

D.v; + v, E. none of the above 12 F ¢ % §_
N ~
7 7
"1 \ 4

Consider the reference frame traveling with velocity v, relative to the lab frame. The velocity of
the left ball is v; — v, and the 3 balls are stationary. Due to the conservation of momentum and
energy, the velocity of the right ball is v; — v, and the other 3 balls are stationary.

Converting to the lab frame, velocity of the right ball is (v; — v,) + v, = v;.

Answer: A.

6. A bunch of bananas hangs from the end of a rope that passes over a light, frictionless pulley hung
from a fixed tree. A monkey of mass equal to the mass of bananas hangs from the other end of the
rope. The monkey and the bananas are initially balanced and at rest. Now the monkey starts to climb
up the rope, moving away from the ground with speed v. What happens to the bananas?
6. - A EHL- 1B ks B K- BELAM FRTE s A T2
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A. They move up at speed 2v. T 11k F 20 + 2 o

B. They move downward at speed v. v 11 & v T % o

C. They move up at speed v/2. v P ik & v/2 +F 2 o

D. They remain stationary. v 245 # 1+ % & o

E. They move up at speed v. v P i@ & v + 2 o

When the monkey starts to move up the tree, its momentum increases in the upward direction.
This momentum change is provided by an impulse due to the change in the tension of the rope.
This impulse is transmitted to the bananas and causes the bananas to move upward with the
same speed.

Answer: E.

7. Suppose the death star in Star Wars series can be modelled as a huge space station with the
shape of a hollow sphere, a uniform spherical shell in the empty space. Now, you stand against the
inner war and fire a bullet to the other side of the inner wall as illustrated. The dashed line is its
firing direction in a straight line.
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Which of the following will describe the motion of the bullet.
A. The bullet bends upwards and accelerates with larger speed.

B. The bullet travels with constant velocity along the dashed line.

C. The bullet decelerates and accelerates back to the original velocity when it hits the other side of
wall

D. The bullet accelerates and decelerates back to the original velocity when it hits the other side of
wall

E. None of the above is correct.
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Ans:



Small area = distance? xsolid angle. For an arbitrary point 7, enclosed by the shell, a small area A
on the shell is projected to its counterpart area A’ through the fixed point 7). A and A" have the
same solid angle and therefore A/|7 — 7|2 = A"/|7#' — 7#,|2. As a result of this equality, the
gravitational force from mass on area A cancels the gravitational force from mass on area A’ at 7.
This cancellation happens for all areas on the shell. Therefore, no gravity is being felt within the
shell. The situation is equivalent to just an empty space and a bullet travels along a straight line.

8. A series of weights connected by very light cords are given a vertically upward acceleration of
4.00m/s® by a pull P, as shown in the figure. 4, B, and C are the tensions in the connecting cords.
The SMALLEST of the three tensions, 4, B, and C, is closest to

8.1 B dren® 2 B gh - G SRt B P 400m/s?endE 5 b bt B 0 4o

Bl#rm o A BfeCR B % P 3k 4 o = B3R+ 4> BIeC? thi | BT
Pull P

5.00 kg

10.00 kg

15.00 kg

20.00 kg

A) 80.0 N. B) 196 N. C) 621 N.
D) 483 N. E) 276 N.
Solution:

We take g = 9.8m/s?,



P—(54+10+15+20)g = (5+ 10+ 15+ 20)a = P = 50(a + g) = 690 N

The tension C is
P—C—-5g=5a=>C=700—-5%14=621N

The tension B is
C—B—-10g=10a=>B=C—-10%14 =483 N

The tension A is
B—A—-159g=15a=>A=B—-15%14=276N

Alternatively,
A—20g =20a=>A=20%14=276N

9. Two discs A and B of the same density and height with radii 37 and 2r respectively are placed
on a smooth horizontal table. Disk A moves with the speed v, = 20 m/s in a direction shown in
the figure toward disk B which is at rest. If the friction between two discs is negligible, and the
collision is perfectly elastic, what is the speed of disc B after collision:

9. AkF-kTe RS BRARIR R DRE » AfeB > H LT 4 W 5 3r r2r o AR
VIirERT e o0 ik Fv, =20m/sip ek PBRIEES o B A2 B enBged v
Evg At oom P AR S R MM BFISAMA S ik 5 5

L L[ y
/\ 4
A

\

/
/
(N X

\4//3\

N\ /

o

Y

Lory
HE

A.22.15m/s B. 16.62 m/s C.27.69 m/s
D. 19.20 m/s E. 14.40 m/s
Solution:
At the collision, the angle with the horizontal axis is
3

tanf = 7

and the velocity of A along the collision axis is
Uy =vcosl = gUA =16 m/s

The masses of and disc A and B are m, = 9m, and mp = 4m,, respectively.
By the conservation of momentum and energy,

MUy = My, + Melp
and



1 , 1 21 L2
EmAuA = EmAuA + EmBuB
By simplification,
2

2 4 1 ;2
u; =9 (uA — §u3) + 4ug
= up = 22.15m/s or 0 (rejected)

10. As shown in the figure below, a rectangular block of mass M and length L is placed on a
smooth table. A small cube of mass m with negligible length is placed on the left end of the block
with horizontal initial velocity v sliding to the right. If the coefficient of kinetic friction between
the block and the cube is u, and the cube does not fall from the right end of the block, the
maximum value of initial velocity v of the cube is:
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11. Following the previous question. What is the displacement of the rectangular block when the
cube stops sliding on the rectangular block?
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Solution:
Initially, the velocity of the cube and rectangle block are v and 0 respectively.
The kinetic friction is f; = pmg and the acceleration on the cube and the block are a,, = —ug

— Hmg
and ay = e

Um =V — ugt
_ pmgt
VM ="y

They will accelerate until they have the same velocity when the cube is at the right end, i.e.,



umgt m v 1
v—ugt=——5=s—+1)ugt=v=>t=—
gt =5 = (7 + 1w ug\1+ 0
At this time the position of the cube and the right end of the block are:
2
- 2 v? 1 1 v? 1 v? 1 . 1{ 1
Xm =Vt +-apt’ =— - =— ——
2 mj 2 Ut L 2 L
HI\1 + 47 HI\1+57)  HI\1+47 5 o
1 m
v ( 2*M
m =g\, me
(1+7) 2
—L+1 t2—L+1mv2 !
T T T 2 Mg 1+
If they coincide at time ¢,
meXM
v? 1 1 m 1m
:’@—mz(fvm):
2 (1+77)
v m m
:>—2#g:L(1+M):>v=\/2ugL(1+M)

Note that in the limit when % — 0, the rectangular block doesn’t move (a,; = 0) and by the work-

energy theorem,
1
Emv2 = umgL -» v = /2ugL

Hence we know v — /2ugL as % - 0.

The displacement of the block is

2 2
d=lamt2=lmv—2 ! ) = ! xZugL(1+m)
2 2Mug\1+3;]  2Mug\1+3; M
- - ()
_1+ﬂ m+ M

(Method 2) When the cube stops at the right end relative to the rectangle, we have v,,, = vy.
Conservation of momentum gives

m
mv = mv,, + Mvy = vy :m+Mv
The displacement of the rectangular block is
2 _ 02 =9 d:>d—( m )2 v? _v2< mM )
Vm — < T \m+M 2%_2;19 (m + M)?

:>d—L(1+E)< mM )— my
B M/ \(m+M)?2) m+M



12. Train stations A and B are separated by a distance of 100 km. At 12 pm train T, starts from
station A and runs at a speed of 50 km per hour along a railway towards station B. The railway
between A and B is a straight line. At the same time train T starts from B and runs at the same
speed along the same railway towards station A. When Ty starts, a bird flies forward from T, at a
speed of 70 km per hour. When the bird meets Tg, it turns around and flies towards T with the
same speed as it flew before. When the bird meets T, again, the time is

12. V &z Afe B 4pF5 100 22 o @ = 12 > V& TA M A =B i Fdiew Bab &
D) 2 g F AR AfrBZ R EI R k- B> 72 T B g > irF
—BREUAIRE F e AxbTR o TADER > - &) 5 A EET0 2 T g 4 Ty
G A BT, A UL g T BB B T ] b v B TapE
P AL

A.12:52 pm B. 12:54 pm C. 12:56 pm
D. 12:58 pm E. 1:00 pm

The displacement of T4, T and the bird are respectively given by

50 .
Y= %0"
=100 >0 t
S 60
The units of y and t are km and minutes respectively. When the bird flies forward,
70 .
Y =60
When the bird meets Tg,
70 t =100 >0 t
60 60
175

tzSOandsz.

When the bird flies backward,

175 70(t 50)
Y =73 7560 '

When the bird meets T, again,

sot__175 70(t 50)
60 3 60 ’
t—175—583
— 3 — ] ]

Answer: D.

13. Three star medals hang from the (stationary) assembly of massless pulleys and cords as shown
in the figure. One long cord runs from the ceiling at the right to the T-shaped structure at the left,
looping around all the pulleys. The weights of two medals are given. What is the weight of the
medal on the left?
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A. 5N B.I5N C.24N D.36 N E.48 N
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Let T = tension of the cord.
Consider forces acting on the medal at the center. 2T = 10 N =T =5 N.

Consider forces acting on the medal at the left. W = 3T = 15 N.
Answer: B.

14. As shown in the figure, a train with a length of 100 m rests on a horizontal rail, and the front
carriage of the train rests at the edge of a rail on a slope inclined at an angle of 30°. When the front
carriage is tipped from rest onto the slope by a very small force, the train rolls freely down. What is
the speed of the train when half of the carriages have rolled down the slope?

14, oR67 - R 5 100 4 5718 i kT uif b o I8 G B it A LR S 80" 6
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A. 5.5ms™?! B.78ms™! C.11ms™! D.16ms™! E.22ms™!
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Let x = length of the train that has rolled down the slope

2
Potential energy of the train: U = %g (— g sin 9) = — Mzg—zc sin

Kinetic energy of the train: K = %M v?

2
Conservation of energy: %Mv2 - Mzg—LxsinH =0=>v=x ’%sine =50 /%sin 30°=11ms™!



Answer: C.

15. A pile of N one-dollar coins rest on a table. The mass, radius and thickness of each coin are M,
R and T respectively. The coefficient of kinetic friction between the coin surfaces is u. An external
agent strikes the coin at the bottom such that it is removed from the pile with horizontal speed wu.
The removal speed u is so high that the pile of coins effectively remains vertical after the removal.
What is the horizontal displacement of the pile of coins after the strike?
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Time of contact between the bottom coin and the pile of coins during the strike = 2R /u.

Impulse acting on the pile of coins during the strike = u(N — 1)Mg2R /u.

u(N-1)Mg2R __ pug2R
(N-D)Mu  u

Using the impulse-momentum theorem, horizontal velocity of the pile =

After the strike, the pile falls down a height T
Time of fall: T = %gt2 =>t= \/%.

Ug2R 2T __ 2UR.\/2gT
u u ’

Horizontal displacement of the pile: = 5

Answer: C.

16. A pendulum is formed by a particle of mass m = 0.1 kg and a massless string of length [ =
0.5 m hung from a fixed point in the ceiling. The pendulum is swung from rest at an initial angle
of 8, = 30° with the vertical. Calculate the tension of the string when the angle of the string with

the vertical is 8 = 15°.
16. - #HIJEA T PFITBUATEDZRAPH > S HPL - FHDFTE 2m =
0.1kg > =& & 5 1 05m- EHFEF I KR BF4odd » 2143 3 p e dnd & 5

By = 30° FZMBELE > wind k50 =150 RzMeak4 o
A.0.10N B.0.20 N C.0.22N D.1.14N E.1.24 N
Using the conversation of energy,

1
—mgl cos 6, = —mgl cos 0 + Emvz.

v2 = 2gl(cos 8 — cos B).



Using Newton’s second law,
2

mv
T —mgcosf = = 2mg(cos 8 — cos ).
T =mg(3cosf — 2cosb)

= (0.1)(9.8)(3 cos 15° — 2 cos30°) = 1.1 N.
Answer: D.

17. A bullet of mass 0.01 kg is fired towards a rest block of wood with mass 10 kg on a smooth
table. What is the maximum fraction of the initial kinetic energy of the bullet that can be turned
into heat when it hits the rest mass?

17. - 72 5001 kgen+ bt - 2z h ki Lo P HFE 2 10kg 8 ok AR o K5 # s
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1000 999
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4000 1001 1000
. E. Not enough information 3 #1 7 &_
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Ans:

Conservation of momentum reads
m,v; = myv; + m,v;
The energy being turned to heat is therefore

1m?
Q= Eml(vf —v?) — Emzvz = zml(vl —v?) — __(U1 —v;)?
my ,
= 2m, ((mz —mvi + 2myvv; — (my + mz)v1z)
It is a quadratic function with maximum occurring at
dQ
v’ = 2(myv; — (my + my)vy) =0
1
myVy 7
Vy=E———=7vV
Yomg+m, P

Therefore,vy ger = Va,after 18 the situation when absorbed heat is maximum.
ml Ul = mlv + mzv

myv,
m; +m,
2 2 2
9 myv°+myv mi+m m m 10
Fraction of converted energy=1— ——F—=1—-—— ( L ) =2 =
myvy mq mi+m, mi+m, 10.01

18. The orbiting period of Moon is Ty, (27 days), orbiting at a height of (r,, — Rg) above the Earth
of radius Rjy. A geostationary satellite is a satellite that always stays above the same location on
the Equator. It stays at a height of (g — Ry) above the Earth with an orbiting period of T (1 day).
What is the ratio 7y, /75 in terms of Ty, and Ts?

18. % SR B 9 ATy (272 ) > f83 50 & B (ry — Rp) R4S f2 5 Rpcibd Ihi8 7 o ¥ 3¢
FHiFEE- L BT AAE k- 28 > 230 a FROs—Ry) > FLER Y AT (1
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A. (Ty/Ts)Y? B. Ty /Ts C.Ts/Ty D. (Ty/Ts)?/3 E. None of the above



Ans:
Centripetal force = Gravitational force:

GMm 472 <GMT2>1/ 3
ror=

7= e
For the moon, we have

For the satellite, we have

Therefore, we have

ma  (GMTE\'®  (GMT? 1/3_<TM>2/3
.,  \ 4m? / 42 - \T,

19. A ball, with mass 1 kg, I is bouncing off a frictionless rectangular block at incoming angle
0; = 30° and exit angle 8, = 60° measured from the normal direction of the block, as shown in
the figure. The rectangular block can also freely move. What is the mass of the block? Elastic
collision is assumed.

19. & 5 1kg ek ji~ B & BB M » 540, =30°%F » > T 1208440, =60°F
oo T A RIS BB AERS 2 RlE o LR BT U pd HBH o a P pidg A58
Hth o FAEAH TR -

A. lkg B. 2kg C. 3kg D. 5kg E. Infinite mass

Ans:
Let v; and v, be the speed of the ball before and after collision, v,, as the downward vertical
speed of the wall. As there is no friction to change the horizontal momentum of either the ball or

the wall, we have

1
v;8in6; =v,sinf, 2> v, =v; —

V3

v,V3 1 1 v, +3M
=My, —m-v,—==>—=——

The conservation of vertical momentum gives

mv;, cos 8, = Mv,, —mv, cosf, > m

The conservation of energy due to elastic collision gives



mv? = mvi + Mv?
2 1 2
= mvj (1 —§) = Mvy,
M_2U12 23M? 1M?

== =o— =2

m_ 3vZ 34m? 2m?

20. A mass of 5 kg is hung by two strings attached to the same position of the mass, one with 4 m
long and tension T; and another with 3 m long and tension T, which are connected to the ceiling
at two locations with 5 m separation. What are the tensions T; and T, of the two strings?

20. 2 5 S5kg thirdd A RS 8Pl - REREF > A RSB 2 @RS T
BB EE o FREASMme®sF 1 £4m> BF 2E3me £ BT ik 4 T AeT, o

5m

A
v

4m 3m

A. T; = 4X9.8N, T, = 3X9.8N

B. T, =5%9.8N, T, = 3x9.8N

C. T; =3%x9.8N, T, = 4x9.8N

D. T; = 4%x9.8N, T, = 5X9.8N

E. T, =5%9.8N, T, = 4X9.8N
Ans:

We note that it forms a right-angle triangle. Then,
The horizontal forces balance by
T,4/5 =T,3/5
while the vertical forces balance by
T,3/5+ T,4/5 = (5kg)xg

giving T; = (3kg)Xg and T, = (4kg)Xg



Open Problems (15 Marks Each) B <38 (& 48 15 )

1. From a fixed point A at a height h above the ground, a ball X is thrown at a speed v, with
launching angle a (0 <a< g) A very massive plate OG is placed in front of point A and the
ball hits at the point B on the plate OG which is above the ground at the same level as the point A.
K a3 R 5 h OFTEAREXNER vy, 00 i+ E 5 a (0 <a <§) °
Agbw 2 i g =¥ %- FE2LY <~ hT i 06 E3f XEFTH0G! HBE - x i i gk
B AREF -

Vo R -
- - - - b = ~ ~ G
p ~<
A< V"
0

h
a) What is the horizontal distance AB? [3 pt]
a) AB ek T pegp g 5 b 9
Solution:
The time t to hit on the plate is:
0=v,sinat— igt2 = t = 0 (neglected) or 2%sin a [2 pt]
The horizontal distance AB is:

2 2

AB=vocosat=2%sinacosa=v;°sin2a [1 pt]

b) If the collision between the ball X and the plate is perfectly elastic. What is the values of the
inclination angle 6 (0 <0< g) of the plate such that the ball X will return to the initial position
A after the collision? [6 pt]
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Solution:




Assuming the launching angle at point B after the collision is . In order to return to the initial
position A, we have

vg vg
AB = —sin2a = —sin2f
g g
=>F=a or f=90"—«a [2+2 pt]
So we have two possible answers.
Case 1:
If f = a, ball X hits on the plate along the normal direction, we have
O+a=90°=>60=90°—« [1 pt]
Case 2:
If f =90° — a, we have
P _g9_¢
5= a

= 0 = 45° [1 pt]

c¢) There is another small ball Y. At the instant when the ball X is thrown from point A, it falls
from rest freely from point A and makes a perfectly elastic collision with the ground. What are the
values of h if the ball Y will return to the initial position A with ball X at the same instant? [6 pt]
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Solution:
We need to consider two cases separately.

Case 1: If 8 = 90° — «, the trajectory of the ball X will return to point A along the same

trajectory. The time required is

4vy
T =2t=—sina

For ball Y, it will hit the ground at time t':

h ! t"* =t 2h
— = = = —
Zg g

Since the collision is elastic, it will return to point A at

T=2ﬂ=2f% [1 pt]

Hence, they will arrive at the same time if

’Zh 4y 2n  (2v, . 2

2 _:_0 > — = =0} ] t

p p sina 7 (g sma) [1 pt]
Z'Ug 2

:>h=751n a [1 pt]

Case 2:if 8 = 45°,
The time of ball X to return to the initial position A is
2v9 . 2v9 . 2vg o Vo .- ®
T = -, Sina + 7smﬁ = 7(sma + cosa) = Zﬁ;sm(a + 45°) [1 pt]



We have

2\/% = 2\/7';—°sin(a +45°) [1 pt]
2

> h= %Osinz(a + 45°) [1 pt]

2. Bungee jump is a sport for adventurous people. As shown in Fig. 1(a), a bungee jumper of mass
m = 60 kg is initially standing on a bridge with a rope of mass M = 120 kg, length L = 30 m and of
uniform density. One end of the rope is fastened to the bridge and the other end is tied to the jumper’s
body, and the rope is hanging freely below the bridge, with its midpoint furthest down. [15 pt]
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In the following calculations, you may assume that friction and air resistance are negligible, and the
gravitational acceleration is g = 9.8 m. You may further assume that the rope has no stretching
until the entire rope becomes hanging downward.
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(a)-(b) Consider the instant that the jumper has fallen a distance L/3,
(a)-(b) ¥ BB £ T ' 3 FEAL /3pR R

(a) What is the change in the potential energy of the rope compared with the initial state?

(@) B A= 4ok R AR v > B E g B B A 2 [3pt)

Initially, the center of mass of the rope is L/4 below the bridge. When the jumper has fallen a
distance L/3, the center of mass of the rope is

OO+OE+ = om

below the bridge.



Change in the potential energy of the rope = Mg (— %) — Mg (— i) = — % MgL  [1pt]
= —%(120)(9.8)(30) =—4900]  [1pt]

(b) Calculate the speed of the jumper when the jumper has fallen a distance L/3. [3 pt]
(b3 8= T TFERL/3PF > EF I auEF o

Using the conservation of energy,

5 L, 1(M\ o , 1 o _

—gMgL—mg§+§(;)v +omv =0, [1 pt]

Myimypz= (M m

(E-I_?)U a (36 w 3)gL,
sm, m (5)(120) , (60)

p? = <3M6+m3>gL = [% (9.8)(30) = (53) (9.8)(30) = 215.6, [1 pt]
6 2 6 2

v =14.7 ms™ L. [1 pt]

(c) Calculate the speed of the jumper when the entire rope becomes hanging downward. [2 pt]
OFEEREBBE > T BLPER L g F o

Using the conservation of energy,

—Mg%z—Mg%—mgL+%mv2, [1 pt]

2 _ ﬁ _ 120 _
2 = (4m + 1) 2gL = | oo + 1] (2)(9.8)(30) = 882
v =29.7ms™ ! [1 pt]

(d) Jumpers claim that they enjoy the thrill of reaching a speed faster than free fall. Calculate the
speed of the jumper if the jumper falls from the bridge through the same distance as in part (c)
during a free fall. [2 pt]
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Using the conservation of energy,
0 =—-mgL + %mvz, [1 pt]

v? =2gL = (2)(9.8)(30) = 588
v=242ms™ ! [1pt]

(e)-(f) After the entire rope becomes hanging downward, the jumper remains tied to the rope but
continues to fall further downward due to the elastic nature of the rope. Let the force constant of the
rope be k=500 Nm™.

-f) LER®RD TRLUE > FLIORFLEZ > d B ERDEPE > B T
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(e) Calculate the maximum distance the jumper falls as measured from the bridge. [3 pt]
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When the jumper reaches the maximum distance, the speed is zero.
Let x = extension of the rope.
Using the conservation of energy,

—Mgiz —Mg%—mg(L+x) +§kx2, [1 pt]
M _ M 1, 2

(Z+m)gl‘ = —(;+m)gx+5kx )

kx? — (M + 2m)gx — (%+ Zm) gL =0,

120

500x2 — [120 + (2)(60)](9.8)x — -t (2)(60)] (9.8)(30) =0,
500x2 — 2352x — 52920 = 0, [1 pt]

x =129 m.

The maximum distance the jumper falls is 30 + 12.9 =42.9 m. [1 pt]

(f) After the motion of the jumper stops, what is the distance of the jumper below the bridge? [2 pt]
) F 8L fiizbis g+ ﬁ‘_#%'“ SRR A 5 0 ?

Using Hooke’s law,

(M I m)g = kx,
_ (Mtm)g _ (120+60)(9.8) _ 3.53 m. [1 pt]
k 500

Hence the distance of the jumper below the bridge is 30 + 3.53 m=33.5m. [ pt]

Remark: The above calculation is not exact. In fact, the tension in the rope is mg at the lower
end and increases linearly to (M + m)g at the upper end. Hence the extension is given by

M
(E+m>g = kx,
B (M/2+m)g B (120/2 + 60)(9.8) oo
x= k - 500 = 4o m

Hence the distance of the jumper below the bridge is 30 + 2.35 m = 32.4 m.

For the purpose of this competition, full marks will be given to both answers. Half marks will
be given to the answer excluding M.

3. Three identical steel balls A, B, and C are connected by two light, hard rods AB and BC, each
of length [. A and C lies on a horizontal surface along the x axis, and B is supported by the rods to
stand in a vertical direction parallel to the y axis. As shown in Figure I, there is a vertical wall at

distance a = \/1_51 from the rod. Due to small disturbance, two rods slide to two sides and ball B



falls (Figure II). In this problem, all friction is negligible, and the diameter of each ball is much
smaller than [.
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(a) What is the horizontal distance of the center of mass (CM) of the system from the origin O
when ©~ACB = a ? [2 pts]
(@) 3 LACB=aps» £ i sfw (M) 2 RhgEOadrkTIEgE 5 2 ?

Since there is no external horizontal forces act on the system, the horizontal position of the center
of mass doesn’t change during the motion.
The horizontal distance from the origin O is a. [2 pts]

(b) What is the ratio of the speed v, /v, of two balls A and C when ~“ACB = a? [2 pts]
(b) § <ACB = apF » F3f Aqr C anug S by, /v ©

Because of the symmetry of the system, balls A and C will move with the same speed.
va
—=1 [2 pts]

Ve

(c) What is the angle @ when ball A hits the wall? [3 pts]
) Fk AR TSR L BT $ 0 ?

When ball A hits the wall, the horizontal position of the CM is

__ mXx0+mlcosa+m2lcosa

Xey = - =a [1 pts]
=>lcosa=a
1
= cosa = 5
> a =45° [2 pts]

(d) What is the ratio vg /v, immediately before this instant? [5 pts]
(d) T hiEgE o vg/vcent bl o



The two ends of an incompressible rod should move with the same tangential velocity. Hence, we

have
Ve = Vo COSQ = [1 pts]

[1 pts]

SISSIS

Vga =V C0SQ =
Since ©ABC = 90°,

: > ,vﬁ+vé .
Vg = /Vgc T Vga :T:\/;Uc = v¢ [2 pts]

> -1 [1 pts]

V¢

(e) What is the velocities of three balls at this moment? [3 pts]
() titps v = Thenig B A W] E 5 5 2

By the conservation of energy,

mg(l — lsina) =%mv§ +%mv§ +%mv§ =§mv§ [1 pts]
= gl (1 — \/%) = %vé [1 pts]
DSV =V =V, = 3(1—\/%)gl [1 pts]

4. A bus is going around a banked turn, as shown in the figure. The horizontal radius of the turn is
R = 60 m and the inclination angle of the bank is 8 = 30°. The figure also shows the cross-
section of the bus, having a width of W = 3 m between the inner and outer wheels and a center of
mass (CM) at a height of H = 2.5 m. We also label several forces: N; and N, are the normal
forces acting on the inner and outer wheels while f; and f, are the friction action on the inner and
outer wheels. mg is the weight of the bus.
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a) Suppose the static coefficient of friction of the bank is u =0.5, which is a bit slippery in a rainy
day. Determine the valid range of speed v for the bus so that its center-of-mass motion remains in
circular shape. For simplicity, we can start by considering the total friction as f = f; + f,, the
total normal force as N = N; + N, and neglect the internal distribution between f; and f,, i.e.
|f/N| < u. Note that the radius of turn is measured from center of the turn to the CM. [8 pts]
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Answer:
Let
f:f1+f2: N =N; +N,

Resultant force in components along and perpendicular to surface:

mTvzcosezf+mgsin9 [1 pt]

=N —mg cos 6 (1 pt]
It can be rewritten as

f=mg / 12742 ' (tan‘1 ;—; - 0) (1 pt]
N =mg / (tan‘1 ;—; - 9) [1 pt]

and therefore we have

2
tan‘1£ = tan~! ;—R -0 [1 pt]
If the bus remains in circular motion, we require
2 o]
|tan ” tan e fl<tan " u [1 pt]
2
006 =6—tan"lu < tan"lg—R <6 +tan"'pu = 0987 [1pt]

0.06 <2 <1515
gR

Specifically,

2

sinf —pucosf v sin@ + pcos @

<—<
cosf +pusinf gR cos@ —pusinf

The valid range of the speed is
594ms ! < v <29.84ms~?! [1 pt]
That is between 21.38 km/h and 107.42km/h or between 13.29mph and 66.75 mph

b) By considering the moment of the bus about its CM, determine the valid range of the speed v
for the bus so that the bus will not topple. Toppling means the bus overturns. [7 pts]
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Answer:



Without toppling, the bus has zero moment:
fH+ N,W/2=N,W/2 [1 pt]

2
From part (a), for a shallow bank with 8 < tan™?! ;—R, we have f > 0. Therefore N, > N;, the bus

starts to topple (towards the outer side) when v is larger than the v at condition N; = 0: [1 pt]

=il -1/

2
tan"' L = tan =tan"12=—0 [1pt]
2H N gR

2
For a steeper bank with > tan™! Z_ we have f < 0and N, < N;. The bus starts to topple
gR

(towards the inner side) when v is smaller than the v at condition N, = 0: [1 pt]
2
—tan 'Y —tan 'L —tan 1L — g [1 pt]
2H N gR

Combining the two cases give the condition the bus to topple when

2
tan" 'L < [tan- 12X — 9|  [1pt]
2H gR

The valid range of speed v that the bus will not topple is
2

w v w
—VU. = = _1—< _1—< _1—: .
0.017 = 6 — tan 2H_tan gR_6+tan 20 1.064

v <3255ms™ ! [1 pt]
Additional information:

We recall in part (a) that the bus deviates from circular motion (R starts to become larger) when
2

v
tan"'u<|tan!—-0
gR

Therefore, if u < W /(2H), the bus will not topple. In fact, this condition inherits from the case
without circular motion. In the current case, the bus slides before toppling.

END OF PAPER (2 ¥ =)



