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Question 1:

You may find the following useful in this question:

A A gE S I E]
(D) For small angle 6,
0N /INEERS

cosf =~ secl =~ 1
sinf ~ tanf =~ 0

2) The centroid of a right triangle is located as shown below:’

HA=APHPOIELD TR

Consider a hollow cubic box with side length L. The walls of the box have negligible
thickness and uniform mass density, with mass per unit area . Now the top wall of the



box is removed and the box is put with its bottom wall facing downwards into a fluid
(with mass per unit volume p).

Note: We assume the fluid is ideal and in static equilibrium, such that dynamic effects
like fluid inertia and viscosity are negligible. The only fluid force is the hydrostatic
buoyant force.

FE—PLEN LRVZZOILEFET - A8 THLEEE ] LURE A - HREAS
SINREEE - FRUERNEE o BIE - T INE AR > F TR T
AT CRiAIER A E A E R p) -

AR AR R AR RN > AT o BRI RIS F B A58
AT LLRRE o ME—HRE I ERE T -

(a) Find the critical surface mass density of the walls o, above which the box will
immerse completely into the fluid. Express your answer in terms of p and L.

REL R FRE R E E o BEXMEM TR ARET - H o
L FRRHVEZE -

Hereafter, we assume o < o,.

UM o< o ©

(b) What is the height of the box, h, that will be beneath the fluid surface? Express
your answer in terms of o and p.

FETAEAERE NTNEE b S ? Foflp RIAMRESE -

(©) What is the frequency of small vertical oscillations of the box at its equilibrium
position? Express your answer in terms of p, ocand g.

TP BN NEEEIRGIVIREZ /D ? fp ~ o RIS[IIIEE g
FTIRIRAYEZE

Now the box is tilted by an angle of & about a horizontal axis, which passes through its
center of mass (CM) and is perpendicular to two vertical faces.

ARG TG /KPRIRE T — 1 AE e - s Hue - HFHEE TR IEED
e



(d) Find the moment of inertia of the box about the axis described above. Express
your answer in terms of o and L.

REE T LA M 2 e oh il & - Mol L REA(RRVEZE -

When the center of the bottom surface is at a distance / below the fluid surface, the net
external force acting on the box is zero.

SR E OB A REAARE N Wi (ER TR RN E -

(e) Find % and the depth of the CM of the box beneath the surface. Express your
answers in terms of o, p, and €. What are the two respective expressions for small
angle 6.

FREN h DLRAE TR OERE NTHIRE - Flo~ p HIORBIFHIEZRE © 57
S 07/ NERERHIFRAR -

)] Find the location of the geometric center of the volume of the box below the fluid
surface. Express you answer in terms of L, 4, and 6.

RECRARE AR TERE LA OAIE © L~ h HIOFRIAIREVEZE -

Assume that the initial angle the box is tilted is small and the initial / has the value in
part (e) for small angle. The box is then released to rotate freely.

BiE T IaIR AR - WIaEE A2/ AR FEVEN @B IHVE - S
BT ORI e -



(2

Find the horizontal and vertical net force acting on the box under small angle
rotation by keeping terms up to first order in 6.

/N - B (R OBy — Il > $RE R ES T BRI
IER=wal

(h) Find the torque acting on the box for small &by keeping only terms up to first
order in 6. Express your answer in terms of o, p, g, L, and 6.
AT RAFI O —n I FENERfER T EAVHIE - flo~ pr g~ LHIOFE
RITHIES -
(1) Show that the box will undergo simple harmonic angular oscillations and find the
frequency.
IE & T RHERE AR i Ee -
() For fixed L, find the condition under which the frequency is minimum. What is
this minimum frequency in terms of g and L?
TELGTE L BITESU T - $RHIERY f/ NZRIF - F1 DL g F L Rk i/ MR -
Solution
(a)
0.5L% = pl3
pL
O, = ?
(b)
o512 = pL*h
S50
h=—
p
(c)



_1 |pgl? _ 1 [pg
f_er 0512  2m\50

(d) The moment of inertia of the box about the rotational axis passing through CM is
1 2L\° 1 L\* (L 2L\
2% ]2 2 (22 2% ]2 2((Z i
<120L X L“+ oL X(S) >+2 120L X L*+ oL <(2> +(2 5) >
1 L 2L\*\ 77
]2 2 2 (2 _ 2% _ 1 s
+2<120L X 2L* + oL (2 5)) 606L
(e)
pgL X LhsecO = pglL*hsec
0g5L% = pgl?hsecd
S50
h =—cos0
p
The depth of the CM of the box is
2L 50 2L
(hsecQ ——)cosH = (———)cos@
5 p 5
For small 6,
S50
h=—
p
and the depth of the CM is
50 2L
p 5
()



Solve for [:

L
h=551n9+lcos9

L
l:hsece—ztan9

The center of mass of the right angle triangle is at

(L+Ll+Lt 9)—( Lh 7] Lt 9)
>+3 3an = 5 sec 6an

The area of the right angle triangle is

L?>tan 6@
2

The center of mass of the rectangle is at

(0.2) = (0. seco  Lrano)
5= ,Zsec 4an

The area of the rectangle is

2

L
Ll = Lhsec@8 —?tane

The total area is
Lhsec@

The center of mass of the part below the fluid surface is

thanH( L hseco — Lt 0)+(Lhseco L ano (oh oLt 0)|/Lhseco
2 6, sec 6 an sec > an ,ZseC 4 an sec



2 2 2
<— él’ t;m 0 , L t;m 0 (h secO — %tan 9) + (Lh secO — %tan 9) (%sec@ — %tan 9))
B Lhsec@
_ *tanf L3tan®6 4 Lh?sec?6
12 7 24 2
B Lhsec@
= Lz'ethze 9+h 7
= 12, 50,57 tan®0 cos 5 Sec
(2) In horizontal direction there is no net force. In the vertical direction,
F = 0g5L% — pgl?*hsecO ~ gg5L* — pgl?h = 0
(h) The center of mass of the box is at (O, %)
The horizontal position of the CM in (f) w.r.t. the CM of the box (right =
positive) is
LZ'H 6 L2t29 6+h BZL'B
177, Sin o cos o4, tan’ e cos 5 Sec c|sin
L? 0 (h ZL) 0
T 12h 2 5
B L? N h 2L p
~ \12n 2 5
B L? N 50 2L
60a0/p 2p 5
-t (pL+150 2 24)9
60\ o p
The torque (counterclockwise = positive) is
— —og5L? — (pL+150 ? 24)9
t= 7990 50 \g oL
-2 L3(pL+150 2 24)9
- 1299 (G oL
(1) Since
L 150 L/o 150
p—+——24=x/1so<p / +—>—24z 2150 — 24 = 106 — 24 > 0
o pL/o V150 pL/o

hence it will undergo simple harmonic angular oscillations.



The frequency is

1 pL o
21 77 o14 - 2n |77\ o pL L
607
requency 1S minimum whien
(G)  Frequency is mini h

L/c 150 pL
pL/ _ P _e/e
V150 pL/o o

The minimum frequency is

1 |5 g 1 |10 g
Ejﬁ(Z“SO_M)Z_Ejﬁ(S%_12)2
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1. A cannon on the ground can fire cannon balls with a speed of 50.0 m/s at any
angle. A drone is flying at a constant height of 100 m above ground. What is the
horizontal distance from the cannon beyond which the cannon cannot take down
the drone?

M R — K AT BARL 50.0 m/s BYZRFE L ST - AEEE - —2EEA
HLIEAEEHE 100 0K AYIEEEE 1T o AR EEES 2 e DL M I
05 KIEESER T AL ?
A. 119 m
B. 123 m
C. 136 m
D. 141 m
E. 157 m
Solution
9% 2 gx* .
y =xtanf — 5z 5ec 0 = xtan @ _ﬁ(l + tan“0)
2v? 2v%y
tan’f ———tanf + 1+ —— =0

gx gx

No solution of tan 8 if
202\’ 2v2%y
——] —4|1+— <0
gx gx

vt 20y

- X

g g

vt 202
x| > |—=— gy: 119 m
2. A sound source and a listener are moving towards each other. The speeds of the

source and the listener are 30.0 m/s and 20.0 m/s, respectively. There is also a
strong wind blowing at a speed of 10.0 m/s in the direction from the listener to the



source. If the source emits sound waves with a frequency of 440 Hz, what is the
frequency measured by the listener? Take the speed of sound in air to be 340 m/s.

—NERR— N IERERILEE) o FEFEIEED 30.0 m/s - IR
#27720.0 m/s o [EH] - 5 —HEERE 10.0 m/s Y58 KU E R =] 7= 7 1A o
W R R A H ARy 440 Hz 1Y 58 - Ab 20 & iesg2/0 2 Bize
S FEERYEEEY 340 m/s o

A. 507 Hz

B. 509 Hz

C. 511 Hz

D. 513 Hz

E. 515 Hz
Solution

In the air frame, the listener is moving with speed 10.0 m/s towards the source and the
source is moving with speed 40.0 m/s towards the listener. Hence

3404100 7
L=320-200"5 " 6 = z

3. The latitude of Hong Kong is 22.3°N. Assume that the Earth is perfectly
spherical with a radius of 6400 km, and has a self-rotational period of 24 hours
exactly. A 1.00-kg object on the ground is at rest (i.e., rotating together with the
Earth). What is the magnitude of friction exerted by the ground on it?

BB AL 22.3° o [RIRHIBRE — 58 2BRIE - FEH 6400 A H -
I H B 5 EIIIEAE 24 /N o —DETEY 1.00 24T VP AES (ke |
(BNSsthER—hes ) - A2k DAEEIA 2R ?

A. 0.0036 N
B. 0.0058 N
C. 0.0074 N
D. 0.0093 N
E. 0.012N



Solution

Nsin22.3" 4 f cos 22.3° = mg sin 22.3°
(mg — N)sin22.3" = f cos 22.3°
fsin22.3° 4+ mg cos 22.3" — N cos 22.3° = mw?R cos 22.3°
fsin22.3"+ f cot 22.3° cos 22.3° = mw?R cos 22.3°

f = mw?R cos 22.3°sin 22.3°

% = w?Rcos22.3°sin22.3° = 0.012 N

4. A 0.10-kg particle is attached to a spring with spring constant £ = 10 N/m to
undergo simple harmonic motion on the x-axis with equilibrium position at x = 0.
At t =0, the particle is at xo = —0.40 m moving with velocity vo = 3.0 m/s. Find
its position at = 2.0 s.

—DNFEN 0.10 A7 AR FEBE R F A k=10 N/m {58 - > £ x
H EfEiE s > SEEAIBEAE x =0 2 =08 > ZAIFALT x0=-0.40 m
GA o FEDLBEFE vo = 3.0 m/s 225 o SKEAE t=2.0 s BN E -

A. -0.27 m

B. -0.11 m

C. 0.11m

D. 0.25m

E. 0.27 m
Solution

I R
“= 1010~

Acos¢p = —0.40

—wAsing = 3.0

Asing = —0.30
tan¢ = 0.75

¢ =tan"10.75 + T = 3.785



A =+/0.402 + 0.302 = 0.50
x(2.0) = 0.50 cos(10 X 2.0 + 3.785) = 0.11 m

5. A 1.00-kg mass and a 2.00-kg mass are attached to the two ends of a spring with
spring constant £ = 20.0 N/m. The spring is initially at its natural length and the
two masses are given the same initial speed of 3.00 m/s moving away from each
other. Find the maximum extension of the spring.

—/> 1.00 22 Fr NPT —1> 2.00 2 EVPMA 73 B EEREAE T2 B PR > G
BT Z A £ Y 20.0 N/m » SEEERHERT AT B IRE > PIIR LAV NE
3.00 m/s HYRERAREAR L AL HY T [HIE 2] « KSRV R AR F K& -

A. 0.875 m
B. 1.10 m
C. 1.12m
D. 1.14 m
E. 1.16 m
Solution
3.00v = 2.00 x 3.00 — 1.00 x 3.00 = 3.00 = v = 1.00
1 1 1
> x 3.00 x 1.00% + Eke2 =35 x 3.00 x 3.00?
10.0e? =120 = e =v1.20 =110 m
6. A transverse wave on a string is moving to the right. The graph below of y(x, ¢)

versus coordinate x for a specific time ¢ shows the shape of part of the string at
that time. Point 1 is a local maximum and point 4 is a local minimum. At this
time, the instantaneous velocity of a particle on the string is upward at

—RUE T ERVRIR EERE) o RIS TERSENRE ¢ 8 p(x, ) SRR x 7Y
R TN g — BRI o M1 2EEERAE > A4 2 EEE N
{H o XA > i1 EWREEAoRE R Ay 2R )k 2

A. H1F14



B H2H6

C H3MS

D H1, 3 /5

E H2, 476
% 1

An object moving on the xy plane is under a force given by
F(x,y) = Cyi
where C is a constant and { is the unit vector in the positive x directions.

Consider the square path with side length L and the four corners at (0, 0), (L, 0),
(0, L), and (L, L). The object starts from the origin and moves along a square path
to reach the corners in the order (0, 0) = (L, 0) = (L, L) = (0, L) = (0, 0). Find
the work done by the force.

1F xy H oIR8/ 11
F(x,y) = Cyt
He CR2—1MEE - T 1IEx FREREAEE -

FE— PN LRIEAEEE » TP RlacT (0,0) ~ (L, 0) ~ (0, L) Al
(L, L) - VMEMIR MG » B IE PR ER D) > (RKEEAA S (0, 0) —
(L,0) = (L, L) — (0, L) — (0, 0) « SKiZJIFTHIATS °

A. CL?
B. ~-CL?
C. 0

D. 2CL?
E. -2CL?



Questions 8 and 9

A spring-loaded object of mass m is launched at # = 0 with speed u at an angle that makes
an angle of 45° with the horizontal. The object would hit the ground again at ¢ = 7.

However, at ¢t = T/4, the spring releases and the object breaks into two equal-mass pieces,
in such a way that one piece will travel backwards along the same trajectory to hit the
launcher.

A7 8 F1 9

—NETEN m NEHZFEITRLFYIE ¢ = 0 I LURR u P 5 » L5 S/K TR
45" o ZNEAZAE t= T WEICEH » 2800 > £ ¢ = T/4 I > SREERENT > P2k
PMEEREIE Y » B —Er FP B ER R i) - fdik st -

8. What is the energy released by the spring?

TR VRE RS ?

1
A ~mu?
4
B ~mu?
C = mu?
D. mu?
5
E. = mu?
4
Solution

T usin45° u

4 29 2V2g

u
v, =) = ucos45 = —
x(> V2




4 278 2
1m 1m 5 5
R Sl 2 _ 02 2 _ 22 =22
U—sz +22(3v) > M 2mv 2m—=u 2
9. What is the distance between the two pieces when the launcher is hit?

LRSS ER R TP > PRER ST Z [FHIEE R R %) 7

A. -—
29
1 u?
B &7
3u2
C. 7;
D w?
’ g
V5 u?
E. 7;
Solution:

(1) Direct method

2

(T)_ T 450_u
x4 —u4COS —4g

2 2

(T)_ T.450 1 (T) _u? o our 33Ul
Y\g) T U 29\a) Ta4g 169 169

“\2

+—=—

T u? uT u? u u u? 3u? u
()_—+3——:_+3_ _w
4g V24 49 V2229 49 49

g
(T)_3u2+3uT 1 (T)2_3u2+3u u 1 <
Y\2) T 169 "7z 29\a) T1eg " “ovaavzg 27

2
u
2v2g
3u? 3u? ur u?

~T6g " 89 169 29




NEEEES
J\yg 29) 2 g

T usin45° u

(i1) CM method

2 g 29

T T o u?
Xcm (—) =U—=cos45 =—

2) =42 29
(T)_ T 45 1 (T)Z_u2 u?  u?
Yem\z) = Hasm 29\2) T2g 49 ag

The relative speed is 4v with no relative acceleration.

Hence
T 5 u 5u?
d=4v—= 4£u = £—
4 22 229 2 g
10. A solid cylinder with mass M and radius R, rotating with angular speed wo about

an axis through its center, is set on a horizontal surface of which the kinetic
friction coefficient is u. The initial linear velocity of the cylinder zero. Calculate
the distance the cylinder rolls as it moves from where it was set down to where it
begins to roll without slipping.

— RN M~ PN R~ BISGEH AU OEUA ERE oo FEFGHY S0 AL A

TCEAE— DN R EO pac /K o [ERERARIGESREENE - TR
A MBI AL B SN B HETCE SR AN B [ HIREE -

A w3R?
’ 124k g
B w3R?
’ 14Urg
C w3R?

16urg



2R2

D Wok™
’ 18urg
E w3R?
’ 20ukg
Solution
f =Ma
la = —fR
R
fr= o110
1 R?
f M-I_T t = woR
1M R
T+MRZf ™0
1 1f I M 2 1M 1 z
=30 = il o) =55 (cmen) i
2% ToM\T+MREF Y0 2 \1+MRr2/1) ©°
1M ( 1 )sz , _ W3R
2uMg\1+2) ° 181, g

11.

The numbers in this question are exact.

In the figure below, masses m1 and m> are connected by a light string 4 over a
light, frictionless pulley B. The axle of pulley B is connected by a second light
string C over a second light, frictionless pulley D to a mass ms3. Pulley D is
suspended from the ceiling by an attachment to its axle. The system is released
from rest. If m1 = 1 kg, m> =2 kg, m3z = 3 kg, what is the acceleration of block m2;?
Choose the positive direction to be upward.

e b B B REHE
FENET o T8 m Nl omy B AR A R — AV B



b o VERS B HYREA S TARERAE C e EE T NV R S D yEBEET
& m3 o JFE D DA—EFEE BEEE RN L o 2 MEF TR - 205
mi=1kg > my=2kg > my=3kg N m WYNIEEZZ/D ? BE_EHIE -

A -9
B ig
C %g
D %g
E %g

T —m,g = my(a— A)




2T —m3g = m3A

mym,

4——(g—A) — = A
m1+m2(g ) —mzg =my
Idm,m Im,m
(m3+ 1 Z)A:( 1 2—m3>g
m; +m, m; +m,

((m1 +m,)ms + 4m1m2)A = (4mym, — (m; + my)mz)g

_4mym,; — (my + my)mg

~4Amym, + (my + my)mg

Iy —A+2—0 (- A)
a= m, 9= m1+m2g g

(1 2my
my; +m,

)(A—g)

2m, 4mym, — (my + my)m,
= (1 — ) —1)g

N m,; + m,/ \4mym, + (m; + m,)m,

_my—m 2(my + my)m;
N m; + m, 4m;m, + (m; + m,)my

2(my —my)my

~4Amym, + (my + my)mg

2(my —my)my dmym, — (my + my)mg

—a—A=— _
a 4mym, + (m; + m,)m, g 4mym, + (m; + m,)m, 9

_ —2(my —my)mz — Amymy + (my + my)my
B 4mym, + (m; + m,)m,

—4m;m, — myms + 3m,ms

dmym, + mym; + mym;

Questions 12 and 13

An object on an inclined plane is launched with a speed « and at an angle € measured
from the upward direction along the plane, as shown in the figure below. The inclination
angle of the plane is «, where 0° < @ < 90" and 0° < 6 < 90° — a. The object will hit the
inclined plane at a point located a distance R up the plane.

(IR 12 1 13



—IBAEMRHA LDV w 5 > LA A MR TR E BT EES 6
WTEFR - RN o Hri 0°<a<90° H 0°< @ <90° - o » ZHENF
FEMRE SRR R (VA B R R -

12. Find the maximum value of R if « is fixed but #may vary.

AR o EEE 002 - HRE] R HIEAE -

u?

A. —
Y

u?

B. ’l (1 —sina)

u? .

C. Tera (1 —sina)
u? .

D. seosa (1 —sina)
uZ

E. gcosa

13. If @ = 20°, what is the angle @ that will lead to maximum R?

YR a=20° > MOFAMERS R A ?



B. 25°
C. 35°
D. 40°
E. 45°
Solution
a, =—gsina
a, =—gcosa

1

x =utcosf —=gt?sina
1

y = utsinf —Egt2 cosa

1
0 =uTsinf —=gT?cosa

2
_ 2usin6
- gcosa
2usin @ 1 /2usin 6\
=u cosQ——g( ) sina
gcosa 2 \gcosa

2u?sin@cosf 2u?sin?0
= - >—sina
gcosa gcos?a

B 2u?

gcos?a

sin @ (cos a cos @ — sin a sin 0)

2u?

= JoosZa sin @ cos(6 + a)

2

u
= Jeosa [sin(20 + a) — sin a]

u2

Rmax = m [1 — sin a]

20+ a=



|
N[

14. Two ladders, 4.00 m and 3.00 m long, are hinged at point 4 and tied together by a
horizontal rope 0.900 m above the floor, as shown in the figure below. The
ladders weigh 480 N and 360 N, respectively, and the center of mass of each is at
its center. Assume that the floor is frictionless. If an 800-N painter stands at point
A, find the tension in the horizontal rope.

PRZRET > ol 4.00 KA 3.00 oK » 7E 4 S0 - Hmad— R
0.900 SREY/K -2 1AL - AT FEFR - XA THYEE 7775177 480
NA1360 N » HEZRETHYBLOAL TP A o R Fgey - AR —1
B2 800 N HYHIZR TUEAE 4 £ SKOKPAET-HY5KT -

4.00 m 3.00 m

0.900 m

A. 937N

B. 1010 N

C. 1160 N

D. 1250 N

E. 1380 N
Solution

Zero torque on the whole system about the left contact point with the ground:

5.00N, = 2.00 X (t -1 3'00) x 480 + (5 00 — 1.50 si (t -1 3'00)) x 360
. R — 4. COoS an 400 . . Sin an 400

3.00
+ 4.00 X cos (tan_1

4.00) x 800



4 3 4
= 2.00 x 3 X 480 + (5.00 —1.50 x §> X 360 + 4.00 x B x 800

= 768 + 1476 + 2560
Np = 960.8 N

Zero torque on the right ladder about A:

3.00
3.00 X sin (tan_1 m) X Npg
= 1.50 X si (t -1 3'00) x 360 + (3 00 x (t -1 3'00) 0 90>T
= 1. Sin an 400 . COoS an 400 .

15.

3 3 4
3.00 x 3 X 960.8 = 1.50 x 3 X 360 + (3.00 X T~ 0.90) T

3 3
T =2.00 x 3 X 960.8 — 3 X 360 = 936.96

An astronaut inside a spacecraft is orbiting a black hole in circular path at a
distance of 120 km from the blackhole. The black hole is 5.00 times the mass of
the sun (solar mass = 2.00 x 10°° kg) and has a Schwarzschild radius of 15.0 km.

Since the orbital radius is significantly larger than the Schwarzschild radius, one
may assume that Newton’s law of gravitation holds. The astronaut is positioned
inside the spaceship such that one of her 0.030 kg ears is 6.0 cm farther from the
black hole than the center of mass of the spacecraft and the other ear is 6.0 cm
closer. What is the tension between her ears? Assume that orbits are circular.
(Since her whole body orbits with the same angular velocity, one ear is moving
too slowly for the radius of its orbit and the other is moving too fast. Hence her
head must exert forces on her ears to keep them in their orbits.)

—HATFHUAETH WENIEAELDEERIF T 120 A HEAYEPES R L
17 - ZEARIBTE NV AFHFTER 5.00 % CKPHBTE =2.00 x 10°kg) » H
SERLPEEEN 15.0 N H o T PUEFEIR T SRS EE - A DRI
SIJIERREAL » FHL Y — HBTEDY 0.030 kg HYHA4EEZ BUREL ARG
LI 6.0 em > (55— HEZEIET 6.0 em » #iH 2 [wEYFKSIEZ/D 7 - (H
TRV SR DA RRY A S B e - — R B ol T H
BRI - s — R EHYIB RN o [NIE - TR0
W EASEII I LMRFF e ES HRVEIE L - )

A. 700 N
B. 1400 N
C. 2100 N



Solution

2800 N
3500 N

GMm

72

GMm 4
(r+6)?

GMm
(r—6)2

mw?r =

mw?(r+6) =

mw?(r—46) =

GMm
T = mw?(r+6) — 2

r+é6

T

T

GMm

mw-r

(r+6)2
_ GMmr+ 6 GMm
orz oy (r+ 6)?

GMm 26
RCLLTPE

r2 T2

GMm 0
== (1+3)
T

_ GMm36

r2

r (r+6)?

= 2084.374 N

- = 2084.375 N



