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Please fill in your final answers to all problems on the answer sheet.
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At the end of the competition, please submit the answer sheet only. Question papers and
working sheets will not be collected.
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1. A U-shaped glass tube (9 points) U JEHIEE (947)
A U-shaped glass tube with a constant cross-sectional area contains mercury (with density

pug = 1.36x10* kg-m3). The two ends of the tubes are sealed; one contains gas A, the other
contains gas B, both of which are ideal gases. In this problem, you can take the gravitational

acceleration g = 9.8 ms™.
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(a) (b)
First, we set the tubes vertically, with the two ends up (Fig. 2a). The parts filled with gases A
and B have lengths [, = 12 cm and [z = 18 cm, respectively. Then we turn the tubes upside
down (Fig. 2b), the length of the parts filled by gas A and gas B are [; = 6 cm and I
respectively. The ambient temperature is T = 20°C.
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(a) Calculate the numerical value of the length [ of the part filled with gas B when the tube
is turned upside down. [1]

(a) HELYBEEE EIB N A Sk B AR KI5 - [1)

(b) Calculate the numerical values of the pressures p,, pg, pa and pg of the gases for the
two orientations of the tubes. [4]



(b) W BB YA BIHEPT T IR E D, Ps Pl RIpHISLE - 4]

(c) We look at the vertical tubes with two ends up again (Fig. 2a), but now we increase the

ambient temperature by AT = 20°C (i.e. T = T + AT). This leads to the changes in length

l; = l; + Al; and pressure p; = p; + Ap; (i = A, B) for gases A and B. Determine the

changes Al,, Alg, Ap, and Apg numerically. [4]

(o) TANTEEMImF_ ENVEESFEE (& 2a) - HIERITPEIIMEURE AT = 20°C
(BT > T +4T) - XSESIE AN BAYKEL - [ + ALRIEEp; - py + Api(i =
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2. Bug on a rod (11 points) #_ERYHRF (11 43)

A pendulum consists of a uniform rigid rod of length L, mass
M, a bug of mass M /3 which can crawl along the rod. The rod
is pivoted at one end and swings in a vertical plane. Initially
the bug is at the pivot-end of the rod, which is at rest at an
angle 0; (8; < 1rad) from the vertical as shown in the figure,
is released. For t > 0 the bug crawls slowly with constant
speed I/ along the rod towards the bottom end of the rod.
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(a) What is the moment of inertia / of the rod and bug about the pivot when the bug has
reached a distance [ along the rod. [1]

(a) BERTICEMIERIER L AR AR EE 2 &2 1 2127 [1]

(b) Find the angular frequency w of the swing of the pendulum when the bug has reached a
distance [ along the rod. Express your answer in terms of L and . [1]

(b) HERFITEFTTEERER LI - HRHBERESNV AR - BEMLAERE - [1]

From now on, you can assume the speed of the bug is so small that [ hardly changes in a
period of oscillation and can be taken to be constant, and the motion of the rod can be
effectively described by simple harmonic motion, that is,
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0(t) = 6,() sinwt

where w is the angular frequency you obtained in part (b) and 6, (1) is the amplitude of the
oscillation which will vary as the bug crawled.
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After the bug has reached a distance [ along the rod, calculate the following quantities when
it further crawls a short distance Al. In parts (c) to (f), express your answers in terms of Al,



AB,, and other parameters in the problem, where A8, is the change of the angular amplitude
during the displacement Al.

W EARTEET TIRERS U > 4 TREETREEESAU T SIEVEE - 1£(c)
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(c) Calculate the time-averaged work done AW by the bug on the rod-bug system. [1]
(©) W ERTER T H T RGN RSP THAW. [1]

(d) Calculate the change Aw? in the term w?. [1]
(d) Kt Hew? W EAw? - [1]

(e) Calculate the time-averaged change AK in the kinetic energy of the whole system. [1]
(e) HITREEN LIS R ZIREN E BAK . [1]

(f) Calculate the time-averaged change AU in the potential energy of the whole system. [1]
() BT ERAD RS RSP EE R BAU, [1]

(g) Summarizing the above steps, calculate the relation between 46, and Al. [3]
(g) B&G EHCPER - HHRAOMNALZ [AIHYR % © [3]

(h) Find the amplitude of the swing of the pendulum when the bug reaches the bottom end of
the rod (I = L). Express your answer in terms of 8,(l = 0) = 6;. [2]

(h) ZERFEEMERR( = L) > IR PEECAIEE - B 0,(1=0) =0, &K -
(2]

3. Falling magnet inside a conductive pipe (10 points)

ESHEN TR (1053)

In this question, we consider the motion of a strong tiny magnet with mass M and magnetic
dipole moment u falling inside a vertical conducting non-magnetic tube.
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(a) (b)

(a) We first consider a ring (with radius a, length [, thickness w (w < a) and conductivity o)
moving towards the magnet with speed v as shown in figure (a). The magnetic field at
position 7 due to a magnetic dipole i = uZ (pointing downward as positive) at origin is given
by

BATERFE 1 CPEa KELD EEw (v <a) HISHEEe) DUEEvEHEE
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(i) Calculate the components of the magnetic field B,(#) and B,(¥) at the point 7 with
cylindrical coordinate 7 = (p = a, ¢ = 0, 2) [2]
() AR L B AN 73 EB, (MFIB, (7) > FENERELARNT = (p = a,¢ = 0,2) - [2]

(i1) Calculate the induced emf and current on the ring. [3]

(i1) THEEF ERVRA: AT - [3]

(ii1) Calculate the magnetic force experienced by the coil. [1]

(iii) HRFFATRGZAVEE S - [1]

(b) Next we consider a magnet falling inside along a vertical conducting non-magnetic tube
of infinite length (with radius a, thickness w and conductivity o) as shown in figure (b).

(b) B RBNTFEREE —DERKE (BF+ e EEwWHISHERe) FVEEFHIE
HEMEE NS THINEE - A1&] (b) FR -

(i) When the magnet falls with the speed v, it experiences a damping force with the
magnitude equal to yv. Calculate the damping constant y. [3]

() B VR v R - B2z —NRENyvIHES - HHEIBERE &y - [3]




Hints: The following mathematical identity may be useful.

fen - MRS RE A -

foo u?du _57‘[
(1 +u?)s5 128

(i1) Determine the terminal Velocity of the magnet when it falls inside the tube. [1]

(i) A TERAERAE S 3% MY R - [1]

4. Heat flux between two plates (10 points) FFEAN 2> [AAVHGEE (10 X)

A system composed of two parallel plates at distance L from each other, which are at
temperature T; and T, respectively.

— DERGHPIERE ARG ~ BEE R L BT > A TRE T, FI T, -

(a) Calculate the heat flux density P (i.e. rate of heat energy flow per unit area) between two
plates if the space between the plates is vacuum and each of the plates has emissivity €. [4]
(2) AISRPHAZ [RIAYZE (A2 H 22 7 HAEIMELA a8 e » RPN [y FAGE
BEE P (AR ERETREERESR) - [4]

(b) Now the space between the plates is filled with a monoatomic gas of molar density n and
molar mass M. You need to estimate the heat flux density P between two plates according
to the following approximations:

e The gas density is so low that the mean free path 1 > L.

e Ti>T,

e When gas molecules bounce from the plates, they obtain the temperature of the respective
plates (for instance, if they are absorbed/bounded for a short time by the molecules of the
plate, and then released back into the space between the plates).

e You may neglect the black body radiation.

e “Estimate” means that the numeric prefactor of your expression does not need to be
accurate.
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(1) Consider that there is an atom colliding with the hot plate and remains in thermal
equilibrium with the hot plate when it is reflected by the plate. Calculate the average
velocity square (v2), and estimate the average horizontal velocity (v;,) of the atom. [0.5]




() FE—RLE T 5P I H S E R S ST N SRR - RSP
FEVT5(v) » AR EEFH AR (vy,) < [0.5]

(i1) Consider that there is an atom colliding with the cold plate and remains in thermal
equilibrium with the cold plate when it is reflected by the plate. Calculate the average
velocity square (vZ) and estimate the average horizontal velocity (v, ) of the atom. [0.5]

(ii) HE R TS5 2 IAHE T B S C ARSI SRR 2 o 1P
FEVT5(v3) » A EREFHY I K B (vyy) © [0.5]

(ii1) Find the average energy transmitted by an atom when it moves from the hot to the
cold plate. [1]

(iii) FotH—ET MBS E AR (L e FHIRE R - [1]

(iv) Estimate the heat flux density P between two plates. [4]
(v) (R PR Z [RIFV B R P - [4]




