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INSTRUCTIONS TO CANDIDATES

1. This examination paper contains 5 short questions in Part | and 3 long questions in Part Il. It
comprises 9 printed pages.

Answer ALL questions.

Answers are to be written in the answer books.

This is a CLOSED BOOK examination.

The total marks for Part | is 40 and that for Part Il is 60.

You may use electronic calculators.
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A list of physical constants and formulae is given on pp. 2 and 3.



Thermal physics and kinetic theory:

() Kinetic mean free path is given by
1
éziz
V2m-n, -d

and d is the molecular diameter.

, Where ny is the number density

(i) Maxwell-Boltzmann distribution in 3D:

3/2 2
PW)=dn-vi. | — 1 | exp -V
2k, T 2.k, T

(a) Root-mean-square speed: v = 3KsT .
m
(b) Average speed: v, = 8ksT :
m

(c) Most-probable speed: Vip = \/ﬁ .
m

(iii) Ideal gas equation: p-V =n-R-T.

(iv) Van der Waals equation:

a-n?

(p+=2

)-(V-=n-b)=n-R-T.

Thermodynamics:
(i) First law of thermodynamics: AU = gin + Win. Gas

expansion work done by the gas: W, = I p-dv.

(ii) Carnot heat-engine efficiency e :1_TL.
H

Geometric optics:
(i) p and g are object and image distances measured
respectively on opposite sides of the lens or of the

refracting surface:

(@) Object-image relation (thin lens): 1+1 :1 ,
p g f
where 1:(n—1)- i_i ,
f R, R,
(b) Refracting-surface equation: ny + Ny Mo =Ny
P q R

(v) One form of adiabat: p-V* =constant .
(vi) Stefan-Boltzmann equation: P_, =c-A-e-T*.
(vii) Planck radiation equation:

2n-h-c?
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(viii) Wien displacement law:

2.898x107°m-K
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(ix) Convection equation: P__ =h-A-AT.

conv

AT

(x) Conduction equation: P —k-A- =

ccond

(xi) Linear thermal expansion: AL =o.-L-AT .

(iii) Entropy dS = difev

(iv) Enthalpy H=E + PV.
(v) Helmholtz free energy F = E - TS.
(vi) Gibbs free energy G = H-TS.

(i) Gullstrand equation:
(a) Effective power: P, =P, +P, —P, -P, :

(b) Front-vertex refracting power:

— PZ
Pf —P1+1_ﬂ
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(c) Back-vertex refracting power:
P
P,-d

n

P, =P, +
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(iii) Spherical-mirror equation: 1+1:f1 , Where

q
1

_2
f R

(iv) F-number: F = L .
# D

(v) Numerical aperture: NA=n-sin0.

Wave optics:
(i) Circular aperture (Airy's disc): first diffraction

minimum is at sin@ = % .

(ii) Slit: first diffraction minimumis at sin@ = & .
a

sin’(N-¢/2)
sin®(¢/2)

(iii) N-slit intensity pattern: | =1 .

where ¢=2;-d -8in0.

General:

(i) Geometry:
The arc length on a circle of radius r subtended by

angle aiss=ra.

The surface area A subtended by
polar angle 26 is:
A=27r2(1-cos0).

(i) Logarithms and exponents :

loga (b ) = logab + logac
loga b =logq b /logqs a
ab*aC: ab+c

(ab)c = gbe

Universal constants:

Gas constant R = 8.314 J K™ mol™

Boltzmann constant ks = 1.381x1072 J K™
Stefan—Boltzmann constant ¢ = 5.670x1078 W m™2K™

Speed of light in vacuum ¢ = 2.998x108 m 5™

(vi) Snell's law: n, -sin@, =n, -sind, .
(@) Critical angle: sin 6¢c =nz2/n1.
(b) Brewster angle: tan ©p = n2 / n1.

(vii) Wave relation: v =f - &.

n, —1
n. —ng

(viii) Abbe number; v =

(iv) Single-slit diffraction pattern:

sin*(8/2)

= (5/2)

. ,whereﬁzz—n-a-sine.
Iy

(iii) Integrations:

0 X
IX dX_n+1

whichj'x’1dx =Inx+c.

n+1

+c except for n = -1

(iv) Taylor expansions:
sin0=0-16°+...
cos0=1-10%+..
tan0=0+10°+...

) v 2

(1+x)* =1+ax +250x% + .,

(v) Series sum:

Avogadro’s number Na = 6.022x1023 mol™
Permittivity of free space €0 = 8.854x10-12 Fm-1
Planck constant h = 6.626x10-% J s

for



Part 1 Answer ALL questions. Each question carries 8 marks.

1. Consider a planet with radius rp orbiting a star of radius rs at a mean distance ro from the
centre of the star. Assume this star is a uniform blackbody with temperature Ts. Assume
the planet is a rapidly rotating uniform greybody with emissivity ep and albedo ap. The
albedo is the ratio of the average power reflected from the surface of the planet to the
incident power upon it, for the emission spectrum of the star. Furthermore assume that the
planet has a uniform steady-state surface temperature Tp. Derive an expression for Tp.

[8 marks]

2. Acetylene is a symmetric linear molecule with the molecular structure H-C=C-H. Deduce
the molar heat capacity at constant volume for this gas, assuming that none of its vibrational
modes contribute to the heat capacity.

[8 marks]

3. Hydrogen gas (H2 (g)) and oxygen gas (O2 (g)) can be chemically combined in a fuel cell to
give liquid water (H20 (£)) and produce electrical power. If this reaction takes place under
the usual standard conditions of 1 atm and 298 K, compute the maximum amount of
electrical work that can be obtained per mole of liquid H.O produced. The standard enthalpy

0

of formation AH{,,, and entropy S, are given in the table below.

Quantity H.O0(8) | H2(9) | O2(9)
AH?5oq (kJ mol-1) | -285.83 | 0 0

S5, (J K1 mol-t) | 69.91 130.68 | 205.14

[8 marks]



4.

The Hubble Space Telescope uses a 2.4-m diameter hyperbolic (concave-like) mirror to
collect light. Other dimensions are as shown below. Compute its angular resolution for

green light based on the Rayleigh’s criteria.

aperture door  secondary mirror primary mijr‘ror focj‘al plane
\ / I ‘[ / F
4m

3.0m 0.3m §y T UL 4.27m

[8 marks]

Unpolarised light of a particular wavelength and intensity is incident on a sequence of ideal
polariser-wave retarder plate—polariser, as shown below. The transmission axis of the first
polariser is oriented vertically, that of the second polariser horizontally, and the fast axis of
the retarder is rotated at © = 45° to the vertical, as shown below. This retarder causes light
polarized parallel to the slow axis to be retarded by a phase shift of « relative to the light
polarized parallel to the fast axis. Briefly explain the state of polarisation and intensity of the
light that exits the second polariser.

transmission axis  fast axis transmission axis
slow axis

unpolarised light
q AEsAELE s mme

polaniser retarder polariser

[8 marks]



Part 2 Answer ALL questions. All questions carry 20 marks each.

6. A gas turbine comprises a compressor, a burner and a turbine, as shown below on the left.
Its operation can be modeled by the Brayton cycle with 4 steps (as shown below, right):

(@) Adiabatic compression of working gas (fresh air) by the compressor, 1 to 2;

(b) Isobaric heating of the gas by the burner, 2 to 3;
(c)  Adiabatic expansion of the gas at the turbine, 3 to 4;
(d) Isobaric cooling of the gas (exhaust) to the initial state, 4 to 1.
oA
2|2 3
burner &
I- o
fresh air exhaust
ol Fe®
COMPressor  tyrbine
1 4
Schematic of a gas turbine >
volume

()  Sketch the temperature vs entropy state diagram for this cycle, taking care to label all

the points. [6 marks]

(i) Show that the temperature ratio for the turbine and the compressor are the same, i.e.,
T3 T2

T Hence or otherwise, show that the thermal efficiency of this cycle is given
4 1

by e, =1—(r,)""", where y is the heat capacity ratio and r, is the pressure ratio

givenby r, = P &. [8 marks]

Pr Py

(i) For a particular gas turbine, the pressure ratio is 6.0, the inlet temperature at the
compressor (T1) is 30°C, the inlet temperature at the turbine (T3) is 1200°C, and the
flow rate of airis 0.2 kg s~*. Compute the net power output of this turbine. For air, y =
1.4 and cp = 1.005 kd kg™ K. [6 marks]



A plano-convex lens has a flat surface and a convex surface. One such lens is used to form
an image of the sun on a screen. The lens has a diameter of 10 cm, and is made of glass
with a refractive index of 1.55. This glass is transparent to solar radiation, which is mainly in
the visible and near infrared spectral region. The radius of curvature of the convex surface is
33 cm. The sun subtends a full angle of 0.533° at the earth, and provides an intensity of 1
kKW m-2,

()  Compute the required distance of the screen from the lens in the thin-lens

approximation. [6 marks]

(i) Compute the image diameter of the sun. [6 marks]

(i)  Compute the image intensity of the sun, neglecting reflections at the lens surfaces.
[4 marks]

(iv) Briefly explain whether the image quality is expected to be different if the flat surface
or convex surface of the lens is facing the sun, assuming perfect alignment?
[4 marks]



8. A Michelson interferometer consists of two highly reflective flat mirrors M1 and Mo,
located at distances d1 and d2 respectively from the centre of a flat beam-splitter C
(see Fig. 8-1 below). A point source S illuminates C, which reflects half of the incident
light intensity towards M, as shown by solid rays in Fig. 8-2 below; and transmits the
other half towards M1, as shown by dotted rays in Fig. 8-2. M, reflects the light back
to C, which transmits half of it to the observation plane E. Similarly M1 reflects the
light back to C, which reflects half of it to E. These two beams overlap and interfere at
E to give a series of concentric bright fringes.

The formation of these fringes can be understood as follows (see also Fig. 8-3):
Reflection of S in C and then M2 produces a virtual source S>” located below M.
Reflection of S in M1 and then C produces another virtual source S1””. Since S,” and

S1” are both derived from S, the light waves emitted from them are coherent.

e
‘/_‘Q.
—

Fig. 8-1

Fig. 8-2



Fig.8-3 IR

The distance from S>” to E is denoted R, the radius of a bright fringe is denoted r, the ray
angle from S, to the bright fringe is 6, and the separation between S, and S1” is A.
()  Using the object-image relationship for mirrors, derive the relationship between A, d;
and da. [6 marks]
(i) Forthe case of R >> A, show that the bright fringes occur at values of 6 which satisfy
the relationship:
A cos 6 =m A, where m is an integer, and A is the wavelength of light. [6 marks]

(i) Hence or otherwise, show that the radii of the bright fringes r are given by:

r=R 2(1—”%] ,for mA < A. Explain what is observed on the observation

plane E if Ais an integer multiple of A.
[8 marks]

END OF PAPER
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