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SECTION A
Introductory Business Economics

Answer not more than one question from this section.
1
(a)
Discuss the concepts of the ‘firm’ and the ‘market’. Illustrate your answer with appropriate examples.

[5]
(b)
In relation to the problem of market structure: 


(i)
What could be the benefits of an oligopoly compared to a perfectly competitive market and compared to a monopoly from the viewpoint of consumers?

[5]


(ii)
Explain the Bertrand model of oligopoly.
[5]

 (c)
Present the main determinants of aggregate investment in the macroeconomy.
[10]

2
(a)
What is the price elasticity of demand and why does it matter for consumers, producers and regulators? Illustrate your answer by providing different examples of goods or services.

[5]

(b)
With reference to the problem of collusion in oligopolistic markets:

(i)
Explain the rationale for collusive behaviours;
[5]


(ii)
Illustrate why cartels are said to be unstable.
[5]

(c)
Explain the role of government spending in the macroeconomy. What are the advantages and possible disadvantages of increasing government spending? 
[10]

SECTION B
Civil and Structural Engineering

Answer not more than two questions from this section.

Note Data Sheets at end of the paper.

3
A metro line comprising stations and 5 m diameter running tunnels between them is being proposed.  It is aligned in an east-west direction and traverses a geological fault, which runs in a north-south direction.  Boreholes show the ground conditions on either side of the fault to be very different.  To the east of the fault, the ground conditions can be summarised as a stiff clay extending from the ground surface with a constant undrained shear strength of 100 kN m(2 down to a depth of 20 m, underlain by a stronger clay with a constant undrained shear strength of 250 kN m(2 between depths of 20 m and 30 m.  To the west of the fault the ground conditions can be summarised as  20 m of sand overlying a soft clay with an undrained shear strength of 35 kN m(2 constant with depth.  On both sides of the fault there are many masonry buildings and the water table is close to the ground surface.  The unit weight of all the soils is approximately 20 kN m(3.
You are undertaking a feasibility study for the metro line. The project is likely to comprise bored tunnels between stations which are constructed by the cut-and-cover technique. 
(a)
Define the stability ratio for tunnels in clays, and explain its significance.
[5]
(b)
What would be suitable construction techniques for the bored tunnels on each side of the fault if the axes of the tunnels were at depths of (i) 15 m or (ii) 25 m?  Illustrate your answers, where appropriate, by consideration of the stability ratio for the tunnels. How might the tunnels be lined?

[8]

(c)
What would be the key considerations in construction of the stations on each side of the fault?  Describe two alternative methods for constructing the walls to support the soils.



[7]

(d)
Settlements are likely to be significant because of the presence of masonry buildings.  Why might the buildings be damaged?  How does compensation grouting prevent damage?

[5]
4
As part of construction of a 6 m deep excavation, a sheet pile temporary diaphragm retaining wall is driven to a depth of 9 m, through 6 m of dense sand underlain by 3 m of soft clay, as shown in Fig. 1.  The water table is assumed to be at the ground surface. The wall is propped at the top. The critical state angle of friction of the sand crit = 35˚, the undrained shear strength of the clay is 50 kN m(2 and the critical state friction angle of the clay crit = 25˚. The bulk unit weight of all the soils is           20 kN m(3. 
(a)
Assuming that the excavation is undertaken rapidly enough for undrained conditions to exist everywhere in the clay, calculate the short term factor of safety against rotation of the wall about the prop.

[13]

(b)
Unknown to the designer, a 2 m high stockpile of sand is placed immediately behind the wall extending for a considerable distance.  Assuming the bulk weight of the sand is 20 kN m(3, what effect does this have on the short term factor of safety?
[6]
(c)
Subsequent site investigation shows that the 3 m depth of clay in front of the wall contains many sand seams, so that it rapidly drains and the water pressures in it reduce to hydrostatic values below the excavation level.  What is the corresponding factor of safety without the 2 m high stockpile of sand?

[6]
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Fig. 1

5
A reinforced concrete beam 250 mm wide with an effective depth of 500 mm is continuous over two spans with the ends simply supported, as shown in Fig. 2. Each span is 12 m long. It is loaded with a uniformly distributed load of 40 kN m(1 (which includes the beam's own dead weight). A structural analysis shows that the reaction at the central support is 500 kN. All loads include appropriate partial factors of safety. The reinforcing steel has a characteristic yield strength of 460 MN m(2 and the concrete has a characteristic cube strength of 40 MN m(2.
(a)
Draw the shear force and bending moment diagrams for the beam and find the value and location of the maximum bending moments in both sagging and hogging.
[4]

(b)
Show that the beam can be singly-reinforced for hogging bending but must be doubly-reinforced for sagging bending.

[4]

(c)
Determine a suitable reinforcement layout at the locations of maximum hogging and sagging moment.

[8]

(d)
Find the location of the maximum shear force and design suitable shear reinforcement at that location.

[5]

(e)
Choose suitable overall cross-section dimensions, and choose the layout of the flexural reinforcing bars throughout the beam. Sketch how the flexural steel and the shear steel will be laid out.

[4]

 






Fig. 2


SECTION C
Mechanics, Materials and Design

Answer not more than two questions from this section.

6
(a)
Explain why a wind turbine, in which the generator is a three-phase cage rotor induction machine with its stator connected directly to the 50 Hz grid, is essentially a fixed-speed system. Give one advantage and one disadvantage of such systems.



[4]

(b)
A wind turbine utilises a three-phase, star-connected, 16 pole cage rotor induction motor with its stator windings connected directly to the 11 kV, 50 Hz three-phase grid. The equivalent circuit parameters of the induction generator are: 
[image: image25.bmp];
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; Xm and R0 are large enough to be ignored. Wind conditions are such that the input mechanical power to the generator is 2 MW.

Determine:
(i) the generator speed and torque;

[3]
(ii) the generator slip and phase current (magnitude and angle);
[5]
(iii) the gearbox required so that under these conditions the turbine speed is      18 rpm.


[1]

(c)
A horizontal-axis wind turbine of swept area A is operating in undisturbed air of density  moving at a uniform speed V. The Betz limit for such a turbine is 59% when the axial induction factor a = 1/3.



(i) Explain, with sketches, what is meant by the Betz limit and explain why it is not possible to extract 100% of the energy available in the wind.
[5]
(ii) Find an expression for the horizontal force acting on the tower of the wind turbine when the turbine is operating at the Betz limit. You may assume that the speed of air passing through the turbine drops from V to V/3, with a speed of 2V/3 as it passes through the rotor plane.

[4]
(iii) In very high winds it is necessary to stop the turbine. Explain how you would determine the horizontal force acting on the tower when the rotor is not turning. What can be done to minimize this force?
[3]

7 
(a) 
Discuss materials considerations when designing and manufacturing wind turbine blades.


[6]

(b)
Describe in detail how rainflow analysis is used to characterise a random time-varying stress. 


[6]
(c)
 A blade made of CFRP has fatigue properties which can be fitted by the expression 
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where N is the number of cycles to failure under a given applied cyclic stress range S with zero mean stress, with M = 20 and S0 = 2ts = 1100 MPa (ts is the ultimate tensile strength of the material). Table 1 details the number of cycles of loading in a month (in thousands) with given stress amplitude S and mean stress. 

Estimate the lifetime in years of the blade: 
(i) neglecting the effect of mean stress;
 [5]
(ii) including the effect of mean stress.

[5]
(d) 
Comment on the results found in part (c).
 
[3]
Table 1
	
	
	Mean stress (MPa)

	
	
	0
	50

	Stress range S (MPa)
	100
	500
	500

	
	300
	100
	100

	
	500
	10
	10


8
Figure 3 shows a cross-section through a wind turbine blade.
(a) 
(i)
Find expressions for FN and FT  (the normal and tangential forces per unit length) as a function of the flow angle  and the lift and drag forces, FL and FD, acting on the blade. 

[3]


(ii)
Thus determine the minimum lift-to-drag ratio necessary for the turbine to do positive work.

[2]

A wind turbine has six blades, each with a fixed twist angle of θ = 12° over the whole working aerodynamic length of the blade (from r = 3 m to 5 m). Each blade has a uniform chord of 0.5 m. The lift and drag coefficients of the blade are given approximately by
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 for 0 < α < 0.3 rad.
The wind turbine is operating in an incident wind speed 
[image: image6.wmf]0

V

= 5 m s(1 with an angular velocity of 30 rpm.  

(b)
Basing all your calculations on the conditions at the mid-point of each blade:


(i)
calculate the rotor solidity  ;

[3]

(ii)
determine good estimates for the axial and angular induction factors a and 
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[11]

(iii)
estimate the total mechanical power produced by the turbine. Take the density of air as 1.2 kg m(3.

[6]
Note that
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where  is the rotor solidity, CN and CT  are the normal and tangential force coefficients.
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Fig. 3


SECTION D
Aerothermal Engineering

Answer not more than two questions from this section.

9
(a)
An aircraft cruises at an altitude where the ambient pressure is 28.7 kPa and the ambient temperature is 225 K.  Within the engine inlet the stagnation pressure  p02  is measured to be 45.1 kPa.  Find the flight Mach number and the stagnation temperature at engine inlet  T02.

[4]
(b)
The aircraft is powered by 2-shaft turbofan engines.  During cruise, the stagnation pressure and temperature leaving the fan and entering the core of each engine are        70 kPa and 294 K, respectively.  The core compressor has a pressure ratio of 30 and is driven by the high pressure (HP) turbine, which has an inlet stagnation temperature of 1550 K.  If the core mass flow rate is 80 kg s−1 and the core compressor isentropic efficiency is 90%, find:


(i)
The stagnation temperature at exit of the core compressor;
[3] 


(ii)
The stagnation temperature at entry to the low pressure (LP) turbine;
[2] 


(iii)
The fuel flow rate, if the fuel has a lower calorific value of 43 MJ kg−1. 
[2]

(c)
The stagnation temperature of the flow downstream of the fan in the bypass duct is 290 K.  If the bypass ratio is 10.5, the HP turbine pressure ratio is 6 and the LP turbine has an isentropic efficiency of  92% , find the core jet velocity.
[8]
(d)
Explain why, at a fixed non-dimensional engine operating point, the fuel flow rate is proportional to  
[image: image11.wmf]0202
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  whereas the engine core mass flow rate is proportional to  
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  .  Cruise operation, as described in parts (a), (b) and (c), is simulated in a static test at sea-level on a day when the ambient pressure is 102 kPa and the ambient temperature is  285 K.  Find the fuel flow rate during the static test. 
[6]

Assume that the combustion products behave as a perfect gas with the same properties as air.  Neglect any stagnation pressure losses in the ductwork and the propelling nozzles.  Take   = 1.4   and  cp = 1005 J kg(1 K(1 for air.

10
A simple gas turbine cycle has an overall pressure ratio of  r  and a ratio of turbine entry temperature to compressor entry temperature of   .  Both the turbine and compressor have isentropic efficiencies of   .  The air in the cycle can be treated as a perfect gas with constant  cp  and  throughout.  The kinetic energy of the air at all points in the cycle can be neglected.
(a)
Sketch two temperature-entropy diagrams: one for the cycle with a low value of  r  and another for the cycle with a high value of  r .  Assume the same values of    and    in both cases.  


[4]

(b)
Show that the net specific work output from the cycle is given by 
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where T02 is the compressor entry stagnation temperature and 
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(c)
Show that the cycle efficiency is given by 
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[4]

(d)
Using   = 1.4  for air, find the overall pressure ratio that gives the maximum net specific work output with  = 6  and  = 0.9 , and calculate the corresponding cycle efficiency.  Compare this with the cycle efficiency obtained for an overall pressure ratio of 50, also with  = 6  and  = 0.9 .

[6]


(e)
Explain why modern gas turbines for civil aircraft applications are designed with high overall pressure ratios and describe how a high pressure ratio is achieved.
[3]


(f)
Explain what limits the value of  .  Describe the technology that has been developed to enable very high turbine entry temperatures in modern jet engines.
[4]

11
For this question, use   = 1.4  and R = 287 J kg(1 K(1  for air, and refer to the variation of atmospheric conditions with altitude given in Page 32 of the Thermofluids Data Book.
Figure 4 shows the variation of M L/D with CL for a new large aircraft design, where M is the flight Mach number, L is the aircraft lift, D is the drag and CL is the lift coefficient. The aircraft has an empty mass of 285 tonne, a payload of 512 passengers and a start of cruise fuel mass of 236 tonne. The wing area is 854 m2 and the mass per passenger can be assumed to be 95 kg. 
(a) Show that the aircraft lift coefficient can be written as
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where A is the wing area and p is the local atmospheric pressure.
[2]

(b) 
Using the data in Fig. 4, find the optimum cruise lift coefficient and flight Mach number that gives the maximum range of the aircraft. Use these values to determine the corresponding flight altitude and flight speed at start of cruise.
[6]
(c)
The aircraft has 4 engines, which during cruise have a thermal efficiency of 0.47 and a uniform jet velocity of 360 m s(1.  Determine the air mass flow rate through each engine at start of cruise and the engine propulsive efficiency.  If the lower calorific value of the fuel is 43 MJ kg(1, calculate the specific fuel consumption  sfc  .
[7]

(d)
During cruise, the aircraft can use up to 90% of the start of cruise fuel mass. Assuming M and CL are maintained constant determine the maximum cruise range and the final cruise altitude. You may use without proof the Breguet range equation
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where  V  is the flight speed,  g  is the acceleration due to gravity and  Wstart  and  Wend  are the total aircraft weights at the start and end of cruise, respectively.
   [6]

(e)
With reference to Fig. 4, explain how cruising at constant altitude would affect the aircraft range and the optimum flight Mach number.
     [4]

[image: image18.emf]
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SECTION E
Electrical Engineering

Answer not more than two questions from this section.


Note Data Sheets at end of the paper.

12
(a)
The 1.94( ( 3.48( display screen in an iPhone 5, also referred to as the Retina display, has 632 ( 1134 pixels.  Assuming all pixels are the same size, what is the display resolution?

[3]
(b)
With the aid of a block diagram, illustrate with brief descriptions the various principal parts or functions and their interconnection in an iPhone 5.
[7]

(c)
Name three basic thin film transistor (TFT) technologies that are of current interest in display screens. Describe, using a table, their relative performance in terms of the key performance attributes: mobility, temporal stability, spatial uniformity and cost.
[5]

(d)
A thin film transistor is being made from the layered semiconductor WSe2 with a mobility of 500 cm2 V(1 s(1. The transistor will have channel width W = 200 m, gate length L = 20 m and thickness of 3 monolayers.  Each monolayer is 0.68 nm thick.  If the saturated current is 0.1 A for a source-drain voltage of 5 V, calculate the carrier density N assuming that it is uniform.

[10]
13
(a)
Explain briefly how conductivity is controlled in a semiconductor.
[5]
(b)
 Provide a concise comparison of Si and GaAs for use in high performance field effect transistors.


[5]
(c)
Sketch the velocity versus electric field characteristic of an electron in Si and in GaAs, and explain the various features.  What causes the limiting velocity?
[10]
(d)
If the mobility in a semiconductor WS2 is 0.04 m2 V(1 s(1, and the limiting velocity is 2.5 ( 105 m s(1, using Newton’s Laws or otherwise, state the relation between the mobility to the effective electron mass and mean free time between collisions.  Hence, from the limiting velocity Vs, calculate the energy lost per collision in eV.  Assume m* = m0.  Then calculate the mean free path length between collisions. 
[5]
14
(a)
What is the evidence that electrons can behave like waves?
[5]

(b) 
Derive an expression for a wavelength [image: image19.wmf]l

of an electron in terms of its kinetic  energy E and its effective mass m*.

[5]
(c)
Explain what is meant by quantum mechanical tunnelling, for example by sketching the wavefunction of an electron travelling from left to right as shown in Fig. 5.  Here, V is the barrier height, d is the distance and E is the electron’s kinetic energy.
[5]

(d) 
Derive an approximate expression for the tunnelling probability T in terms of the parameters E, m*, V and the barrier thickness d.
[5]

(e)
Calculate T for the case of 1.5 nm thick SiO2 layer, assuming that the effective electron mass is 0.5 of the free mass, E = 0.5 eV, and V = 3.5 eV, taking Planck’s constant h = 6.626 ( 10 (34 kg m2 s(1.

[5]



Fig. 5

SECTION F
Information Engineering

Answer not more than two questions from this section.

15
(a)
ln an image with pixels represented by their red, green and blue (RGB) values，describe the effects on a processed image of applying separately each of the following operations to the pixels:



(i)
spatial lowpass filtering with unit gain at low frequencies;
[2]

(ii)
spatial highpass filtering, also with unit gain at low frequencies;
[2]
(iii) scaling of pixel values by a factor of 2;
[2]
(iv) adding 64 to pixel values, when the input values occupy the range 0 to 255.
[2]
(b)
Three commonly used colour spaces for pixels are RGB, YUV and HSV. Briefly describe in principle how to convert from RGB to the YUV and HSV spaces. (Precise formulae are not needed.)

[6]
(c)
If an image is ‘washed out’ (lacking in strong colours), explain, for each of the RGB, YUV and HSV colour spaces, how you would process the image pixels to increase the strength of the colours without affecting the apparent intensity or hue of the pixels.



[5]
(d)
If an image is a little bit blurred and there is mist (weak fog) in the scene which made everything appear lighter and lower in contrast than it should be, explain how you would adjust pixels in each of the 3 colour spaces in order to achieve an improved image. 



[6]

16
(a)
Why are the raw pixel intensity values of an image, I(x, y), rarely used in computer vision algorithms? Describe two simple ways of making images more invariant or insensitive to changes in brightness and contrast.
[4]

(b)
Images are often smoothed with a low-pass filter before image gradients are computed.

(i)
What smoothing filter is used in practice? Give an expression for computing the intensity of a smoothed pixel, S(x, y), with two discrete 1D convolutions. 
[5]

(ii) 
Show how differentiation can also be performed by two discrete convolutions and identify the filter coefficients. 
[4]

(c)
Consider an algorithm to detect and match interest points (features of interest) in a 2D image.

(i)
Show how image features such as blob-like shapes can be localized in both position and scale. 

[4]


(ii)
Show how the neighbourhood of each image feature can be normalised to a 16×16 patch of pixels. 

[4]


(iii) 
The SIFT descriptor is often used to describe interest points or image features in order to match them in different images and over different viewpoints. Describe the main steps in computing this descriptor and how it achieves its invariance to lighting, image and viewpoint changes. What are its limitations? 
[4] 
17
Consider two models M1 and M2 for data x where p(x|M1) is Gaussian with mean  0 and variance 1 and p(x|M2) is a uniform density on the interval [−2,2]. Consider two data points x1 = 0 and x2 = 1.4. 

(a)
Is x1 more probable (i.e. has higher probability density) under M1 or M2? Is x2 more probable under M1 or M2? Explain your reasoning and show your calculations.
[8]
(b)
What are the parameters for the maximum likelihood Gaussian, given the data x1 and x2? Show your calculations. 

[7]
(c)
Assuming prior probabilities p(M1) = p(M2) = 0.5, use Bayesian learning to compute the posterior probability of model M2 given the data x1 and x2; p(M2|x1, x2).
[10]

SECTION G
Bioengineering

Answer not more than two questions from this section.

18
(a)
Describe, with sketches, the collagen microstructural organisation in the cornea, sclera and vitreous humour of the eye. How does the microstructure relate to the differing functions of these components? 

[7]




(b)
What are the roles of aqueous humour in the eye?
 [4]

(c)
Describe, with appropriate sketches, methods for measuring:
 

(i)
intraocular pressure of a patient’s eye; 
[3]


(ii)
lens stiffness in post-mortem tissue.
[3]

(d)
(i)
Why are sequential recruitment models useful for characterising the elastic response of soft tissue?
 
[1]


(ii)
The stress-strain data given in Fig. 6 is to be modelled using a three-spring sequential recruitment model. Sketch an appropriate model configuration and estimate appropriate parameter values for the model. 
[7]
[image: image20.png](edIN
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Fig. 6
19
(a)
Ultrasound (US) and optical imaging systems can both use pulse-echo techniques to form cross-sectional images of the fundus. Explain what is meant by a pulse-echo technique, quantify the differences in the speed of travel of the pulse between US and optical systems, and describe the consequences of these speeds for cross-sectional imaging of the fundus. 

[6]

(b)
In spectral Optical Coherence Tomography (OCT), several lenses are used to focus light into the eye. The beam cross-section from each lens is a disc of radius r given by:
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where z is the axial distance from the focal point, r0 is the radius at the focal point, and  is the wavelength of the light. Assume that all lenses and imaged material are in air and have a refractive index n = 1.

(i)
Using the equation above, derive an expression for the axial (depth) resolution of a lens, in terms of its Numerical Aperture (NA) and the light wavelength . 

[6]


(ii)
The spectrum of the reflected light in spectral OCT is sampled by an array of photo-diodes with a sampling frequency equal to the bandwidth of the laser pulse, which is  in terms of wavelength. Derive an approximate expression for the resulting spacing of depth samples, in terms of and .
[5]

(iii) 
Suggest typical values for each of the terms in the formulae derived in part (b) (i) and (ii), and hence estimate typical lens depth resolution and OCT depth sample spacing, assuming all imaging is in air. 
[4]

(iv)
Comment on the significance of lens depth resolution and OCT depth sample spacing for determining depth resolution of spectral OCT. 
[4]

20
(a)
Describe the physical phenomenon to which Snell’s law applies, and provide the associated formula, defining each of the quantities involved.
[5]
(b)
For each of the optical elements listed below, name one animal whose optical apparatus makes use of it:


- pinhole camera;


- parabolic lens;


- scanning objective;


- flat cornea;


- negative lens;


- reflective mirror;

- a structure whose main job is to correct for the spherical aberration of other structures in the eye.

[7]

(c)
The angular resolution of the human eye at the fovea in bright light is ∼0.01º. What is the minimal radius of a compound eye required to achieve this resolution for green light (with wavelength 500 nm)? 

[8]
(d)
Describe how retinal receptive fields depend on the ambient light level. 
[2]
(e)
Explain, with reasons, why efficient coding predicts different retinal receptive fields at different ambient light levels. 

[3]


SECTION H
Manufacturing and Management

Answer not more than two questions from this section.
21
(a)
Explain what is meant by the following three types of funding:

(i)
grant;


[3]

(ii)
debt;


[3]

(iii)
equity.

[3]
(b)
Sketch a diagram that illustrates how different sources of the three types of funding described in part (a) are likely to be appropriate at different stages of the commercialisation of a new idea.

[6]




[6]



[9]

(c)
(i)
Describe the main elements of a business plan suitable for attracting investment from a Venture Capitalist (VC). 
[4]

(ii)
Discuss the specific elements of the business plan that the VC would focus upon for a product-based business idea.

[6]
22
(a)
Describe what is meant by the term purchase stakeholders.
[5]
(b)
Explain how user observations and personas could be used to understand the needs of potential buyers of a new type of bicycle helmet.        
[10]

(c)
Discuss how different forms of prototyping could be used in the development of a new type of bicycle helmet. 

[10]

23
Printers and ink are an example of a product plus consumables business model.
(a)
Describe three other examples of product plus consumables business models.
[6]

(b)
Discuss the advantages and disadvantages of the following business models:

(i)
product plus consumables;

[3]

(ii)
service enabled by a product;

[3]

(iii)
service only.

[3]

(c)
Discuss the reasons why a small firm might seek to partner with a large firm in order to implement a product plus consumables business model.
[10]



[9]
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