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EGT2
ENGINEERING TRIPOS PART IIA

Wednesday 1 May 2024 9.30 to 12.40

Module 3A3

FLUID MECHANICS II

Answer not more than five questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is indicated
in the right margin.

Write your candidate number not your name on the cover sheet.

STATIONERY REQUIREMENTS
Single-sided script paper

SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM
CUED approved calculator allowed.
Attachments:
Compressible Flow Data Book (38 pages);
Engineering Data Book

10 minutes reading time is allowed for this paper at the start of
the exam.
You may not start to read the questions printed on the subsequent
pages of this question paper until instructed to do so.

You may not remove any stationery from the Examination Room.
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1 Air is discharged steadily through a convergent-divergent nozzle. The flow may be
assumed to be adiabatic and inviscid.

(a) Describe the various flow regimes which may be obtained in the converging-
diverging nozzle as the pressure at the outlet is reduced relative to that at inlet. Include
sketches of the stagnation pressure and static pressure distributions along the nozzle. [30%]

(b) The stagnation pressure and stagnation temperature at the inlet to the nozzle are
180 kPa and 288 K. The stagnation and static pressures at the exit of the nozzle are
140 kPa and 118 kPa respectively. The nozzle throat area is 0.01 m2.

(i) Explain why there must be a shock in the nozzle. [5%]

(ii) Determine the mass flow rate. Find also the Mach number and area at the exit
of the nozzle. [25%]

(iii) Determine the Mach number and area of the nozzle at the plane at which the
shock is located. [20%]

(iv) If the static pressure at the exit is increased, determine the highest Mach
number that can be achieved at the exit for which the flow is subsonic throughout the
entire nozzle. Determine the corresponding value of the static pressure at the exit. [20%]
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2 A long cylinder of constant cross-sectional area is closed at one end and sealed by
a diaphragm at the other. The cylinder initially contains air that is depressurized to a
pressure 𝑝0. The surrounding air is at pressure 𝑝𝑎 and the initial pressure ratio 𝑝𝑎/𝑝0
is 4.0. At time 𝑡 = 0, the diaphragm instantaneously bursts and a travelling shock wave
forms.

(a) Calculate the strength of the initial shock wave. Draw a space-time diagram of the
shock wave as it travels through the cylinder and reflects off the closed end. Mark on the
diagram a fluid-particle trajectory. [25%]

(b) Calculate the velocity of the air and the speed of sound immediately downstream of
the initial shock wave in terms of the speed of sound in the cylinder before the diaphragm
bursts, 𝑎0. [35%]

(c) Calculate the strength of the shock wave immediately after it reflects off the closed
end of the cylinder. Use may be made of the formula for the density change across a shock
wave,

𝜌

𝜌𝑠
=

2
(𝛾 + 1)𝑀2 + 𝛾 − 1

𝛾 + 1

where 𝜌 and 𝑀 are the density and Mach number upstream of the shock, 𝜌𝑠 is the density
downstream of the shock and 𝛾 is the ratio of specific heat capacities of the air. [40%]

Page 3 of 10 (TURN OVER



Version JVT/3

3 Air flows through a duct that has frictionless walls and a constant cross-sectional
area. The mass flow rate is constant at 20 kg s−1 and heat is added at a rate of 2.5 MW.
With this rate of heat addition, the static temperature at the exit of the duct is 660 K and
the velocity at the exit is 330 m s−1.

(a) Calculate

(i) the inlet stagnation temperature, and [20%]

(ii) the inlet velocity. [25%]

(b) Draw and label a 𝑇 − 𝑆 diagram to show the complete process. [15%]

(c) With the same inlet conditions, what increase in the rate of heat addition is required
to choke the exit of the duct? [20%]

(d) Without doing any calculations, explain what will happen if further heat is added
after the exit has choked. [20%]
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4 A supersonic jet aircraft is designed to operate at a Mach number, 𝑀 = 3.00. It is
to be fitted with a conventional 2D intake with focussed external compression. The intake
consists of a total of 𝑛 shocks, of which (𝑛 − 1) are oblique and one is a normal shock.

(a) For the case where 𝑛 = 2, estimate to the nearest degree the turning angle 𝛿 that will
result in the optimum pressure recovery — i.e. that with the minimum loss in stagnation
pressure. [50%]

(b) For the case where 𝑛 = 3, calculate the pressure recovery if each of the oblique
shocks turn the flow by 16◦, giving a total turning of 32◦. [20%]

(c) Calculate the total angle through which the flow must be turned to give the highest
pressure recovery that is theoretically possible. [15%]

(d) Comment on the relative merits of the designs in parts (a), (b) and (c), including
their impact on the whole aircraft performance. [15%]
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5 A thin flat plate is placed at an incidence of 6◦ to a flow of dry air at an altitude of
18 km and a speed of 650 ms−1.

(a) Draw a carefully labelled sketch of the plate and the flow features around it. [30%]

(b) Show that the lift coefficient is 0.21. [40%]

(c) Calculate the lift-to-drag ratio of the plate. [15%]

(d) Comment on the suitability of the flat plate to be used as an aerofoil. [15%]
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6 The equation

𝜕𝑢

𝜕𝑡
− 2

𝜕𝑢

𝜕𝑥
= 0

is to be solved over the domain 0 < 𝑥 < 1, with initial and boundary conditions of

𝑢(𝑡 = 0, 𝑥) =


0.5, if 0 < 𝑥 ≤ 0.5

1, if 0.5 < 𝑥 < 1
and 𝑢(𝑡, 𝑥 = 1) = 0.75

(a) State why the boundary condition need only be specified at 𝑥 = 1. [10%]

(b) The domain is discretised and the solution is approximated using finite differences.
Derive the approximate difference equation using a first order upwind estimate for the
spatial derivative on an equally spaced grid, and a first order forward difference for the
time derivative with a time step of Δ𝑡. [20%]

(c) Show that for a particular value of Δ𝑡 the solution can be both stable and have an
accuracy greater than first order in both space and time. [30%]

(d) If the domain is discretised with 101 equally spaced nodes, calculate the required
value of Δ𝑡 to achieve the conditions of part (c). [20%]

(e) Sketch the evolution of the solution when a time step

(i) equal to the value of Δ𝑡 from part (c) is used, and

(ii) half the value of Δ𝑡 from part (c) is used. [20%]
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7 (a) For the equation
𝜕𝑢

𝜕𝑡
= 𝛼

𝜕2𝑢

𝜕𝑥2

the following scheme is used to produce a numerical solution,

𝑢𝑁+1
𝑖 = 𝑢𝑁𝑖 +

(
𝑢𝑁
𝑖−2 − 2𝑢𝑁

𝑖−1 + 𝑢𝑁𝑖

) 𝛼Δ𝑡
Δ𝑥2

Identify the leading error terms in both space and time and hence the order of accuracy of
this scheme. [50%]

(b) Measurements are completed in a low-speed axial turbine with a blade speed of
70 m s−1 and annular area of 0.1 m2. The working fluid is air and the turbine is designed
to have repeating stages with constant axial velocity. The incoming swirl angle to the first
stator is −10◦ in the absolute frame, the stagnation pressure and temperature drops over
the first stage are 0.1 bar and 7.31 K respectively, the mass flow rate is 4.31 kg s−1 and the
density is 1.23 kg m−3.

(i) Determine the flow and stage loading coefficients. [10%]

(ii) Draw the velocity triangle at the exit of the stage and calculate the swirl angle
in the rotor relative frame. [10%]

(iii) Draw the velocity triangle at the inlet to the rotor and calculate the swirl angle
in the absolute frame. [15%]

(iv) Calculate the isentropic efficiency of the stage based on stagnation conditions.
[15%]
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8 The first rotor of a high-speed axial compressor rotates at 19000 RPM and has 36
blades around the annulus, a constant mean radius of 0.2 m, a total mass flow rate of
30 kg s−1 and an inlet stagnation temperature of 288.15 K. The velocities are also known:
the axial velocity is 205 m s−1 and is constant, the absolute tangential velocity at the inlet
is 53 m s−1 and at the outlet is 283 m s−1. The working fluid is air.

(a) Determine the tangential force on a single rotor blade and indicate its direction
relative to the blade motion. [10%]

(b) Using the steady flow energy equation and the tangential force on a rotor blade,
derive Euler’s work equation for flow through a blade row with constant mean radius

Δℎ0 = 𝑈Δ𝑉𝜃

where Δℎ0 is the stagnation enthalpy change through the row, 𝑈 is the blade speed and
Δ𝑉𝜃 is the change in tangential velocity through the row. [20%]

(c) Determine the power requirement for a single rotor blade. [10%]

(d) Determine the inlet Mach number in the rotor relative frame. [20%]

(e) Determine the outlet Mach number in the rotor relative frame. [20%]

(f) Describe how the annulus area must change from the inlet to the outlet of the rotor
row to maintain a constant axial velocity. Assuming that the flow through the row is
isentropic, determine the required ratio of annulus area. [20%]

END OF PAPER
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