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EGT3
ENGINEERING TRIPOS PART IIB

Tuesday 27 April 2021 1.30 to 3.10

Module 4A3

TURBOMACHINERY I

Answer not more than two 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 and at the top of
each answer sheet.

STATIONERY REQUIREMENTS
Write on single-sided paper.

SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM
CUED approved calculator allowed.
Attachment: excerpt from Compressible Flow Data Book (page 1-20 of 38 pages).
You are allowed access to the electronic version of the Engineering Data Books.

10 minutes reading time is allowed for this paper at the start of
the exam.
The time taken for scanning/uploading answers is 15 minutes.

Your script is to be uploaded as a single consolidated pdf
containing all answers.
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1 The following relationship applies to a repeating stage of an axial turbomachine

k = 2 (1 − Λ − q tanU1)

where U1 is the absolute flow angle at entry to the stage, q = +G/*, k = Δℎ0/*2 and
Λ = ΔℎA>C>A/ΔℎBC064.

(a) A repeating stage axial turbine is to be designed with 50% reaction and stage loading
coefficient k = 1.7, to achieve a stage total-to-total efficiency [CC = 90%.

(i) Considering the Smith chart shown in Fig. 1, determine the flow coefficient
q. Hence derive all the flow angles for the stage. [30%]

(ii) Sketch the blade shapes and velocity triangles. Take care to label absolute and
relative frame velocities and angles. [10%]

(iii) The multi-stage machine specific work requirement is 148 kJ kg−1 and the
axial velocity is +G = 125 m s−1. Determine the required number of stages. [10%]

(iv) Would the isentropic efficiency for the multi-stage machine be greater or less
than the stage isentropic efficiency? Explain your reasoning. [10%]

(b) The Zwiefel loading coefficient for a turbine blade in a cascade is defined as

/ =
¤< (+\2 −+\1)
2G� (?01 − ?2)

where ¤< is the mass flow, +\1 and +\2 are the swirl velocities up- and down-stream of the
blade row, 2G the blade axial chord, � the blade height and ?01 and ?2 the blade upstream
total and downstream static pressures. Zweifel’s rule says that the blade loading giving
minimum loss occurs when / = 0.8. Using Zweifel’s rule, and assuming incompressible
loss-free flow, suggest a suitable mid-span pitch to axial chord ratio B/2G for the stator and
rotor blades of the stage described in (a). [20%]

(c) The turbine stage in (a) is being considered for a multi-stage turbine in an aero-
engine. Suggest an alternative choice of flow coefficient q and stage loading coefficient
k for this application, keeping the same 50% reaction and efficiency [CC = 90%. Explain
your reasoning. [20%]
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2 A high bypass ratio turbofan engine has a low pressure turbine (LPT) to drive the
fan through a low speed spool. The bypass ratio (�%') is defined as the ratio of bypass
mass flow rate to that passing through the core: �%' = ¤<1/ ¤<2 . The annotation of the
station numbers is shown in Fig. 2.

(a) At the nominal design point the fan pressure ratio is c 5 = ?02/?01 = 1.30 and the
specific LPT work is 264.3 kJ kg−1 when the engine bypass ratio �%' = 10.0, the inlet
stagnation temperature )01 = 288 K and inlet stagnation pressure %01 = 101 kPa. Use as
air properties 2? = 1.005 kJ kg−1 K−1 and W = 1.4.

(i) Calculate the fan polytropic efficiency [?. [20%]

(ii) The bypass nozzle is choked and has an area �19 = 0.7 m2, determine the
total mass flow through the fan and hence the fan power. [20%]

(iii) The area ratio �1/�19 = 1.43. Find the Mach number at inlet to the fan. [20%]

(b) At the cruise condition the inlet guide vane of the high pressure turbine (HPT), the
first stage stator guide vane of the LPT and the core exhaust nozzle are all choked. Show
that the specific work balance for the low speed spool can be expressed as

F 5 = �1)045

where )045 is the LPT inlet stagnation temperature. Find coefficient �1 expressed in
terms of the exhaust gas properties 2?4, W4, area ratio �9/�45, �%' and LPT polytropic
efficiency [C ?. State any necessary assumptions. [30%]

(c) At the cruise condition, the engine is given an impulse of additional fuel injection.
What effect might this have on the engine stability and how? [10%]
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3 (a) A correlation for slip factor f for centrifugal compressors is

f = 1 −
√cos j2
#0.7

where j2 is the impeller exit metal angle. Describe with appropriate sketches the
phenomenon of “slip” and explain why it depends on the number of blades # . [10%]

(b) A low speed centrifugal compressor, operating with incompressible flow, has a
design stage loading coefficient based on the impeller tip speed Δℎ0/*2 = 0.85, radial
blading (j2 = 0) and axial flow at compressor inlet.

(i) Determine the slip factor f and hence determine the required number of
impeller blades using the equation in part (a). At impeller exit the design radial
velocity is 0.3 times the blade speed. Determine the absolute flow angle of the flow
leaving the impeller. Sketch the velocity triangle at this location. [20%]

(ii) The impeller has a design total-to-total efficiency [CC = 90%. Compute the
impeller pressure rise coefficient (?02 − ?01)/(d*2). [10%]

(iii) The compressor has a vaned diffuser in order to recover the kinetic energy of
the impeller exit flow. The static pressure rise across the vaneless space and diffuser
combined is 70% of the impeller exit dynamic pressure (?02 − ?2). Calculate the
total-to-static efficiency [CB of the compressor. [30%]

(iv) A third of the pressure recovery occurs across the vaneless space. Assuming
loss-free flow in the vaneless space, determine the radial length of the vaneless space
in terms of the impeller tip diameter �. [30%]

END OF PAPER
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Q1.   

a)  

(i) For φ=1.12, α1 = -17.35o, α2 = 50.3o, α3 = -17.35o, β2 = 17.35o, β3 = -50.3o. For φ=0.53, α1 = -

33.4o, α2 = 68.6o, α3 = -33.4o, β2 = 33.4o, β3 = -68.6o    

ii) For φ=1.12, N=7 stages. For φ=0.53, N=2 stages 

(b) s/Cx (stator) = s/Cx (rotor) = 0.646 (φ=1.12) 0.934 (φ=0.53) 

 

Q2.  

a) i) 94%, ii) 231.3kg/s, 5.56MW iii) 0.8 

 

Q3.  

b) i) σ=0.85, N=15, α = 70.56o ii) 0.765 iii) 75.7% iv) 0.071D 

 

 

 

 

 


