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EGT3
ENGINEERING TRIPOS PART I1B

Tuesday 29 April 2014 210 3.30

Module 4A11

TURBOMACHINERY 11

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.

STATIONERY REQUIREMENTS
Single-sided script paper

SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM
CUED approved calculator allowed

Attachment: Extract from Compressible Flow Tables (1 page)
Engineering Data Book

You may not start to read the questions printed on the subsequent
pages of this question paper until instructed to do so.

Page 1 of 4



Version LX/6

1 In this question, all symbols not specifically defined have their usual meanings.

A low speed model axial turbine stage has cylindrical casing and hub lines, with radially
stacked blades. The flow is uniform and axial at the turbine inlet and axial at the stage
exit. A free vortex design for the rV, distribution is used in the stator/rotor gap. The
flow in the stage can be assumed as incompressible, steady and axisymmetric.

(@ Justify the use of the Simple Radial Equilibrium equation downstream of the stator
to determine the pressure distribution along the span and use the Simple Radial
Equilibrium equation to find the static pressure distribution downstream of the stator.

Find the non-dimensional pressure difference coefficient defined as pc;zph in terms of

Voo
the hub-to-tip radial ratio r, /r,, where the subscripts h and c refer to the hub and the

casing respectively. [30%]

(b) Itis found that for low r,/r, and high stator exit flow angle, the hub section of
the stage has low reaction. Name the primary cause of the low reaction at the hub. [10%]

(c) It is suggested that the situation may be relieved by leaning the stator
circumferentially. Comment why and how leaning the stator can change the reaction
near the hub. [10%]

(d) Explain how the Simple Radial Equilibrium equation must be modified to take
account of the radial blade force produced by leaning the blade. [20%]

(e) Estimate the change of the non-dimensional pressure difference coefficient due to
the blade lean in terms of the lean angle » , the stator exit tangential flow angle at the

casing «, , the stator aspect ratio (r, —r,)/C,, and r, /r, . [30%]

X!

Page 2 of 4



(a)

(b)
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In this question, all symbols not specifically defined have their usual meanings.

(1)  For a compressor, derive the expression for isentropic efficiency in terms of
the entropy increase across the compressor. State carefully the approximations
involved. What is the equivalent expression for a turbine? [10%]

(i) Show that the non-dimensional entropy increase defined as As/R in an air
compressor blade section operating at an inlet relative Mach number M;, can be
related approximately to the stagnation pressure loss coefficient Y, by

e
8y l1-@eZ2tmzyt |
R 2

State any assumptions you make in deriving this expression. [20%]

(iif) A transonic air compressor rotor section has a stagnation pressure ratio of
1.6 and an isentropic efficiency of 0.88 when operating at a relative inlet Mach
number M,, =1.35 and with a relative inlet stagnation temperature of 366 K. The
absolute stagnation temperature at the inlet is 288 K. It is found that at this

condition the section has a single passage shock wave normal to the flow and a
shock upstream Mach number M =1.4 . Calculate the loss of efficiency due

shock
to the entropy generation across the shock wave and that due to viscous
dissipations outside the shock wave. What is the value of Y, attributable to the
viscous effects? Comment on your results. Take y=1.4and R =287 J kg 'K™.  [30%]

m. V.
(i)  Using the jet mixing kinetic energy loss equation Ah=—-V nf(l—\/—’cosw) :
m

show that the mixing loss due to the leakage flow over an infinitesimally small
blade chord length dlI of an unshrouded compressor blade tip can be expressed as

: \
TAS =m_Tds =V.? (1—V—")dm .
where subscript j denotes jet and m the main stream, m; <<m,, dm the
leakage mass flow rate through a small chord length dI, V, and V, the local
isentropic velocities on the suction and the pressure surfaces respectively, and «
the angle between the leakage jet velocity and the main stream velocity. [25%]

(i) Describe the mechanisms for entropy generation in shrouded and
unshrouded turbine blade tips. Discuss why the stage reaction is an important
parameter when determining whether to use a shrouded or an unshrouded blade.  [15%]
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(@) The Axial Velocity Density Ratio across the mid-span of a blade row in an

axial flow turbomachine is defined as:

AVDR = P22
PV

where p is the density, v, is the axial velocity, subscripts 1 and 2 refer to just

upstream and just downstream of the blade row respectively and the over bar means
pitchwise average of the quantity beneath.

(b)

(i) Explain how the quantity p,v,, must be evaluated to account for the

presence of blade wakes. [10%]

(i)  Explain the significance of the AVDR and how its value is likely to differ
between a compressor and turbine blade row. [20%]

The flow through a high aspect ratio turbine stator blade row can exhibit very

different characteristics in the endwall flow regions compared with those at mid-span.

(©)

(1) Give two, physically based, explanations for this phenomenon. [20%]

(i)  Describe the basic characteristics of the flow turning, boundary layer and
entropy production in the endwall region. [20%]

The last stage turbine blade rows in many industrial gas turbines have an

increasing annular cross-sectional area. Comment on:

(i)  why this can be beneficial to the overall performance; [10%]
(it)  the likely effect on the work extraction from the stage; [10%]
(iii) the likely effect on the blade surface and end-wall boundary layers. [10%]

END OF PAPER
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