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NATIONAL EXAMINATIONS

May 2016

07-MEC-B3 ENERGY CONVERSION AND POWER GENERATION

Three hours duration

Notes to Candidates

1. This is a Closed Book examination.

2. Examination paper consists of two Sections. Section A is Calculative with
four (4) questions and Section B is Descriptive with two (2) questions.

3. Note that Question 2 is on two pages.

4. Do three (3) questions (including all parts of each question) from
Section A (Calculative) and one (1) question from Section B
(Descriptive).

5. Four questions constitute a complete paper. (Total 60 marks).

6. All questions are of equal value. (Each 15 marks).

7. If doubt exists as to the interpretation of any question or in the event of
missing data, the candidate is urged to submit, with the answer paper, a clear
statement of any assumptions made.

8. If any initial parts of a multi-part question cannot be solved the remaining
parts may be worked by making appropriate assumptions for the first parts
from the technical data given.

9. Read the entire question before commencing the calculations and take
note of any hints or recommendations given.

10. Candidates may use one of the approved Casio or Sharp calculators.

11. Reference data for particular questions are given on pages 9 to 12. All
pages used are to be returned with the answer booklet showing where
data has been obtained.

12. Reference formulae and constants are given on pages 13 to 16.

13. Steam Tables from "Thermodynamics and Heat Power" are provided.
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SECTION A CALCULATIVE QUESTIONS

Show all steps in the calculations and state the units for all intermediate and
final answers.

QUESTION 1 INDUSTRIAL GAS TURBINE

An industrial gas turbine producing electrical power has the following technical
specifications:

Rotational speed
Pressure ratio
Number of compressor stages
Number of turbine states
Compressor efficiency
Turbine efficiency
Generator efficiency
Gas mass flow rate
Fuel mass flow rate
Calorific value of fuel

3600 rev/min.
12
17
5
0.85
0.90
0.98
290 kg/s
6 kg/s
40 000 kJ/kg

Assume that air enters at 100 kPa and 20°C and that the specific heats of air cp and
cv are respectively 1.005 kJ/kg°C and 0.718 kJ/kg°C and are assumed constant
throughout the cycle.

(a) Sketch a T-s diagram for the gas turbine and label key points by number.

(b) Calculate the following for the gas turbine:

• Temperatures at key points in the cycle (compressor and turbine inlets
and outlets)

• Thermodynamic cycle efficiency
• Electrical power output

(c) Explain, using the T-s diagram, how a deterioration in the compressor and
turbine efficiency would affect the following, assuming all other parameters
remain the same. Indicate on the sketch with an appropriate slope how
significant the effect would be.

• Turbine inlet and exhaust temperatures
• Electrical power output

[15 marks]
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QUESTION 2 HYDRO POWER PLANTS

PART I VAN DER KLOOF HYDRO POWER STATION

Refer to the Examination Paper Attachments Page 9 Van der Kloof Hydro Power
Station. This shows a cross-sectional drawing of the plant close to the main wall of
the dam. It has the following design parameters:

Reservoir water level
Turbine inlet elevation
Turbine outlet elevation
Tailrace water level
Penstock (inlet) diameter
Draft Tube (outlet) diameter
Turbine inlet pressure
Turbine outlet pressure
Water volume flow rate

Calculate the following:

1170.5 m
1091.5 m
1086.5 m
1094.7 m

7.0 m
5.0 m

700 kPa gauge
65 kPa gauge

200 m /s

(point 1)
(point 2)
(point 3)
(point 4)
(point 2)
(point 3)
(point 2)
(point 3)

(a) (i) The water velocity at the turbine inlet (point 2) and at the turbine outlet
(point 3).

(ii) The head loss in the intake pipe (penstock) (between point 1 and point 2)
and in the outlet pipe (draft tube) and tailrace (between point 3 and
point 4).

(5)

(b) (i) The potential power output of the whole plant based on elevation
difference (between point I and point 4) and flow.

(ii) The hydraulic power developed in the turbine based on inlet and outlet
conditions (between point 2 and point 3) assuming no losses within the
turbine.

(5)

( 10 marks )

This question is continued on the next page 
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Question 2 Continued

PART II MACTAQUAC EFFICIENCY

Hydro turbines of the Kaplan type are installed at Mactaquac on the Saint John River
in New Brunswick. In order to determine the efficiency of the Mactaquac turbines the
following hypothetical measurements are considered:

Turbine-Generator speed
Generator electrical output
Water flow rate
Inlet pipe diameter
Outlet pipe diameter
Inlet water pressure
Outlet water pressure

112.5 rev/min
110 MW
354 m3/s
6.4 m
7.0 m
226 kPa gauge
-4.5 m H20

The elevation of the outlet pressure measuring point is 5.0 m below that of the inlet
pressure measuring point.

Determine the efficiency of the turbine.
( 5 marks)

[ 15 marks
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QUESTION 3 STEAM PLANT TURBOMACHINERY

PART I TURBINE EXPANSION LINE

Refer to the Examination Paper Attachments Page 10 Mollier Diagram.

Dry saturated steam is supplied to the high pressure turbine in a nuclear plant at 6
MPa. Under part load conditions this is throttled by a control valve to 3 MPa before
entering the turbine. It then expands in the turbine to a pressure of 0.6 MPa before
reheating. The steam temperature after reheating is 255°C and it then expands in
the low pressure turbine to 0.004 MPa. Under these conditions the steam flow
through the high pressure turbine is 600 kg/s and through the low pressure turbine
500 kg/s. Assuming a turbine internal efficiency of 80% for both the high pressure
and low pressure turbines, plot the throttling and actual and ideal expansion
processes on the attached Mollier Diagram and determine the power output. Label
all points and determine the terminal conditions as defined below. Steam Tables
may be used to verify values or to obtain better accuracy.

(a) Plotting of processes on Mollier Diagram with key points identified and
determination of enthalpies at those points.

(5)

(b) Terminal conditions (temperature and moisture) of the steam at the following
points:

• inlet of the high pressure turbine
• exit of the high pressure turbine
• exit of the low pressure turbine.

(3)

(c) Power output of the whole turbine under the given conditions.
(2)

Write the answers in the examination booklet.

(10 marks)

PART II FEEDWATER PUMP EFFICIENCY

A large boiler feedwater pump receives feedwater at 2.5 MPa and delivers it at 20
MPa. The flow rate is approximately 250 kg/s but cannot be measured accurately.
Under test conditions the pressures were maintained as specified and the inlet and
outlet temperatures measured as 210.0°C and 214.3°C respectively. Calculate the
internal efficiency of the pump. Use Steam Tables.

(5 marks)

[15 marks]
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QUESTION 4 BELLEDUNE HEAT BALANCE DIAGRAM

Refer to the Examination Paper Attachments Page 11 Heat Balance Diagram for
Belledune Generating Station.

At the rated electrical output of 430 MW determine the following:

(a) Steam cycle efficiency based on boiler heat input and electrical output.
(3)

(b) Shaft power output of high pressure turbine.
(4)

(c) Steam power input to boiler feed water pump turbine based on steam
conditions.

(2)

(d) Shaft power input to boiler feedwater pump based on enthalpy rise (Ah) in the
pump.

(2)

(e) Hydraulic power output of the boiler feedwater pump based on pressure rise
in the pump (PD is Pump Discharge Pressure). The density of water at the
pump is 912 kg/m3.

(f) Feedwater pump efficiency.

(3)

(1)

{ 15 marks
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SECTION B DESCRIPTIVE QUESTIONS

Descriptive questions should be answered in essay form, with sketches if
appropriate, and taking approximately one full page for every 5 marks.
A full page means approximately 250 words unless diagrams take the place of
some words.

QUESTION 5 COAL FIRED BOILER

Refer to the Examination Paper Attachments Page 12 Coal Fired Boiler. Return
this page with your Examination Booklet.

(a) Identify on this diagram the following components:

• Furnace
• Boiler Drum
• Economiser
• Reheater
• Primary Superheater
• Secondary Superheater

(3)

(b) Clarify the type of combustion system used and explain how the fuel is
prepared and conveyed to the combustion space.

(4)

(c) Explain where and how the resultant ash is collected and in what form it is.
(3)

(d) Clarify which parts receive heat by radiation and which parts by convection.
(1)

(e) Explain the purpose of the economiser, reheater and superheaters and
explain why they are located in their respective locations.

(4)

[15 marks]
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QUESTION 6 SOLAR ENERGY

In this question more emphasis may be put on any part and the mark allocation will
be adjusted accordingly for a total of 15 marks (approximately 750 words in total for
the three parts).

(a) Describe the configuration and operation of either (one only) of the following
types of solar-thermal electrical generating systems.

• Central-receiver system with heliostats
• Distributed system with trough concentrators

Clarify in a sketch how the heat from the sun is concentrated and transferred
to the working fluid. Show also, in a flow diagram of the system, where heat
is received and rejected and where power is produced. Give an indication of
the overall efficiency of the whole system when receiving optimal solar
radiation.

(5)

(b) Describe the configuration of a typical photovoltaic electrical generating
system and explain the basic principles of energy conversion in solar cells.
Clarify how sufficiently high voltages and power for grid system requirements
can be obtained from such small cells. Give an indication of the overall
efficiency of the whole system when receiving optimal solar radiation.

(5)

(c) Compare the overall energy conversion efficiencies (solar energy to
electricity) of the two systems in (a) and (b) above and comment on any
advantages or disadvantages of one system over the other. Give the
anticipated maximum solar radiation intensity on the earth's surface in W/m2
and estimate, allowing for structural constraints and the sun's inclination, the
land area required fora large generating plant of 1000 MW electrical output.

(5)

[15 marks]
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QUESTION 3 MOLLIER DIAGRAM
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QUESTION 5 COAL FIRED BOILER
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NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

A Flow area, Surface area m2

cp Specific heat at constant pressure J/kg°C
cv Specific heat at constant volume J/kg°C
D Diameter m
E Energy J
g Gravitational acceleration m/s2

h Specific enthalpy J/kg
k Ratio of specific heats
L Length m
m Fractional mass flow rate
m Mass kg
M Mass flow rate kg/s
p Pressure Pa (N/m2)
q Heat transferred J/kg
Q Heat J
Q Volume flow rate m3/s
R Specific gas constant J/kg K
s Entropy J/kg K
T Temperature K
u Specific internal energy J/kg
U Overall heat transfer coefficient W/m2°C (J/sm2°C)
✓ Specific volume m3/kg
✓ Velocity m/s
w Specific work J/kg
W Work J
x Length m
z Elevation m
ri Efficiency
0 Nozzle angle .

0 Temperature difference between fluids °C
p Dynamic viscosity Ns/m2
✓ Kinematic viscosity m2/s
p Density kg/m3
T Thrust N
O Heat transfer rate J/s
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GENERAL CONSTANTS

Acceleration due to gravity: g = 9.81 m/s2
Atmospheric pressure: patm = 100 kPa
Density of water: n,water = 1000 kg/m3
Specific heat of water: cp = 4.190 kJ/kg°C
Specific heat of air: cp = 1.005 kJ/kg°C
Specific heat of air: cv = 0.718 kJ/kg °C
Specific heat of helium: cp = 5.193 kJ/kg°C
Specific heat of helium: c„ = 3.117 kJ/kg°C

THERMODYNAMICS REFERENCE EQUATIONS

Basic Thermodynamics

First Law: dE = 6Q - 6W
Enthalpy: h = u + pv
Continuity: pVA = constant
Flow Work: w = A(pv)
Energy Equation: zg + Vz/2 + u + pv + LXw + q = constant
Entropy: As = Z6q / T (reversible conditions)

Ideal Gas Relationships

Gas Law:
Specific Heat at Constant Pressure:
Specific Heat at Constant Volume:
Gas Constant:
Specific Heat Ratio:
lsentropic Relations:

pv = RI
cp = Ah I ZIT
cv = Au I AT
R = cp - cv
k = cpicv
p1ip2 = (v2/v1)k = (1i/12)mk-1)
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FLUID MECHANICS REFERENCE EQUATIONS

Fluid Mechanics

Continuity Equation:
Bernoulli's Equation:
Momentum Equation:

Steam Turbines

Nozzle Equation:
Work:

Gas Turbines

State Equation:
Isentropic Equation:
Enthalpy Change:
Nozzle Equation:

Jet Propulsion

Thrust:
Thrust:
Thrust Power:
Jet Power:
Propulsion Efficiency:

Wind Turbine

P1V1 Al = p2V2A2 = M
pi/pg + z1 + V12/2g = p2/pg + z2 + V22/2g
F = p1A1 - p2A2 - pVA(V2 - V1) (one dimensional)

h1 - h2 = (V22 -V12)/2
W RV 1 2absolute V22absolute) (V22relative V12relative)] / 2

pv = RT
(T2/1-1) = (P2/Pi) (k - 1)/k

h1 - h2 = Cp(Ti - T2) (ideal gas)
1.11 h2 = (V22 - V12) / 2

T 7-7 M(Vjet Vaircraft)
T = M(Vjet — Vin) (for stationary aircraft)
TVaircraft = M(Vjet - Vaircraft)Vaircraft
P = M(V 2 2jet Vaircraft) / 2
rip = 2Vaircraft/(Vjet Vaircraft)

Maximum Ideal Power: Pmax = 8 p AV13 / 27
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HEAT EXCHANGER REFERENCE EQUATIONS

Heat transferred between fluids

O = U A 0

Heat gained or lost by fluids

M Ah
= M cp AT

O=pQAT

NUCLEAR REFERENCE EQUATIONS

Number of nuclei per gram of material

N = NA M

Number of fissile nuclei per cm3 of material

Nf y (NA / M) p

Heat release rate in nuclear fuel

q* 431 Nf af Ef

Nomenclature

N = number of nuclei (number/g)
NA = Avogadro's Number
M = molecular weight

= fuel enrichment
p = density (g/cm3)
q* 

= heat release rate (J/cm3)
(i) = neutron flux (neutrons/cm2s)
Nf = number of fissile nuclei (number/cm3)
Qf = cross section (barn) (1 barn = 10-24 cm)

Ef = energy release per fission of one atom

Avogadro's Number

NA = 0.602 x 1024 atoms/mole
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