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NATIONAL EXAMINATIONS
December 2013
07-MEC-B3 ENERGY CONVERSION AND POWER GENERATION

Three hours duration

10.

Notes to Candidates

This is a Closed Book examination.

Examination paper consists of two Sections. Section A is Calculative with
four (4) questions and Section B is Descriptive with two (2) questions.
Descriptive questions must be comprehensively answered (in approximately 3

pages).

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

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

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

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.

Candidates may use one of the approved Casio or Sharp calculators.
Reference data for particular questions are given on pages 8 to 11. All
pages used are to be returned with the answer booklet showing where
data has been obtained.

Reference formulae and constants are given on pages 12 to 15.

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

QUESTION 1 PLANT ENERGY BALANCES
PART | COMBINED CYCLE CONFIGURATION

Sketch a flow diagram for a simple combined cycle plant consisting of gas and steam
turbines and a heat recovery boiler. Show all components including the combustion
chamber, condenser, feedwater pump and electrical generators. If the gas turbine
and steam turbine cycle efficiencies are both 30% and the heat recovery boiler
efficiency is 90%, determine the following for a total electrical output of 250 MW:

(&) Combined efficiency of plant
(b) Gas turbine capacity
(c) Steam turbine capacity

Show on the sketch: (i) the magnitudes of the heat flow rates (MJ/s) at key points, (i)
power outputs (MW) of the respective cycles and (jii) output of the plant as a whole.

(9 marks)

PART Il CARBON DIOXIDE EMISSIONS

In the context of reducing carbon dioxide emissions, consider the replacement of a
coal fired power plant by a natural gas fired combined cycle (gas-steam) power
plant. If coal is assumed to be primarily pure carbon and natural gas primarily
methane, determine the amount of carbon dioxide produced (as a percentage of that
produced when burning coal) when burning natural gas to produce the same amount
of electricity. Use the following data:

Fuel Formula Higher Heating Value Lower Heating Value
(kJ/kg) (kJ/kg)

Carbon Cc 32 800 32 800

Methane CHy4 55 530 50 050

Coal fired plant thermal efficiency = 40%
Combined cycle plant thermal efficiency = 50%

Comment on the validity of the assumption that coal is primarily carbon and that
natural gas is primarily methane. If this assumption is not valid, indicate how the
answer would be affected.

(6 marks)

[15 marks]
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~ QUESTION 2 POWER PLANT EFFICIENCY AND HEAT DISCHARGE
PART | POWER PLANT EFFICIENCY

Refer to the Examination Paper Attachments Page 8 Heat Balance Diagram for a
Fossil Fired Power Plant.

Using this diagram determine the following:

(a) Steam Cycle Efficiency (electrical output / thermal input)
(b)  Power Output of High Pressure Turbine (calculated from steam properties)
(c) Power Input to Boiler Feedwater Pump (calculated from steam properties)

(9 marks)

PART Il HEAT DISCHARGE

Thermal power plants operating on a Rankine Cycle reject considerable quantities of
heat to a cooling system via a condenser. If the cooling medium is water in an open
loop with the environment, it can cause significant thermal poliution of a river or lake
at the point of discharge. Consider (i) a CANDU Nuclear Plant, and (ii) a Coal Fired
Fossil Plant each of 1000 MW electrical output.

(a) Determine the total rate of heat discharge in the cooling water for each.
(b) Find the total rate of heat loss to the atmosphere for each.

Assume that the reactor is water cooled and the electrical equipment air cooled. Use
the data given below for efficiencies: :

CANDU Nuclear Plant steam cycle efficiency 0.33
Coal Fired-Fossil Plant steam cycle efficiency 0.41
CANDU Nuclear Plant reactor thermal efficiency 0.99
Coal Fired Fossil Plant boiler thermal efficiency 0.94
Electrical efficiency for both plants 0.96

Note: Boiler and reactor thermal efficiency is defined as heat output via steam or
coolant over heat input from fuel.

(6 marks)

[15 marks]
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QUESTION 3 STEAM PLANT TURBOMACHINERY
PART I TURBINE EXPANSION LINE
Refer to the Examination Paper Attachments Page 9 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.
®)

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

e inlet of the high pressure turbine
» exit of the high pressure turbine
» exit of the low pressure turbine.

3

© Power output of the whole turbine under the given conditions.

2)
Write the answers in the examination booklet.

(10 marks)

PART Il 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 AIRCRAFT GAS TURBINE ENGINE

An aircratft fitted with turbojet engines operates under the following conditions:

Flight Speed 1000 km/hr
Flight Altitude 9000 m
Ambient Air Pressure 30 kPa
Ambient Air Temperature -23°C

The turbojet engines each consist of an inlet diffuser to reduce the inlet air velocity, a
compresser, a combustion chamber, a turbine and an exhaust nozzle to expand the
exhaust gases. The technical parameters are as follows:

Compressor inlet air velocity 100 m/s
Compressor pressure ratio 20
Maximum cycle temperature 1177°C
Diffuser inlet area 1 m?
Nozzle outlet area 1 m?

Assume that compression in the inlet diffuser and in the compressor as well as
expansion in the turbine and in the exhaust nozzle are isentropic. Assume also that
there is no pressure drop across the combustion chamber and no mechanical friction
losses in the shaft. Expansion of the exhaust gases is down to ambient pressure.
Assume a cold air standard cycle (k = 1.4).

Calculate the following and sketch the process on a temperature-entropy diagram
referencing all points to the calculated values.

(@  Temperature and pressure at compressor inlet. 2
(b)  Temperature and pressure at compressor outlet. : (2)
(c) Temperature and pressure at turbine exhaust. 2
(d) Temperature at nozzle outlet. (1)
() Mass flow rate through engine (2)
) Thrust developed by engine @)
()  Thermal efficiency (2)
(h)  Propulsion efficiency 2

[15 marks]



07-Mec-B3 December 2013 Page 6 of 15

SECTION B DESCRIPTIVE SECTION

Descriptive questions [Question 5 (b) and Question 6 (a), (b), (c) ] 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.

While each part of each question specifies several aspects, more emphasis
may be put on one or more aspects and less on others provided an overall
comprehensive answer is given as required by the above.

QUESTION 5 BRAYTON CYCLE MODIFICATIONS

Refer to the Examination Paper Attachments Pages 12 and 13 Brayton Cycle
Modifications.

Part (a) must be done on the attachments which must be returned with the
examination booklet.

(@) For each of the following modifications to the basic cycle sketch, on a T-s
diagram, the basic cycle and the modified cycle.

0] increased pressure ratio
(i) regenerative heating

(i)  compressor intercooling
(iv)  turbine reheating

(v) exhaust afterburning

In each case assume that the turbine inlet temperature is at its limiting (maximum)
value (before and after the modification) and that the atmospheric air inlet
temperature is constant.

(10 marks)

(b) State with reasons what the advantages and disadvantages are of each
modified cycle and how the efficiency and power output is likely to be
affected. Where appropriate give examples of practical applications of the
cycles to support the choice of particular modifications

(5 marks)

[15 marks]
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QUESTION 6 SOLAR ENERGY

(@)

(b)

(©)

Explain the principles of solar energy with regard to intensity, incidence,
duration and efficiency. Give an estimate of the amount of power that can be
generated from a given sized array and how this is likely to vary on a daily
and annual basis. Hence discuss the advantages and disadvantages of solar
power for large scale generation.

(5 marks)

Sketch a practical solar power installation for the generation of electricity from
solar heat via a steam cycle. Explain the relevance of all main components
and describe how they operate. Estimate the overall efficiency of the
installation and explain where the main energy losses occur.

(5 marks)

Describe with the aid of sketches a typical photovoltaic solar installation.
Explain how solar radiation is converted into electricity and how a sufficiently
high voltage can be obtained for electrical power transmission. Estimate the
overall efficiency of the installation and explain where the main energy losses
occur.

(5 marks)

[15 marks]
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QUESTION 2 HEAT BALANCE DIAGRAM
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Fig. 7 Reheat regenerative cycle, 600-MW subcritical-pressure fossil power plant (Sl-metric units)



07-Mec-B3 December 2013 Page 9 of 15

NAME ......ccoocanenennne

QUESTION 3 MOLLIER DIAGRAM

: i : : @ : i f
e N T N N T TR G LR R oz
o Tl ] B IO IS T NSNS NN NN PR NEALENININ ¢ I
_______ g (IR T L NS NN NN N s 1l 2
_n i!wﬂi/””””,.,u?,//,wu/ JIMUM/“ M M/;/// 1/// /i/ /L/ // J%/ /.“ f,v %% 47 WH“M mm nP.u [
¢ R g LSS IS RO 5 NN iy 83 s%
S T IR S R RS \ AR NN YN T T8 118 Iz 2
L) T N ,u.uf ./,/,“,,//m, L ///,/ LD NSIRHNINGN \ N AZ,M‘/NK«//\% / m; :lm mEmw Wm
o R R R R U NGO WA R s G 3E £ 8
PRt b N RN NN TN R ) SOOIV 2 11 2 o2 W d
e TR I BN U o LENRIE NN RN T KE T 58+
L IR N TR PN R N NI S O ANIN | 3
| SUNRAR U] IS RNISU AR N ARECHRAR N UANNETRANIN Y NETNMY %w//m WSS ENIE N
o Tﬁ t .W/ “).w/ mJ_./,ﬂ ,M// ~ ////1/1// ,/I/ M. @ /4..0,,1 /01 * I */VA%,/; VM/_ /\/.. 7/\/.
R N S N N TR T R N R R N ORISR CN
R R N T N N T N R TR N R R R N Y XS
o R R R T A s 3 T R R R A RN KN T 2
T N N N N R R T R R R 2
NIRRT N AR A AT A R A T A S SN SO N SAYAN
RS AR AN R RN AN RN S LU AR AN RSN EAEAY zxfﬁééﬁéﬁ NVNA
EANNCRIVAVITR AR AR A MG AR VOSSO TRV ST N N RAYAN
ANV AL AN R AN GG R NN S A N Y A O
T T T N A N O R R Y R
BAVEN AN T R A T T VST R R SN SR NN RN S Y
R T A R R T R DD N S O ORIV X
L R e R
SRR ATAR AR VAT AT ANTAR R AN , ORI/ &
R R R A R T R A
A T N RS R @% ,@% TS
AU R A S e ORI R ¥
N R R R R R RO R K
N R
R L NRRN Q X A N W\
RN A R R RSO
A R A R R R R R R
T N R A R R R R R SRR R
e 8 B % %8 § % % § § 8 2 § § B ‘8 B % & & f§ § 8 8 ¢@

B3] Adpeqiue oyoads

85 9.0

8.0
Produced by 1. Aartun, NTNL 2001. Based on the program Allprops,

Center for Applied Thetmodynamic Studies, Univarsity of ldaho.

3

7.0 i
Specific entropy [kJkg K]

8.5

&0

85



07-Mec-B3 December 2013 Page 10 of 15

EXAMINATION PAPER ATTACHMENTS
07-Mec-B3 Dec 2013

QUESTION 5 BRAYTON CYCLE MODIFICATIONS

(@) On each T-s diagram sketch
a basic Brayton Cycle and
show how it is modified in
each case
(with fixed compressor and
turbine inlet temperatures).

(i) Increased Pressure Ratio

(i) Regenerative Heating (iii) Compressor Intercooling
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EXAMINATION PAPER ATTACHMENTS

07-Mec-B3 Dec 2013 NAME ...

QUESTION 5 CONTINUED

(iv) Turbine Reheating (v) Exhaust Afterburning




PV <CTETDINXSIC<cHO JOOT ZTIrxS@ moo o »

07-Mec-B3 December 2013 Page 12 of 15

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

2

Flow area, Surface area m
Specific heat at constant pressure J/kg°C
Specific heat at constant volume J/kg°C
Diameter m
Energy J
Gravitational acceleration m/s?
Specific enthalpy J/kg
Ratio of specific heats

Length m
Fractional mass flow rate

Mass flow rate kg/s
Pressure Pa(N/m?)
Heat transferred J/kg
Heat J
Specific gas constant Jikg K
Entropy J/kg K
Temperature K
Specific internal energy J/kg
Specific volume m°3/kg
Velocity m/s
Specific work J/kg
Work J
Length m
Elevation m
Efficiency

Nozzle angle

Dynamic viscosity Ns/m?
Kinematic viscosity m?/s
Density kg/m?®
Thrust N
Heat transfer rate Jis
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GENERAL CONSTANTS
Acceleration due to gravity: g = 9.81 m/s®>  Specific heat of air: cp = 1.005 kJ/kg°C
Atmospheric pressure: pam = 100 kPa Specific heat of air: ¢, = 0.718 kJ/kg°C
Density of water: puwater = 1000 kg/m® Specific heat of helium: ¢, = 5.193 kJ/kg°C

Specific heat of water: ¢, = 4.190 kJ/kg°C  Specific heat of helium: ¢, = 3.117 kd/kg°C

THERMODYNAMICS REFERENCE EQUATIONS

Basic Thermodynamics

First Law: dE =08Q - dW

Enthalpy: h=u+pv

Continuity: pVA = constant

Flow Work: w = A(pv)

Energy Equation: - | zg + V22 +u + pv + Aw + Aq = constant
Entropy: ' As = 38q /T (reversible conditions)

Ideal Gas Relationships
Gas Law: pv=RT

Specific Heat at Constant Pressure: cp =Ah/AT

Specific Heat at Constant Volume: cv=Au/AT
Gas Constant: R=cp-cy
Specific Heat Ratio: k=cp/cy

Isentropic Relations: p1/p2=(va/ v1)k = (T /Tz)kl(k-1)
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FLUID MECHANICS REFERENCE EQUATIONS

Fluid Mechanics

Continuity Equation: pP1ViAq = paVoAr = M
Bernoulli’'s Equation: pilpg + z1 + V%129 = palpg + z5 + V%29
Momentum Equation: F = p1A1 - p2A2 - pVA(V2 - V) (one dimensional)

Steam Turbines
Nozzle Equation: hi-hy= (Vo2-VH) 12
Work: w = [(V12absolute - V22absolute) + (V22relative - V12re|ative)] 12

Gas Turbines

State Equation: pv =RT

Isentropic Equation: | (T2/T1) = (pafpy) & VK
Enthalpy Change: hi - ha = ¢p(T1 - To) (ideal gas)
Nozzle Equation: hi - hy = (Va2 - V%) 12

Jet Propulsion

Thrust: T = M(Vjet - Vaircratt)

Thrust Power: * WVaircratt = M(Viet - Vaircratt) Vaircrat
Jet Power: P = M(Viet’* - Vaircratt’) 1 2
Propulsion Efficiency: Ne = 2Vaircratt! (Viet + Vaircratt)
Wind Turbine

Maximum Ideal Power: Prmax =8 p AV3/ 27
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NUCLEAR REFERENCE EQUATIONS
Number of nuclei per gram of material
N=Na/M
Number of fissile nuclei per cm® of material
Ni=7v(Na/M)p

Heat release rate in nuclear fuel

q* = ¢ N¢ ot Ef
Nomenclature
N = number of nuclei (number/g)
Na = Avogadro's Number
M = molecular weight
y = fuel enrichment
p = density (g/cm®)
q* = heat release rate (J/cm®)
¢ = neutron flux (neutrons/cm?s)
N = number of fissile nuclei (number/cm?®)
of = cross section (barn) (1 barn = 10 cm?)
Er = energy release per fission of one atom

Avogadro's Number

Non = 0.602 x 10%* atoms/mole
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