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NATIONAL EXAMINATIONS
May 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 question) from
Section A (Calculative) and one (1) question from Section B
{Descriptive).

Note that Question 1 is on two pages.

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

Alil 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 Sto 12. All
pages used are to be returned with the answer booklet showing where
data has heen obtained.

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

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

QUESTION 1 THERMAL POWER PLANT

Refer to the Examination Paper Attachments Matla Power Station on Page 9. The
table on this page is for orientation only. The dala given below must be used in the
calculations but the answers obtained may be compared with the data in the table.

Refer also to the Examination Paper Attachments Cooling Tower Evaporation
Loss on Page 10. Use this diagram for part (h) below.

A coal fired power plant similar to Matla is planned for a particular site. Some basic
parameters regarding resources and environmental impact are required before
proceeding with the detailed design and specifications. The following technical data
apply to the proposed site and to a typical farge coal fired plant:

600 MW (for each unit)
6 (for whole station)

Electrical generator output
Number of units

Steam cycle efficiency = 48%
Boiler efficiency. = 90%
Coal calorific value = 20 MJ/kg
Coal ash content = 25%
Coal carbon content = 60%
Main steam pressure = 17 MPa
Main steam temperature = 500°C
Feedwater pressure = 20 MPa
Feedwater temperature = 280°C
Reheat steam pressure = 3 MPa
Reheat steam temperature = 500°C
Reheat return pressure = 3 MPa
Reheat return temperature = 300°C
Cooling water temperature = 20°C
Cooling water temperaturerise = 12°C
Atmospheric temperature = 32°C
Atmospheric relative humidity = 20%

This question is continued on the next page
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Question 1 Continued

For full lpad conditions determine the following:

(a) (i) Rate of heat input to the steam cycle (kJ/s), (ii) rate of heat input by the
fuel (kd/s) and (iii) rate of heat rejection to the cooling water (kJ/s).

(2)
(b) Heat rate (heat required per unit of electricity} for the unit (kJ/kWh).
(1
{c) Coal consumption rate for each unit (kg/s) as well as for the whole plant
{Mg/h).
(1)
{d) (i} Ash production rate for each unit (kg/s) as well as (i) ash production
for the whole plant (Mg/h).
(1)
(e) Carbon dioxide emission rate for the whole plant {Mg/h).
(1)

U] Steam flow rate from each boiler to the turbine (kg/s) assuming that
the reheat steam flow is the same as the main steam flow.
(4)

(9) (i) Cooling water flow rate for each unit (m/s) as well as (i) cooling
water flow rate for each of two 50% pumps on the unit {m*/s).
(1)

(h) (i) Make-up water required (evaperative loss) for the cooling tower
of each unit (m*Mh) as well (i) make-up water required as for the

whole plant (m*/h).
2)

If the power plant operates as a base load plant with an annual operating capacity
factor of 75% determine the following yearly requirements for a six unit station,

() (i} Annual electricity preduction (GWh)
(i) Annual coal feed requirements (Mg/year (tonnes/annumy))
(i) Annual ash disposal requirements (Mg/year {fonnes/annumy))
(iv) Annual cooling water make-up requirements (m*/year)
{v) Annual carbon dioxide emissions (Mg/year (tonnes/annum))

(2)
[ 15 marks ]
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QUESTION 2 COMBINED CYCLE PLANT
Refer to the Examination Paper Attachments Page 11 Combined Cycle Plant

In a combined cycle power plant based on a Brayton and a Rankine Cycle, as shown
in the attached sketch on Page 11, the gas turbine exhaust heat is used to generate
steam. The gas turbine cycle is an open cycle while the steam turbine cycle is a
closed cycle with one stage of feedwater heating operating on the direct contact
principle with steam bied from the turbine. The gas cycle has an air compressor, a
combustion chamber, a gas turbine and a heat recovery steam generator. The
steam cycle has, besides the heat recovery steam generator, a steam turbine, a
steam condenser, a condensate pump, a direct contact heat exchanger and a
feedwater pump. The combined cycle is illustrated on Page 11 with appropriate
conditions given at various points.

Assume a cold air standard cycle (constant specific heats with k = 1.4). For a gas
mass flow of 100 kg/s calculate the following:

(a) Rate of heat input to combustion chamber. {1)
(b) Mass flow rate of main steam. (1)
{c) Mass flow rate of bled steam. (1)
(d)  Power (net} generated by gas turbine. (2)
(e) Power generated by steam turbine, (2)
() Efficiency of air compressor. (2)
(g) Efficiency of gas turbine. (2)
(h)  Efficiency {internal} of steam turbine. (2)
(i) Work done by pumps (1}

)} Overall efficiency of plant assuming that the power for the condensate and
feedwater pumps is taken from the steam turbine output,
(1)

{ 15 marks ]
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QUESTION 3 BELLEDUNE HEAT BALANCE DIAGRAM

-Refer to the Examination Paper Attachments Page 12 Heat Balance Diagram for
Belledune Generating Station.

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

c)

(b)

{©)

(d)

(e)

(f)

Steam cycle efficiency based on boiler heat input and electrical output.

(3)

Shaft power output of high pressure turbine.

(4)

Steam power input to boiler feed water pump turbine based on steam
conditions.
(2}

Shaft power input to boiler feedwater pump based on enthaipy rise (Ah) in the
pump.
(2)

Hydrautic power output of the boiler feedwater pump based on pressure rise
(Pp is Deaerator Pressure) in the pump. The density of water at the pump is
912 kg/m®.

(3)

Feedwater pump efficiency.

(1)
[ 15 marks]
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A typical Pressurised Water Reactor has the foliowing core characteristics:

Number of Fuel Assemblies in Reactor

Number of Fuel Rods per Assembly
Fuel Rod Outside Diameter

Fuel Rod Cladding Thickness

Fuel Pellet Diameter

Fuel Rod Lattice Pitch

Fuel Rod Effective Length
Equivalent Reactor Core Diameter
Uranium Dioxide Density

Reactor Coolant Inlet Temperature
Reactor Coolant Qutlet Temperature

Coolant Flow Rate through Reactor Core

Coolant Pressure

Average U-235 Enrichment

Effective U-235 Fission Cross Section
Average Neutron Flux

Energy per Fission

167

264 (17 x 17 array)
9.5 mm

0.57 mm

8.19 mm

126 mm

3.658m

3.040 m

10 400 kg/m®

286°C

325°C

12 600 kg/s

15.5 MPa

28%

380 bams

4.5 x 10*° neutron/cm®s
32pd

Determine the following assuming uniform conditions throughout the reactor core.

(@)  Mass of fuel (uranium dioxide) in reactor (kg) (2)
(b)  Total heat release rate in fuel (MW) {6)
{c) Average fuel power density (UQ,) (kW/kg) (1)
(d)  Average core power density (MW/m®) (1)
(e)  Average fuel rod heat flux (KW/m?) (2)
(f) Thermal power output based on coolant flow rate (MW) (3)

The molecular mass of the fuel may be determined from the atomic mass numbers

of the dominant isctopes of uranium dioxide.

Note: 1barn = 102 m?

[15 marks]
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SECTION B DESCRIPTIVE SECTION

Descriptive questions should be answered in essay form with sketfches, if
appropriate, and taking approximately one full page for every 5 martks.,

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 overalf
comprehensive answer is given as required by the above.

QUESTION 5 BOILER AND REACTOR PRINCIPLES

PART | PULVERISED COAL FIRING

(a) Describe, with the aid of a diagram, the coal firing process of a large
pulverised fuel fired boiler. The sketch should include the coal hopper, coal
feeder, coal pulveriser, primary air fan, windbox and burners. The flows of
coal and air must he shown clearly.

(b)  Explain the process making reference to the coal size and how it is classified
(graded) as well as air temperature and how it is controlled. Give reasons for
these requirements. Clarify how and why the air-fuel ratio is different at the
pulveriser and at the burner.

{ 8 marks )
PART Il NUCLEAR REACTOR COMPONENTS

{a) Describe, with the aid of a sketch, the configuration of a typical nuclear
thermal fission reactor. The sketch must show the fuel, moderator, coolant
and confrol rods in the proper alignment so as fo clarify their relationship with
one another in the fission process.

(b}  Explain the fission process making reference to the need for the four
components listed above. Clarify in particular the nuclear cycle from one
fission to the next and how the fission heat is removed effectively.

( 7 marks )

[ 15 marks ]



07-Mec-B3 May 2013 Page 8 of 16

QUESTION 6 ENVIRONMENTAL IMPACT

Compare the environmental impact of large scale electric power generation from
each of the following {(all three) sources of energy:

~ Coal (fossil fuel combustion}
~ Nuclear (nuclear fissien)
~ Hydro {(renewable energy)

(a) For each explain the physical impact or disruption of the environment to build
the plant and to supply the energy required. Suggest ways of alleviating the

problems.
( 3 marks )

(b)  For each explain what detrimental effiuents are produced during operation
and by what mechanism and to what degree they can be minimised.

{5 marks )

() Far each explain what solid waste products are produced and how these
products may be disposed of in a way that will not be detrimental to the
environment.

{ 5 marks )

(d)  Given the evidence presented in your answers to the above, rank the three
sources of energy in order of importance (installed MW) currently and their
likely order of importance (installed MW) in the future (say 50 years time).
Give reasons for the ranking.

(2 marks )

[15 marks]
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EXAMINATION PAPER ATTACHMENTS

Technical data for 6 x 600 MW Coal Fired Power Plant

Technical data

Genaerating ¢apacity 3 600 MW
Emplryyces 1300
Oporating 3 shifts of 80 1n 24 hours
Fugl
Mining company Goneral Mining and
Finance Corp. (8A.)
Calorlic valua batwaen 15,8 and 20,6 Mg
Ash contant betweon 17,5% and 33%
Tolel snniial Sroduction 9,5 million tons
Coal stalthe capacity
no. 1 119000 tons
na, 2 55000 tons
Boller bunksr capacity 25 800 tona
"Coal consumed at full load 1 500 tons per hour
Imﬁ plam
Marfacturer B.E.C.
Typo 12 9 vertical spincke ball mills
with 11 x 970 mm balls
Numbar 8 per boller (36)
-Spead 25¢.p.m.
Rated output 20,9 ky/e
Bollars
Mamracturor B.E.C.
Number [
Maximum continucus rating 453.4 kp/sec.
~“Final stsam Prossiine 18,97 MPa (abis)
Final sleam lompersiure 540°C
Mo, of buthers 48
Height 65m
Width 2m
Depth 13,7 m
Fumace Rame lemperature approximately 1 $00°C
Staam drum
Manufachurer
SBots 1-3 Vacor
Sots 46 Babcock & Wiikcox
Fanfraw (U.K.j
Langth 25.0m
Internal diameter 221m
Turbines
Manulacturer M.AN. {Germany)
Type 4 cylindar tandem Impuise
Aating €00 MW
Speed 3000 r.p.m.
Heat consumption (MCR) £330.8 k&/kW.h

Gonerator
~Manafacturer Alsthom (France!
Fated capacity 667 MVA
Terminal voliage 20KV, 50Hz
Power {actor 0.9lagging
Cooling madium hydrogen at 500 kPa
Generator-transformar
Sutg1and 2
Manufactyrer Toshlba Mitwud {(Japan)
Rated capacity TOOMVA
Terminal voltage: primary 20y
secondary 420kV
Stz 35
Manufacturars ASEA{S.A)
___Rated capacily 700 MVA
Toerninal voltage: primary 20kV
secondary A0 KY
Cooling towers
Number 6
__Type | hyparbolic hatural draughl
COvorall dimenslons;
Sals 1-3
helght 143 m
pend diameter 102m
throat 548m
Sets4-6
height 128m
pond dlamater M.5m
throat 488m
Evaporation al 800 MW 1250 m¥%h
Circulating wate? pumps
_ Manulacturer Salwair
Number 12
Capacity 5,48 mifsoe. each
Crimneys
Number 2
Na. 1 {single-flus)
height 213m
o diameter 1am
base diameter 25m
No. 2 (multi-flua)
height 275m
top dlameter 18.5m
base diameter 22m
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EXAMINATION PAPER ATTACHMENTS

QUESTION 1 COOLING TOWER EVAPORATION LOSS

HUMIDITY
35 00%

8

i

N
[

e
n

"

ATMOSPHERIC WET BULB TEMPERATURESC

Lh

0 5 10 15 20 25 30 35
ATMOSPHERIC DRY BULB TEMPERATURE, °C

EVAPORATIVE LOSS IN m*/GJ REJECTED

FiG. 7.138 Evaporative loss from natural dranght
cooling towers
The chart is used to estimate the evaporative loss in
m3/G]J of heat rejected.




07-MEC-B3

QUESTION 2 COMBINED CYCLE PLANT

SYSTEM DIAGRAM

SYSTEM PARAMETERS

Point Pressure
(MPa)

1 0.1

28 1.2

2 1.2

3 1.2

48 0.1

4 0.1

5 0.1

6 0.005

7 0.4

8 0.4

9 50

10 5.0

118 0.4

11 0.4

1288 0.005

128 0.005

12 0.005
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Temperature
(°C)
30

344

422
1000
353
418
159
33
33
144
144
400
144
144
33
33
33

Note that s represents isentropic conditions.

M-m

Enthalpy
(kJ/kg)

136
136
605
610
3196
2634
2719

2025
2201
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Flow area, Surface area
Specific heat at constant pressure
Specific heat at constant volume
Diameter

Energy

Gravitational acceleration
Specific enthalpy

Ratio of specific heats
Length

Fractional mass flow rate
Mass flow rate

Pressure

Heat transferred

Heat

Specific gas constant
Entropy

Temperature

Specific internal energy
Specific volume

Velocity

Specific work

Work

Length

Elevation

Efficiency

Nozzle angle

Dynamic viscosity
Kinematic viscosity
Density

Thrust

Heat transfer rate

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

m2

Jikg°C
J/kgeC
m

J

mis?
Jikg

m

kg/s
Pa(N/m?)
Jikg

J

Jikg K
Jikg K
K

J/kg
m’kg
m/s
Jikg

J

m

m

Ns/m?
m?/s
kg/m®
N

J/s
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GENERAL CONSTANTS

Acceleration due to gravity: g = 9.81 m/s®

Atmospheric pressure: pam = 100 kPa

Density of water: pwater = 1000 kg/m®

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

Specific heat of air: ¢, = 1.005 kJ/kg°C
Specific heat of air: ¢, = 0.718 kJ/kg°C
Specific heat of helium: ¢, = 5.193 kd/kg°C

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

THERMODYNAMICS REFERENCE EQUATIONS

Basic Thermodynamics

First Law:
Enthalpy:
Continuity:
Flow Work:
Energy Equation:
Entropy:

ldeal Gas Relationships

Gas Law:

Specific Heat at Constant Pressure:

Specific Heat at Constant Volume:

Gas Constant:
Specific Heat Ratio:

Isentropic Relations:

dE = 06Q - dW
h=u+pv

pVA = constant
w = A(pv)

zg + V2 + u + pv + Aw + Aq = constant

As = 38q/ T (reversibe conditions)

pv=RT
Cp = Ah /AT
Cv = Au/ AT
R=¢y -y
K=¢y/oy

1/ P2 = (vo / v) = (T ] %"
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FLUID MECHANICS REFERENCE EQUATIONS

Fluid Mechanics

Continuity Equation:

Bernoulii's Equation:

Momentum Equation:

Steam Turbines
Nozzle Equation:
Work:

Gas Turbines
State Equation:
isentropic Equation:
Enthalpy Change:
Nozzie Equation:
Jet Propulsion
Thrust:

Thrust Power:

Jet Power:

Propulsion Efficiency:

Wind Turbine

Maximum ldeal Power:

P1ViA1 = pVoAz = M
pilpg + Z1 + V1229 = paolpg + 22 + V2212g

F = piAq - p2Aa - pVA(V2 - V4) (one dimensional)

hi-ha= (Vo2 - V%) 12

W = [(Viabsoiute - VaZabsolute) + (V2 retative ~ Viretatve)] / 2

pv=RT
(T2/T1) = (pafpy) & V¥
hy1 - hz = ¢p(Tq - T2) {ideal gas)

hy-hy=(V2-ViH) 12

T= I\-"1(\4"'jel = Vaircraﬂ)
TVaircrat = M{Viet - Vairceatt) Vaircratt
P = M(Vjef’ - Vaicran’) / 2

Np = 2Vaircratt! (Vjet + Vaireratt)

Pmax =8 ¢] AV'[B {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 =7 (Na/M)p
Heat release rate in nuclear fuel
q* = ¢ Nro; E¢

Nomenclature

N = number of nuciei (number/g)

Na = Avogadro's Number

M = molecular weight

y = fuel enrichment

p = density (glcm?)

q* = heatrelease rate (J/icm®)

¢ = neutron flux (neutrons/cm?s)

Ny = number of fissile nuclei (number/cm®)

o = cross section (barn) (1 barn = 10 cm?
Er = energy release per fission of one atom

Avogadro's Number

Na = 0.602 x 10%* atoms/mole
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