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NATIONAL EXAMINATIONS
May 2015
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.

Note that Question 4 is on two pages.

Do three (3) questions (including all parts of each question) 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 9 to 12. 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 13 to 16.

Steam Tables from "Thermodynamics and Heat Power" are provided.
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SECTION A CALCULATIVE QUESTIONS
QUESTION 1 COMBINED CYCLE PLANT
Refer to the Examination Paper Attachments Page 9 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 9, 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 bled 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 9 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. (D
(b) Mass flow rate of main steam. @)
(c) Mass flow rate of bled steam. @)
(d) Power (net) generated by gas turbine. (2)
(e) Power generated by steam turbine. (2)
4] Efficiency of air compressor. (2)
(g)  Efficiency of gas turbine. (2)
(h) Efficiency (internal) of steam turbine. 2)
0 Work done by pumps @)

)] 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 2 LOCOMOTIVE GAS TURBINE CYCLE

A gas turbine to drive a locomotive has the following technical specifications:

Combustion chamber pressure 600 kPa
Inlet air pressure 100 kPa
Inlet air temperature 20 °C
Exhaust gas pressure 100 kPa

Air mass flow rate 12 kg/s

Fuel mass flow rate 0.25 kg/s
Fuel calorific value 40 000 kJ/kg

Assume an ideal Brayton cycle with no losses in the compressor or turbine and
constant specific heats based on air only. Neglect the mass increase due to the fuel
flow.

(a) Calculate the temperatures at all key points in the cycle.
3
(b) Sketch the process on a T-s diagram showing temperatures and pressures.

M
)
)
To recover some of the heat from the exhaust gases, this cycle is modified to include

a heat exchanger to transfer heat to the air leaving the compressor but before
entering the combustion chamber.

(¢) Calculate the power output from the unit.

(d)  Calculate the thermodynamic efficiency of the cycle.

(a)  Sketch a flow diagram for this modified system.

(1)
(1)
(©) Calculate the amount of fuel required by this new arrangement to maintain the
same turbine inlet temperature as with the original arrangement.
)
(M
(1

4] State what advantages, if any, the new arrangement has over the original
arrangement.
(1)

[15 marks]

(b)  Sketch the new flow processes on a T-s diagram.

(d) Determine the power output from the unit.

(e)  Calculate the thermal efficiency of the cycle.
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QUESTION 3 NANTICOKE GENERATING STATION

Refer to Examination Paper Attachments Page 10 Nanticoke Generating Station
(for Part 1) and Page 11 Mollier Chart (with pressure in bar) (for Part [ and Part Il).

PART | CYCLE AND PLANT EFFICIENCY
Using the data for Nanticoke do the following:

(@)  Sketch a flow diagram of the system and identify by numbering the key points
at which the enthalpies will be determined. Sketch a T-s diagram showing
the components or processes and identify by numbering the same key points.

2
(b)  Calculate the enthalpy of the water entering the boiler and the superheated
steam leaving the boiler.
2)
(¢)  Calculate the enthalpy of the reheated steam entering and leaving the boiler.
2)

(d)  Calculate the thermal efficiency of the boiler defined as heat absorbed by the
steam over heat input by the fuel.

(1)

(e) Calculate the cycle efficiency of the steam system defined as electrical output
of the generator over heat absorbed by the steam.

(1)

® Calculate the overall efficiency of the plant defined as electrical output of the
generator over heat input by the fuel.

(M

(9)  Explain why the efficiencies in (e) and (f) are different.

M
(10 marks )

PART Il STEAM TURBINE EFFICIENCY

Assuming that, at Nanticoke, the turbine exhaust pressure is 0.005 MPa (0.05 bar)
and the turbine exhaust wetness is 5%, do the following noting that 1 bar = 100 kPa:

(a) Plot the turbine expansion lines for both low pressure and high pressure
turbines on the Mollier Chart.

(b) Determine, from the Mollier Chart, the internal efficiency of both the low
pressure and high prsssure turbines.

(5 marks )

[ 15 marks ]
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QUESTION 4 POWER PLANT HEAT DISCHARGE AND COOLING TOWERS

PART | HEAT DISCHARGE

Thermal power plants operating on a Rankine Cycle reject considerable quantities of
heat to a cooling system via a condenser. [f the cooling medium is water in an open
loop with the environment it can cause significant thermal pollution 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.

€)) 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)

Assume that the temperature rise of the cooling water is limited to 10°C for the two
plants (i) and (ii) above.

(c) Determine the flow rate (m®/s) of cooling water required for each.

(d) Determine the quantity of cooling water required per unit generated (m*/kWhr)
for each. '

Specific heat of water: ¢, = 4.19 kd/kg°C
(3 marks)

Question 4 continued on next page
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Question 4 continued.
PART Il COOLING TOWER

Refer to the Examination Paper Attachments Page 12 Cooling Tower Evaporative
Loss.

A coal fired power plant with an electrical output of 600 MW rejects 1500 MJ/s of
heat to the atmosphere via a steam condenser and a wet natural draught cooling
tower. Operating conditions are as follows:

Steam inlet (turbine exhaust) temperature 30°C
Cooling water inlet temperature 16°C
Cooling water outlet temperature 25°C
Ambient air temperature 30°C.
Relative air humidity 40%

Determine the following:

(a)  Flow rate of cooling water (m%/s)

(b) Evaporative loss in cooling tower (M*GJ)
© Evaporative loss in cooling tower (m%/s)
(d)  Percentage loss of cooling water (%)

’

(e) Consumption of water by cooling tower (L/kWh generated) (litres/unit
generated)

(6 marks)

[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 FUEL CHARACTERISTICS
PART | FOSSIL FUEL

(a) State what is meant by heating value and clarify the difference between
higher heating value and lower heating value. State which one is commonly

used.

(b)  Compare and state the characteristics (constituents and heating value) of
coals of different grade or rank. Indicate how and why these characteristics
change according to the degree of transformation from vegetal matter to coal.

(c)  With regard to coal, state what constitutes a Proximate Analysis and what
constitutes an Ultimate Analysis. Clarify the usefulness of each.

(9 marks)

PART I NUCLEAR FUEL
For a nuclear reactor of your choice:

(a) Describe the nuclear fission process. Clarify what fuel is used, how fission is
initiated and what components are produced. State the basic requirements

for a nuclear fuel and describe its properties.

(b) Explain the design requirements of a nuclear reactor. Describe the main
internal components and clarify what purpose they serve. Emphasis should
be on how the chain reaction is maintained and how energy is produced and
removed from the reactor core.

(6 marks)

[15 marks]
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QUESTION 6 WIND TURBINES

(a)

(b)

(©

Explain the basic principles of wind energy and show, in a suitable sketch, the
changes in air pressure and velocity as the wind passes through the turbine

blades.

()
Explain why the ideal or theoretical efficiency (maximum power obtained from
wind/total power in wind) of a wind turbine is no more than 59.3%. Explain
also why the actual power produced by a wind turbine is only about three
quarters of this value, that is, about 45%.

®)
Describe the operational limitations and possible environment effects (positive
and negative) of large scale use of wind energy.

®)

[15 marks]
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QUESTION 1 COMBINED CYCLE PLANT
SYSTEM DIAGRAM
G M
1 4 4 10
10
2 3
C @ —3 Si==
\ Wa Ws
5 9 m
12
+11
] ] M-m
SYSTEM PARAMETERS 9 8 7 6
Point Pressure Temperature Enthalpy
(MPa) ($10) (kJ/kg)
1 0.1 30
2S .2 344
& 1.2 422
3 1.2 1000
48 0.1 358
4 0L 418
5 0.1 159
6 0.005 g3 136
7 0.4 33 136
8 0.4 144 605
9 5.0 144 610
10 5.0 400 3196
11S 0.4 144 2634
11 0.4 144 2719
12SS 0.005 <o)
128 0.005 33 20
12 0.005 33 2201

Note that s represents isentropic conditions.
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EXAMINATION PAPER ATTACHMENTS

QUESTION 3 NANTICOKE GENERATING STATION

The data below is taken from the technical specifications for Nanticoke Generating

Station:

Location

Boiler

Steam Generator Manufacturer
Type

Design Steam Output
Superheater outlet pressure
Superheater outlet temperature
Reheat steam pressure

Reheat inlet steam temperature
Reheat outlet steam temperature
Coal consumption at fuil load
Coal calorific value

Number of pulverizers
Economiser inlet water pressure
Economiser inlet water temperature
Water temperature in steam drum

Turbine

Manufacturer
Type

Speed
Generator

Rating

On the north shore of Lake Erie in
the City of Nanticoke, Ontario, 13
kilometers east of Port Dover.

Babcock & Wilcox Canada Ltd.
Natural Circulation Radiant Boiler
453.6 kg/s (3 600 000 Ib/hr)

16.9 MPa (169 bar) (2 450 Ibf/in?)
538°C (1000°F)

4.0 MPa (40 bar)

343°C (650°F)

538°C (1000°F)

47.9 kg/s (190 ton/hr)

30 240 kJ/kg (13 000 Btu/lb)

5 per unit

17.5 MPa (175 bar)

252.5° C (487° F)

359.6°C (680°F)

C.A. Parsons and Company Ltd.
Tandem Compound, impulse
Reaction,

One Single Flow HP, One Double
Flow IP, Two Double Flow LP
Condensing.

3600 rpm

500 000 kW
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QUESTION 3 MOLLIER CHART
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QUESTION 4 PART Il COOLING TOWER EVAPORATION LOSS
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EVAPORATIVE LOSS IN m*/GJ REJECTED

FIG. 7.138 Evaporative loss from natural draught
cooling towers
The chart is used to estimate the evaporative loss in
m3/GJ of heat rejected.
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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

Mass flow rate

Pressure

Heat transferred

Heat

Volume flow rate

Specific gas constant

Entropy

Temperature

Specific internal energy

Overall heat transfer coefficient
Specific volume

Velocity

Specific work

Work

Length

Elevation

Efficiency

Nozzle angle

Temperature difference between fluids
Dynamic viscosity

Kinematic viscosity

Density

Thrust

Heat transfer rate

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

m2

J/kg°C
J/kg°C
m

J

m/s?
J/kg

m

kg

kg/s

Pa (N/m?
J/kg

J

m/s

J/kg K

J/kg K

K

J/kg
W/m2°C  (J/sm®°C)
m3/kg

m/s

J/kg

J

m

m

G
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: Pwaer = 1000 kg/m®

Specific heat of water: ¢, = 4.190 kJ/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 kJ/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:

Ideal Gas Relationships

Gas Law:

Specific Heat at Constant Pressure:

Specific Heat at Constant Volume:

Gas Constant:
Specific Heat Ratio:

[sentropic Relations:

dE =0Q - dW

h=u+pv

pVA = constant

w = A(pv)

zg + V?/2 + u + pv + Aw + Aq = constant

As = 38q /T (reversible conditions)

pv = RT
Cp = Ah /AT
cy=Au/AT
R=c¢cp-cy
k=cy/cy

P1 / P2 = (Vz / V1)k = (T1 /Tg)kl(k-”
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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 Power:

Jet Power:

Propulsion Efficiency:

Wind Turbine

Maximum ldeal Power:

p1ViAr = paVoAr = M
P1/pg + 21 + V1?29 = palpg + 22 + V2°/2g

F = p1Aq - p2A2 - pVA(V2 - V) (one dimensional)

hy-hy= (V22-Vi) 12

= 2 2 2
W= [(V12absolute - V2 absolute) + (V2 relative ~ V1 relative)] 12

pv =RT
(T2/T+) = (palpq)
hq - hy = ¢,(T1 - To) (ideal gas)

hy-hy= (V22-V12)/2

T=M(Vjet - Vaircraft)
WVaircratt = M(Viet - Vaircraft) Vaircraft
P = M(Vjel’ - Vaircratt’) / 2

Np = 2V aircraft! (Vjet + Vaircraft)

Pmax = 8 p AV¢®/ 27
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HEAT EXCHANGER REFERENCE EQUATIONS
Heat transferred between fluids
QO =UA®

Heat gained or lost by fluids

0 = MAh
Q = Mc, AT
Q= pQAT

NUCLEAR REFERENCE EQUATIONS
Number of nuclei per gram of material
N=Na/M
Number of fissile nuclei per cm® of material
Ni=y (Na/M)p
Heat release rate in nuclear fuel
q* = ¢ Nror Ey

Nomenclature

N = number of nuclei (number/g)

Na = Avogadro's Number

M = molecular weight

y = fuel enrichment

p = density (g/cm®)

g* = heatrelease rate (Jlcm®)

¢ = 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

Na = 0.602 x 10** atoms/mole
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