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NATIONAL EXAMINATIONS
MAY 2017
16-MEC-B3 ENERGY CONVERSION AND POWER GENERATION

Three hours duration

10.

11.

12.

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.

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.

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.

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

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 QUESTIONS

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

QUESTION 1 GAS TURBINE MODULAR HELIUM REACTOR

Refer to the Examination Paper Attachments Page 8 Gas Turbine Modular Helium
Reactor. Refer to General Constants on Page 13 for specific heats.

The diagram shows a schematic of the gas circuit of a high temperature nuclear
reactor of the Gas Turbine Modular type. The following terminal conditions apply:

Helium pressure at compressor inlet 2 MPa
Helium pressure at intercooler 4 MPa
Helium pressure at compressor outlet 7 MPa
Helium temperature at compressor inlet 30°C
Helium temperature after intercooler 30°C
Helium temperature at turbine inlet 850°C

Terminal temperature differences in recuperating heat exchanger 20°C
Terminal temperature differences in heat rejection heat exchangers 15°C

Compressor efficiency 90%
Turbine efficiency 85%
Electrical power output 250 MW

The differences in the terminal temperatures are the same at each end of the
respective heat exchangers.

Assume negligible pressure loss in the gas circuit and no mechanical nor electrical
losses.

(a) Sketch a temperature-entropy diagram for the gas circuit in the space

provided on Page 8. ldentify key points by number to correspond with the
flow diagram. Show terminal temperature differences. (3)

Return this page with the examination answer booklet.

(b) Calculate the temperatures at all key points in the circuit as identified in the
diagram on Page 8. 7)

(c) Calculate the thermodynamic cycle efficiency. (2)

(d) Calculate the required flow rate of helium to give the specified power output.

(1)

(e) Calculate the required flow rate of cooling water to give the necessary rate of
heat rejection. (2)

[ 15 marks ]
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QUESTION 2 STEAM PLANT DESIGN

Consider the proposed construction of a new coal fired power plant where an
estimate of the required resources (fuel and water) and costs are required. The
basic parameters are as follows:

Capacity of power plant 500 MW

Capacity factor of plant® 0.80

Life expectancy of plant 40 years

Heat rate of whole plant** 10 550 kJ/kWh

Efficiency of boiler 90%

Capital cost of plant 2 500 $/kW

Cost of capital repayments 10% of capital cost each year
Cost of administration and maintenance 8% of capital cost each year
Cost of coal 100 $/Mg

Heating value of coal 24 000 kd/kg

Capacity of one train car 50 Mg

Number of coal cars per train 60

Note: *Capacity factor = actual electrical output / maximum possible electrical output
**Heat rate is inversely proportional to thermal efficiency

Determine the following for a cooling water temperature rise of 10°C:

(8)  Annual actual electrical production (kWh) and maximum possible electrical
production (kWh). 2)

(b) Annual amount of coal required (Mg) and number of trains required per day.

(c) Annual cost of coal ($) and cost of coal per unit generated (ce(:zlkWh).

(d)  Annual capital cost repayment ($) and cost per unit generated(1()<:ent/kWh).

(e)  Annual administration and maintenance cost ($) and cost per(jr)ﬂt generated
(cent/kWh). 2)

1) Total power production cost per unit generated (cent(kWh). (1)

(9) Rate of heat rejection in cooling water from steam cycle at full load (kJ/s).
3)

(h) Quantity of cooling water required at full load (m3/s). (1)

[ 15 marks ]
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QUESTION 3 POWER PLANT EFFICIENCY AND HEAT DISCHARGE

PART | POWER PLANT EFFICIENCY

Refer to the Examination Paper Attachments Page 9 Heat Balance Diagram for a
Fossil Fired Power Plant.

Using this diagram and steam tables provided, determine the following:
(a) Steam Cycle Efficiency (electrical output / thermal input) 3)

(b) Power Output of High Pressure Turbine (calculated from steam properties)
(3)
(c) Power Input to Boiler Feedwater Pump (calculated from steam properties)

(3)
(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 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.

(a) Determine the total rate of heat discharge in the cooling water for each.
(3)

(b) Find the total rate of heat loss to the atmosphere for each.  (3)

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 4 STEAM TURBINE OPERATIONAL CONDITIONS
Refer to the Examination Paper Attachments Page 10 Mollier Chart.

Steam is supplied to a turbine with an internal efficiency of 80% at 4 MPa (40 bar)
and 400°C and exhausts at 0.005 MPa (0.05 bar). At full load the steam flow is 24

ka/s.

Note that the Mollier Chart is in bar (1 bar = 0.1 MPa). Solve by plotting the
processes on the Mollier Diagram on Page 10 but use Steam Tables as provided to
obtain improved accuracy in the calculations if necessary.

Clarity of the plotting of the processes as required for solution. (1

Note that the steam flow under part load conditions is proportional to the inlet turbine
pressure. Assume that for parts (a) to (c) the exhaust pressure remains constant.

(a) Calculate the power developed by the turbine at full load. 3)

(b) Calculate the power developed by the turbine when the inlet steam is throttled
to 1 MPa. Assume that the internal efficiency is unchanged. (3)

(c) Calculate the power developed by the turbine when the generator output is
zero. Under these conditions the turbine power output is dissipated in friction
in the bearings and windage in the generator. An inlet steam pressure of 0.1
MPa is required to maintain this condition. Assume that the internal efficiency
has decreased to 70%. (3)

Return this page (Mollier chart) with the examination answer booklet.

Refer to the Examination Paper Attachments Page 11 Condenser Conditions. The
dotted lines show the temperature profiles in the condenser at full load. Assume
now that the exhaust steam temperature changes with load and that the inlet cooling
water temperature and flow rate remain constant.

(d) Using average temperature differences (not log mean) determine the
temperature profiles for steam and water at part load conditions as defined in

(b) above and plot these on the diagram. (3)

(e) Determine the condenser pressure under part load conditions at the exhaust
temperature as determined in (d) above. @)

H Estifiate (without further calculation) the condenser pressure for zero load
conditions as defined in (c) above. 1)

Return this page (Condenser conditions) with the examination answer booklet.

[ 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 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 (nhuclear fission)
~ 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 effluents are produced during operation
and by what mechanism and to what degree they can be minimised.

(5 marks)

(c) For 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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QUESTION 6 ENERGY GENERATION AND STORAGE

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

PART | NUCLEAR ENERGY

Write a review (300 to 450 words) of the advantages and disadvantages of nuclear
power plants over fossil fuel power plants (coal, oil, gas) and renewable energy
power plants (hydro, wind, solar). Consider as many aspects as possible (technical,
economic, environmental, operational, etc.) in a concise manner.

( 6-9 marks )

PART Il ENERGY STORAGE

Due to the variability of the operation of certain power plants, particularly those
based on wind and solar energy, there is a need to provide large scale energy
storage. Write a review (300 to 450 words) of one or more large scale energy
storage plants explaining their configuration and method of operation in a concise
manner.

(6-9 marks )

[ 15 marks ]
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EXAMINATION PAPER ATTACHMENTS

QUESTION 1 GAS TURBINE MODULAR HELIUM REACTOR
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QUESTION 3 HEAT BALANCE DIAGRAM

183C
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625h
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kg = mass flow, kg/s
h = enthalpy, kJ/kg
C = degrees Celsius

Reheat regenerative cycle, 600-MW subcritical-pressure fossil power plant (Sl-metric units)
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QUESTION 4

MOLLIER CHART
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QUESTION 4 CONDENSER CONDITIONS

(e) Show temperature profiles (exhaust steam and cooling water)
for part load conditions (when throttled to 4 MPa.
Assume that the cooling water inlet temperature remains constant

exhaust steam temperature =

30~— . 30
(&)
o '—’—
o _ awre =7 =
£ 2 a‘eﬁempf{/,/ 20
E Coo\'\r\g /,"'—l—‘
o — -
o P i
g T -
= A" r
10 — ——10
0 0

Distance along condenser tubes

(f) Determine the condenser pressure at part load conditions (4 MPa steam inlet)

(g) Estimate the exhaust steam temperature and condenser pressure
at zero load conditions (0.1 MPa steam inlet)
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EXAMINATION REFERENCE MATERIAL

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)
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Acceleration m/s?
Flow area, Surface area m?
Specific heat at constant pressure J/kg°C
Specific heat at constant volume J/kgeC
Diameter m
Energy )
Energy release per fission of one atom
Specific enthalpy J/kg
Enthalpy J
Force N
Gravitational acceleration m/s?
Ratio of specific heats

Length m
Mass kg
Fractional mass flow rate

Mass flow rate kg/s
Molecular weight

Number of nuclei number/g
Avogadro's Number

Number of fissile nuclei number/cm3
Gas expansion index
Pressure Pa
Power W
Heat transferred J/kg
Heat release rate Jicm?
Heat J
Volume flow rate m3/s
Specific gas constant J/KgEK
Universal gas constant J/kg-moleEK
Specific entropy J/KgEK
Entropy JIEK
Time ]
Temperature EC
Absolute temperature °K
Specific internal energy Jlkg <+
Internal energy J
Specific volume m3/kg
Volume m3
Velocity m/s
Specific work J/Kg
Work J
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X Length m

z Elevation m

Y Fuel enrichment

n Efficiency

o Neutron flux neutrons/cm?s
of Cross section barn
M Dynamic viscosity Ns/m?
< Kinematic viscosity m2/s
p Density kg/m?
I Thrust N

T Torque Nm

Q Heat transfer rate J/s

CONSTANTS

For consistency in calculations the following constants should be used:

Gravitational Acceleration g = 981mfs
Atmospheric Pressure p = 100kPa

Universal Gas Constant Ro = 8.314 kJ/kg moleEK
Density of Water p = 1000 kg/m3
Specific Heat of Water cp = 4.19kJ/kg°C
Specific Heat of Air cp = 1.005 kJ/KgEC
Specific Heat of Air cv = 0.718 kJ/kgEC
Specific Heat of Helium cp = 5.193 kJ/kgEC
Specific Heat of Helium cv = 3.116 kJ/kgEC
Specific Gas Constant for Air R = 0.287 kJ/kgEK
Avogadro’'s Number Na = 0.602 x 102* atoms/mole
Nuclear Cross Section 1 barn = 1024 cm?

GENERAL REFERENCE EQUATIONS

Ideal Gas Relationships

Gas Law: pv=RT

Gas Law: pV = mRT
Specific Heat at Constant Pressure: cp = Ah/AT
Specific Heat at Constant Volume: cv = Au/AT

Gas Constant: R=c¢cp-cCv



Specific Heat Ratio:
Constant Volume:
Constant Pressure:
Constant Temperature:
Constant Entropy:
Isentropic Relations:

Work in Non-Flow Processes

Constant Pressure:
Constant Temperature:
Constant Entropy:

Work in Flow Processes

Constant Temperature:
Constant Volume:
Constant Entropy:

Thermodynamics

First Law:
Enthalpy:
Enthalpy Change
Continuity:

Flow Work:
Energy Equation:
Entropy:

Fluid Mechanics

Continuity Equation:
Energy Equation:

Bernoulli's Equation:
Momentum Equation:

o
Internal Combustion Engines

Power Output
Engine Capacity
Mean Effective Pressure
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k = cp/cy

T1/T2 = pi/p2

T1/T2 = vilv2

PVt = pav2

p1vik = pav2k

p1lpz = (Valvi)k = (T1/To)K/ kD
T1/T2 = (valv1)K! = (pa/p2)*-k

w=p (v2-wv1)

w = p1vi In(va/vi)

W = (pav2 - p1v1) / (1 - k)
w=(T2—T)R/(1-k)

w = p1v1 In(vavi)

w=(p2-p1)V
w = (p1vi1 - pav2) k / (k- 1)

dE =0Q - dW
h=u+pv

Ah = Au + A(pv)
pVA = constant

w = A(pv)
zg + V22 + u + pv + Aw + Aq = constant
As =q/T (reversible conditions)

p1V1A1 = p2VeAz = M
z1g + V1%/2 + u1 + p1v1 + Win + Qin
= z2g t+ V22/2 + U2 + p2 V2 + Wout + Qout
p1/pg + z1 + V1229 = p2/pg + z2 + V2229
F = p1A1 - p2A2 - pVA(V2 - Vi)

(one dimensional)

P = 21Nt /60
Vtotat = 1000 (RD2/4) L Ncylinders
MEP = Work / (V1 - V2)



Steam Turbines

Nozzle Equation:
Work:

Gas Turbines
Isentropic Equation:

Enthalpy Change:
Nozzle Equation:

Jet Propulsion

Thrust:

Thrust Power:

Jet Power:
Propulsion Efficiency:

Wind Turbines

Maximum Ideal Power:

Nuclear Energy
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hi-h2= (V22-Vi2) /2
W= [(V1 Zabsolute = V22absolute) + (V22relative = V12relative)] /2

(T2/T1) = (p2/p1) K-k
h1-h2 =cp(T1-T2) (ideal gas)
hi-h2=(V22-Vi?) /2

T= M(Vjet . Vaircraﬂ)

TV aircraft = M(Vjet - Vaircraft)Vaircraft
P= M(Vjet2 - Vaircraftz) /2

Ne = 2Vaircratt/(Viet + Vaircraft)

Pmax =8 p AV13 /27

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: g* = ¢ Nror Ef

Cycle Efficiencies

MNcycle = Wout / Qin = Wout / Qin = Pout / Qin
T Carnot = (Thot = Tcold) / Thot

TRankine = (Ahturbine - Ahpump) ! Ahboiter

T Brayton = (ATturbine - ATCompressor) / AT combustion

Component Efficiencies

MNboiler = Qout / Qin

MNboiler = (Qin / Qlosl) / Qin £
Tturbine = Ahactuat / Ahisentropic

TNnozzle = ARactual / Ahisentropic

TNgas turbine = AT actual / ATisentropic

Npump = Ahisentropic/Ahactual

Ncompressor = ATisentropic ! AT actual
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