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NATIONAL EXAMINATIONS
DECEMBER 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 five
(5) questions and Section B is Descriptive with three (3) questions.

Do four (4) questions (including all parts of each question) from Section A
(Calculative) and two (2) questions from Section B (Descriptive).

Six questions constitute a complete paper. (Total 60 marks).
All questions are of equal value. (Each 10 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.. Note that Question 4 and Question 5
are each on two pages.

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

Reference data for particular questions are given on pages 10 to 13. 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 14 to 17.

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

An aircraft gas turbine engine of the turbojet type has the following technical and
operating data when stationary on the ground:

Air flow G = 70 kg/s

Fuel flow f = 1 ka/s
Pressure ratio r = 16
Compressor efficiency Ne = 0.80

Turbine efficiency nt = 0.85

Nozzle efficiency Nn = 0.95

Fuel calorific value cv = 40 000 kJ/kg

(@)  Sketch a T-s diagram of the system and identify by number all points to be
calculated. (1)

(b) Calculate the temperatures and pressures at the five key points (actual
conditions) in the engine and nozzle assuming that the ambient air temperature
and pressure are 27°C and 100 kPa respectively. Assume an air standard cycle,
thatis, k = 1.4 and R = 0.287 kJ/kg°C. (9)

Note that all the turbine work is used to drive the compressor and that the remaining
energy in the turbine exhaust gases is used to accelerate the exhaust gas to a high

velocity in the nozzle. The nozzle exhausts at 100 kPa.
[ 10 marks ]
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QUESTION 2 STEAM TURBINE

Refer to the Examination Paper Attachments Page 10 Mollier Chart.

Steam is supplied to a steam turbine at 16 MPa and 540°C. Since full power is not
required, it is throttled to 8 MPa before entering the high pressure turbine. It then
expands with frictional heating to 2 MPa. After this it is reheated to 500°C before
entering the low pressure turbine. Here it expands to 0.004 MPa. The internal
efficiency of the high pressure turbine is 90% and that of the low pressure turbine is

80%.

(a)  Plot the process on the attached Mollier Chart (h-s diagram) and read all
necessary values from the chart. 4)

(b) Determine the outlet conditions of the high pressure turbine (pressure and

temperature). (2)

(c) Determine the outlet conditions of the low pressure turbine (moisture and
temperature). (2)

(d) If, at this load, the steam flow rate is 75 kg/s, determine the power output
assuming no extraction steam for feedwater heating. (2)

[ 10 marks ]

QUESTION 3 STEAM CYCLE

Refer to the Examination Paper Attachments Page 11 Heat Balance Diagram.
Using the data given in the Heat Balance Diagram, calculate the following:

(@)  Overall steam cycle efficiency based on heat input and electrical output.

(3)
(3)
4

(b) Power output of the high pressure (HP) turbine.

(c) Power output of the intermediate pressure (IP) turbine.

Note that all parameters have been converted to Sl units and temperatures and
pressures in particular have been rounded to reduce the number of significant figures.
Enthalpies therefore will not agree exactly with those in steam tables should these be

referred to.
[ 10 marks ]
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QUESTION 4 WIND AND WATER POWER

PART | WIND TURBINE

Refer to the Examination Paper Attachments Page 12 Vestas Wind Turbine and Page
13 Wind Power Efficiencies.

The tables and graphs give information for the Vestas V80 1.8 MW Wind Turbine, as
well as efficiencies, for ideal and actual wind turbines. Determine the following for a
wind speed of 10 m/s and compare with the specified output.

(a)

(b)

Maximum theoretical power and efficiency that can be obtained based on energy
and momentum theoretical equations for any wind speed. (1)

Ideal efficiency and power based on ratio of blade tip speed to wind speed as

given (from graph of efficiency on page 13). (2)
Actual efficiency and power based on ratio of blade tip speed to wind speed as
given (from graph of efficiency on Page S (1)
Actual power output at the given wind speed as specified by the manufacturer
(from graph on page 12). (1)

( 5 marks )

This question is continued on the next page ......
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Question 4 Continued

PART I 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 112.5 rev/min
Generator electrical output 110 MW
Water flow rate 354 m/s

Inlet pipe diameter 6.4m

Outlet pipe diameter 7.0m

Inlet water pressure 226 kPa gauge
Outlet water pressure -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 )

[ 10 marks ]
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QUESTION 5 POWER PLANT EFFLUENTS

PART | 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.
Assume that coal is primarily pure carbon and that natural gas is primarily methane.

(a) Determine the amount of carbon dioxide produced (as a percentage of that
produced when burning coal) when burning natural gas instead of coal to
produce the same amount of electricity. (5)

For consistency assume that the electrical output of each system is 100 MW. Use the
following data:

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

Carbon C 32 800 32 800

Methane CHa 55 530 50 050

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

(b) 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. (1)

(6 marks )

This question is continued on the next page ......
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Question 5 Continued

PART Il COAL FIRED PLANT

A coal fired power plant with an electrical output of 600 MW has the following operating
parameters:

Steam cycle efficiency 41%

Boiler thermal efficiency 94%

Electrical generation efficiency  96%

Coal calorific value (as received) 35 000 kJ/kg
Coal ash content 6%

Cooling water inlet temperature  13°C

Cooling water temperature rise  11°C (maximum)
Cooling water specific heat 4.19 kJ/kg°C
Cooling water density 1025 kg/m?®

Under full load conditions determine the following:

(a) Required mass flow rate and volume flow rate of cooling water so as not to
exceed the maximum permitted cooling water temperature rise.

(2)

(b) Required mass flow rate of coal per second and amount of ash produced per
day. (2)

(4 marks )

[ 10 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 6 SOLAR ENERGY

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

e Central-receiver system with heliostats
e 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.

®)

(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)

[ 10 marks ]
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QUESTION 7 FUEL CHARACTERISTICS

(a) State what is meant by heating value and clarify the difference between higher
heating value (HHV or HCV) and lower heating value (LHV or LCV) of a fossil
fuel. State which one is commonly used and why it is used.

(3)

(b)  With regard to coal, state what constitutes a Proximate Analysis and what

constitutes an Ultimate Analysis. Clarify the usefulness of each.
(3)

(b) Explain the transformation of coal from vegetal matter (such as peat) to a high
grade coal (such as anthracite). Clarify what constituents change during this
transformation and how these affect the characteristics and type of the coal.

4

[ 10 marks ]

QUESTION 8 ENVIRONMENTAL PROTECTION

Exhaust gases from fossil fuel fired power plants (especially coal fired plants) emit
particulates and gases that are detrimental to the environment. These can be reduced
substantially by various devices and methods.

Explain in detail how TWO of the following methods work giving appropriate theory
(physical or chemical) and describe the configuration of the equipment and how it
operates. Use sketches where appropriate.

e Collection and handling of fly ash in exhaust gas.

e Capture and extraction of sulphur dioxide from exhaust gas.
e Reduction of nitrogen oxide in fuel burners and exhaust gas.
e Capture and disposal of carbon dioxide in exhaust gas.

Descriptions of only TWO are required. Each will be worth 5 marks.
(2 x 5 marks)

[ 10 marks ]
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QUESTION 4 PART |

mmVesfasas

V80 - 1.8 MW

Pitch regulated wind turbine
with OptiSlip® and OptiTip®

AOTOR
Diameter: 90 m
Swept area: 5,027 m*
speed of rovolution: 15.7 RPM

Number of blados: 3
Power regulation: Pitch + OptiSlip®
Alr brake: 3 separate plich settings

TOLOER:
Hub height (approx.): 60 - 67 - 70 m

OPERATIONAL DATA:
4 m/s

Cut-in wind speed:

Nominal wind speed: 16 m/s
Stop wind spoed: 25 m/s
GENERRATOR:
Type: Asynchronous with Optisip®
Nominal output: 1.9 MW
Dperational data: 60 Hz
6900

1,000 -1,990 APM

GEARBDN:
Planet/parallel gear

Type:

CONTROL:

Microprocessor-based control

of all turbino functions with the
pptian of remote monltoring.
Optisiip® output regulation and
Optitip® pitch rogulation of the blades.

Type:

WEIGHT: (APPROK.)

(60 m) (67 m)
631t 63t
38t 301t

(70 m)
63 ¢
gt

Nacoelle:
Rotor:

Output [ kiv ]
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VESTAS WIND TURBINE

Ideal for moderate wind conditions

The V80-1.8 MW is particularly well suited for installation in
areas with moderate to high wind conditions, and thanks tb
OptiSlip®, the turbine can adapt to wind conditions in almost
any location. In this way, Vestas continues to strive for excellence
by taking firm steps towards the full exploitation of wind energy.

Advanced Vestas technology

The Vestas V80-1.8 MW is based on the wellknown technology
from the V66-1.65 MW turbine. The turbine is a three blade 60
Hz pitch-regulated wind turbine with OptiSlip® and OptiTip®.
The turbine's rotor diameter is 80 meters — and the tarbine can
be delivered with tower heights of up to 78 meters.

Power curve
Rir density 1.225 kg/m*

2,000

0 / /
1,008

— /
/ —1180-1.8 MW
n L] L} 1] L] T
0 s 10 195 20 25
Wind spead, [m/s 1
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QUESTION 4 PART | WIND POWER EFFICIENCIES

Wind Power
60%
B = <
Ideal efficiency for propeller-
type windmills
50% <
Modern three- [
blade ty;e>/ : \
40% / 1 < - N
High-speed, two-
blade type
é 30% N \
b \Amencan multiblade type Darrieus rotor
20% N
/\ Dutch four-arm
10%
Savonius \
rotor \

0]
0 2 3 4 5 6 7
Ratio of blade tip speed to wind speed

[

Typical efficiencies of several types of windmills plotted against their tip-

speed ratio. The maximum efficiencies are seen to vary from about 16 to 46%. The
ideal efficiency shown is a mathematical ideal, never to be achieved in practice.
(Source: Basic data from R. Wilson and P. Lissaman, Applied Aerodynamics of Wind

Power Machines, Oregon. State University.)
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EXAMINATION REFERENCE MATERIAL

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

a Acceleration m/s?

A Flow area, Surface area m?

Cp Specific heat at constant pressure J/kg°C
Cv Specific heat at constant volume J/kg°C
D Diameter m

E Energy J

Et Energy release per fission of one atom

h Specific enthalpy J/kg

H Enthalpy J

F Force N

g Gravitational acceleration m/s?

Kk Ratio of specific heats

L Length m

m Mass kg

m Fractional mass flow rate

M Mass flow rate kg/s

M Molecular weight

N Number of nuclei number/g
Na Avogadro's Number

N Number of fissile nuclei number/cm?
n Gas expansion index

p Pressure Pa

P Power W

q Heat transferred J/kg

q* Heat release rate Jicm3
Q Heat J

Q Volume flow rate m3/s

R Specific gas constant JIkgEK
Ro Universal gas constant J/kg-moleEK
] Specific entropy J/KgEK
S Entropy J/IEK

t Time S

t Temperature EC

T Absolute temperature °K

u Specific internal energy J/kg

U Internal energy J

Y Specific volume m3/kg
Y Volume m3

\Y Velocity m/s

w Specific work J/kg
W Work J



Length

Elevation

Fuel enrichment
Efficiency
Neutron flux
Cross section
Dynamic viscosity
Kinematic viscosity
Density

Thrust

Torque

Heat transfer rate

D= 4D AT Qe S= NX
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m
m

neutrons/cm?s
barn

Ns/m?

m?2/s

kg/m3

N

Nm

J/s

CONSTANTS

For consistency in calculations the following constants should be used:

Gravitational Acceleration g
Atmospheric Pressure p
Universal Gas Constant Ro
Density of Water p
Specific Heat of Water Cp
Specific Heat of Air Cp
Specific Heat of Air Cv
Specific Heat of Helium Cp
Specific Heat of Helium Cv

Specific Gas Constant for Air R

Avogadro’s Number Na

9.81 m/s

100 kPa

8.314 kJ/kg moleEK
1000 kg/m?®

4.19 kJ/kg°C

1.005 kJ/kgEC
0.718 kKJ/KgEC
5.193 kJ/KgEC
3.116 kJ/kgEC
0.287 kJ/kgEK
0.602 x 102* atoms/mole

Nuclear Cross Section 1 barn = 1024 cm?

GENERAL REFERENCE EQUATIONS

Ideal Gas Relationships

Gas Law:

Gas Law:

Specific Heat at Constant Pressure:
Specific Heat at Constant Volume:
Gas Constant:

pv = RT

pV = mRT
cp = Ah/AT
cv = Au/AT
R =c¢cp-ocv



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:

Internal Combustion Engines
Power Qutput

Engine Capacity
Mean Effective Pressure
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k= Cp/Cv

T1/T2 = pa/p2

T1/T2 = vilvz

PiV1 = p2v2

p1vik = pavak

p1/p2 = (Valv1)k = (T1/T2)Wk
T1/T2 = (va/vi)k! = (p1/p2) -1k

w=p (v2- V1)

w = p1v1 In(va/vi)

w = (pavz - p1v1) / (1 - k)
w=(T2—T1)R/(1-Kk)

w = p1v1 In(vav1)

W= (p2-p1)V
w = (p1vi - pav2) k/ (k- 1)

dE =8Q - W
h=u+pv

Ah = Au + A(pv)
pVA = constant

w = A(pv)
zg + V?/2 + u + pv + Aw + Aq = constant
As =q/T (reversible conditions)

p1V1A1 = p2V2A2 = M
z1Q + V12/2 + U1 + p1v1 + Win + Qin
= 720 + V22/2 + uz2 + p2 V2 + Wout + Gout
p1/pg + z1 + V12/2g = p2/pg + z2 + V2?/2g
F = p1A1 - p2Az - pVA(V2 - V1)

(one dimensional)

P = 2nNt /60
Viotat = 1000 (T[D2/4) L Neylinders
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 ldeal Power:

Nuclear Energy
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hi-h2= (V22-V4?) /2
W= [(V1zabsolule - szabsolute) + (V22relative = V12relative)] /12

(T2/T1) = (palp1) &-Dk
h1 - h2 = cp(T1 - T2) (ideal gas)
hi-h2 = (V22 -V4?) 12

T= M(Vjet - Vaircraft)

TVaircraft = M(Vjet = Vaircraft)Vaircraft
P= I\/I(Vjet2 - Vaircraftz) 12

Ne = 2Vaircraft/(Vijet + Vaircraft)

Pmax =8 p AV3 /27

Number of nuclei per gram of material: N=Na/M
Number of fissile nuclei per cm3 of material: Nt =y (Na/M)p
Heat release rate in nuclear fuel: q* = ¢ NrorEr

Cycle Efficiencies

MNcycle = Wout / Qin = Wout / Qin = Pout / Qin
TCarnot = (Thot - Tcold) [ Thot

T|Rankine = (Ahturbine - Ahpump) / Ahboiler

T Brayton = (ATturbine - ATCompressor) !/ AT combustion

Component Efficiencies

MNboiler = Qout / Qin

Tboiler = (Qin / Qlost) / Qin
MNturbine = Ahactuat / Ahisentropic
Mnozzle = ARactual / Ahisentropic
Tgas turbine = ATactual / ATisentropic
Tpump = Ahisentropic/Ahactual

Tycompressor S ATisentropic / AT actual
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