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NATIONAL EXAMINATIONS
May 2014
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 and Question 5 are each 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 10 to 17. 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 18 to 21.

Steam Tables from "Thermodynamics and Heat Power" are provided.
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SECTION A CALCULATIVE SECTION
QUESTION 1 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 kJ/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 inverse of thermal efficiency

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

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

(b)  Annual amount of coal required (Mg) and number of trains required per day.
(c) Annual cost of coal ($) and cost of coal per unit generated (cent/kWh).
(d)  Annual capital cost repayment ($) and cost per unit generated (cent/kWh).

(e) Annual administration and maintenance cost ($) and cost per unit generated
(cent/kWh).

4] Total power production cost per unit generated (cent/kWh).

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

(h)  Quantity of cooling water required at full load (m®/s).
[ 15 marks ]
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QUESTION 2 STEAM INJECTED GAS TURBINE
Refer to the Examination Paper Attachments Page 10 Steam Injected Gas Turbine

A steam injected gas turbine system, as shown in the attachment, consists of an air
compressor, a combustion chamber, a gas turbine, a once through heat recovery
steam generator and a feedwater pump. Both the gas and steam systems are open
cycles. The gas turbine can operate with or without steam injection. The operational
parameters with steam injection are as follows:

Gas cycle pressure ratio = 12

Air compressor air inlet temperature = 30°C

Gas turbine gas inlet temperature = 1000°C (without steam)
Steam generator steam outlet pressure = 1.2 MPa :
Steam generator steam outlet temperature = 300°C

Steam genereator water inlet temereature 30°C

Steam generator gas outlet temperature 160°C

Steam turbine exhaust pressure 0.1 MPa

Air compressor efficiency 0.80

0.90 (with gas)
0.90 (with steam)

Gas turbine efficiency
Gas turbine efficiency

Feedwater pump efficiency 1.00
Electrical generator efficiency 1.00
Fuel calorific valve 42 000 kJ/kg

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

(a) Mass flow rate of fuel (kg/s).

(b) Mass flow rate of steam (kg/s) during injection.

(c) Power output with steam injection (MW).

(d) Cycle efficiency with steam injection.

Note: Consider the gas and steam flows through the gas turbine and heat exchanger
as separate streams with different properties and temperatures neglecting the
transfer of heat between the two streams. It is not necessary to iterate to obtain

more accurate answers. Use the point identifying numbers as shown on the
accompanying diagram. For the thermodynamic calculations assume that the steam

is injected at the place indicated.

[ 15 marks ]
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QUESTION 3 STEAM TURBINE OPERATIONAL CONDITIONS
Refer to the Examination Paper Attachments Page 11 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

kg/s.
Note that the Mollier Chart is in bar (1 bar = 0.1 MPa).

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.

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

(© 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%.

Plot the processes on the Mollier Diagram on Page 11 but use Steam Tables to
obtain improved accuracy in the calculations if necessary.

Return this page with the examination answer booklet.

Refer to the Examination Paper Attachments Page 12 Condenser Conditions. This
shows the temperature profile in the condenser at full load. Assume now that the
exhaust temperature does change with load and that the inlet cooling water
temperature remains 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.

(e) Determine the condenser pressure at the temperature determined in (b)
above.

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

Return this page with the examination answer booklet.

[ 15 marks ]
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QUESTION 4 WIND AND WATER POWER

PART | WIND TURBINE

Refer to the Examination Paper Attachments Page 13 Vestas Wind Turbine and
Page 14 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.

(@)

(b)

()

(d)

(e)

Kinetic energy and potential power available in the wind passing through a
flow area equivalent to the area swept out by the rotor at the wind speed

- given above.

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

Ideal efficiency and power based on ratio of blade tip speed to wind speed as
given (from graph of efficiency on page 14).

Actual efficiency and power based on ratio of blade tip speed to wind speed
as given (from graph of efficiency on Page 14).

Actual power output at the given wind speed as specified by the manufacturer
(from graph on page 13). :

(5 marks)

Question 4 continued on nextpage ........
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QUESTION 4 (Continued)

PART ll. VAN DER KLOOF HYDRO POWER STATION

Refer to the Examination Paper Attachments Page 15 Van der Kloof Hydro Power
Station. This shows a cross-sectional drawing of the plant close to the main wall of
the dam. It has the following design parameters:

Reservoir water level 11705 m (point 1)
Turbine inlet elevation 1091.5m (point 2)
Turbine outlet elevation 1086.5 m (point 3)
Tailrace water level 1094.7 m (point 4)
Penstock (inlet) diameter 7.0m (point 2)
Draft Tube (outlet) diameter 50m (point 3)
Turbine inlet pressure 700 kPa gauge (point 2)
Turbine outlet pressure 65 kPa gauge (point 3)
Water volume flow rate ‘ 200 m%/s

Calculate the following:

(a)

(b)

(i) The water velocity at the turbine inlet (point 2) and at the turbine outlet
(point 3).

(i) The head loss in the intake pipe (penstock) (between point 1 and point 2)
and in the outlet pipe (draft tube) and tailrace (between point 3 and

point 4).
(5)

(i) The potential power output of the whole plant based on elevation
difference (between point 1 and point 4) and flow.

(i) The hydraulic power developed in the turbine based on inlet and outlet
conditions (between point 2 and point 3) assuming no losses within the
turbine.

(5)

(10 marks)

[ 15 marks ]
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SECTION B DESCRIPTIVE SECTION

Descriptive questions [ parts of Question 5 and all of Question 6 ] 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 GRAPHICAL REPRESENTATION

PART | T-s DIAGRAMS
Refer to the Examination Paper Attachments Page 16 T-s and p-V Diagrams.

€) On the diagrams given draw T-s and p-V Diagrams for the following
thermodynamic power cycles:

(@i Rankine cycle (saturated conditions)

(i) Rankine cycle with superheating

(i)  Rankine cycle with superheating and reheating
(iv)  Brayton cycle

) Oftto cycle

(viy Diesel cycle

Return this page with the examination answer booklet.

(© Explain why T-s diagrams are traditionally used to show certain cycles and
p-V diagrams used to show other cycles. Clarify what parameter is the same
for both types of diagrams.

(d) Explain the advantages of superheating and reheating in the Rankine cycle.

(10 marks)

Question 5 continued on nextpage ........
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QUESTION 5 (Continued)

PART Il LOAD SCHEDULING

Refer to the Examination Paper Attachments Page 17 Daily Load Curve. This
curve shows the daily power demand on a typical power system with the maximum

demand being somewhat less than the total installed capacity of the system.

Consider a power utility having the following types of power generating equipment’
with their respective capacities given as a percentage of the total installed capacity:

e Fossil fuel plant 30%
e Nuclear plant 30%
e Gas turbines 10%
e Solar energy 5%
¢ Wind turbines 10%
e Hydro turbines 5%

e Pumped storage hydro 10%

(@)  Show by blocking in under the curve on the diagram when and to what degree
these generating units should be operated assuming a normal sunny day with

no wind.

(b)  Considering operating costs clarify which generating equipment would be
reduced in load if wind power was available.

(c) Considering operating costs clarify which generating equipment would be
increased in load if the peak demand reached 90% of installed capacity.

Return this page with the examination answer booklet.

(5 marks )

[ 15 marks ]
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QUESTION 6 ENERGY CONSIDERATIONS

PART | FOSSIL FUEL CHARACTERISTICS

(@)

(b)

()

Explain the difference between the higher heating value (HHV or HCV) and
the lower heating value (LHV or LCV) of a fossil fuel.

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

Compare a high grade coal such as anthracite which is nearly pure carbon
with natural gas which is primarily methane. State which one will give lower
carbon dioxide emissions for the same energy release. Explain in detail what
parameters need to be known to quantify this and how it would be proven that
one or the other would give reduced emissions. '

(10 marks )

PART II RENEWABLE ENERGY EFFICIENCIES

(a)

(b)

Hydro turbines can theoretically convert all (100%) the potential energy in the
water into electrical energy but wind turbines can only theoretically convert a
little more than half (59%) of the kinetic energy of the wind into electrical
energy. Explain why this is the case.

Solar power plants can only convert part (approximately 20%) of the incoming
solar radiation into electrical energy. Compare solar voltaic (solar
photovoltaic panels) and solar thermal (reflecting collectors and steam cycle)
systems and explain where and why the losses which limit efficiency occur.

(5 marks)

[ 15 marks ]
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QUESTION 2 STEAM INJECTED GAS TURBINE
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QUESTION 3 MOLLIER CHART

2000 =
A g 8.5 g

Entropy - s - {(kdK kg

angineeringtoolbox.com
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QUESTION 3 CONDENSER CONDITIONS

(d) 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 — N
[} — -1
o ] @ -7 _
§ 20— water \empi - — 20
@ - - =
o ] T -
g _ =T =
(= J---" N
10 — — 10
0 0

Distance along condenser tubes

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

(f) Estimate the exhaust steam temperature and condenser pressure
at zero load conditions (0.1 MPa steam inlet)
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QUESTION 4 PART | VESTAS WIND TURBINE

mmVresfas s

v80 - 1.8 MW

Pitch regulated wind turbine
with OptiSlip® and OptiTip®

a0T08
Dlameter: 80 m
sSweopt arga: 5,027 m*

speed of rovolution:  15.7 RPM

Number of blades: 5

Power regulation: Pitch « Optislip®

Atr brake: 3 soparate pitch sottings

TOWER:
Hub height (appros.): 60 -67-78 m

OPERATIONAL DATH:

Cut-in wind speed: 4 m/s
Nominal wind spee: 16 m/s
Stop wind speed; 25 m/s

GENERATOR:
Type: Asynchronous with Optisiip®
Nominal output: 1.0 ML
Dperational data: (1] I(z
690V

1,800 -1,960 BPM

GERRBDX:
Type: Planat/parallcl gear
CONTROL:
Type: Microprocossor-basall control

of all turbine functions with the
pption of remote monlitoring.
Optislip® output regulation and
Optitip® pitch rogulation of tho blados.

IEIGHT: (APPROX.)
(60 m) {67 m) (78 m)
Nacollo: 63t 63 ¢t 63 ¢

Rotor: 30t 381¢ 36t

Qutput[ ki ]

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 t>
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 well-known technology
from the V66-1.656 MW turhine. 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 turbine can
be delivered with tower heights of up to 78 meters.

Power turve
Rir donsity 1.225 kg/m*

- -
-/
o/

) / | —vgo-1.8 MW

a 5 10 15 20 2
Wind speed, [ m/s ]
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QUESTION 4 PART | WIND POWER EFFICIENCIES

Wind Power 135

60%

46&& efficiency for propeller-
type windmills

50% <
Modern three- S
biade type < \
)7 \
N
\

40% 4 ’ L <

High-speed, two-
blade type

N
. b .
\<Amencan multiblade type Darrieus rotor\

Efficiency
w
(]
X

20% ~
/\

/ \< Dutch four-arm type
10%
Savonius \

rotor \

(o] 1 2 3 4 5 6 7
Ratio of blade tip speed to wind speed

Figure 5.6 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.)

0
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QUESTION 5 PART | T-s DIAGRAMS NAME ...

Draw T-s and p-V diagrams for the cycles specified on the given axes

(i) Rankine cycle (saturated conditions) (ii) Rankine cycle with superheat
- -

e g

sty L s|)

© ©

@ ]

o o

g £

2 &

Entropy s Entropy s

(iii) Rankine cycle with superheat and reheat (iv) Brayton cycle

e .

Temperature T
Temperature T

e .
__________

Entropy s Entropy s

(v) Otto cycle (vi) Diesel cycle

Pressure p
Pressure p

Volume V Volume V



System capacity in percent
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QUESTION 5 PART Il DAILY LOAD CURVE

(a) Show how the given plants would be utilized to meet the daily demand

as defined by the curve below

100 — —100
80: :80
60: :60
40: :40
20: :20
01T TT T T T 0
0 6 12 18 24

Time of day in hours

Show the utilization of the various plants by blocking in
their output and operational time on the diagram above.
The small illustration alongside indicates how this
should be done with base load plants at the bottom

and peak load plants to make up the remaining demand.

Hint; Take account of the fuel price to minimize the
overall operational cost :
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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 fiuids
Dynamic viscosity

Kinematic viscosity

Density

Thrust

Heat transfer rate

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

m2

J/kg°C
J/kgeC
m

J

m/s?
J/kg

m

kg

kg/s

Pa (N/m?
J/kg

J

m®/s

Jikg K

Jikg K

K

J/kg
W/m?°C  (J/sm*C)
m3/kg

m/s

J/kg

J

m

m

°C
Ns/m?
m?/s
kg/m®
N

Jis
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GENERAL CONSTANTS

Acceleration due to gravity: g = 9.81 m/s?
Atmospheric pressure: pam = 100 kPa
Density of water: puater = 1000 kg/m®

Specific heat of water: c, = 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: c, = 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:

Isentropic Relations:

dE =6Q - 6W

h=u+pv

pVA = constant

w = A(pv)

zg + V42 + u + pv + Aw + Aq = constant

As =38q /T (reversible conditions)

pv=RT
co =Ah/AT
cv=Au /AT
R=c¢cp-¢y
k=cp/cy

p1/p2=(va/ Vi) = (T / To)H
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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:

p1ViA; = paV2A2 = M
p1/pg + z1 + V42129 = palpg + 2 + Vo?/2g

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

hy -hy = (Vo2 - V4912

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

pv=RT
(T2/T4) = (pafpr) ©° %
h1 - ha = cp(T1 - T2) (ideal gas)

h1 -h2= (sz-V12)/2

T = M(Viet - Vaircraft)
Vaircrat = M(Viet - Vaircraft) Vaircraft
P = M(Viet” - Vaircratt”) / 2

Mp = 2Vaircratt! (Vjet + Vaircraft)

Pmax = 8 p AV /27
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HEAT EXCHANGER REFERENCE EQUATIONS

Heat transferred between fluids
O =UAB®B

Heat gained or lost by fluids

Q = MAh
Q = Mg, AT
Q = pQAT

NUCLEAR REFERENCE EQUATIONS
Number of nuclei per gram of material
N=Na/M
Number of fissile nuclei per cm?® of material
Ne=y (Na/M)p

Heat release rate in nuclear fuel

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

Avogadro's Number

Na = 0.602 x 10** atoms/mole
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