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NATIONAL EXAMINATIONS
MAY 2018
16-MEC-B3 ENERGY CONVERSION AND POWER GENERATION

Three hours duration

10.

1.

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.

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

Reference data for particular questions are given on pages 9 to 15. 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 16 to 19.

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

A stationary gas turbine plant has the following technical and operating parameters:

Pressure ratio r = 12

Air flow rate Mair = 142 kg/s
Fuel flow rate Miuet = 2.68 kg/s
Fuel heating value cv = 40 000 kJ/kg
Compressor efficiency Neomp = 90%
Turbine efficiency Nuo = 88%

Air inlet pressure p = 100 kPa

Air inlet temperature T = 15°C

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

(b)  Calculate the actual temperatures at the compressor exit, turbine inlet and
turbine exhaust taking note of the changed gas conditions in the turbine (see
note below). ' (7)

(c) Calculate the power output and efficiency of the gas turbine unit.

2)

Take account of the change in mass flow rate and specific heat when calculating the
conditions of the gas in the turbine. For the expansion of hot gas in a turbine use

cp = 1.148 kJ/kg°C and k = 1.333. For other processes use cp and k for cold air as
given in the table of constants on page 17.

[ 10 marks ]
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QUESTION 2 COMBINED CYCLE STEAM TURBINE

This question assumes that the hot exhaust gas from the gas turbine in Question 1 is
used to generate steam to drive a steam turbine in a combined cycle plant. This
question can be completed without having done Question 1 and without reference fo it.

The hot gas from a gas turbine is used to produce steam in a heat recovery steam
generator. The steam in turn is used to drive a steam turbine to obtain additional

power.

The following technical and operating parameters apply to the steam generator:

Exhaust gas flow rate Mgas = 145 kg/s
Gas inlet temperature T = 560°C
Gas outlet temperature T = 180°C
Steam pressure p = 1.40 MPa
Water inlet temperature T = 30°C
Steam outlet temperature T = 540°C

The following technical and operating parameters apply to the steam turbine:

Steam inlet pressure p = 1.40 MPa
Steam inlet temperature T = 540°C
Steam exhaust temperature T = 30°C
Turbine internal efficiency n = 85%

(a) Sketch a temperature-path length diagram of the steam generator and show

the temperatures at the terminal points. (1
(b)  Calculate the mass flow rate of the steam. (2)
(c) Calculate the power output of the turbine. (5)

The gas turbine burns fuel with a heating value of 40 000 kJ/kg at a rate of 2.69 kg/s to
give a power output of 42.5 MW.

(d)  Calculate the overall cycle efficiency of the combined cycle plant.

(2)

[ 10 marks ]
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QUESTION 3 NUCLEAR PLANT OUTPUT

Refer to the Examination Paper Attachments Page 9 Oconee Nuclear Station for
orientation only.

Oconee Nuclear Station in South Carolina has three pressurised water reactor units.
The nuclear steam supply system of one unit is shown in the diagram. The reactor
supplies heat to two once-through steam generators and the coolant is circulated by
four pumps. Steam from the steam generators drives the steam turbine. Each unit has
the following approximate technical and operating parameters:

Reactor coolant flow rate Mcoolant= 16 460 kg/s

Reactor coolant pressure p = 15 MPa

Reactor coolant inlet temperature T = 290°C

Reactor coolant outlet temperature T = 318°C

Reactor coolant pump power Ppump = 16 MW (all 4 pumps)

Steam generator pressure 6 MPa

p

Steam generator inlet temperature T 220°C  (subcooled)

Steam generator outiet temperature T 300°C (superheated)
Steam turbine exhaust temperature T = 30°C
T
T
n
n

inouou

Cooling water inlet temperature 10°C
Cooling water outlet temperature 20°C
Steam generator thermal efficiency
Steam cycle efficiency

= 98%
= 36%

(a) Sketch a diagram of the complete system (except for feedwater heating) and
show the temperatures at all key points. (1)

(b) Calculate the heat output rate of the reactor and of the steam generator.
3

(c) Calculate the steam flow rate from the steam generator to the steam turbine.
(3)

(d)  Calculate the turbine power output. (1)

Station auxiliaries (including the reactor coolant pumps) consume 7% of the generated
electrical power. Heat from the auxiliaries (but not from the reactor coolant pumps) is
dissipated to the atmosphere.

(e) Calculate the net electrical output from the unit. (1)

f Calculate the rate of heat rejection to the cooling water. 1

[ 10 marks ]
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QUESTION 4 CONDENSER PERFORMANCE

Refer to the Examination Paper Attachments Page 10 Koeberg Condenser and Page
11 Temperature Profiles. Note that 1 bar = 0.1 MPa.

Consider the condenser to be operating under the given conditions. Sketch, in dotted
lines on each of the given axes, the design temperature profile, with specified
temperatures for both cooling water and steam, along the condenser tubes (from inlet to
outlet). Show clearly the change in cooling water temperature AT and the difference
between the average cooling water temperature and the condensing steam temperature
6.

For the following no detailed calculations are required and temperatures should be
rounded to the nearest 1°C. The estimates should be based on average temperature
differences (not log mean temperature differences) and in each case the new values for

AT and 6 should be stated.
If the conditions are changed as indicated below, sketch, in solid lines on the given
axes, the anticipated temperature profiles, across the condenser for each of the

conditions specified. Show, for each condition, the numerical values of temperature for
both cooling water and steam at inlet and outlet.

(a) Cooling water inlet temperature increased to 18°C.
(b)  Turbine load reduced to one quarter of its original value.

(c) Cooling water flow reduced to one half of its original value which also results in
the overall heat transfer coefficient being reduced to 70% of its original value.

(d) Overall heat transfer coefficient reduced by 20% due to fouling of tubes.

[ 10 marks ]
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QUESTION 5 HYDRO POWER PLANT

Refer to the Examination Paper Attachments Page 12 Vanderkloof Hydro Power
Station.

The diagram shows a cross-sectional drawing of Vanderkloof Power Station close to the
main wall of the dam. It has the following design parameters:

Reservoir water level 1170.5 m (point 1)
Turbine inlet elevation 1091.56m (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 ]
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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 COAL FIRED BOILER

Refer to the Examination Paper Attachments Page 13 Coal Fired Boiler. Return this
page with your Examination Booklet.

(a) Identify on this diagram the following components:

¢ Furnace
o Boiler Drum
e Economiser

e Reheater
e Primary Superheater
e Secondary Superheater (3)

(b)  Clarify the type of combustion system used and explain how the fuel is
prepared and conveyed to the combustion space. (3)

(c) Clarify which parts receive heat by radiation and which parts by convection.

(1

(d) Explain the purpose of the economiser, reheater and superheaters and
explain why they are located in their respective positions. (3)

[ 10 marks ]
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QUESTION 7 COMBINED CYCLE COMPARISON
Refer to the Examination Paper Attachments Page 14 Combined Cycle Comparison

Gas turbine cycles may be enhanced by having the heat from the exhaust gases used
to produce steam in a heat recovery steam generator. This steam may be passed back
through the gas turbine (steam injection) to produce additional power or may be passed
to a separate steam turbine (bottoming cycle) which can produce power separately.

(a)  Consider the efficiency of these cycles and explain how and why the efficiency of
these is different from that of a simple: gas turbine cycle. (3)

(b) Compare a steam injected gas turbine cycle and a conventional combined cycle
with steam bottoming. Explain the advantages and disadvantages of one with
respect to the other. (3)

(©) Sketch a typical heat recovery steam generator showing its main internal
components and circuitry and show graphically how the temperatures of the gas
and steam change from inlet to outlet. (4)

[ 10 marks ]

QUESTION 8 SYSTEM LOAD DEMAND
Refer to the Examination Paper Attachments Page 15 System Load Demand.

An isolated electrical power utility with no connections to other systems has the
following sources of generating capacity:

e Nuclear

e Coal

o Gas

e Hydro (pumped storage only)

Each of these constitutes one quarter of the maximum capacity of the system. The
water for the pumped storage hydro cannot be replenished since it is not on a river.

A typical daily load demand curve is given in the diagram. By marking or shading the
squared areas on the diagram in an appropriate manner, show how you would operate
the system to meet the demand on a daily basis. State the assumptions made and
explain the reasoning for the scheduling and output of the power sources.

[ 10 marks ]
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EXAMINATION PAPER ATTACHMENTS

QUESTION 3 OCONEE NUCLEAR STATION
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QUESTION 4 KOEBERG CONDENSER

Steam flow rate

Water make-up flow rate

Cooling water flow rate

Cooling water inlet temperature
Cooling water outlet temperature
Cooling water density

Cooling water friction head loss
Mean steam velocity at tube bank
Cooling water velocity inside tubes
Number of tubes

Number 'of support plates

Tube material

Cooling surface area

Tube overall length

Tube effective length

Tube diameter (OD)

Tube wall thickness (normal tubes)
Tube wall thickness (impact tubes)
Tube configuration

Tube pitch across array

Tube pitch along array

Tube fixing method

Tube mass

Total volume under vacuum

Steam inlet pressure

Steam inlet temperature

Terminal temperature difference

Condenser hotwell capacity

Number of water boxes (inlet and outlet)

Water box internal lining
Condenser shell thickness
Tube plate thickness
Support plate thickness
Condenser length
Condenser width

Condenser mass without LP Heaters
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................................................

2996 t/h

9 t/h

141 000 t/h
13°C

240C

1.025

4.7 m

92 a/s

2 m/s

76968

14 (per bundle)
titanium

57 426 w?
12.84 m

12,50 m

19 mm

0.5 mm

0.6 mm
diagonal array
26 om

45 mm
expanding

132 ¢

7500 m3

0.043 bar abs
300C

6°cC

700 m3 (approx.)
12

neoprene

18 mm

25 mm

12 um

43 m (approx.)
25 m (approx.)
1267 t
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QUESTION 4 TEMPERATURE PROFILES NAME ...,

Show initial conditions as dotted lines on each diagram

Show new conditions for each case as solid lines

Give temperatures on axes

Show basic calculations and new values for AT and 8below each diagram

(a) Increase in cooling water temperature (b) Reduction in turbine load

Temperature
Temperature

(c) Reduction in cooling water flow (d) Reduction in heat transfer coefficient

Temperature
Temperature
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NAME ..............

QUESTION 6 COAL FIRED BOILER
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TYPICAL BOILER HEAT ABSORPTION COMPONENTS
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EXAMINATION PAPER ATTACHMENTS

QUESTION 7 COMBINED CYCLE COMPARISON

Gas Turbine Cycle with Steam Turbine Bottoming
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EXAMINATION PAPER ATTACHMENTS

QUESTION 8 SYSTEM LOAD DEMAND NAME

............................................

maximum system capacity

nE RGeS ESESSR ER RN

Load Demand

I 1 ]

0 6 12 18 24

Time of Day
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EXAMINATION REFERENCE MATERIAL

NOMENCLATURE FOR REFERENCE EQUATIONS (S| UNITS)

o9 >0

mmo

zzzzg33r eI

)

*

AOO0LO0L0 UT S

o

ss<<<CceAdA4d470v

Acceleration m/s?
Flow area, Surface area m?
Specific heat at constant pressure JikgeC
Specific heat at constant volume JikgeC
Diameter m
Energy J
Energy release per fission of one atom

Specific enthalpy JIkg
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/m?3
Gas expansion index

Pressure Pa
Power W
Heat transferred J/kg
Heat release rate Jim?3
Heat J
Volume flow rate m3/s
Specific gas constant JIkg°K
Universal gas constant Jikg-mole®K
Specific entropy JIkg°K
Entropy JI°K
Time S
Temperature °C
Absolute temperature °K
Specific internal energy J/kg
Internal energy J
Specific volume m3/kg
Volume m?3
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/m?s

o Cross section barn

M Dynamic viscosity Ns/m?

< Kinematic viscosity m2/s

P Density kg/m?®

T Thrust N

T Torque Nm

Q Heat transfer rate Jis
CONSTANTS

For consistency in calculations the following constants should be used:

Gravitational Acceleration g = 9.81m/s
Atmospheric Pressure p = 100kPa

Universal Gas Constant Ro = 8.314 kJ/kg mole°K
Density of Water p = 1000 kg/m?
Specific Heat of Water cp = 4.19kJ/kg°C
Specific Heat of Air cp = 1.005kJ/kg°C
Specific Heat of Air cv = 0.718 kJ/k°C
Specific Heat of Helium cp = 5.193 kJ/kg°C
Specific Heat of Helium cv = 3.116 kJ/kg°C
Specific Gas Constant for Air R = 0.287 kJ/kg°K
Avogadro’s Number Na = 0.602 x 10%* atoms/mole
Nuclear Cross Section 1 barn = 102 m?

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-Cv

Specific Heat Ratio: Kk = cplCv



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 Output

Engine Capacity
Mean Effective Pressure
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Ta/T2 = pi/lp2

Ti/T2 = vilv2
p1vi = pavz
p1V1k = szzk

pi/pz = (valva)* = (TH/T2)M&D
T1/T2 = (valva)k! = (pr/p2) &Ik

W =p (v2 - Vi)

w = p1vi In(va/vi)

w = (pavz - pvi) / (1 - k)
w=(T2-T1)R/(1-K)

w = p1v1 In(vavi)

w = (pz2-p1)V
w = (pva - pav2) k/ (k- 1)

dE = 86Q - dW
h=u+pv

Ah = Au + A(pv)
pVA = constant

w = A(pv)
zg + V42 + u + pv + Aw + Aq = constant
As = q/T (reversible conditions)

p1ViA1 = p2V2A2 = M
71g + V12/2 + U1 + P1Va + Win + Qin
= 72Q + V2°/2 + Uz + P2 V2 + Wout + Cout
pilpg + 71 + V12129 = p2lpg + 72 + V2°/29
F = p1A1 - p2Az - pVA(V2 - V1)

(one dimensional)

P = 2nN< /60
Viotal = 1000 (TED2/4) LNcyIinders
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-Vi3) 12
W= [(V1Zabsolule - szabsmute) + (V22relative - V12re|ative)] 12

(T2/T4) = (palpr) &- Dk
hi-h2 = cp(T1 - T2) (ideal gas)
hi1-h2 = (V22-Vi2) 12

T=M (Vjet - Vaircrafl)

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

Np = 2Vaircraft/ (Vjet + Vaircraft)

Pmax = 8 p AV+3 /27

Number of nuclei per gram of material: N=Na/M
Number of fissile nuclei per cm?3 of material: Ne=v(Na/M)p
Heat release rate in nuclear fuel: q* = ¢ NrorEr

Cycle Efficiencies

Tcycle = Wout / Gin = Wout [ Qin = Pout/ Qin
T Carnot = (Thot - Tcold) { Thot

T)Rankine = (Ahtrbine - Ahpump) / Ahiboiler

T Brayton = (AT wrbine - AT compressor) / AT combustion

Component Efficiencies

Tboiler = Qout / Qin

TNboiler = (Qin / Qiost) / Qin
MNturbine = Ahacwal / Ahisentropic
Tnozzle = Ahactual / Ahisentropic
T)gas turbine = ATactual / ATisentropic
MNpump = Ahisenlropic / Ahacual
Tlcompressor = ATisentropic / ATactal
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