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NATIONAL EXAMINATIONS
DECEMBER 2018
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.
Note that Question 5 is on two pages.

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 10 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

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

QUESTION1 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 Mtet = 2.68 kg/s
Fuel heating value Ccv = 40 000 kJ/kg
Compressor efficiency Neomp = 90%
Turbine efficiency Nub = 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)

Note: 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 14.

[ 10 marks ]
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QUESTION 2 HEAT RECOVERY STEAM GENERATOR

This question assumes that the hot exhaust gas from the gas turbine in Question 1 is
used to generate steam in a heat recovery steam generator which is then used 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.

Refer to the Examination Paper Attachments Page 10 Steam Generator for Combined
Cycle. Return this page after completion of the required diagram for part (f).

A heat recovery steam generator provides steam for a steam turbine by utilising the
heat from the exhaust gas of the gas turbine. This steam passing through the turbine
increases the power output of the combined unit. The steam generator has the
following terminal operating conditions:

Gas inlet temperature T = 560°C

Gas outlet temperature T = 130°C

Feedwater inlet temperature 1] = 30°C

Steam outlet temperature T = 540°C

Water and steam pressure p = 1.40 MPa

Gas mass flow rate Mgas = 125 kg/s (air plus fuel)

(a) Sketch a temperature — path length diagram for both fluids over the length of the
steam generator and identify the key temperature points by number.

(1)
(b) Determine the enthalpies of the water and steam at the key points.

(2)
(c) Calculate the mass flow rate of steam Msteam. (1)

(d)  Calculate the temperature difference between the hot and cold streams at the
pinch point. (2)

(e) Explain the significance of the pinch point in the design of a heat exchanger and
how this affects plant performance. (2)

(H The figure on page 10 is purely diagrammatic. Below this figure sketch the
actual arrangement of a heat recovery steam generator showing the economiser,
evaporator, superheater and steam drum in their proper configuration. Label the
sketch to correspond with the temperature — path length diagram in (a) above.

(2)

[ 10 marks ]
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QUESTION 3 ENVIRONMENTAL IMPACT
PART | CARBON DIOXIDE EMISSIONS

A coal fired power plant with an electrical output of 600 MW burns coal at a rate of 250
Mg/hour. The plant data and coal specifications are as follows:

Boiler efficiency = 90%
Steam cycle efficiency = 48%
Coal calorific value = 30 MJ/kg

10% (as received)
75% (as received)

Coal ash content
Coal carbon content

(a) Calculate the rate of coal consumption (Mg/hour). (3)

(b) Calculate the rate of carbon dioxide release (Mg/hour). (2)

PART [l WATER CONSUMPTION

Refer to the Examination Paper Attachments Page 11 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 = 15°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). (1)

(b) Evaporative loss in cooling tower (m3/MJ rejected) and (m3/s).
(2)
(c) Evaporative loss as a percentage of the cooling water flow rate.
(1)
(d) Consumption of water by cooling tower (L/kWh generated) (litres/unit generated).

(M
[ 10 marks ]
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QUESTION 4 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 MCR*

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

Determine the following:

(a)  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.
(3)
(c)  Annual cost of coal ($) and cost of coal per unit generated (cent/kWh).
M

(d)  Annual capital cost repayment ($) and cost per unit generated (cent/kWh).
2)
(e)  Annual administration and maintenance cost ($) and cost per unit generated
(cent/kWh). (1)

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

[ 10 marks ]
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QUESTION 5 COAL PULVERISER AIR FLOW

Refer to the Examination Paper Attachments Page 12 Vertical Spindle Roller Mill.

This diagram shows the basic configuration and coal flow through a typical vertical
spindle pulveriser. Coal enters at the top and air at the bottom. The air passing through
the pulveriser entrains and dries the pulverised coal which, after classification to ensure
proper particle size, leaves with the air at the top. Air entering at the bottom is
tempered with cooler air to maintain proper temperatures with varying coal moisture
content.

Consider a coal pulveriser of this type with a capacity of 18 MG/hour. The following
boundary conditions exist:

Temperature of coal feed 30°C
Temperature of hot primary air from air heater 250°C
Temperature of cool tempering air bypassing air heater 40°C
Maximum permitted temperature of hot primary air 400°C
Temperature of pulverised coal-air mixture 70°C
Air-fuel ratio by mass 2

Note that an appropriate amount of cool tempering air is mixed with the hot primary air
prior to entering the pulveriser so as to obtain the desired pulveriser outlet temperature.
The pulveriser can be treated as a heat exchanger with the hot and cold air and coal
and moisture streams exchanging heat with one another. Use specific heats as follows

as well as steam tables.

Specific heat of air ¢o = 1.0 kd/kg°C (for ease of calculation)
Specific heat of dry coal (no surface moisture) ¢ = 1.25 kJ/kg°C

Prior to doing the calculations sketch the individual flow streams passing through the
pulveriser and identify which streams lose and which gain heat.

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

Determine the following when operating with coal having some surface moisture.

(a) Mass flow rates of coal and air through the pulveriser as well as the moisture flow
rate in terms of the coal flow rate (kg/s). (2)

(b) Equations of heat gain and heat loss to quantify the primary and tempering air
mass flow rates as well as coal flow rate through the pulveriser to give the
specified air-fuel ratio and to define the moisture flow rate. (5)

(c) By solving the equations above, calculate the maximum surface moisture on the
coal that the pulveriser can handle and still operate under the specified normal
conditions. Note that under these conditions (exit temperature 70°C) there would
be no tempering air admitted. (2)

(d)  Should the coal have a lower moisture content than that determined in (c) above,
state with reasons what would be done to maintain effective drying of the coal
and maintaining normal operating conditions. (1)

Hint: Assume a moisture mass flow rate of m and solve for m.

[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. The mark allocation for the individual parts will vary depending upon the
extent of the answer.

QUESTION 6 NUCLEAR REACTOR PRINCIPLES

The following diagram shows the basic principles of the operation of a nuclear reactor.

(a)

(b)

(c)

Coolant Control Coolant
Outlet Rod Oullet

Neutron
absorbed

e o om e i)

P 2

Neutron from
previous generation

Neutrons to
nex! generation

Fission

R O L

Moderator Fuel Rods

. |

Fuel Rods Moaderator
Neutron
leaking

Explain the process illustrated. Write an equation to describe the process.
Explain how and where energy is released in the process.

Explain the functions of the four main components of the reactor. Explain
why the reactor is configured as shown.

Consider a typical CANDU OR PWR reactor system. Describe the material and
construction or arrangement of each of the four main components of the selected

reactor.

[ 10 marks ]
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QUESTION 7 COAL COMBUSTION
Consider the combustion of coal in a large coal fired boiler in a power plant.

(a) Explain why the coal is ground to a fine power before combustion in the
furnace.

(b) Explain why excess air is required in the combustion process.

() Explain what is meant by a proximate analysis and what is measured in
such an analysis.

(d) Explain what is meant by an ultimate analysis and what is measured in
such an analysis.

(e) Explain what is measured in a flue gas analysis. Clarify the difference
between a wet gas analysis and a dry gas analysis. Explain why one or
the other would be used in combustion calculations.

[ 10 marks ]

QUESTION 8 ENERGY STORAGE

Electrical energy required by consumers must be produced instantaneously by power
plants which must then operate with a constantly varying output. The demand for
electricity is high during the day and low at night. It is therefore advantageous to store
energy on a large scale in a different form.

Describe TWO different methods for storing energy on a large scale for later use.
Clarify in what form is this energy. Explain limitations to these methods of storage.
Indicate likely levels of efficiency in the recovery of this energy. Explain what would
determine the economic viability of these energy storage methods.

[ 10 marks ]
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EXAMINATION PAPER ATTACHMENTS

NAME .....coonessssarinridessmmis s saiam s isis
QUESTION 2 STEAM GENERATOR FOR COMBINED CYCLE
Combustion
Chamber
Air Inlet  e——
™ =2 Gas Turbine Steam Turbine
\ /| -
- \ Generator Generator
Compressor
Cooling Water Inlet
Cooling Water Outlet
Heat Recovery Condenser
Steam Generator
N\
\—y
Pump
e—e

Exhaust Gas Outlet

Part (f) Heat recovery steam generator configuration

Sketch the actual arrangement of a heat recovery steam generator showing the
economiser, evaporator, superheater and steam drum in their proper configuration.
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EXAMINATION PAPER ATTACHMENTS
NAME ...............

QUESTION 3 PART Il COOLING TOWER EVAPORATIVE LOSS

HUMIDITY
00%

ATMOSPHERIC WET BULB TEMPERATURE.°C

0 5 10 T3 20 25 30 3
ATMOSPHERIC DRY BULB TEMPERATURE, °C

EVAPORATIVE LOSS IN m*/GJ REJECTED

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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EXAMINATION PAPER ATTACHMENTS

QUESTION 5 VERTICAL SPINDLE ROLLER MILL

.-: / Final Classification

Gravity Separation

Primary Classification

Grinding Rollers

Rotating Table Fluidized Bed

Throat

Primary and
Tempering Air

Vertical spindle roller mill (courtesy of Babcock & Wilcox)

Microsoft Word File
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EXAMINATION REFERENCE MATERIAL

NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

>

OO0
< ©
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—_

sE<<<<CcE¢c —1—1"’mw<§)zjoo_o*_o Do S

Acceleration m/s?
Flow area, Surface area m?
Specific heat at constant pressure J/kg°C
Specific heat at constant volume J/kg°C
Diameter m
Energy J
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 kgls
Molecular weight

Number of nuclei number/g
Avogadro's number

Number of fissile nuclei number/m3
Gas expansion index

Pressure Pa
Power w
Heat transferred J/kg
Heat release rate Jim3
Heat J
Volume flow rate ms/s
Specific gas constant JIkg°K
Universal gas constant J/kg-mole°K
Specific entropy JIkg°K
Entropy JIPFK
Time S
Temperature °C
Absolute temperature °K
Specific internal energy J/kg
Internal energy J
Specific volume m3kg
Volume m?
Velocity m/s
Specific work J/kg
Work J
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X Length m

z Elevation m

¥ Fuel enrichment

n Efficiency

) Neutron flux neutrons/m?s
of Cross section barn
v Dynamic viscosity Ns/m?
< Kinematic viscosity m?/s
o Density kg/m?3
L Thrust N

T Torque Nm

Q Heat transfer rate Jis

CONSTANTS

For consistency in calculations the following constants should be used:

Gravitational Acceleration g = 9.81mis
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 = 4.19kJkg°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?4 atoms/mole
Nuclear Cross Section 1 barn = 1002 m?

GENERAL REFERENCE EQUATIONS

Ideal Gas Relationships

Gas Law:
Gas Law:

pv = RT
pVv = mRT

Specific Heat at Constant Pressure: cp = Ah/AT
Specific Heat at Constant Volume: cv = Au/AT

Gas Constant:

R=cp-Cv

Specific Heat Ratio: k = cplcy



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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T1/T2 = p/p2
T1/T2 = valva

p1vi = pa2v2
pivik = pavak
p/p2 = (Valvi)¥ = (Ta/T)K kD

T1/T2 = (valva)k! = (pi/pa)®- Dk

p (V2 - v1)

p1v1 In(va/v1)

= (pav2 - pivi) / (1 - k)
=(T2-TH)R/(1-k)

= p1v1 In(vav1)

(pz - p1) v

w
W
w = (piv1 - pav2) k/ (k- 1)

dE = 8Q - dW
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)

p1ViAr = p2VoAz = M
719 + V1%/2 + u1 + P1v1 + Win + Qin
= 720 + V22/2 + Uz + p2 V2 + Wout + Qout
p1/pg + 21 + V1229 = palpg + Z2 + V22/2g
= p1A1 - p2Az - pVA(V2 - V1)
(one dimensional)

P = 2xNt /60
Viotat = 1000 (TED2/4) LNcyIinders
MEP = Work / (V1 - V2)



Steam Turbines

Nozzle Equation:
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hi-hz= (V22-Vi?) /2

Work: W= [(V12absolule = V22absolute) + (szrelative = V12relative)] 12

Gas Turbines
Isentropic Equation:
Enthalpy Change:
Nozzle Equation:
Jet Propulsion
Thrust:
Thrust Power:
Jet Power:
Propulsion Efficiency:
Wind Turbines

Maximum ldeal Power:

Nuclear Energy

(T2/T1) = (p2/p1) &- VK
h1 - h2 = cp(T1 - T2) (ideal gas)
h1-ha=(V22-Vi?) 12

T=M (Vjet - Vaircraft)

TVaircraft = M (Vjet - Vaircraft) Vaircraft
P =M (Vjet? - Vaircrart®) I 2

Np = 2Vaircraft / (Vjet + Vaircrafl)

Pmax =8 p AV+3 /27

Number of nuclei per gram of material: N=Na/M

Number of fissile nuclei per cm?® of material: Nf=vy (Na/M)p

Heat release rate in nuclear fuel: q* = ¢ Nror Ef
Cycle Efficiencies

Ncycle = Wout / Qin = Wout / Qin = Pout / Qin

T)Carnot = (Thot - Tcold) ! Thot

T|Rankine = (Ahturbine - Ahpump) / Ahiboiler

T Brayton . (ATturbine . ATCompressor) | AT combustion

Component Efficiencies

TNboiler = Qout / Qin

T boiler S (Qin / Qlost) [ Qin
TMturbine = Ahactual / Ahisentropic
Tnozzle = Ahactuat / Ahisentropic
Tgas turbine = ATactal / ATisentropic
T pump = Ahisentropic / Ahactual

T compressor = ATisentropic / ATactual
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