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Preface

There have been significant developments and advancesin the field of power plant engineering,
computer applications on energy audit and management, environmental audit and management, human
development and environment. The authors have been encouraged to write this pioneer book for the
benefit of students of engineering and researchers due to their contribution in power generation cover-
ing the syllabi of conventiona power plantsi.e., Power Plant Engineering, at the international level in
general as text cum reference book.

Thisbook being pilot project of the authors specially in the area of conventional power plant will
satisfy the engineering scholars as well as researchers in the field of direct energy conversion devices.

In the present book the syllabi enclosed has been covered in the most lucid manner from
power plant point of view to avoid the unnecessary bulkiness and to reduce the cost of the price for
the benefit of our beloved students of engineering in particular and othersin general.

We have written this pioneering book on the basis of syllabi in the most lucid and compact
manner for the benefit of the students and the readers.

The authorsare greatly indebted to Ch. Sunil Singh, Chairman, SITM Lucknow, Mr. K.C. Mishra
Suptt. Engineer, Saudia Electric Co. Saudi Arabia, for their great encouragement in writing this book.
Without their support and help we would not have been able to accomplish this tough and challenging
work.

In the end the authors will feel obliged for critical and useful suggestions since this pioneer book
covers the syllabi in the most useful area of Mechanical Engineering in particular and is applicable for
all branches of technology and engg. for al major Indian Universities, as well as at international level.

A K. Rga
Amit P. Srivastava
Manish Dwivedi
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Chapter 1

Fundamental of Power Plant

ql.l INTRODUCTION —

Thewholeworldisin the grip of energy crisisand the pollution manifesting itself in the spiraling
cost of energy and uncomforted due to increase in pollution as well as the depletion of conventional
energy resources and increasing curve of pollution elements. To meet these challenges one way is to
check growing energy demand but that would show down the economic growth as first step and to
develop nonpolluting energy conversion system as second step. It is commonly accepted that the stand-
ard of living increases with increasing energy consumption per capita. Any consideration of energy
requirement and supply has to take into account the increase conservation measures. On the industrial
font, emphasis must be placed on the increased with constant effort to reduce energy consumption.
Fundamental changes in the process, production and services can affect considerable energy saving
without affecting the overall economy. It need not be over emphasized that in house hold commercia
and industrial use of energy has considerable scope in energy saving. Attempt at understanding the
integrated relationship between environment and energy have given shape due to development of
R-134a, (an non pollutant refrirgent) to emerging descipling of environmental management. The gov-
ernment of India has laid down the policy “it is imperative that we carefully utilize our renewal (i.e.,
non-decaying) resources of soil water, plant and animal live to sustain our economic development” our
exploration or exploitation of theseisreflected in soil erosion, salutation, floods and rapid destruction of
our forest, floral and wild life resources. The depletion of these resources often tends to be irreversible
since bulk of our population depends on these natural resources. Depletion of these natural resources
such as fuel, fodder, and housing power plant;

q 1.2 CONCEPT OF POWER PLANT —

A power plant is assembly of systems or subsystems to generate electricity, i.e., power with
economy and requirements. The power plant itself must be useful economically and environmental
friendly to the society. The present book is oriented to conventional aswell as non-conventional energy
generation. While the stress is on energy efficient system regards conventional power systems viz., to
increase the system conversion efficiency the supreme goal isto develop, design, and manufacturer the
non-conventional power generating systems in coming decades preferably after 2050 AD which are
conducive to society as well as having feasible energy conversion efficiency and non-friendly to pollu-
tion, keeping in view the pollution act. The subject as awhole can be also stated as modern power plants
for power viz electricity generation in 21st century. The word modern means pertaining to time. At
present due to energy crisis the first goal is to conserve energy for future while the second step is to
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develop dternative energy systemsincluding direct energy conversion devices, with the devotion, dedi-
cation and determination remembering the phrase, “ Delve and Delve Again till wade into”.

q 1.3 CLASSIFICATION OF POWER PLANTS —

Power Plant

Conventional

Steam Engines Power Plants
Steam Turbine Power Plants
Diesel Power Plants

Gas Turbine Power Plants
Hydro-Electric Power Plants
Nuclear Power Plants

Non-conventional

Thermoelectric Generator
Therm-ionic generator

Fuel-cells Power Plants

Photovoltaic solar cells Power System
MHD Power Plants

Fussion Reactor NPP Power System
Biogas, Biomass Energy Power system
Geothermal Energy

Wind Energy Power System

Ocean Thermal energy conversion (OTEC)
Wave and Tidal Wave

Energy Plantation Scheme

A power plant may be defined as amachine or assembly of equipment that generates and delivers
aflow of mechanical or electrical energy. The main equipment for the generation of electric power is
generator. When coupling it to a prime mover runs the generator, the electricity is generated. The type of
prime move determines, the type of power plants. The major power plants, which are discussed in this

book, are,

1. Steam power plant

2. Diesel power plant

3. Gas turbine power plant

4. Nuclear power plant

5. Hydro electric power plant

The Steam Power Plant, Diesel Power Plant, Gas Turbine Power Plant and Nuclear Power Plants
are called THERMAL POWER PLANT, because these convert heat into electric energy.
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q 1.4 ENERGY —

Energy isthe capacity for doing work, generating heat, and emitting light. The equation for work
isthe force, which is the mass time the gravity times the distance.

Heat is the ability to change the temperature of an object or phase of a substance. For example,
heat changes a solid into aliquid or aliquid into a vapor. Heat is part of the definition of energy.

Another part of the definition of energy is radiation, which isthe light and energy emitted in the
form of waves traveling at the speed of light.

Energy is measured in units of calorie, quad, and joule. A kilocalorie is the amount of energy or
heat required to raise the temperature of 1 kilogram of water from 14.5°C to 15.5°C. The quad unit is
used to measure energy needed for big countries. The final measurement of energy is joules.

Energy isan essential input for economic development and improving quality of life. India’s per
capita consumption of Commercial Energy (viz, coal, petroleum and electricity) is only one-eighth of
the Global Average and will increase with growth in Gross Domestic Production (GDP) and improve-
ment in standard of living.

Commercia Energy accountsfor alittle over half of the total energy used in the Country, the rest
coming from non-commercia resources like cow-dung, fuel wood and agricultural waste. Though the
share of these non-commercial sources has been coming down, consumption has increased amost dou-
ble since 1953.

These renewable, non-commercial sources have been used extensively for hundreds of years but
in a primitive and ineffective way. Indiscriminate use of non-commercial energy sourcesisleading to an
energy crisisin the rural areas. Seventh Plan laid emphasis on the development and accelerated utilisa-
tion of renewable energy sourcesin rural and urban areas. A major Policy of the Government is directed
towards increasing the use of coal in household and of electricity in transport sector in order to reduce
dependence on oil, which is becoming scarce gradually.

The Government has formulated an energy policy with objectives of ensuring adequate energy
supply at minimum cost, achieving self-sufficiency in energy supplies and protecting environment from
adverse impact of utilising energy resources in an injudicious manner. Main elements of the policy are:

1. Accelerated exploitation of domestic conventional energy resources-ail, coa, hydro and nu-
clear power;

. Intensification of exploration to increase indigenous production of oil and gas;
. Management of demand for oil and other forms of energy;

. Energy conservation and management;

. Optimisation of utilisation of existing capacity in the country;

. Development and exploitation of renewable sources of energy to meet energy requirements
of rural communities;

o O~ WODN

7. Intensification of research and development activities in new and renewable energy sources;
and

8. Organisation of training far personnel engaged at various levels in the energy sector.

Development of conventional forms of energy for meeting the growing energy needs of the
society at a reasonable cost is the responsibility of Government viz., Department of Power, Coal and
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Petroleum and Natural Gas. Development and promotion of non-conventional/alternate/new and renew-
able sources of energy such as Solar, Wind and Bio-energy, etc., are al so getting sustained attention from
the Department of Non-Conventional Energy Sources created in September, 1982. Nuclear Energy De-
velopment is being geared up by the Department of Atomic Energy to contribute significantly to overall
energy availability in the Country.

Energy Conservation is being given the highest-priority and is being used as atool to bridge the
gaps between demand and supply of energy. An autonomous body, namely Energy Management Centre,
has been set up on ten April, 1989, as a nodal agency for energy conservation projects.

There are various types of energy which, they include nuclear, electrical, thermal, chemical, and
radiant energy. In addition, gravitational potential energy and kinetic energy that combines to produce
mechanical energy.

Nuclear energy produces heat by fission on nuclel, which is generated by heat engines. Nuclear
energy isthe world's largest source of emission-free energy. There are two processesin Nuclear energy
fission and fusion. In fission, the nuclei of uranium or plutonium atoms are split with the release of
energy. Infusion, energy isreleased when small nuclei combine or fuse. Thefission processisusedinall
present nuclear power plants, because fusion cannot be controlled. Nuclear energy is used to heat steam
engines. A Nuclear power plant is a steam engine using uranium as its fuel, and it suffers from low
efficiency.

Electricity powers most factories and homesin our world. Some thingslike flashlights and Game
Boys use e ectricity that is stored in batteries as chemical energy. Other items use electricity that comes
from an electrical plug in awall socket. Electricity isthe conduction or transfer of energy from one place
to another. The electricity isthe flow of energy. Atoms have electrons circling then, some being loosely
attached. When electrons move among the atoms of matter, a current of electricity is created.

Thermal energy is kinetic and potential energy, but it is associated with the random motion of
atomsin an object. The kinetic and potential energy associated with this random microscopic motion is
caled thermal energy. A great amount of thermal energy (heat) is stored in the world's oceans. Each
day, the oceans absorb enough heat from the sun to equal the energy contained in 250 billion barrels of
oil (Ocean Thermal Energy Conversion Systems).

Chemical energy isaform of energy that comes from chemical reactions, in which the chemical
reaction isaprocess of oxidation. Potential energy isreleased when achemical reaction occurs, whichis
caled chemical energy. A car battery is a good example, because the chemical reaction produces
voltage and current to start the car. When a plant goes through a process of photosynthesis, what the
plant is left with more chemical energy than the water and carbon dioxide. Chemical energy is used in
science labs to make medicine and to product power from gas.

Radiant energy exists in a range of wavelengths that extends from radio waves that many be
thousands of meters long to gamma rays with wavelengths as short as a million-millionth (10~ ?) of a
meter. Radiant energy is converted to chemical energy by the process of photosynthesis.

The next two types of energy go hand and hand, gravitational potential energy and kinetic
energy. The term energy is motivated by the fact that potential energy and kinetic energy are different
aspects of the same thing, mechanical energy.
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Potential energy exists whenever an object which has mass has a position within a force field.
The potential energy of an object in this case is given by the relation PE = mgh, where PE isenergy in
joules, misthe mass of the object, g isthe gravitational acceleration, and histhe height of the object goes.

Kinetic ener gy isthe energy of motion. An object in motion, whether it be vertical or horizontal
motion, has kinetic energy. There are different forms of kinetic energy vibrational, which is the energy
due to vibrational mation, rotational, which is the energy due to rotational motion, and transnational,
which is the energy due to motion from one location to the other. The equation for kinetic energy is %2
mv?, where mis the mass and v is the velocity. This equation shows that the kinetic energy of an object
is directly proportional to the square of its speed.

41.6 POWER —

Power is the rate doing work, which equals energy per time. Energy is thus required to produce
power. We need energy to run power plantsto generate electricity. We need power to run our appliances,
and heat our homes. Without energy we would not have electricity.

The units of power are watts, joules per second, and horsepower,
where ; 1 Watt = 1 joule per second
1 Kilowatt = 1,000 Watts
1 Megawatt = 1,000 kilowatts
= 1 horsepower

Electricity isthe most convenient and versatile form of energy. Demand for it, therefore, has been
growing at arate faster than other forms of energy. Power industry too has recorded a phenomenal rate
of growth both in terms of its volume and technological sophistication over the last few decades. Elec-
tricity plays a crucia role in both industrial and agricultural sectors and, therefore, consumption of
electricity in the country isan indicator of productivity and growth. In view of this, power development
has been given high-priority in development programme.

mmm 1.7 POWER DEVELOPMENT IN INDIA i—

The history of power development in India dates back to 1897 when a 200 kW hydro-station was
first commissioned at Darjeeling. The first steam station was set up in Calcuttain 1899. By the end of
1920, the total capacity was 130 mW, comprising. Hydro 74 mw, thermal 50 mW and diesel 6 mW. In
1940, the total capacity goesto 1208 mW. There was very slow development during 1935-1945 due to
Second World War. The total generation capacity was 1710 mW by the end of 1951. The development
redly started only after 1951 with the launching of the first five-year plan.

During the First Plan, construction of a number of Magjor River Valley Projects like Bhakra-
Nangal, Damodar Valley, Hira Kund and Chambal Valley was taken up. These projects resulted in the
stepping up of power generation. At the end of the First Plan, generation capacity stood at 34.2 lakh kW.

Emphasis in Second Plan (1956-61) was on development of basic and heavy industries and
related need to step up power generation. Installed capacity at the end of Second Plan reached 57 lakh
kw. comprising 3800 mW thermal and 1900 MW hydel.

During the Third Plan period (1961-66), emphasis was on extending power supply to rural areas.
A significant development in this phase was emergence of Inter-state Grid System. The country was
divided into Five Regions to promote power development on a Regional Basis. A Regiona Electricity
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Board was established in each region to promote integrated operation of constituent power system.
Three Annual Plans that followed Third Plan aimed at consolidating programmes initiated during the
Third Plan.

Fourth Plan envisaged need for central participationin expansion of power generation programmes
at strategic locations to supplement activities in the State Sector. Progress during the period covering
Third Plan, three Annual Plans and Fourth Plan was substantial with installed capacity rising to 313.07
lakh kW compression; 113.86 lakh kW from Hydro-€electric Projects, 192.81 lakh kW from Thermal
Power Projects and balance of 6.4 lakh kW from Nuclear Projects at the end of the Fifth Plan.

During the Sixth Plan, total capacity addition of 196.66 lakh kW comprising Hydro 47.68 lakh
kW, Thermal 142.08 lakh kW and Nuclear 6.90 lakh kW was planned. Achievement, however, has been
142.26 lakh kW (28.73 lakh kW Hydro, 108.98 lakh kW Thermal and 4.55 lakh kW Nuclear) 72.3 per
cent of the target.

The Seventh Plan power programme envisaged aggregate generating capacity of 22,245 mW in
utilities. Thiscomprised 15,999 mW Thermal, 5,541 mW Hydro and 705 mW Nuclear of the anticipated
22,245 mW additional capacity. Central Sector Programme envisaged capacity addition of 9,320 mW
(7,950 mW Thermal, 665 mW Hydro and 705 mW Nuclear) during the Plan Period. During the Seventh
Plan, 21401.48 mW has been added comprising 17104.1 mwW Thermal 3,827.38 mW Hydro and 470 mwW
Nuclear. Year wise commissioning of Hydro, Thermal and Nuclear Capacity added during 1985-86 to
1989-90 isgivenin.

The Working Group on Power set up particularly the Planning Commission in the context of
formulation of power programme for the Eighth Plan has recommended a capacity addition programme
of 38,369 mW for the Eighth Plan period, out of which it is expected that the Central Sector Projects
would add a capacity of 17,402 mW. The programme for the first year of the Eighth Plan (1990-91)
envisages generation of additional capacity of 4,371.5 mW comprising 1,022 mW Hydro, 3,114.5 mW
Thermal and 235 mW Nuclear.

The subject * Power’ appearsin the Concurrent List of the Constitution and as such responsibility
of its development lies both with Central and state governments. At the Centre, Department of Power
under the Ministry of Energy is responsible for development of Electric Energy. The department is
concerned with policy formulation, perspective planning, procuring of projectsfor investment decisions,
monitoring of projects, training and manpower devel opment, administration and enactment of Legislation
in regard to power generation, transmission and distribution. The depart-ment is also responsible for
administration of the Electricity (Supply) Act, 1948 and the Indian Electricity Act, 191() and undertakes
all amendments thereto. The Electricity (Supply) Act, 1948, forms basis of administrative structure of
electricity industry. The Act provides for setting up of a Central Electricity Authority (CEA) with
responsibility, inter-alia, to develop aNationa Power Policy and coordinate activities of various agencies
and State Electricity Boards. The act was amended in 1976 to enlarge scope and function of CEA and
enable of creation of companies for generation of electricity.

The Central Electricity Authority advises Department of Power on technical, financial and
economic matters. Construction and operation of generation and transmission projects in the Central
Sector are entrusted to Central Power Corporations, namely, National Thermal Power Corpora-tion
(NTPC), National Hydro-Electric Power Corporation (NHPC) and North-Eastern Electric Power
Corporation (NEEPCU) under administrative control of the Department of Power. The Damodar Valley
Corporation (DVC} constituted under the DVC Act, 1948 and the Bhitkra Beas, Management Board
(BBMB) consgtituted under the Punjab Reorganization. Act, 1966, is also under administrative control
of the Department of Power. In addition, the department administers Beas Construction Board (BCB)
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and National Projects Construction Corporation (NPCC), which are construction agencies and training
and research organisations, Central Power Research Ingtitute (CPRI) and Power Engineers Training
Society (PETS). Programmes of rural electrification are within the purview of Rura Electrification
Corporation (REC) which is a financing agency. *‘ There are two joint venture Power Corporations
under the administrative control of the Department of Power, namely, Nathpa jhakri Power Corporation
and Tehri Hydro Development Corporation which are responsible for the execution of the Nathpa Jhakri
Power Project and Projects of the Tehri Hydro Power Complex respectively. In addition to this, Energy
M anage-ment Centre, an autonomous body, was established in collaboration with the European Economic
Community, which is responsible for training, research, and information exchange between energy
professionals. It is also responsible for conservation of energy programmes/activitiesin the Department
of Power.

Significant progress has been made in the expansion of transmission and distribution facilitiesin
the Country. Total length of transmission lines of 66 kV and above increased from 10,000 ckt (circuit)
km in December 1950 to 2.02 lakh ckt Kmin March, 1990. Highest transmission voltage in the Country
at present is 400 kV and above 19800 ckt km of 400 kV lines had been constructed up to March, 1990
and about 18000 ckt km of these are in actual operation.

Prior to the Fourth Plan, Transmission Systems in the Country were developed more or less as
state systems, as generating stations were built primarily in the State Sector. When State Transmission
Systems had devel oped to a reasonable extent in the Third Plan, potentiality of inter-connected opera-
tion of individual state systems with other neighboring systems within the region (northern, western,
southern, eastern and north-eastern) was thought of. Fairly well inter-connected systems at voltage of
220 kV with progressive overlay of 400 kV are presently available in al regions of the Country except
North-eastern Region. With creation of Two Generation Corporations, namely National Thermal Power
Corporation and National Hydro-Electric Power Corporation in 1975, the Centre had started playing an
increasingly larger role in the development of grid systems.

The 400 kV transmission systems being constructed by these organisa-tions as part of their gen-
eration projects, along with 400 kV inter-state and inter-regional transmission lines would form part of
the National Power Grid.

National Power Grid will promote integrated operation and transfer of power from one system to
another with ultimate objective of ensuring optimum utilisation of resources in the Country. India now
haswell integrated Regional Power Systems and exchange of power istaking place regularly between a
large numbers of state systems, which greatly facilitates better utilisation of existing capacity.

41.8 RESOURCES FOR POWER GENERATION —

The hydel power source plays avita role in the generation of power, asit is a non-conventional
perennial source of energy. Therefore the French calls it “huile blanche” —white oil-the power of flow-
ing water. Unlike black ail, it is a non-conventional energy source. A part of the endless cyclein which
moistureisraised by the sun, formed into clouds and then dropped back to earth to feed the rivers whose
flow can be harnessed to produce hydroelectric power. Water as a source of power is non-polluting
which is a prime requirement of power industry today.

The world's total waterpower potential is estimated as 1500 million kW at mean flow. This
means that the energy generated at aload factor of 50% would be 6.5 million kW-hr, a quantity equiva-
lent to 3750 million tonnes of coal at 20% efficiency. The world hydel installed capacity (as per 1963
estimate is only 65 million kW or 4.3% of the mean flow.
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India has colossal waterpower resources. India’s total mean annual river flows are about 1675
thousand million cubic meters of which the usable resources are 555 thousand million cubic meters. Out
of tota river flows, 60% contribution comes from Himalayan rivers (Ganga, Indus and Brahmaputra).
16% from central Indian rivers (Narmada, Tapti and M ahanadi) and theremaining from theriversdrainning
the Deccan plateau (Godavari, Krishna and Cauvery). India's power potential from hydel source as per
the recent estimate is 41500 mW while its present hydel capacity is only 32000 mW. Still India has got
enough hydel potential to develop to meet the increasing power needs of the nation. The abundant
availability of water resources, itsfairly even distribution and overall economy in developing this source
of energy enhanced its development in India, The other factors responsible in its rapid development are
indigenous technological skill, material and cheap labour. In the IX five-year plan; the Government
considering theimportance of this source hasincluded a number of hydro-projects. The major difficulty
in the development of hydroelectric projects is the relatively longer time required for it’'s hydrological,
topographical and geological investigations. Lack of suitable. Site is an added problem for taking up
hydro-projects.

Hydropower was once the dominant source of electrical energy intheworld and still isin Canada,
Norway and Switzerland. But its use has decreased in other countries since 1950s, as relatively less
expensivefuel waseasily available. In USA, only 10% of the total power production iswater-generated.
In the light of fuel scarcity and its up surging prices, the role of hydropower is again re-examined and
more emphasisis being laid on waterpower development. As per Mr. Hays (Manager of Hydro Projects
in USA), “It was less costly per mW to build a single 1000 mW thermal plant than 20 small hydro-
plants. But, with the increased fuel cost and high cost of meeting environmental criteriafor new thermal
plants, interest in hydro isbeing revived”. Small hydro-projects ranging from 10 to 1500 kW are becom-
ing more feasible as standardization of major equipment reduces costs. Indiaisyet to start in the field of
micro-hydro projects, which is one major way for solving the present power problem.

Hydro-projects generate power at low cost, it isnon conventional, easy to manage, pollution free
and makes no crippling demands on the transportation system. But the major drawback is, it operates at
the mercy of nature. Poor rainfall has on a number of occasions shown the dangers of over dependence
on hydropower.

Let rivers flow and let rains shower the earth with prosperity is the ancient prayer chanted by
Riches and continued to be chanted even now.

The devel opment of hydropower systems as aback up for thermal systems has significant advan-
tages. The flexible operation of hydraulic turbines makes them suitable for. Peak load operation. There-
fore, the development of hydropower is not only economical but it aso solvesthe major problem of peak
load. The present Indian policy of power development gives sufficient importance for the hydel-power
development. The next important source for power generation is fuel in the form of coal, oil or gas.
Unfortunately, the oil and gas resources are very much limited in India. Only few power plants use oil or
gas as a source of energy. India has to import most of the oil required and so it is not desirable to use it
for power generation. The known resources of coal in India are estimated to be 121,000 million tonnes,
which are localized in West Bengal, Bihar, Madhya Pradesh and Andhra Pradesh. The present rate of
annual production of coal is nearly 140 million tonnes of which 40 million-tonnes are used for power
generation. The coal used for power generation is mainly low-grade coal with high ash content
(20-40%).

The high ash content of Indian coa (40-50%) is one of the causes for bad performance of the
existing steam power plants and their frequency outages, as these plants have been designed for low ash
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coals. Due to the large resources of coal available in the country, enough emphasis has been given for
thermal Power plantsin the IX plan period.

Thelocation of hydel-power plantsis mostly determined by the natural topography available and
location of thermal plants is dictated by the source of fuel or transportation facilities available if the,
power plant isto be located far from coalmines. For nuclear power plant any site can be selected paying
due consideration to safety and load. Indiahasto consider nuclear generation in places remote from coal
mines and water power sites. The states which are poor in natural resources and those which have little
untapped conventional resources for future development have to consider the development of nuclear
plants.

The nuclear fuel which is commonly used for nuclear power plants is uranium. Deposits of
uranium have been located in Bihar and Rajasthan. It is estimated that the present reserves of uranium
available in country may be sufficient to sustain 10,000 mW power plants for its thorium into nuclear
Indian lifetime. Another possible nuclear power source is thorium, which is abundant in this country,
estimated at 500,000 tonnes. But the commercial use of this nuclear fuel istied up with devel opment of
fast breeder reactor which converts energy economy must wait for the devel opment of economic meth-
ods for using thorium which is expected to be available before the end of twentieth century. The major
hurdle in the development of nuclear power in this country is lack of technical facility and foreign
exchange required to purchase the main component of nuclear power plant. Dr. Bhabha had envisaged
8000 mW of power from nuclear reactors by 1980-81 which was subsequently scaled down to a more
redlistic level of 2700 mW by Dr. Sarabhai out of thisonly 1040 MW has materialized which islessthan
1.5% of the country’s installed power capacity. Moreover the performance of nuclear plants has been
satisfactory compared to thermal plants.

41.9 PRESENT POWER POSITION IN INDIA —

The present power position in Indiais alarming as there are major power shortagesin amost all
states of the country leading to crippling of industries and hundreds of thousands of people losing jobs
and a heavy loss of production.

The overall power scenein the country shows heavy shortages almost in al states. The situation
is going to be aggravated in coming years as the demand is increasing and the power industry is not
keeping pace with the increasing demand.

Many of the states in Indiadepend to alarge extent on hydro generation. The increase in demand
hasfar outstripped theinstallation of new plants. Also thereisno central grid to distribute excess energy
from one region to another. The experience in the operation of thermal plants is inadequate. All these
have led to heavy shortages and severe hardship to people.

Very careful analysis of the problem and proper planning and execution is necessary to solve the
power crisisin our country.

Suitable hydrothermal mix, proper phasing of construction of new plants, training personnel in
maintenance of thermal plants.

41.10 FUTURE PLANNING FOR POWER GENERATION —

Considering the importance of power industry in the overall development of the country, power
sector has been given high priority in the country’s devel opment plans. Energy sector alone accounts for
about 29% of sixth plan investment. If investmentsin coal and oil transport and other infrastructures are
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taken into account, the total investment in the energy sector will account for about 40% of the plan
investments. The fact alone is sufficient to exhibit the importance of power industry for the country’s
development. From amere Rs. 149 croresin the First Plan, the outlay for power during sixth plan period
hasincreased to Rs. 15750 crores. Theinstalled generating capacity has grown ten-fold from 2300 mwW
in 1951 to 25900 mW in 1978. Of this, 11000 mW was in hydel, 14000 mW in thermal and less than
1000 mW in nuclear power stations. The total number of power stations of 20 mW capacities and above
at the end of March 1978, was 127, of which 65 were hydel, 60 thermal and 2 nuclear. Power generation
rose from 7514 million kWh in 1950-51 to 103754 million kWh in 1978-79, i.e., nearly 15 times. The
total users of electricity have risen from 15 lakhs in 1950 to 2641akhs in 1978-79. The per capita
consumption of electricity rose from 18 kWh in 1950-51 to 121 kWh in 1978-79.

In spite of these measures, this industry is unable to meet the demands. Power shortages have
become a recurrent feature in the country. Against an estimated requirement of 108656 million kWh in
1978-79, the actua availability was only a 97588 million kWh a deficit of about 11070 million kwh or
10.2°C.

With the programme of large-scale industrialization and increased agricultura activity, the de-
mand for power in the country isincreasing at arapid rate. If the present trend continues, the demand for
power by the end of year 2000 would be about 125 to 150 million kW. Allowing for adequate reserve
margins required for scheduled maintenance, atotal generating capacity of about 175 to 200 million kW
would be needed by the year 2000 to meet the anticipated demands. This would mean 8 to 10 fold
increase of the existing capacity.

Only proper development of hydel, thermal and nuclear resources of the country can achieve the
required growth. Out of total available hydel-potential (41,000 mW), only 16% has been developed,
therefore there is sufficient scope to devel op this source of power in future. The major hydel potential is
available in the northern region. Even if al the hydel potential is developed, it will not be possible to
meet the growing demand. Therefore, it is necessary to supplement the hydel potentials with thermal.
The coal deposits are rich and ample, though in terms of per capitait ishardly 176 tonnesin Indiawhich
iscertainly poor compared with other countries as 1170 tonnesin China, 13500 tonnesin the U.S.A. and
22000 tonnesin theformer U.S.S.R. The available coal isaso unevenly distributed in the country (60°C
only in Bihar and Bengal). This further requires the development of transportation facilities.

Therefore, it is also not possible to depend wholly on thermal power development. The consid-
eration for the use of nuclear fuel for power production in futureis equally essential particularly inthose
states, which are far away from coal resources and poor in hydel potential.

The future planning in the power devel opment should aim at optimum exploitation of resources
available so that power mix of hydel, thermal and nuclear is achieved.

Another step to be taken in the power development industry is setting up super-thermal power
plantsthe central sector at different placesin the country. The super-thermal power stationsare at Farakka,
Ramagundam, Korba and Singrauli and these are supplying power for the past 20 years. Presently all of
them are supplying power through the national grid to deficit states.

In our country even 20 mW hydro potentials have not been devel oped, whereas it appears to be
advantageous to devel op even 20 kW units. Development of small hydro potentials asin Chinahas, to a
great extent, reduced the strain in existing plants.

The development of biogas can ease the strain on oil supply to domestic users, which can other-
wise diverted to power generation.
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Another suggestion to face the present alarming power situation in the country is Energy Planta-
tion. India receives large amount of solar radiation and photosynthesis is the process by which solar
energy is converted into food and fuel by green plants. Fast growing species of treesgive ayield of about
15to 35 tonnes/hectare/year. The land, whichis presently not used either for agriculture or forest, can be
used for energy plantation where average rainfall is 80 to 100 cm per annum. With present Forest Tech-
nology, planned production forestry offers an unusua opportunity. If the forest area is increased from
present 22 to 30%, increase in forest area is 30 million hectares of land) it can yield sufficient energy
after next 20 years. The Government does not seriously think this phase of energy production but it
looks a fruitful proposition.

As per the present planning of the Government, the problem of increased power demand will be
solved only by proper mixed development of hydel, thermal and nuclear atleast during one more decade.

The severity of the power problem can be partly solved by the conservation of power. The effi-
ciency hest thermal power plant is35%. In India, it ishardly 25%. If auxiliary consumption and lineloss
are taken into account, the efficiency still goes to hardly 16%. The problem can be partly solved by
proper maintenance and good quality of fuel supply.

The efficiency of the power plant operation is also defined as kWh generated per kKW installed.
The maximum kWh per annum per kW is8760. The average figurein Indiais hardly 4000, which shows
that the utilisation is only 45%. If this utilisation is increased, need for new capacity for power genera-
tion will be reduced.

Increasing load factors can reduce the capacity of the power industry. The proper planning to
develop hydel, thermal and nuclear resources in Indiain addition to measures taken to reduce outages
and with proper load management will definitely go along way in meeting the increasing power demand
of the country.

ql.ll POWER CORPORATIONS IN INDIA —

1.11.1 NATIONAL THERMAL POWER CORPORATION

National Thermal Power Corporation (NTPC) was incorporated in November, 1975, as a public
sector undertaking with main objective of planning, promoting and organising integrated devel opment
of Thermal Power in the Country. The Authorized Capital of the corporation is Rs. 6,000 crore.

NTPC iscurrently constructing and operating the Nine Super Thermal Power Projectsat Singrauli
(UP), Korba (MP), Ramagundam.(AP), Farakka (WB), Vindhyacha (MP), Rihand (UP), Kahalgaon
(Bihar), Dadri (UP), Talcher (Orissa) and Four Gas-based Projects at Anta (Rajasthan), Auraiya (UP),
Dadri (UP) and Kawas (Gujarat) with atotal approved capacity of 15,687 mW. The corporation is also
executing transmission lines of total length of about 20,200 ckt. km. NTPC has been entrusted with
management of Badarpur Thermal Power Station (720 mW) which is amajor source of power to Delhi.

Installed capacity of NTPC Projects stands at 9915 mW. The corporation has fully completed its
projects at Singrauli (2,000 mW), Korba (2,100 mW) and Ramagundam (2,100 mW) and Rihand and
Two Gas-based Projects at Anta (413 mW) and Auraiya (652 mW).

1.11.2 NATIONAL HYDRO-ELECTRIC POWER CORPORATION

The National Hydroelectric Power Corporation (NHPC) was incorporated in November 1975,
with objectives to plan, promote and organize an integrated development of hydroelectric Power in the
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Central Sector. NHPC is presently engaged in construction of Dulhasti, Uri and Sala (Stage-11) Hydro-
electric Projects (al in Jammu and Kashmir), Chamera Stage-1 (Himachal Pradesh), Tanakpur Project
(UP) and Rangit Project (Sikkim). NHPC is aso responsible for operation and maintenance of Sala
Project Stage-1 (J & K), Baira Siul Project (Himachal Pradesh) and Loktak Project (Manipur).

NHPC has a shelf of projects ready with all statutory clearances awaiting Government Sanction
for execution. These are Baglihar and Sawalkot (bothin J& K), Chamerall (H.P), Dhauliganga Stage-
| (U.P) and Koel Karo (Bihar). NHPC have completed investigation of Dhaleswari (Mizoram),
Dhauliganga I ntermediate Stage (U.P) Goriganga Stage | and |1 (U.P) and Kishenganga (J & K). These
are under techno-economic appraisal by CEA. The Corporation iscontinuing investigations on Goriganga
Il (U.P). Two Mega Projects viz., Teesta (Sikkim) and Katch Tidal Project (Gujarat) presently under
techno-economic appraisal by CEA have also been entrusted to NHPC for execution.

The corporation has completed so far 3220 ckt kms of EHV transmission lines, along with the
associated sub-stations. Besides, a giant transmission network encompassing 3170 ckt kms including
800 KV classisaso under execution under World Bank Assistance for transfer for power in the North-
ern Region. In the snow-bound areas of J & K, a 400 kV Dulhasti Transmission Line is also under
execution under Russian Assistance.

1.11.3 RURAL ELECTRIFICATION CORPORATION

The Rural Electrification Corporation (REC) was set up in July, 1969, with the primary objective
of promoting rural electrification by financing rural Electrification Schemes and Rura Electric Coop-
eratives in the states.

REC have given loans aggregating to Rs. 4742.49 crore by 1989-90 to States and State Electric-
ity Boardsfor the Rural Electrification Schemes. Loans during 1989-90 aggregated to Rs. 724.60 crore.

1.11.4 DAMODAR VALLEY CORPORATION

Damodar Valley Corporation (DVC) was established in 1948 under an Act of Parliament for
unified development of Damodar Valley covering an area of 24,235 sq km in Bihar and West Bengal.
Functions assigned to the corporation are: control of floods, irrigation, generation and transmission of
power besides activities like navigation, soil conservation and afforestation, promotion of public health
and agricultural, industrial and economic development of the valley. The corporation has Three Thermal
Power Stations at Bokaro, Chandrapura and Durgapur with a total installed capacity (derated) of 1755
mw. It has four multi-purpose Dams at Tilaiya, Maithon, Panchet and Konar. There are three Hydel
Stations appended to Tilaiya, Maithon and Panchet Dams with a capacity of 144 mW. DV C has also set
up three Gas Turbine Units of 30 mW each at Maithon. The corporation is installing one more thermal
units of 210 mW at Bokaro ‘B’, Three Thermal Units of 210 mW each at Mejia and the fourth units of
210 mW each at the right bank of Maithon.

1.11.5 NORTH-EASTERN ELECTRIC POWER CORPORATION LIMITED

The North-Eastern Electric Power Corporation Ltd., was constituted in 1976 under the Compa-
nies Act under the aim of devel oping the large el ectric power potential of the North-Eastern Region. The
corporation is responsible for operation and maintenance of the 150 mwW Kopili Hydro Electric Project
which was commissioned in, June/July, 1988. The associated 220 kV and 132 kV transmission lines for
supply power from this project to the constituent states of the region, namely; Assam, Manipur, Mizoram
and Tripura, have also been completed.
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The Corporation is presently executing the following projects: (i) Dovang Hydro-Electric Project
(75 mW) Nagaland; (ii) Ranganadi Hydro Electric Project (405 mW) Arunachal Pradesh; (iii) Assam
Gas Based Project (280 mW) Assam; (iv) Doyang Transmission Line Project; (v) Kanganaali Transmis-
sion Line Project; (vi) Gohpur-Itanagar Transmission Line Project and (vii) 400 kV Transmission Line
System associated with the Assam Gas Based Project.

1.11.6 BHAKRA BEAS MANAGEMENT BOARD AND BEAS CONSTRUCTION BOARD

Under the Punjab Reorganization Act. 1966, Bhakra Management Board thereto managed man-
agement of Bhakra Darn and reservoirs and works appurtenant. The construction of Beas Project was
undertaken by the Beas Construction Board. After completion of works of Beas Project, management of
the project was taken over by Bhakra Management Board redesignated as Bhakra Beas Management
Board (BBMB). BBMB now manages Hydro-electric Power Stations of Bhakra-Beas Systems, namely.
Bhakra Right Bank (660 mW), Bhakra Left Bank (540 mW), Ganguwal (77 mW), Kotla (77 mWw),
Dehar Stage-l (660 mW), Debar Stage-Il (330 mW). Pong Stage-1 (240 mW) and Pong Stage-11
(120 mW), all having atotal installed capacity of 2,704 mW.

1.11.7 POWER ENGINEERS TRAINING SOCIETY (PETS)

The Power Engineers Training Society (PETS) was formed in 1980 as a autonomous body to
function as an Apex National Body for meeting the training requirements of Power Sector in the Coun-
try. The society is responsible for coordinating training programmes of the various State Electricity
Boards, Power stations, etc. and supplementing these with its own training activities. The society has
Four Regiona “Thermal Power Station Personnel Training Institutes at Neyveli, Durgapur, Badarpur
(New Delhi) and Nagpur. These Training Institutes conduct regular induction courses, in-service re-
fresher and short-term courses, on job and on plant training programmes for Power Engineers, operators
and technicians of Thermal Power Stations/State Electricity Boards, etc. A Simulator installed at the
Training Ingtitute at Badarpur (New Delhi) provides training to engineers and operators of 210 mwW
Thermal Units.

1.11.8 CENTRAL POWER RESEARCH INSTITUTE (CPRI), BANGALORE

The Central Power Research Institute, which was set up in 1960 as a subordinate office under the
erstwhile Central Water and Power Commission (Power Wing), was reorganised and registered as a
Society under the Karnataka Societies Act, 1960, with effect from January, 1978. The CPRI functions as
aNational Laboratory for applied research in thefield of Electric Power Engineering. While the Central
Power Research Institute has a Switchgear Testing and Development Station at Bhopal, the main com-
plex of itslaboratoriesis at Bangalore. Theingtitute is an Apex Body for Research and Development in
the Power Sector and conducts tests of electrical apparatus in accordance with the National/lnterna
tional Standards so as to meet fully the research and testing needs of electrical, transmission and distri-
bution equipment. The CPRI also serves as aNationa Testing and Certification Authority for transmis-
sion and distribution equipment. The institute possesses Highly Sophisticated L aboratories comparable
to those in the Developed Countries.

1.11.9 NATHPA, JHAICRI POWER CORPORATION LIMITED

NJPC, ajoint venture of the Centre and Government of Himacha Pradesh, was incorporated on
May 24, 1988, for execution of Nathpa Jhakri Power Project (6 x 250 mW) with equity participation in
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theratio of 3: 1. The corporation has an authorized Share Capital of Rs 1,000 crore. It will also execute
other Hydro-€electric Power Projects in the region with consent of the state government.

The corporation has aready taken up execution of Nathpa Jhakri Hydro-electric Project (6 x 250
mW) for which World Bank has agreed to extend financial assistance of 4370 lakh US dollar. The
project is estimated to cost Rs. 1,678 crore (at September, 1988, price level). At present, infrastructure
works on the project site are under execution. Drifts at Power House Site at Jhakri and Desalting Com-
plex at Nathpa aggregating to a length of 2850 metres have been executed. Drill Holes at various loca-
tions totaling a length of 4300 metres as per recommendations of GS| have been made. About 76 hec-
tares of land was acquired and acquisition proceedings for above 400 hectares are underway. About 26
kms of 22 kV double circuit HT Line and about 11 kms of 22 kV single circuit HT Line have also been
completed for Construction Power. About 46 kms of roads have also been constructed. About 46250 sqg.
metres of buildings have been constructed. The project is expected to be completed within a period of
about seven years and would yield benefits during the Eighth Plan.

112 REVIEW OF THERMODYNAMICS CYCLES RELATED TO
POWER PLANTS

Thermodynamicsis the science of many processesinvolved in one form of energy being changed
into another. It is a set of book keeping principles that enable us to understand and follow energy as it
transformed from one form or state to the other.

The zeroth law of thermodynamics was enunciated after the first law. It states that if two bodies
are each in thermal equilibrium with athird, they must also be in thermal equilibrium with each other.
Equilibrium implies the existence of a situation in which the system undergoes no net charge, and there
is no net transfer of heat between the bodies.

Thefirst law of thermodynamics saysthat energy can't be destroyed or created. When one energy
formis converted into another, the total amount of energy remains constant. An example of thislaw isa
gasoline engine. The chemical energy in the fuel is converted into various forms including kinetic en-
ergy of motion, potential energy, chemical energy in the carbon dioxide, and water of the exhaust gas.

The second law of thermodynamics is the entropy law, which says that all physical processes
proceed in such away that the availability of the energy involved decreases. This meansthat no transfor-
mation of energy resource can ever be 100% efficient. The second law declaresthat the material economy
necessarily and unavoidably degrades the resources that sustain it. Entropy is a measure of disorder or
chaos, when entropy increases disorder increases.

Thethird law of thermodynamicsisthelaw of unattainability of absolute zero temperature, which
says that entropy of an ideal crystal at zero degrees Kelvin is zero. It's unattainable because it is the
lowest temperature that can possibly exist and can only be approached but not actually reached. This
law is not needed for most thermodynamic work, but is a reminder that like the efficiency of an ideal
engine, there are absolute limits in physics.

The steam power plantsworks on modified rankine cycleinthe case of steam enginesand isentropic
cycle concerned in the case of impulse and reaction steam turbines. In the case of I.C. Engines (Diesel
Power Plant) it works on Otto cycle, diesel cycle or dual cycle and in the case of gasturbineit works on
Brayton cycle, in the case of nuclear power plantsit works on Einstein equation, as well as on the basic
principle of fission or fusion. However in the case of non-conventional energy generation it is compli-
cated and depends upon the type of the system viz., thermo electric or thermionic basic principles and
theories et a.
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q 1.13 CLASSIFICATION OF POWER PLANT CYCLE —

Power plants cycle generally divided in to the following groups,

(1) Vapour Power Cycle

(Carnot cycle, Rankine cycle, Regenerative cycle, Reheat cycle, Binary vapour cycle)
(2) Gas Power Cycles

(Otto cycle, Diesel cycle, Dua combustion cycle, Gas turbine cycle.)

1.13.1 CARNOT CYCLE
Thiscycleis of great value to heat power theory athough it has not been possible to construct a
practical plant on this cycle. It has high thermodynamics efficiency.

Itisastandard of comparison for all other cycles. Thethermal efficiency (n) of Carnot cycleisas
follows:

n=(T-TYT,
where, T, = Temperature of heat source
T, = Temperature of receiver

1.13.2 RANKINE CYCLE

Steam engine and steam turbines in which steam is used as working medium follow Rankine
cycle. This cycle can be carried out in four pieces of equipment joint by pipes for conveying working
medium as shown in Fig. 1.1. The cycle is represented on Pressure Volume P-V and S-T diagram as
shown in Figs. 1.2 and 1.3 respectively.

Turbine

>
| Evaporation

Steam ¢
Generator 4 Adiabatic

Expansion
Pump a d
P N Condenser

< —\_/ vV —»

Fig. 1.1 Fig. 1.2

Efficiency of Rankine cycle
=(H, —Hy)/ (Hi—Hyp)
where,
H, = Total heat of steam at entry pressure
H, = Total heat of steam at condenser pressure
(exhaust pressure)

H,,= Tota heat of water at exhaust pressure

S —»
Fig. 1.3
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1.13.3 REHEAT CYCLE

In this cycle steam is extracted from a suitable point in the turbine and reheated generally to
the original temperature by flue gases. Reheating is generally used when the pressureis high say above
100 kg/cm?. The various advantages of reheating are as follows:

() It increases dryness fraction of steam at ex- ;eheater
haust so that blade erosion due to impact of > 3
water particles is reduced. < 2

(i) It increases thermal efficiency. Asteam

L G
(iii) It increases the work done per kg of steam enerator
and this results in reduced size of boiler. Turbines” y,
The disadvantages of reheating are as follows: * .
. .. ump
(i) Cost of plant isincreased dueto the reheater < O Condenser
and its long connections.
Fig. 1.4

(i) It increases condenser capacity due to in-
creased dryness fraction.

Fig. 1.4 showsflow diagram of reheat cycle. First
turbine is high-pressure turbine and second turbine is
low pressure (L.P) turbine. Thiscycleisshownon T-S T
(Temperature entropy) diagram (Fig. 1.5). T

If,
H, = Total heat of steam at 1
H, = Total heat of steam at 2
H; = Total heat of steam at 3 —*S
H, = Total heat of steam at 4 Fig. 1.5

H,., = Total heat of water at 4

Efficiency = {(H, —H,) + (Hz—H}{Hy + (Hy—Hp) — .}

1.13.4 REGENERATIVE CYCLE (FEED WATER HEATING)

The process of extracting steam from the turbine at certain points during its expansion and using
this steam for heating for feed water is known as Regeneration or Bleeding of steam. The arrangement
of bleeding the steam at two stages is shown in Fig. 1.6.

Hy Turbine H, Condenser

e _’\‘7/ 4
Al w7 Y|
Boiler ¢m2 ¢m3 ¢
t, t t
[ ]
_’
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Let,

m, = Weight of bled steam at a per kg of feed water heated
m, = Weight of bled steam at a per kg of feed water heated
H, = Enthalpies of steam and water in boiler
H,,» = Enthalpies of steam and water in boiler
H,, H; = Enthalpies of steam at pointsa and b
t,, t3 = Temperatures of steam at points a and b
H,, H,, = Enthalpy of steam and water exhausted to hot well.
Work done in turbine per kg of feed water between entrance and a

=H;-H;

Work done between a and b = (1 — m,)(H, — Hy)
Work done between b and exhaust = (1 — m, —mg)(H; —H,)
Total heat supplied per kg of feed water = H, —H,,»
Efficiency (n) = Total work done/Tota heat supplied
={(Hy—Hp) + (1 -my)(H; —Hy) + (1 — my—me)(H3 —Hy)}/(H, —Hyp)

1.13.5 BINARY VAPOUR CYCLE

In this cycle two working fluids are
used. Fig. 1.7 shows Elements of Binary va-
pour power plant. The mercury boiler heats
the mercury into mercury vapoursinadry and
saturated state.

These mercury vapours expand in the
mercury turbine and then flow through heat
exchanger where they transfer the heat to the
feed water, convert it into steam. The steamis
passed through the steam super heater where
the steamis super-heated by the hot flue gases.
The steam then expands in the steam turbine.

1.13.6 REHEAT-REGENERATIVE CYCLE

In steam power plants using high steam
pressurereheat regenerative cycleisused. Thether-
mal efficiency of this cycleis higher than only re-
heat or regenerative cycle. Fig. 1.8 showsthe flow
diagram of reheat regenerative cycle. This cycle
iscommonly used to produce high pressure steam
(90 kg/cm?) to increase the cycle efficiency.

STEAM SUPERHEATER
< Murcury
g Turbine
’ Generator
Mercury
Boiler
Feed water Heat
Emp Exchanger

Turbine

Boiler ﬂ [ p
(S

<« < F
= C —> v

%—
A Condenser C

Steam
Turbine

Condenser

T O
:

ump

Fig. 1.8
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1.13.7 FORMULA SUMMARY

1. Rankine efficiency
=(Hy—H)/(H; —Hyp)
2. Efficiency ratio or Relative efficiency
= Indicated or Brake thermal
efficiency/Rankine efficiency
3. Thermal efficiency = 3600/m(H, — H,,,), m = steam flow/kw hr
4. Carnot efficiency = (T, = T,)/T,

The working substance of the energy conversion device viz., prime-mover (which convert the
natural resources of energy into power or electricity) is called fuel. The most common fuel isfossil fuel
viz.,, Coal, petrol, diesel or water gas in the case of steam power plants, 1.C. Engines, gas turbines, and
hydro-electric power plants. Uranium 235(1U%%) as fissionable and 1U% as fertile fuel in the case of
fission reactors of nuclear power plant and hydrogen as fuel in the case of fusion nuclear reactor. While
fission reactor is conventional fusion reactor is supposed to be non-conventional due to its uncontrolled
reaction rate; and it is believed that Russian’s have developed it but keeping the whole world silence. In
the case of non-conventional power plants the fuels are according to their characteristics viz., Thermo-
electric material (Bi,Te;, bismuth telluride, lead telluride etc.); thermionic materials (Na, K, Cs, W etc.);
hydrogen or hydrocarbon or coal in the case of fuel-cells and further water and methane etc in the recent
development of the sources of energy.

Combustion of the fuel is amust in any energy conversion device. It is defined as rapidly pro-
ceeding chemical reaction with liberation of heat and light. This phenomenon incurved in the case of
thermal power plants especially in I.C. engines and gas turbines. But in the case of fuel cell it is of the
nature of chemical reaction i.e., transfer of ions, similarly in the case of thermo-electric generator it is
conduction of electron and holes, in the case of MHD power plant it is drifting of positive and negative
Ion etc.

Steam is mainly required for power generation, process heating and pace heating purposes. The
capacity of the boilers used for power generation is considerably large compared with other boilers.

Due to the requirement of high efficiency, the steam for power generation is produced at high
pressures and in very large quantities. They arevery largein size and are of individual design depending
the type of fuel to be used.

The boilers generating steam for process heating are generally smaller in size and generate steam
at amuch lower pressure. They are simpler in design and are repeatedly constructed to the same design.
Though most of these boilers are used for heating purposes, some, like locomotive boilers are used for
power generation also. In this chapter, some simple types of boilers will be described.

A steam generator popularly known as boiler is a closed vessel made of high quality sted in
which steam is generated from water by the application of heat. The water receives heat from the hot
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gases though the heating surfaces of the boiler. The hot gases are formed by burning fuel, may be coal,
oil or gas. Heating surface of the boiler isthat part of the boiler which is exposed to hot gases on one side
and water or steam on the other side. The steam which is collected over the water surface is taken from
the boiler through super heater and then suitable pipes for driving engines or turbines or for some
industrial heating purpose. A boiler consists of not only the steam generator but also a number of parts
to help for the safe and efficient operation of the system as a whole. These parts are called mountings
and accessories.

The prime mover convert the natural resources of energy into power or electricity.

The prime movers to be used for generating electricity could be diesel engine, steam engine,
steam turbines, gas turbines, and water turbine.

Since we know that, a power plant generated aflow of mechanical or electrical energy by means
of generators. When coupling runs the generator, then the generator is a prime mover.

In case of steam power plant, the prime moversis steam engine or steam turbine, which iscalled,
steam prime movers. Presently, the steam turbine has totally replaced steam engine. The steam is gener-
ated in aboiler and isthen expanded in the turbine. The output of the steam turbineis utilized to run the
generator. The fuel used in the boiler is coal or ail.

41.17 STEAM CONDENSERS —

Thermal efficiency of aclosed cycle power devel oping system using steam as working fluid and
working on Carnot cycleisgiven by an expression (T, —T,)/T,. Thisexpression of efficiency showsthat
the efficiency increases with an increase in temperature T, and decrease in temperature T,. The maxi-
mum temperature T, of the steam supplied to a steam prime mover islimited by material considerations.
The temperature T, (temperature at which heat is rejected) can be reduced to the atmospheric tempera-
tureif the exhaust of the steam takes place below atmospheric pressure. If the exhaust is at atmospheric
pressure, the heat rejection is at 100°C.

Low exhaust pressure is necessary to obtain low exhaust temperature. But the steam cannot be
exhausted to the atmosphere if it is expanded in the engine or turbine to a pressure lower than the
atmospheric pressure. Under this condition, the steam is exhausted into a vessel known as condenser
where the pressure is maintained bel ow the atmosphere by continuously condensing the steam by means
of circulating cold water at atmospheric temperature.

A closed vessel in which steam is condensed by abstracting the heat and where the pressureis
maintained below atmospheric pressure is known as a condenser. The efficiency of the steam plant is
considerably increased by the use of a condenser. In large turbine plants, the condensate recovery be-
comes very important and thisis also made possible by the use of condenser.

The steam condenser is one of the essential components of al modern steam power plants.
Steam condenser are of two types:
1. Surface condenser. 2. Jet condensers
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1.17.1 SURFACE CONDENSERS
In surface condensers there is no direct contact between the steam and cooling water and the

condensate can be re-used in the boiler: In such condenser even impure water can be used for cooling
purpose whereas the cooling water must be pure in jet condensers. Although the capital cost and the

space needed is more in surface condensers but it is justified by the saving in running cost and increase
in efficiency of plant achieved by using this condenser. Depending upon the position of condensate
extraction pump, flow of condensate and arrangement of tubes the surface condensers may be classified

asfollows:
(i) Down flow type. Fig. 1.9 shows a sectional view of dawn flow condenser. Steam enters at the

top and flows downward. The water flowing through the tubes in one direction lower half comes out in
the opposite direction in the upper half Fig. 1.10 shows alongitudinal section of atwo pass down-flow

condenser.
Exhaust
Steam and Steam Cooling
_'A'r#_ Water
| Tubes | J
| o el [ 3
[ Qs X Plate Ty Baffle
§ 0000000000000 7= . ,
OO 00900099Y Air and =4 Plate
[ RREREG
OO, Steam Water ¥ %&
R water 7y .
Y K: A
Iﬁ_’ Condensate Condensate Air 3/1?2?9
Fig. 1.10

Fig. 1.9
(i) Central flow condenser. Fig. 1.11 shows a central flow condenser. In this condenser the

steam passages are al around the periphery of the shell. Air is pumped away from the centre of the
condenser. The condensate moves radially towards the centre of tube nest. Some of the exhaust steams
while moving towards the centre meets the undercooled condensate and pre-heats it thus reducing

undercooling.

(iii) Evaporation condenser. In this condenser (Fig. 1.12) steam to be condensed is passed
through a series of tubes and the cooling waterfalls over these tubesin the form of spray. A steam of air
flows over the tubes to increase evaporation of cooling water, which further increases the condensation

of steam.
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ADVANTAGES AND DISADVANTAGES OF A SURFACE CONDENSER

The various advantages of a surface condenser are as follows:
1. The condensate can be used as boiler feed water.
2. Cooling water of even poor quality can be used because the cooling water does not comein
direct contact with steam.
3. High vacuum (about 73.5 cm of Hg) can be obtained in the surface condenser. Thisincreases
the thermal efficiency of the plant.
The various disadvantages of' the surface condenser are as follows:
1. The capital cost is more.
2. The maintenance cost and running cost of this condenser is high.

3. It isbulky and requires more space.

REQUIREMENTS OF A MODERN SURFACE CONDENSER

The requirements of ideal surface condenser used for power plants are as follows:

1. The steam entering the condenser should be evenly distributed over the whole cooling sur-
face of the condenser vessel with minimum pressure loss.

2. Theamount of cooling water being circulated in the condenser should be so regulated that the
temperature of cooling water leaving the condenser is equivalent to saturation temperature of
steam corresponding to steam pressure in the condenser.

Thiswill help in preventing under cooling of condensate.

3. The deposition of dirt on the outer surface of tubes should be prevented.

Passing the cooling water through the tubes and allowing the steam to flow over the tubes achieve
this.
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4. Thereshould beno air leakageinto the condenser because presence of air destroysthe vacuum
in the condenser and thus reduces the work obtained per kg of steam. If thereis|eakage of air
into the condenser air extraction pump should be used to remove air as rapidly as possible.

1.17.2 JET CONDENSERS

In jet condensers the exhaust steam and cooling water come in direct contact with each other.
The temperature of cooling water and the condensate is same when leaving the condensers.
Elements of the jet condenser are as follows:

1. Nozzles or distributors for the condensing water.

2. Steam inlet.

3. Mixing chambers: They may be (a) parallel flow type (b) counter flow type depending on
whether the steam and water move in the same direction before condensation or whether the
flows are opposite.

4. Hot well.
In jet condensers the condensing water is called injection water.

1.17.3 TYPES OF JET CONDENSERS

1. Low level jet condensers (Parallel flow type). In this condenser (Fig. 1.13) water is sprayed
through jets and it mixes with steam. The air isremoved at the top by an air pump. In counter flow type
of condenser the cooling water flows in the downward direction and the steam to be condensed moves
upward.

A Air Pump

Suction

Exhaust —
Steam =
Air
ﬁ;xtraction L
Cooling Water \:(
Inlet
Y Tail —¥ -
Pipe Over Injection
Flow Pump
Condensate
__________________________ Outlet Hot Well
Cooling Pond
Fig. 1.13 Fig. 1.14

2. High level or Barometric condenser. Fig. 1.14 shows a high-level jet condenser. The con-
denser shell isplaced at aheight of 10.33 m (barometric height) above the hot well. As compared to low
level jet condenser. This condenser does not flood the engine if the water extraction pump fails. A
separate air pump is used to remove the air.
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3. Ejector Condenser. Fig. 1.15 shows an
gjector condenser. In this condenser cold water is
discharged under ahead of about 5 to 6 m through a
series of convergent nozzles. The steam and air en-
ter the condenser through a non-return valve. Mix-
ing with water condenses steam. Pressure energy is

Non Return
Valve

A\
_ Nl
. o ! Converging |\ ¢
partly convert into kinetic energy at the converging Cones ( <—E haust
cones. In the diverging come the kinetic energy is V! Sronm.
partly converted into pressure energy and apressure Diverging
higher than atmospheric pressure is achieved so as Cone
to discharge the condensate to the hot well. M
Discharge to
Hot Well
Fig. 1.15

mmm 1,18 WATER (HYDRAULIC) TURBINES |——

Turbine is a machine wherein rotary motion is obtained by centrifugal forces, which result from
achange in the direction of high velocity fluid jet that issues from a nozzle.

Water turbine is a prime mover, which uses water as the working substance to generate power.

A water turbine uses the potential and kinetic energy of water and converts it into usable me-
chanica energy. The fluid energy is available in the natura or artificial high level water reservoirs,
which are created by constructing dams at appropriate places in the flow path of rivers. When water
from the reservoir istaken to the turbine, transfer of energy takes place in the blade passages of the unit.
Hydraulic turbines in the form of water wheels have been used since ages; presently their application
liesin the field of electric power generation. The mechanical energy made available at the turbine shaft
is used to run an electric generator, which is directly coupled, to the turbine shaft. The power generated
by utilizing the potential and kinetic energy of water has the advantages of high efficiency, operational
flexibility, low wear tear, and ease of maintenance.

Despite the heavy capital cost involved in constructing dams and reservoirs, in running pipelines
and in turbine installation (when compared to an equivalent thermal power plant) different countries
have tried to tap all their waterpower resources. Appropriate types of water turbines have been installed
for most efficient utilization. A number of hydro-electric power plants have and are being installed in
Indiatoo to harness the available waterpower in the present crisis of fast idling energy resources. Hydro-
electric power is a significant contributor to the world's energy sources.

Water (hydraulic) turbines have been broadly classified as,
1. Impulse 2. Reaction

1.18.1 IMPULSE AND REACTION TURBINES

Hydraulic turbines are required to transform fluid energy into usable mechanical energy as effi-
ciently as possible. Further depending on the site, the available fluid energy may vary in its quantum of
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potential and kinetic energy. Accordingly a suitable type of turbine needs to be selected to perform the
required job.

Based upon the basic operating principle, water turbines are categorized into impulse and
reaction turbines depending on whether the pressure head available is fully or partially converted into
kinetic energy in the nozzle.
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Fig. 1.16. Impulse Turbine. Fig. 1.17. Reaction Turbine.

Impulse Tur bine wherein the available hydraulic energy isfirst converted into kinetic energy by
means of an efficient nozzle. The high velocity jet issuing from the nozzle then strikes a series of
suitably shaped buckets fixed around the rim of awhedl (Fig. 1.16). The buckets change the direction of
jet without changing its pressure. The resulting change in momentum sets buckets and wheel into rotary
motion and thus mechanical energy is made available at the turbine shaft. The fluid jet leaves the runner
with areduced energy. An impulse turbine operates under atmospheric pressure, there is no change of
static pressure across the turbine runner and the unit is often referred to as a free jet turbine. Important
impulse turbines are: Pelton wheel, Turgo-impulse wheel, Girad turbine, Banki turbine and Jonval tur-
bine etc., Pelton wheel is predominantly used at present.

Reaction Turbine wherein a part of the total available hydraulic energy is transformed into
kinetic energy before the water is taken to the turbine runner. A substantial part remains in the form of
pressure energy. Subsequently both the velocity and pressure change simultaneously as water glides
along the turbine runner. The flow from inlet to outlet of the turbine is under pressure and, therefore,
blades of areaction turbine are closed passages sealed from atmospheric conditions.

Fig. 1.17 illustrates the working principle of areaction turbine in which water from the reservoir
is taken to the hollow disc through a hollow shaft. The disc has four radial openings, through tubes,
which are shaped as nozzles. When the water escapes through these tubes its pressure energy decreases
and there isincrease in kinetic energy relative to the rotating disc. The resulting reaction force sets the
disc in rotation. The disc and shaft rotate in a direction opposite to the direction of water jet. Important
reaction turbines are, Fourneyron, Thomson, Francis, Kaplan and Propellor turbines Francis and Kaplan
turbines are widely used at present.

The following table lists salient points of difference between the impulse and reaction turbines
with regard to their operation and application.
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Impulse Turbine

Reaction Turbine

. All the available energy of the fluid is converted
into kinetic energy by an efficient nozzle that
forms afree jet.

. The jet is unconfined and at atmospheric pres-
sure throughout the action of water on the runner,
and during its subsequent flow to the tail race.

. Blades are only in action when they are in front
of the nozzle.

. Water may be allowed to enter a part or whole of
the wheel circumference.

. The wheel does not run full and air has free ac-
cess to the buckets.

. Casing has no hydraulic function to perform; it

only serves to prevent splashing and to guide the
water to the tail race.

. Unit isinstalled above the tail race.

. Flow regulation is possible without loss.

. When water glides over the moving blades, its
relative velocity either remains constant or reduces
dlightly due to friction.

. Only aportion of thefluid energy istransformed

. Water entersthe runner with an excess pressure,

. Blades arein action al the time.
. Water is admitted over the circumference of the
. Water completely fills the vane passages

. Pressure at inlet to the turbine is much higher

. Unit is kept entirely submerged in water below

. Flow regulation is always accompanied by loss.
. Since there is continuous drop in pressure dur-

into kinetic energy before the fluid enters the
turbine runner.

and then both the velocity and pressure change
as water passes through the runner.

wheel.
throughout the operation of the turbine.

than the pressure at outlet ; unit hasto be sealed
from atmospheric conditionsand, therefore, cas-
ing is absolutely essential.

the tail race.

ing flow through the blade passages, the rela-
tive velocity does increase.

41_19 SCIENCE VS. TECHNOLOGY —

The difference between science and technology is science is the knowing of what is going on,
what is happening in nature, and to increase knowledge. Science is alot ower than technology. Tech-
nology isto control and use of science to provide a practical use.

1.19.1 SCIENTIFIC RESEARCH

INDIA has had along and distinguished tradition in Science from accomplishments of ancient
times to great achievements during this century; the latter half, prior to Independence has been related
largely to pureresearch. At thetime of Independence, our scientific and technological infrastructure was
neither strong nor organised in comparison with that of the Developed World. This had resulted in our
being technol ogically dependent on skills and expertise available in other countries during early years of
Independence. In the past four decades, an infrastructure and capability largely commensurate with
meeting national needs has been created minimising our dependence on other countries. But, we still
have a long way to go in this field to be self-sufficient. A range of industries from small to the most
sophisticated has been established covering wide-range of utilities, services and goods. There is now a
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reservoir of expertise well acquainted with the most modern advances in basic and applied areas that is
equipped to make choices between available technologies, to absorb readily new technologies and pro-
vide a framework for future national Development.

1.19.2 SCIENCE AND TECHNOLOGY INFRASTRUCTURE

Scientific research in Indiais carried out fewer than three major sectors, viz., Central Govern-
ment, state governments and various in-house research and development units of industrial undertak-
ings, both under public and private sectors besides cooperative Reserved & Development associations.
Bulk of research effort in the country is financed by major scientific departments/agencies such as
Departments of Science and Technology, Atomic Energy, Space, Scientific and Industrial Research,
Electronics, Non-Conventional Energy Sources, Environment, Ocean Development, Biotechnology
Agencies i.e, Indian Council of Medical Research, Council of Scientific and Industrial Research,
Indian Agricultural Research Ingtitute. etc. There are about 200 research laboratories within the purview
of these major scientific agencies carrying out research in different, areas. Besides. There are a large
number of scientific institutions under the Central ministries departments which carryout research pro-
grammes of practical relevance to their areas of responsibility. States supplement the efforts of Central
government in areas like agriculture, animal husbandry, fisheries, public health, etc. Institutions of higher
education carryout sizeable work in science and technology and are supported by the University Grants
Commission and Central and state governments. They also carryout sponsored research projects fi-
nanced by different agencies.

Government is providing a number of incentivesto industrial establishmentsin private and pub-
lic sectors to encourage them to undertake research and devel opment activities. Consequently, scientific
research is gaining momentum in several industrial establishments. Ason January 1990, there were over
1,200 in-house research and development unitsin public and private sectors, reorganised by the Depart-
ment of Scientific and Industrial Research. Also, recently public funded research institutions through
Department of Science and Technology have introduced a ‘ Pass Book’ Scheme for import of scientific
equipment liberaly.

41.20 FACTS VS. VALUES —

Fact isthe regulatory ideas without false ability not arguments. Values are the judgment of good
and bad regulations. The Indian constitution is based on values, which are a shared set of understandings
of what is good or bad. Science is above the plane of values, free from what is good and bad, because
scienceis an objective.

41.21 ATOMIC ENERGY —

Indiaisrecognized as one of few countriesin the world, which have made considerable advances
in the field of atomic energy. Despite the closely guarded nature of this technology at the international
level, the country is self-reliant in the same and has established competence in carrying out activities
over the entire nuclear fuel cycle. The executive agency for all activities pertaining to atomic energy in
the country isthe Department of Atomic Energy (DAE), which was set-up in 1954. The Atomic Energy
Commission (AEC) lays down policies pertaining to the functioning of DAE, which was set-up in 1948.
The portfolio of DAE has all along been under the charge of the Prime Minister.
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The activities of DAE are primarily in the area of nuclear power generation, research and devel-
opment in atomic energy and in theindustries and minerals sector. ‘ These activities are carried out by its
constituent units, Public Sector Units (PSUs) and by institutions which are given financial assistance by
DAE. India has also been offering training facilities, fellowships, scientific visits, etc., and makes avail-
able the service of its scientists and engineers for expert assignments in several countries both through
the International Atomic Energy Agency (IAEA) and through bilateral agreements.

q 1.22 HIGHLIGHTS OF THE NUCLEAR POWER PROGRAMME _

When the country’s atomic energy programme was launched in the 1940s, a three-stage nuclear
energy programme was envisaged to use the available Uranium and vast Thorium Resources. The first
stage was to comprise of Natural Uranium Fuelled Pressurised Heavy Water Reactors (PHWRS), which
would produce power, and Plutonium as a by-product. The second stage is expected to have Plutonium
Fuelled Fast Breeder Reactors (FBRs), which in addition to producing power and Plutonium, will aso
yield Uranium-233 from Thorium. The third stage reactors would be based on the Thorium Cycle to
produce more Uranium-233 for fuelling additional breeder reactors.

The present installed capacity of nuclear power reactorsin Indiais 1,465 MWe. The total elec-
tricity generated by nuclear power stations during 1988-89 and 1989-90 was 5,817 and 4,625 million
kW hours respectively, and the target for 1990-91 has been fixed at 6850 million units. Excepting for
the first two units at Tarapur, which are of the Boiling Water Reactor (BWR) type and were set-up as a
turnkey by aUnited States of America’s company, other power reactorsin the country are of the PHWR
Type which congtitute the first stage of the programme. DAE aims at establishing about 10,000 mW of
nuclear power generation capacity from PHWRs during the coming ten to fifteen years. In addition, two
reactors of the Pressurised Water Reactor (PWR) type of 1000 mW each are being set-up at Kudankulam,
TamilNadu, with the assistance of the USSR. Further, work on a Prototype Fast Breeder Reactor (PFBR)
of 500 mW capacitiesis also expected to be taken up in the near future.

Important inputs for the PHWRs are heavy water and nuclear fuel, which are made available by
organisations within DAE. Amongst these, there are units which carry out exploration and survey of
Uranium resources and subsequently mining and processing them for production of Uranium Concen-
trates. Other units are responsible for production of nuclear fuel and heavy water. Facilities are aso
available for the back-end of the nuclear fuel cycle to reprocess spent fuel from nuclear power reactors
and for management of radioactive wastes.

A significant feature of the Indian Atomic Energy Programmeisthat it has all long been backed-
up by acomprehensive R and D programme encompassing awide-range of multi-disciplinary activities
relating to atomic energy. This includes fundamental research in basic sciences to disciplines like Nu-
clear Engineering, Metallurgy, Medicine, Agriculture, Isotopes, etc. Research is aso being carried out
in FBR technology and frontline areas like fusion, lasers and accelerators.

All the organisations of DAE which are engaged in these activities, can be considered to be one
of the following categories, namely, R and D units, PSUs, Industries and Mineral (I and M) sector units,
Aided Ingtitutions or Service Sector Units.

41.23 NUCLEAR POWER CORPORATION OF INDIA LIMITED _

Thisisthe most recent and largest of the PSUs. It was set-up in 1987 to implement the nuclear
power generation programme on commercial lines by converting the erstwhile Nuclear Power Board
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into Nuclear Power Corporation of IndiaLimited (NPCIL). It isresponsible for designing, constructing,
commissioning and operating al Nuclear Power Reactors in the country. The seven operating reactors
have atotal installed capacity of 1435 mW and comprise of : two units of 160 m\W each at Tarapur near
Bombay; two units of 220 mW each at Rawatbhata near Kotain Rajasthan; two units of 235 mW each at
Kalpakkam near Madras, and one unit of 235 mW at Narorain Uttar Pradesh. Excepting Tarapur units,
which are of the Boiling Water Reactors (BWR) type, al others are of the PHWR Type. While the
Rajasthan Reactors were set-up with the assistance of Canada, all subsequent reactors are of indigenous
design and construction.

Several more 235 mW PHWRs are in various stages of construction. The second unit at Narora
is nearing completion and is expected to become critical during 1990-91. Construction of two reactors
at Kakrapar near Surat in Gujarat isalso in an advanced stage and the first of theseis also expected to be
commissioned during 1991-92. Work isin progress on four morereactorstwo each at Kaigain Karnataka
and Rawatbhata in Rajasthan, which are expected to be completed during 1995-96.

As regards future power reactors advance action has been initiated on four more 235 mW units
and four PHWR units of 500 mW each. Detailed design and engineering of the 500 mW PHWR units
are aso being done in house by NPCIL. To meet the growing demand for electricity in southern region,
it has also been decided to set-up two 1,000 mW VVWR units (of the Pressurised Water Reactor type) in
Kudankulam, Tamil Nadu, with Soviet assistance.

41.24 OCEAN ENGINEERING APPLICATIONS —

Softwareto retrieve and analyse the raw data on heave/pitch/roll time seriesto obtain Directional
Wave Spectra has been developed by NIO. The European Molecular Biology Laboratory (EMBL) for
worldwide distribution as DNACL ONE package has adopted software generated by IMTECH scientists
associated with the National Facility of Distributed Information Centre on Enzyme Engineering, Immo-
bilized Biocatalysts, Microbial Fermentation and Bioprocessing Engineering.

The computer software packages devel oped by SERC (M) continued to attract several user agen-
cies in the Government and Public and Private Sectors. Fifty-four packages were licensed to twenty
partiesin different parts of India. Animproved version of the Flosolver Parallel Computer with sixteen
Intel 80386-80387 Processors (32 bit) has become operational during the year, marking a significant
advance in NAL's Parallel Computer Development Programme. The new version attains a sustained
speed of three-four MFLOPS.

Inherently present Josephson junctions have been exploited in making atwo hole SQUID which
operates at Liquid Nitrogen Temperature (77 K). It isan r.f. SQUID and is made out of bulk yttrium-
barium-copper oxide (YBCO) Superconductor which remains super conducting up to about 90 K.

OCEAN DEVELOPMENT

For centuries, people of India have been using the seas around the Indian Sub-continent for
transport, communication and food During the last few years, exploration and exploitation of living and
non-living resources of the seas have acquired a new thrust. The new ‘Ocean Regime’ established by
United Nations Convention on the Law of the Sea, 1982, which has been signed by 159 countries
including India and ratified by 42 countries besides United Nations Council of Namibia as on 25
November, 1989, assigns much of the World Ocean to Exclusive Economic Zones where coastal states
have jurisdiction over exploration and exploitation of resources and for other economic purposes.
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Recognizing the importance of oceansin economic development and progress of the Nation, the
Government set-up Department of Ocean Development in July, 1981, for planning and coordinating
oceanographic survey, research and development, management of ocean resources, development of
manpower and marine technology. The department is entrusted with the responsibility for protection of
marine environment on the high seas.

The budget outlay for various schemes for ocean development during 1990-91 is Rs. 35 crore
under Plan and Rs. 7.02 crore under Non-Plan. Therevised estimates are Rs. 43.50 crore under Plan and
Rs. 12.17 crore under Non-Plan.

The objectives of ‘ocean development’ have been laid down by Parliament in the Ocean Policy
Statement of November 1982. The domain of our concern for devel opment of oceanic resources and its
environment extends from the coastal lands and islands lapped by Brackish Water to the wide Indian
Ocean. India's Costline is more than 6000 km long and its territory include 1256 islands. Its Exclusive
Zone covers an area of 2.02 million-sg.km. and the continental shelf extends up to 350 nautical miles
from the coast. Briefly stated, the objectives of development of the oceanic regime are:

1. To explore and assess living and non-living resources;

2. To harness and manage its resources (materials, energy and biomass) and create additional
resources such as mariculture;

3. To cope with and protect its environment (weather, waves and coastal front);

4. To develop human resources (knowledge, skill and expertise); and

5. To play our rightful role in Marine Science and Technology in the International Arena.

SOLVED EXAMPLES

Example 1. Steam at a pressure of 15 kg/cn? (abs) and temperature of 250°C. is expanded
through a turbine to a pressure of 5 kg/cm? (abs.). It is then reheated at constant pressure to a
temperature of 200°C after which it completes its expansion through the turbine to an exhaust
pressure of 0.1 kg/cm?(abs). Calculate theoretical efficiency.

(a) Taking reheating into account
(b) If the steam was expanded direct to exhaust pressure without reheating.
Solution. From Mallier diagram
H, = Total heat of steam at 15 kg/cm? and 250°C = 698 Kcal/kg
H, = Total heat of steam at 5 kg/cm? = 646 Kcal/kg
Now steam is reheated to 200°C at constant pressure
H; = Heat in this stage = 682 Kcal/kg
This steam is expanded to 0.1 kg/cm?
H, = Heat in this stage = 553 Kcal/kg
H,,4 = Total Heat of water at 0.1 kg/cm? = 45.4 Kcal/kg

{(H —H,) +(H; —H,)}
{Hy +(H; —H3) —H,.}

Theoretical efficiency =
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_ {(698 - 646) + (682 —533)}
{698 + (642 - 646) —45.4}
=0.293 or 29.3% Ans.

Example 2. Determine the thermal efficiency of the basic cycle of a steam power plant (Rankine
Cycle), the specific and hourly steam consumption for a 50 mW steam turbine operating at inlet condi-
tions: pressure 90 bar and temperature 500°C. The condenser pressure is 0.40 bar.

Solution. From Moallier diagram
H, = Total heat of steam at point 1 = 3386.24 kJ/kg
H, = Total heat of steam at point 2 = 2006.2 kJ/kg
H,, = Total Hesat of water at point 2 = 121.42 kJ/kg
(a) Therma efficiency = ——12)
(H, - sz)
_ (3386.24 - 2006.2)
"~ (3386.24 -121.42)

(b) Specific steam consumption is the amount of steam in kg per KW-hr.
Now 1 kW-hr = 3600 kJ

=42.27%

3600 3600
(H, - H,) ~ (3386.24 - 2006.2)

= 2.61 kg/kW-hr
(c) Hourly steam consumption = 2.61 x Kilowatts
= 2.61 x 50,000 = 1.305 Tonnes/hr Ans.

Example 3. A steam power plant, operating with one regenerative feed water heating is run at
the initial steam conditions of 35.0 bar and 440°C with exhaust pressure of 0.040 bar. Seam is bled
from the turbine for feed water heating at a pressure of 1.226 bar. Determine

(1) Specific heat consumption
(2) Thermal efficiency of the cycle
(3) Economy percentage compared with the cycle of a simple condensing power plant.
Solution. From Mallier diagrams and steam table,
H, = 3314 kJkg
H, = 2560 kJkg
Hj = 2100 kJkg
H,, = 439.43 kJkg
H,g = 121.42 kJkg
From the heat balance for the feed water heater
mM(H, —Hyp) = (1 - m)(Hy, —Hyo)
m(2560 — 439.43) = (1 — m)(439.43 — 121.42)

Specific steam consumption =
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On solving, we get m= 0.1304 kg
Total work done=1 x (H; —H,) + (1 —m)(H, —Hy)
= (3314 — 2460) + (1 — 0.1304)(2560 — 2100)

= 1154 kJkg
. , 3600
(1) Specific steam consumption = 15 = 3.12K g/kW-hr. Ans.
1154
(2) Thermal efficiency = —————— =40.15%. Ans.

(3314 - 439.43)

(3) With out regeneration feed water heating the work done will be
H, —H, = 3314 — 2100 = 1214 kJkg

St jon= 200 _ 2.94 kg/kW-h
eam consumption = 1014 = % o/kW-hr
Without regeneration heating, the thermal efficiency
- (Hl - H3)
(Hl - HW3)
Now from the steam tables
H,g = 121.42 kJkg
_ (3314-2100)
T (3314-121.42)
Increase in thermal efficiency due to regeneration feed water heating is

_ (0.4015-0.38)
- 0.4015

0.38

=55% Ans.

THEORETICAL QUESTIONS

1. What is the concept of Power plant?
2. Define the types of energy.
3. What are the resources for power development in India?
4. What is the present position of power in India?
5. What is the future planning for power generation?
6. Define different types of power cycle.
7. Write short notes on fuel and combustion.
8. Write short notes on steam generators.
9. Write short notes on steam condenser.
10. Briefly describe water turbine.
11. Differentiate between impulse and reaction turbine.
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EXERCISES

1. A simple Rankine cycle works between pressure of 30 bar and 0.04 bar, the initial condition

of steam being dry saturated, calculate the cycle efficiency work ratio and specific steam
consumption. [Ans. 35%, 0.997, 3.84 kg/kWh]

. A steam power plant works between 40 bar and 0.05 bar. If the steam supplied isdry saturated

and the cycle of operation is Rankine. Find (a) cycle efficiency, and (b) specific steam con-
sumption. [Ans. 35.5%, 3.8 kg/kWh]

. An engine operating on ideal carnot cycle uses steam at 10 bar and 90% dryness at the end of

the isothermal expansion process. The pressure during isothermal compression is 1.5bar.
Find the thermal efficiency of the cycle. Also find the power developed by the engine if the
engine uses 0.5 kg of steam per cycle and makes 200 cycles/min. Assume that the liquid is
saturated at the beginning of isothermal expansion(evaporation).  [Ans. 15.1%, 456 kW]

. Steam at 28 bar and 50°C superheat is passed through a turbine and expanded to a pressure

where the steam is dry and saturated. It is then reheated at constant pressure to its origina
temperature and then expanded to the condenser pressure of 0.2 bar. The expansion being
isentropic, find

(i) Work done per kg of steam

(ii) Therma efficiency with and without reheats. [Ans. 880 kJkg, 30.3%]

. The steam at a pressure of 100 bar and 500°C is supplied to a steam turbine. It comes out at

0.07 bar and 0.85 dry. One stage reheating is used and reheating is carried out upto its original
temperature. Determine the theoretical thermal efficiency of the plant. Also find out the pres-
sure at which reheating is carried out. Assume expansions at both stages are isentropic. Show
the processes on h-s chart. If the net output is 1400 kJkg of steam find out the actual effi-
ciency of the plant. [Ans. 42.6%, 39.3%)]



Chapter 2

Non-Conventional Energy Resources

and Utilisation
42.1 INTRODUCTION —

The major sources of energy, aside from human and animal power, are petroleum resources,
natural gas, coa, hydropower, biomass, geothermal, nuclear, wind and solar. Theoretically these re-
sources can be substituted for one another in order to perform a specific task. However, in practice,
substitution would be subject to technical and economic limitations that circumscribe the use of such
energy resources for specific purposes at given locations and periods of time. Few energy resources are
used and consumed at the same location in which they are found, and most of them require generally
elaborate transportation and conversion facilities to make them useful for performing the intended task.
Anaysis of energy resources, therefore, should cover availability and also the production, processing
and distribution facilities.

422 ENERGY SCIENCE —

Scienceisasystematized body of knowledge about any department of nature, internal or external
to man. The energy science deals with scientific principles, characteristics, laws, rules, units/dimen-
sions, measurements, processes etc. about various forms of energy and energy transformations. Science
involves experimentation, measurement, mathematical calculations, laws, observations, etc.

Energy science has interface with every other science. Energy science is the mother science of
physics, thermodynamics, electromagnetic, nuclear science, mechanical science, chemical science, bio-
sciences etc. Each science deals with some ‘activity’. Energy is the essence of activities. Energy man-
agement has nationa priority.

Energy science focusses attention on the ‘energy’ and ‘energy transformations’ involved in the
various other branches of science, to National Economy and Civilization.

423 VARIOUS ENERGY SCIENCE —

PHYSICS: It is abranch of natural science dealing with properties and changes in matter and
energy. Physics deals with continuous changes in matter and energy and includes mechanics, electro
magnetic, heat, optics, nuclear energy etc. and laws governing the energy transformations. Physicists
have developed energy science.

THERMODYNAMICS: Itisabranch of physics dealing with transformation of thermal energy

into other forms of energy, especially mechanical energy and laws governing the conversions. Ther-
modynamics plays a dominant role in Energy Technologies.
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BIOLOGICAL SCIENCES: It deals with biomass and biological processes. Biosciences are
concerned with the physical characteristics; life processes of living vegetation and animals on land and
in water and their remains.

BIOMASS: It is the matter derived from vegetation and animals. Biomass is a natural non -
conventional source of energy and is being given highest priority in recent years. (1980s onwards)
Biomass is the important non-conventional energy for the 21st century.

CHEMISTRY: It is a science dealing with composition and properties of substances and their
reactions to form other substances. The chemical reactions are accompanied by release of thermal en-
ergy (exothermic reactions) or absorption of thermal energy (endothermic reaction). Chemical Reac-
tionsareintermediate energy conversion processes. Many useabl e energy forms are obtained from chemi-
cal reactions. (e.g. petroleum products, synthetic gases and liquids). Natural Gas and Petroleum prod-
ucts are most important energy forms in the world during 20th and 21st century.

ELECTROMAGNETIC: The flow of electrons and €electrical charges through a circuit pro-
duces associated electromagnetic fields and electrical power. Electromagnetic is a branch of physics
dealing with electricity, magnetism and various transformations of other forms of energy (mechanical,
thermal, chemical etc.) into electrical energy and vice-versa. Electrical energy is the most superior;
efficient, useful form of energy which can be generated, transmitted, distributed, controlled, utilized.
Electrical energy is an intermediate and secondary form of energy being used very widely all over the
world.

Fig. 2.1 illustrates the various branches of science and technology concerning ‘energy’.

ENERGY SCIENCE: It isthe mother science dealing with motion of particles or objects (mi-
Croscopic or macroscopic), associated energy transformations and effects, concerning various physical,
biological and environmental sciences. The energy science correlates various branches of science from
energy point of view.

Economics
and
Political
Science

Sociology
and
Environment

Geography

and Energy Thermo-
Geology Science dynamics
Oceonology

Electro-
magnetics

Biology

Fig. 2.1. Energy science and other sciences are correlated.
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TECHNOLOGY (GREEK “TECHNOLOGIA"): It is a systematic treatment of practical or
industrial arts, applied sciences resulting in technical progress by the use of plants and machinery and
automation in industry, agriculture, transportation, human and social activities etc.

Technology is an applied science dealing with specific technical problems; Technology is con-
cerned with satisfying short term, mid term and long term needs of society and its members.

The applied part of energy sciences for work and processes, useful to human society, nations and
individualsiscalled Energy Technology. Energy technol ogies deal with various primary energies, process-
ing, useful energies and associated plants and processes. The coverage including exploration, transpor-
tation, conversion, utilization.

Energy Technology is concerned with ‘demand’ for various forms of secondary energy (usable
energy) and the methods of ‘supply’. Various factors affecting the ‘demand’ and ‘supply’ are in the
scope of energy-technology.

Energy can be supplied via various aternative routes. e.g. We may burn wood or natural gas or
use electrical energy to obtain heat. Energy Technology deals with various alternatives. The energy
chains (routes) between various raw energies (primary energy resources) and final energy consumption
are analysed and compared to decide the suitable choice.

Energy Technologies deal with plants and processes involved in the energy transformation and
analysis of the useful energy (exergy) and worthless energy (anergy). Energy Technology includes study
of efficiencies and environmental aspects of various processes.

Energy technology deals with the complete energy route and its steps such as:
. Exploration of energy resources; Discovery of new sources

. Extraction or Tapping of Non-conventional or Growing of Bio-farms
. Processing

. Intermediate storage

. Transportation/Transmission

. Reprocessing

. Intermediate storage

8. Distribution

9. Supply

10. Utilization, Conservation, Recycling.

In every step measurements in terms of standard units are involved.

The Energy Strategies include the long-term policies, short-term and mid-term planning, eco-
nomic planning, social and environmental aspects of various energy routes. These are analysed from the
perspectives of the world, region, nation, states, sub-regions, various economic sectors, communities
and individuals.

The energy science and technologies give a systematizea, qualitative and quantitative approach
to energy studies for the entire human society, to an individual and the environment with reference to
the, past, present and future.

The present and future standard of living, economy and environment are shaped by the Energy
Technologies.

N o o~ WODN P
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The subject matter of Energy Science and Energy Technology is of immense interest to the Plan-
ners, Economists, Scientists, Engineers, Professionals and Industrialists, Societies and Individuals, etc.

42.5 ENERGY TECHNOLOGY AND ENERGY SCIENCES —

“Energy Science and Technology” deal with several useful natural and artificial (man-made)
energy systems. The basic objectives are to extract, convert, transform, transport, distribute and recon-
vert different types of energy with least pollution and with highest economy.

Energy technology is a systematized knowledge of various branches of energy flow and their
relationship with human society as viewed from scientific, economic, social, technological, industrial
aspects for benefit of man and environment.

The science of energy is concerned with the natural rules and characteristics of energy, energy
resources, energy conversion processes and various phenomena related directly or indirectly to the ex-
traction conversion and use of energy resources essential to the economy and prosperity.

The science of energy deals with the phenomenarelated with energy conversion plants and proc-
esses for generating secondary energy (electricity, heat, steam, fuel, gas, etc.) by converting various
kinds of primary energy sources. The energy science deals with aspects of useful energy, (exergy, work,
power, efficiency and worthless energy anergy) losses etc.

Energy technology correlates various sciences and technologies. Energy technology is theoreti-
cally related with a series of physical, engineering and socia sciences, which are normally, regarded as
independent departments of study. Each branch of engineering and socia science has specific coverage
and objectives, which are rather independent of other branches. For example electrical power engineer-
ing deals with energy in terms of kW, MW, voltage, current etc. and does not deal in detail with various
energy resources, energy cycle and ecological aspects. Thermodynamics deals with heat and work but
does not cover control of electrical energy system obtained from thermal power plants. Socia sciences
may not deal with chemical formulae and chemical reactions but are concerned with the pollution and
environment, demand and supply of energy and economy.

Energy science and Technology takes an overview of entire energy perspective and goes into
details of interrel ationships between various branches of science and technology, and Management.

National planning and economic strategies areinfluenced by energy technology. Industrial project
planning and a plant process economy are influenced by energy technology.

The problems of energy technology were totally ignored during the earlier course of history, as
the natural resources were available in plenty. Each branch of science and technology was devel oped
rather independently and with disregard to energy resources and energy management. Such approach
was partly dueto availability of abundant and cheap fossil fuels, fire wood, etc. and very modest demand
for useful energy.

During the twentieth century, the energy consumption increased Steeply.

After the oil price rise in 1973, and with global pollution due to energy conversion processes,
following important aspects have emerged:

1. Increasing cost of energy sourcesis affecting individual, social and national life and economy.

2. Depleting energy reserves of fossil fuels (coal, petroleum products, oil, gas) has produced
energy crisis.

3. Increasing energy consumption rate and depleting supplies al over the world is resulting in
continuing inflation and energy shortage. Thisis called energy crisis.
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4. Large fossil power plants without emission control devices are emitting flay ash SO, , NO, ,
CO etc. in atmosphere resulting in pollution, ecological disasters, global warming, acid rains etc. En-
ergy, Environment and power plants are closely inter-linked.

Though the, nature supplies abundant non-conventional, the technologies for conversion are in
early stage of development and not yet commercially successful as against conventional. However, non-
conventional are on the path of slow rise all over the world.

Independent study of individual branch of science and technology does not give solution to
energy problems facing a man, society, nation and the world.

These limitations of isolated studies have focussed the attention of planners, economists, soci-
ologists, engineers, technologists, environmentalists etc. on the Integrated Energy Technology.

Energy technology integrates the energy aspects of various branches of science, with broad over-
view of various energy problems. Energy technology suggests alternative solutions within the frame-
work of available science and technological base and energy resources.

Each branch of engineering science has certain theories, laws, equations, units and dimensions.
Energy science co-relates the equations and analysis between various different branches of Engineering
Sciences.

Energy technology takes an overview of entire energy conversion process from raw energy input
to final delivery of secondary energy. This involves chemical, thermal, mechanical, electrical, bio, nu-
clear and other engineering sciences.

42.6. LAW OF CONSERVATION OF ENERGY —

“Energy cannot be newly created. Energy cannot be destroyed. In a closed system, the total mass
and energy remains unchanged. In a closed system the energy is conserved”.

The law does not distinguish between useful and wasted energy. The law neglects ‘losses’ from
the closed system into the environment.

In an energy conservation process, energy istransmitted from one or more formsto another form/
forms resulting in certain work, heat transfer and energy loss.

In aclosed system containing certain quantity of matter and energy, several energy transforma-
tions may take place from one form to another. The total mass and energy in the closed system remains
unchanged.

42.7 FACTS AND FIGURES ABOUT ENERGY —

These are the figures about energy of World Energy Production;
27% Coal

21% Natural Gas

39% Crude Oil

6% Nuclear

6% Hydro-€lectric Power

Fossil Fuels are 87% of the world’s energy production. Wind and Solar energy are less than 1%
of the world’s production.
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Distribution of World Oil Reserves
66.3% Middle East

6% Africa

8.4% North America

5.0% Far East/Oceania

5.9% East Europe

1.5% West Europe

6.9% Central South America

*This was the reason for the gulf war.

q 2.8 INDIAN AND GLOBAL ENERGY SOURCES —

We do different types of work every day. Energy is required for it. Heat energy from burning
fuelslike wood, coal, petrol and cooking gas are widely used for cooking and other purposes. Different
forms of energy are converted into electrical energy. The €electrical energy thus obtained is used to
operate radio, television, and lamps and to run vehicles and heavy machines in factories. Think of a
situation where thereis no energy. Not only our daily activities but also our lifewill cometo astand still.
Thus energy is an inseparable part of our life. Thistopic deals with different sources of energy and their
characterigtics.

Sources of energy are those, which can supply adequate amount of energy in a suitable form for
long periods. The major sources of energy, aside from human and animal power, are petroleum re-
sources, natural gas, coal, hydropower, biomass, geothermal, nuclear, wind and solar. Theoretically
these resources can be substituted for one another in order to perform a specific task. However, in
practice, substitution would be subject to technical and economic limitations that circumscribe the use
of such energy resources for specific purposes at given locations and periods of time. Few energy re-
sources are used and consumed at the same location in which they are found, and most of them require
generally elaborate transportation and conversion facilities to make them useful for performing the
intended task. Analysis of energy resources, therefore, should cover availability and a so the production,
processing and distribution facilities. Some of the energy sources are:

2.8.1 THE SUN

Sun is the source of many forms of energy available to us. The most abundant element in sunis
hydrogen. It isin a plasma state. This hydrogen at high temperature, high pressure and high density
undergoes nuclear fusion and hence releases an enormous amount of energy. This energy is emitted as
radiations of different formsin the el ectromagnetic spectrum. Out of these X-rays, gammarays and most
of ultraviolet rays do not pass through the earth’s atmosphere. But heat energy and light energy are the
main radiations that reach the earth. This energy is the basis for the existence of life on earth.

Sun is a sphere of intensely hot gaseous matter with a diameter of 1.39e’ m and 1.5e™ m away
from earth. Sun has an effective black body temperature of 5762 K and has a temperature of 8¢° K to
40€° K. The sun is a continuous fusion reactor in which hydrogen (4 protons) combines to form helium
(one He nucleus). The mass of the He nucleusisless than that of the four protons, mass having been lost
in the reaction and converted to energy. The energy received from the sun on aunit area perpendicular to
the direction of propagation of radiation outside atmosphere is called solar constant, and has a value
1353 Wm~2. Thisradiation when received on the earth has atypical vaue of 1100 Wm~2and isvariable.
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The wavelength range is 0.29 to 2.5 micrometers. This energy is typically converted into usua energy
form through natural and man-made processes. Natural processes include wind and biomass. Man-made
processes include conversion into heat and electricity.

2.8.2 PETROLEUM

Petroleum products are by far the most versatile and useful energy resources available at present.
Their low costs until 1973, ease of transportation and infinite divisibility are the three attributes that
made petroleum products the most suitable and economical commercia energy resources. Petroleum
products constitute 50-95 percent of commercial energy supplies and almost all the needs of transporta-
tion sector and mobile equipment are currently met by petroleum products. There are only afew possi-
ble substitutes that too on a limited scale. They also constitute the basic fuel for electric power plants
while coal, natural gas and hydro resources are used in those locations where they are available. Kero-
sene and L PG are the favored cooking fuels and kerosene isthe major lighting fuel in areas where there
isno electricity. Before going further, it isinteresting to know abit on the history of oil and its economic
and political implications in the past.

Petroleum was first found in Pennsylvania (USA). Petroleum is used to make gasoline, heating
oil, diesdl fuel, and lubricating oils. Following is brief times on energy development:

1879: Standard oil controlled 90% of refining capacity.

1870-1880: Kerosene is the largest volume manufactured good.

1882: Standard Oil Trust was established, which was a shield of legality and flexibility. Edison
demonstrates electricity.

1885: 250,000 light bulbs in use.

1896: Henry Ford was the chief engineer at Edison, where he builds his first gasoline-powered
engine.

1900: 8,000 automohiles, Drilling began in Texas.

1905: QOil discoveriesin Louisiana and Oklahoma.

1909: Standard Oil Trust was broken up in 38 companies.

1912: 902,000 automobilesin use

1913: Ford introduced the assembly line.

1928: Texas number one oil producer.

1938: Qil discovery in Kuwait and Saudi Arabia.

1940's: United States shifts from petroleum exporting to petroleum importing.

1960: OPEC formed.

1986: Oil price collapse.

Petroleum is rock oil that exists down in the earths crust. They drill for petroleum to determine
the size of the reserve and to produce oil at a controlled rate. There are three steps in recovering petro-
leum. The first step is the primary recovery, which is when oil flows by natural pressure or ssimple
pumping. The maximum recovery is usualy 30% of the oil available in the well. The next step is the
secondary recovery, which is when water or gas is pumped into the well to force oil out. This adds an
additional 10-20% to be recovered. The third step is the tertiary recovery, where hot gases and chemi-
cals are pumped into the well to make the oil less viscous for easier pumping. Petroleum is classified
according to its viscosity and sulfur contents. Pennsylvanid's crude oil is low in sulfur and viscosity,
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Venezueld's crude oil is high in sulfur and viscosity, and Middle East crude oil is usualy low in sulfur.
Petroleum refining separates different components of petroleum. It changes the chemical composition
of petroleum component to produce desirable fuels and chemicals. Petroleum refining has 3 major proc-
esses. Thefirst processis aphysical process called distillation, which separates components according
to their boiling points. The second step is the cracking, which breaks down long chains to make more
gasoling, diesel, and jet fuel. Thisisachemical processusing acatalyst. The third processisthe reform-
ing process, where it converts straight chains into branched chains for better performance in gasoline
engines. Petroleum is transported long distances by super tankers across oceans, and pipelines across
continents. For short distances, petroleum is transported by barges, trucks, and rail cars.

Petroleum products are used in internal combustion engines, where the fuel is put right into the
cylinder with the piston. A spark ignites the gasoline engines, and compression ignites diesel engines.

HISTORY OF OIL

Though ail has been known for thousands of years, the first modern commercia drilling and
production of oil isusually said to have begunin 1859 in the US, when Col. Edwin L. Drake sunk awell
in Pennsylvania near some natural oil seepage and within afew yearsit wasin widespread use through-
out the US. The producers, weakened by overproduction, were gradually taken over by the refining and
distribution companies|ed by Rockefeller’s Standard Oil Trust. Standard Oil dominated the oil industry
in the US until, under anti-trust legisation, it was ordered in 1911 to divest itself of al its subsidiaries.
Of the 38 companies in the group, three companies, Exxon, Mobil and Socal took a magjor role in the
world oil market. Together with four other major companies Gulf, Texaco, Shell and BP, these seven
companies (the ‘ Seven sisters’) dominated the world oil scene throughout the first half this century.

During the 1920s and 30s, there was a period of intense competition, with a threat of over pro-
duction aggravated by new discoveries in Mexico, Venezuela, Sumatra and Iran and a fall in demand
during the economic depression. The major internationa oil companies led by Exxon, Shell and BP
developed in 1928 a secret agreement to accept their current volumes of business, to decide jointly the
shares in future increases in production. The resulting cartel continued until it was terminated by anti-
trust in the 1940s in the US. Throughout this period the prices paid for crude oil were determined by
negotiation between oil companies and governments in producing countries. This procedure continued
into the 1960s, but by that time the continuing discovery and development of large low cost oil supplies
inthe Middle East had led to a post war decline in the price paid to producing countries. In an attempt to
halt this decline, a group of producing countries, viz., Iran, Irag, Kuwait, Saudi Arabia and Venezuela
whose GNP was substantially dependent on oil income, formed OPEC, the Organization of Oil Export-
ing Countries.

The foundation of OPEC in 1960 was seen as a defensive measure by the producers following a
unilateral reduction by Exxon of the posted price they would pay for the supplies of Middle East crude
oil, which was followed by other major oil companies. The five founder members of OPEC were at that
time responsible for 80 percent of internationally traded crude ail. Intervention by governments in the
activities of oil companiesin their countries had begun dramatically in Mexico in 1938, when all oper-
ating companiesin their countries were nationalised. Much earlier, in 1913, to ensure oil suppliesfor the
UK Navy, Churchill hastaken control of BP (then Anglo Persian) but UK rarely involved in commercial
management. In 1938, under threat of nationalisation, Venezuela, then a major exporter, obliged the
major companies (Exxon, Shell, Gulf ) to increase their royalty payments, and ten years later in 1948, it
successfully implemented a law giving the Venezuelan government a 50% share in all profits. This
profit sharing arrangement was soon demanded elsewhere and in the 1950s and 1960s it was adopted in
most oil producing countries.
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In 1973 the world oil outlook changed dramatically, following an embargo imposed by the Arab
members of OPEC on countries that they believed were providing assistance to Israel at the time of the
1973 October war between Israel and her neighbors. By coincidence, at the same time OPEC ministers
decided to raise the ail price from $3 to $5.12. The day following this announcement in Oct. 73, the
Arab members (OAPEC) agreed an immediate 5% reduction in oil production. Subsequently, the inter-
national oil price rose to $20 a barrel by Dec. 73. Shortly after this OPEC increased the ail price to
$11.65 per barrel, giving a five-fold increase over the price two years earlier. After this the price de-
clined gradually inreal terms, dueto inflation until latein 1978, when once again the spot market rosein
responseto local scarcities on the interruption of Iran’s oil production. Following the lead from the spot
market, OPEC began to move posted prices upwards again.

OPEC AND ITS MEMBERS

1. Algeria
2. Libya

3. Indonesia
4. Nigeria
5. Iran

6. Qatar

7. Irag
8. United Arab Emirates

9. Kuwait
10. Saudi Arabia
11. Venezuela

Originsof Oil. Oil and gas are names given to awide variety of hydrocarbonsfound in sedimen-
tary basins on or under the earth’s surface. Qil or petroleum is generally a complex mixture of the
heavier (non-gaseous) hydrocarbons, averaging about two atoms of hydrogen to each carbon atom. QOil
found in different reservoirs differs in composition, and many even vary within a single reservair. Its
properties vary from alight fluid to viscous heavy oil, grading to asphalt.

The process of oil formation started with the mixing of marine organisms with sand and salt to
form sedimentary deposits, in periods ranging from tens of millions of hundreds of millions of years
ago. Continued deposits of material led to burial, with a concomitant rise in pressure and temperature,
resulting in compaction of the sediment into sedimentary rock, called the ‘ source rock’, and conversion
of the organic material into hydrocarbons (oil) embedded in the source rock. Increasing pressure from
continued burial, together with the movement of water, with which rock below the water table is satu-
rated, resulted in movement of the small oil globules into the porous and permeable environment of
reservoir rocks. In some situations the oil became trapped in the reservoir rocks by a neighboring layer
of impermesable rock, and these oil bearing reservoir rocks are the sources from which oil is now ob-
tained.

Many types of geological structure can give rise to possible traps for oil. The first, called an
anticline trap is in the form of a dome, in which gas, oil and water are held within the reservoir rock
overlain by alayer of impermeable rock that preventsthe oil and gas, more buoyant than the underlying
water, from escaping to the surface. The second type, is called afault trap, and may occur where imper-
meable rock at a fault in the strata of reservoir rocks prevents upward movement of oil. In the fourth
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type, the reservoir rock changesin permeability so that further movement of oil through the pores of the
reservoir rock becomes possible.

To Summaries. Hydrocarbons are generated in source rocks from the remains of marine organ-
ism deposited and buried in the rocks. They are transported by surface tension, gravitational and pres-
sure forces into reservoir rocks, where, if there are suitable traps, they accumulate in the pores of the
rock and form the reservoirs of oil and gas found today. For oil to be formed within the source rocks,
they must have been buried for a million years or more at depths over 1 km, to get the pressure and
temperature high enough, but rarely more than about 4 km or the higher temperature at those depths
would usually decompose the oil, leaving methane gas and petroleum coke.

Exploration and Production: First oil wells are only afew to hundred meters deep but most of
today’s producing accumulations lie in the depth range 500 to 3000 meters, but the deepest producing
wells are at 6500 m for oil and 7500 meter for gas. Similarly, variationsin pressure from atmosphere to
1000 atm. have been found athough the pressure usually increases by 100 to 150 atm. per km in depth
corresponding to the depth of the overlying column of rock pore water. Temperatures also increases with
depth at arate given by the geothermal gradient, generally in the range 15 to 40°C per kmin oil produc-
ing areas, though temperaturesin oil reservoirs are usualy below 110°C.

Early exploration methods like geological surveys, measuring the angles of tilt of the rock strata
that emerged at the surface, correlation of nearby drilling data, are augmented by seismic surveying;
geomagnetic and gravitational surveys, geochemical tests; geothermal, radiation and electrical conduc-
tivity surveys, etc. These exploration methods allow the identification of structure that may be traps but
they can only rarely establish the presence of oil that can be ensured only by drilling.

Qil is driven from the reservoir rocks into the borehole by the difference in pressure. Hence the
rate of production from an oil well islimited. A measure of the rate of production from areservoir isthe
reserves to production ratio (R/P) measured in years. R/P ishigh in the early years but tends to become
constant in the range from 5 to about 15 years. An assessment of the amount of oil that may be recovered
from a reservoir requires information on the amount of oil in place and an estimate of the recovery
factor. The amount that can be extracted is related to the conditions in the reservoir, oil composition and
the method of extraction. The world average recovery factor at present is about 25-30%.

The production of conventional oil depends on the reservoir fluids flowing under pressure out of
the reservoir rock into the borehole. Oil recovery processes are usually considered as faling into three
categories:

» Primary Recovery : Theoil recovered by the natural displacement processes that occur as oil

is produced from areservoir;

» Secondary Recovery : The additiona oil recovered as aresult of water/gas injection into the
reservoir to complement the naturally occurring drive processes,

e Enhanced Recovery/Tertriary Recovery : Qil recovery by processes aimed at higher dis-
placement efficiencies than those obtained through the natural processes of gas and water
drive, like use of chemicals, CO, and heat.

Oil Reserves. The proven reserves are defined as the quantity of oil that can be commercially
produced with existing technology. At present the total world proved reserves amount to be about 1047
barrels (1047 bhbl) of which 77% lies in OPEC countries (1996 estimate). The total world consumption
of crude ail in 1996 was 71.7 million barrels per day. OPEC estimates that total world oil consumption
could reach from the 70 million barrels aday in 1995 to around 100 million barrels per day by the year
2020. Table 2.1 gives the world’s largest proven crude oil reserves and Table 2.2 gives the production



NON-CONVENTIONAL ENERGY RESOURCES AND UTILISATION 43

rate. It is expected that oil’s share of the world wide energy market will fall from almost 40% in 1995 to
less than 37% in 2020. But oil will still be the world's single largest source of energy. Oil is alimited
resource, so it may eventually run out, although not for many years to come. OPEC's oil reserves are
sufficient to last another 80 years at the current rate of production, while non-OPEC oil producers
reserves might last less than 20 years. The worldwide demand for oil is rising and if we manage our
resources well, use the ail efficiently and develop new fields, then our oil reserves should last for many
more generations to come.

Table 2.1. World's largest proven crude Table 2.2. World oil production

oil reserves (1996) (1996)
Country Reserves Country Production
(millions of barrels) (million barrels per day)
Saudi Arabia 261,444 Saudi Arabia 8.1
Iraq 112,000 Former Soviet Union 6.9
United Arab 97,800 United States 6.5
Emirates \ren 36
Kuwait 96,500 China 32
Iran 92,600

2.8.3 NATURAL GAS

Do you know the fact that natural gas known in the short form as CNG is used in buses, trucks
etc. in Delhi? Natura gasisafossi fuel. Thisis usually formed in the Earth along with petroleum. Its
main constituent is methane. It al'so contains small quantities of Ethane and Propane. Natural gaslique-
fied by applying high pressureis CNG (Compressed Natural Gas). In automabiles, houses and factories,
CNGisused asafuel. Itisaso used as a source of hydrogen required in the manufacture of fertilizers.

Natural Gas (CNG) is generally a mixture of the lighter hydrocarbons with methane (CH,) pre-
dominating, often with varying fractions of nitrogen and impurities such as hydrogen sulfide. Natural
Gas meet nearly 20% of world's energy needs. Increase in NG supplies during this century has been
almost as dramatic as those of oil. However, development of NG industry has been limited to markets
that could be economically connected by pipeline to natural gas reserves. The expense of constructing
costly pipeline networks could only be justified where there are both large reserves and an assured
demand. The future role of NG will be largely determined by transport costs and the world depends
largely on large gas reserves and resources in areas further away from major markets. World proven gas
reserves are estimated to be about 394 billion boe (1975 values) and estimated undiscovered resources
to be about 1358 hillion boe. Much will depend on when and how much of the estimated undiscovered
resources in North America and Western Europe are found and devel oped.

Almost al of the present world production of NG istransported by pipeline. An aternativeto gas
pipelines is provided by transport by tankers carrying liquefied natural gas (LNG). The technology is
commercially available since 1960s and the costs are still high. The gas must first be liquefied by cool-
ing to — 161°C, then carried in specially designed refrigerated tanks, and re-gasified at receiving termi-
nals. Approximately 25% of the energy islost in processing the LNG, and allowing aso for transport,
only about two thirds of the original supply of gasisdelivered to the consumer. An LNG processing and
transport system requires high capital expenditure and this will limit the rate of growth of international
tradein LNG. NG provides a clean and convenient fuel and an important chemical feedstock.
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2.8.4 COAL

Coa has been used as a fuel for several millenniain China. In Europe, coa was known to the
Greeks and called ‘anthrax’ from which the name anthracite is derived. Its use was very much limited
until the firewood crisis in England in the 16th century which led to wide spread use of coke when
Darby developed the use of coke for reducing the iron ore. The changing rates of coa production are
explained by the change in market nature. When the development of railway began, the demand for
coal increased directly but also permitted it to be transported much more cheaply. The coal market in
USA was disturbed by the rapid market growth for oil and later NG.

Formation. Coal is composed mainly of carbon though it also contains hydrogen and oxygen
and varying small amounts of nitrogen, sulfur and other elements. It was formed by the decomposition
of the remains of vegetation growing in swamps or in large river deltas undergoing intermittent subsid-
ence. The decomposed material from plants and trees was transformed first by bacterial action into peat
which become buried by later sedimentary deposits. Later under the movement of the earth’s crust, the
layers of peat become more deeply buried, and under the influence of heat and biochemical reactions
they were transformed into various types of coal or lignite, during this coalification process, the carbon
content increased as oxygen and hydrogen were released. Methane (CH,) was formed and either es-
caped into atmosphere or migrated until it was captured in ageological trap so that it formed a natural
gas reservoir contained by an impervious layer similar to those that contain petroleum.

Properties. Coals are ranked according to their carbon content. Under mild conditions of heat
and pressure, the lowest rank coals were formed, consisting of brown coal and lignite. At higher tem-
peratures and pressures, sub-bituminous and bituminous coals were formed, and under very high pres-
sures, the highest rank coals, called anthracites, were formed. The anthracites contain more than 92%
carbon, 2—3% hydrogen together with oxygen, volatile matter and impurities. Bituminous coal contains
about 5% hydrogen and has a carbon content of 70-80%. The lowest ranks of lignite and brown coal
may have less than 50% carbon content. The rank by carbon content approximates to aranking by heat
content though with some overlap between classes. Other classifications of importance include the
coking qualities for mechanical strength, ash content, and volatile matter content. Sulfur is an impor-
tant impurity as it appears in combustion products as oxides of sulfur (SO,), which pollutes the envi-
ronment.

Mining. Most hard coal (bituminous and anthracite) is obtained by deep mining though modern
technology has led to the increasing use of open-cast methods using large excavators capable of shift-
ing hundreds of tonnes per hour and the mines may reach depths of several hundreds of feet. Surface
mining is cheaper than deep mining and rapid expansion is possible. Deep mining requires minimum of
two shafts and expects to take 10 years to bring into operation. The mining shafts play a crucial rolein
providing ventilation to the mine, to remove methane associated with coal and to reduce heat and
humidity. Two principal methods of mining in use are:

1. Longwall
2. Bord and Pillar or Room and PFillar

In Long wall method, coal is extracted in one operation from a face that may be of 600 min
length. In the older Bord and Pillar method, the area is divided into rectangles by driving a series of
roadways at right angles to each other and then mining from each of these rectangles or pillars. In
modern mines, over 90% of the coal is mined, loaded and transported mechanically. Transport under-
ground is mainly by means of conveyor belts (replacing earlier tubs), which bring the coal to the main
shaft for rising to the surface. At the mine head, the coal is cleaned, sorted or screened and blended.
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Resources and Reserves. Geological resources include all coal that may become economic at
some time in the future. Reserves include all coal that is known to be technically and economically
recoverable under today’s conditions. These estimates are old (1978) and not updated recently. The
world total estimates for coals resources are (in billion tonnes) : Hard coal : 7725 and Brown coal :
2399. The proven reserves are 493 and 144 resp. World possesses vast resources of coal, far more than
any of those of any other fossil fuel. However, almost 90% of the coal resources are concentrated in
four countries: USSR (45%), US (24%), China (13%) and Australia (6%). US, USSR and China pro-
duce about 60% of coal output and the other major producers are (25% share): Poland, Germany, UK,
Australia, South Africa and India. Today, most of the world’s coa production is still consumed in the
countrieswhere it ismined. Only about 10% istraded internationally. The major portion of coal isused
for electricity generation.

2.8.5 NUCLEAR ENERGY

Nuclear power production is based on the energy released when an atomic nucleus such as
uranium undergoes fission following the absorption of a neutron to form a compound nucleus. This
compound nucleus is unstable and may break into two or three smaller atomic nuclel with the simulta-
neous emission of several neutrons together with the release of considerable amount of energy. These
neutrons may themselves be absorbed by other nuclei, and if enough of these are uranium nuclei, it is
possible for a chain reaction to develop. Chain reactions form the basis of the operation of a nuclear
reactor. Fission of asingle atom of uranium yields 200 MeV (= 3.2e*! J), whereas the oxidation of one
carbon atom releases only 4 eV. Natural uranium consists of 99.3% 23U and only 0.7% of lighter
isotope 2°U, but it isthe latter that provides the most readily available fission energy in nuclear reactor.
The maintenance of chain reaction, with exactly one neutron (on average) eventually causing another
fission, is the design objective of any nuclear reactor.

Nuclear Energy Generation. If the ratio of 2°U to 2®U in a mixture is low, it is necessary to
arrange that the neutrons be slowed down by a moderator (a light material like water, heavy water,
helium gas, beryllium, carbon, mixed, usually in homogeneously, with the fuel) in order to take advan-
tage of the increase in fission cross section for low energy neutrons. If theratio ishigh, it is possible to
design reactors that are based on fission caused by fast (high energy) neutrons. Reactors using slow
neutrons are called thermal reactors in contrast to fast reactors whose design makes use of fission
caused by fast neutrons. To reduce the size and increase the options for the choice of materials for a
reactor, it is possible to enrich the uranium that is to enhance the fissile 2°U in some portion of the
available natural uranium at the expense of the remainder. Higher the enrichment, easier it becomes to
maintain the chain reaction, so the volume of the reactor may be reduced and a moderator with alower
moderating ratio may be used. Light water reactors use uranium enriched from 0.7 % to about 3%.

In athermal reactor, the production of fissileisotopesislower than burn-up of the fissile compo-
nent of uranium 2°U in the fuel. However, in afast reactor, using high-energy neutrons, the number of
neutrons produced per fission is higher than in athermal reactor, and some fission of 22U also occurs,
so that there are more spare neutrons available for absorption by the common uranium isotope 23U,
giving a higher rate of fissile decay products. By suitable design the conversion gain can be chosen so
that more fissile material is produced than is consumed. Reactors of this type are called fast breeder
reactors. Practically all power reactors in operation use >*U as a fuel.

Resources. About 150 tonnes per year of natural uranium is required to meet the current de-
mand. Proven resources are 2191000 tonnes there may be additional resources of 2177000 tonnes
available. It is expected that FBR will takeover the future requirements and hence the future needs may
not increase drastically.
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2.8.6 LPG (LIQUEFIED PETROLEUM GAS)

LPG isawidely used fuel in homes. From where is this obtained? You have learnt earlier that
petroleum gas is a constituent obtained when petroleum is subjected to fractional distillation. If high
pressure is applied to this gasit will be liquefied. Thisliquid is LPG (Liquefied Petroleum Gas).

Thisisfilled in strong cylinders and distributed. The main constituent of this is Butane. Small
guantities of Ethane and Propane are also found.

Accident From LPG. Gasesin LPG are odorless. What happens if it leaks? We will not know
even if it fills the whole room. What will be the result then, if an electric switch is switched on or a
matchstick is struck? Big fire or explosion will take place. Therefore to detect the leakage of the LPG
another gas, Ethyl merchantman, having a special smell ismixed with it. Smell of thisis sometimesfelt
when the gas cylinder is opened. If thissmell isfelt never try to light the match or to operate electrical
appliances. Doors and windows must be opened and check whether there is any leak in the cylinder.
When not in use it is better to have the valve of the cylinder closed.

2.8.7 ALCOHOL

Spirit lamp isused in classrooms for experiments. The spirit being used in spirit lamp isalcohol.
Thisisagood fuel. Atmospheric pollution is much lesswhen it is burnt. In certain countries a mixture
containing alcohol and petrol is used as fuel in automobiles.

2.8.8 GASOHOL

A mixture of petrol (gasoline) and acohoal is being used as fuel in automobiles in Brazil and
Zimbabwe. This fuel is gasohol. ‘gaso’ from gasoline and ‘hol’ from alcohol.

2.8.9 HYDRO POWER

Water is the only non-conventional energy source that has been exploited by man on a large
scale. The technology iswell established and simple. The industria infrastructure for the manufacture
of water turbines, valves, gates, generators and associated electrical equipment are well established in
many countries.

Based on the capacity, it could be amicro, mini, small and big power plant. Based on the head,
itiscalled alow head (<15 m), medium head (15-50 m) or high head (>50 m). Based on the type of 1oad
it may be base load or peak load. Based on the hydraulic features, it may be conventional, pumped
storage or tidal type. Based on construction, it may be run of river, valley dam type, a diversion canal
type or a high head diversion plant.

Energy is derived from conventional and non-conventional resources and the former are in the
process of depletion. These are fossil fuels-oil, coal and natural gas. It took million of yearsto build up
these resources. Non-conventional resources are solar energy, wind energy, water energy and biomass.
Approximately 80% of the world's energy is produced by fossil fuels. However, in France, the French
Atomic Energy Commission established nuclear reactors, which produce enough energy to meet 70%
of country’s requirement.




NON-CONVENTIONAL ENERGY RESOURCES AND UTILISATION 47

World demand for oil (according to UN reports) rose from 436 million tonnes in 1960 to 2189
million tonnes in 1970 and to 3200 million tonnes in 1999. The corresponding figures for coa are
1043, 1635 and 2146 and for natural gasthe figuresare 187, 1022 and 2301. The demand will continue
to grow. Of the developing countries, China has the highest per capita consumption of energy. For
India, per capita consumption is lower than that of China. It may be mentioned that consumption fig-
ures represent commercial energy and do not take into account the non-commercial energy used by
developing countries where poor people use wood that is acquired by gathering without any payment.

Among non-conventional resources, hydropower is the largest. Hydropower projects are in op-
eration both in developed and developing countries - notable among the latter are China, India and
Brazil. Hydropower potential is huge and at present only 15 percent of the potential in the developing
world is being utilized. Wind power has also a great potential. Windmills and sails have been in use
since ancient times. It isafast growing resource. In 1980s, wind energy generation of the world was 10
megawatts. In the year 2000 it was 14000 megawatts. Green Piece International estimates that if the
present trend continues wind power could supply 10% of world's electricity by 2020.

Theuse of solar energy isthrough photovoltaic cells. The photovoltaic newsreported that world's
photovoltaic production climbed from 0.1 megawatt to 200 megawatts in 1999. The biomass resources
are various types of cultivated or uncultivated vegetation. Wood forms the chief resource and is the
primary fuel for the people in Africaand Asia. Excessive use of wood has led to depletion of forests.

Coal, ail, gas and water constitute the main sources of energy in our country. The share of
various energy sources in the commercial consumption of energy is mostly from coal (56%) and petro-
leum (32%), the other sources being nuclear, natural gas and water. Apart from commercial energy, a
large amount of traditional energy sources in the form of fuel wood, agriculture waste and animal
residue are used.

Commercia energy consumption has grown from 130.7 MTOE (million tonnes of oil equiva
lent) in 1991-92 to 176.08 MTOE in 1997-98. The main drivers of thisincrease are the accompanying
structural change of economic growth and arise in population together with rapid urbanisation.

Industrial sector is the largest consumer of energy consuming about 50% of the total commer-
cial energy produced in the country followed by the transport sector. Among the most energy intensive
industries which together account for nearly 80% of the total industrial energy consumption are the
fertiliser, aluminum, textiles, cement, iron and steel, pulp and paper and chloro-akali.

Transport sector isthe largest consumer of petroleum products mainly in the form of high speed
diesel and gasoline and accounts for nearly 50% of the total consumption.

With increase mechanisation and modernisation of its activities, the agricultural sector’s con-
sumption of commercia energy has grown considerably. The share of the farm sector in electrica
energy consumption has increased from a mere 3.9% in 1950-51 to about 32.5% in 1996-97.

In the domestic sector, the consumption of natural fuel (mostly wood) energy is very high.
Around 78% of rural and 30% of urban households depend on firewood. However, the mix of tradi-
tional fuelsin the national energy mix is decreasing as more efficient commercial fuelsareincreasingly
substituting these. In particular between 1970-71 and 1994-95, the annua consumption of electricity
per household went up from 7 kWh to 53 kWh; of kerosene from 6.6 kg to 9.9 kg and of cooking gas
from 0.33 kg to 3.8 kg. There is, however, a marked disparity in the level of energy and type of fuel
consumed in rural and urban areas.
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q 2.10 ENERGY DEMAND —

Humanity today is on the verge of another catastrophe, i.e., the energy crisis. Increasing indus-
trialisation and unsuitable consumption patterns are escalating the environmental problems due to de-
pletion of resources and energy. The unsustainable use of renewable resources and generation of toxic
materials are creating problems to biodiversity, environment and human health. Energy is a primary
input in any industrial operation. Energy is also a mgjor input in sectors such as commerce, transport,
telecommunication etc. besides the wide range of services required in the household and industrial
sectors. Energy use is not an end in itself. Energy plays a dual role. It is an input into the productive
sectors of the economy, i.e., industry and agriculture as well as supporting infrastructure of transport. It
is aso aconsumer good, i.e., energy consumed in households has a direct impact on the quality of life.
In India, per capita consumption is one-fourth of the world average and one-twenty fifth that of USA.
Traditional fuels like animal dung, fuel wood and modern fuels are steadily replacing crop residue
account to 30% of the total energy consumption in our country but these. The development of energy
sourceis highly capital intensive and large investments are needed for meeting the demands of energy
for different consuming sectors. It would be really ironic if fuel becomes more expensive than food.
Gulf war and Iran-lrag war had also brought into sharper focus the energy predicament.

Energy demand is not an exception to the economic theory of limited means and unlimited
wants. The pace of exploitation of the energy resources has been growing over time, and hasresulted in
gradual depletion of the scarce reserves. The critical link between energy and economy has exposed the
vulnerability of nationsto the volatile energy situation. Energy today has become akey factor in decid-
ing the product cost at micro level aswell asindicating the inflation and the debt burden at the macro
level. Energy cost is a significant factor in economic activity, at par with factors of production like
capital, land and labour. The imperatives of an energy shortage situation calls for energy conservation
measure, which essentially mean using less energy for the same level of activity. While on one hand the
demand for energy is increasing, on the other hand the energy resources are becoming scarce and
costlier. This steady increase in gap has not only compelled technocrats and decision makers in the
industry to devel op new measures of energy conservation but also to have systematic approach towards
present trend of energy consumption through energy auditing and application of modern techniques
and methods for minimizing energy wastage. Energy conservation is considered as a quick and eco-
nomical way to solve the problem of power shortage as also a means of conserving the country’s finite
sources of energy. Energy conservation measures are cost effective, require relatively small invest-
ments and have short gestation as well as pay back periods. The studies conducted by Energy Manage-
ment Centre, New Delhi have indicated that there is about 25 % potential of energy conservation W the
industrial sector.

Energy technologies deal with various primary energies, processing, useful energies and associ-
ated plants and processes. The coverage including exploration, transportation, conversion, utilization.
Energy Technology is concerned with ‘demand’ for various forms of secondary energy (usable energy)
and the methods of ‘supply’. Various factors affecting the ‘demand’ and ‘supply’ are in the scope of
energy-technology. Energy is the key input for domestic demand, industrial and economic devel op-
ment. It isalso apre-requisite for sustaining industrial growth. With industrialization and urbanization,
the demand of energy has continuously grown. In the past few decades, its need has multiplied many
times. Presently, the demand of energy arises in a very large number of applications. Main amongst
them islisted below.

* In power plants. to run the turbine. The rotation of turbine is then used to rotate the alterna-
tor to generate electricity.
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* In transportation sector. to propel automobiles, trains ships, submarines, helicopters,
aircrafts etc.

o In military lists. to propel missiles, tanks, weapons etc.

* In industrial sectors. for manufacturing steel, aluminium and other metals; in producing
cement, plastics, chemicals, fertilizers; in oil refineries etc.

» For domestic purposes. in refrigerators, air-conditioners, fans lighting, television, music
systems, washing machine etc.

The world energy consumption in the past four decades (between 1960 and 2000) has gone-up
by more than three times, and is still growing rapidly. The energy consumption of some countries (in
1998) is given below as reference

e India13.3x 10 J

* Japan 22.6 x 1018 J

* Russia27.5 x 108 J

* China 36 x 10 J

« USA 1005 x 108
World 215.5 x 108 J3.9

q 2.11 ENERGY PLANNING —

The Energy Strategies include the long-term policies, short-term and mid-term planning, eco-
nomic planning, social and environmental aspects of various energy routes. These are analysed from
the perspectives of the world, region, nation, states, sub-regions, various economic sectors, communi-
ties and individuals.

Considering the importance of power industry in the overall development of the country, power
sector has been given high priority in the country’s development plans. Energy sector alone accounts
for about 29% of sixth plan investment. If investments in coal and oil transport and other infrastruc-
tures are taken into account, the total investment in the energy sector will account for about 40% of the
plan investments. The fact alone is sufficient to exhibit the importance of power industry for the coun-
try’s devel opment. From a mere Rs.149 crores in the First Plan, the outlay for power during sixth plan
period has increased to Rs. 15750 crores. The installed generating capacity has grown ten-fold from
2300 MW in 1951 to 25900 MW in 1978. Of this, 11000 MW was in hydel, 14000 MW in thermal and
less than 1000 MW in nuclear power stations. The total number of power stations of 20 MW capacities
and above at the end of March 1978, was 127, of which 65 were hydel, 60 thermal and 2 nuclear. Power
generation rose from 7514 million kWh in 1950-51 to 103754 million kWhin 1978-79, i.e., nearly 15
times. The total users of electricity have risen from 15 lakes in 1950 to 2641akhs in 1978-79. The per
capita consumption of electricity rose from 18 kWh in 1950-51 to 121 kWh in 1978-79.

In spite of these measures, this industry is unable to meet the demands. Power shortages have
become arecurrent feature in the country. Against an estimated requirement of 108656 million kWhin
1978-79, the actual availability was only a97588 million kwWh a deficit of about 11070 million kWh or
10.2°C. With the programme of large-scale industrialization and increased agricultural activity, the
demand for power in the country isincreasing at arapid rate. If the present trend continues, the demand
for power by the end of this century would be about 125 to 150 million kW. Allowing for adequate
reserve margins required for scheduled maintenance, a total generating capacity of about 175 to 200




50 POWER PLANT ENGINEERING

million kW would be needed by the year 2000 to meet the anticipated demands. This would mean 8 to
10 fold increase of the existing capacity.

Only proper development of hydel, thermal and nuclear resources of the country can achieve the
required growth. Out of total available hydel-potentia (41,000 MW), only 16% has been devel oped,
therefore there is sufficient scope to develop this source of power in future. The major hydel potential
isavailable in the northern region. Even if all the hydel potential is developed, it will not be possible to
meet the growing demand. Therefore, it is necessary to supplement the hydel potentials with thermal.
The coal deposits are rich and ample, though in terms of per capita it is hardly 176 tonnes in India
which is certainly poor compared with other countries as 1170 tonnes in China, 13500 tonnes in the
U.S.A. and 22000 tonnes in the former U.S.S.R. The available coal is aso unevenly distributed in the
country (60% only in Bihar and Bengal). This further requires the devel opment of transportation facili-
ties. Therefore, it is also not possible to depend wholly on thermal power development. The considera
tion for the use of nuclear fuel for power production in future is equally essential particularly in those
states, which are far away from coal resources and poor in hydel potential. The future planning in the
power development should aim at optimum exploitation of resources available so that power mix of
hydel, thermal and nuclear is achieved.

Ancther step to be taken in the power development industry is setting up super-thermal power
plants the central sector at different places in the country. The super-thermal power stations are at
Farakka, Ramagundam, Korba and Singrauli and these are supplying power for the past 20 years.
Presently al of them are supplying power through the national grid to deficit states.

In our country even 20 MW hydro potentials have not been devel oped, whereasit appearsto be
advantageous to develop even 20 kW units. Development of small hydro potentials asin China has, to
agreat extent, reduced the strain in existing plants. The development of biogas can ease the strain on
oil supply to domestic users, which can otherwise diverted to power generation.

Ancther suggestion to face the present alarming power situation in the country is energy planta-
tion. India receives large amount of solar radiation and photosynthesis is the process by which solar
energy is converted into food and fuel by green plants. Fast growing species of trees give ayield of
about 15 to 35 tonneshectare/year. The land, which is presently not used either for agriculture or
forest, can be used for energy plantation where average rainfall is 80 to 100 cm per annum. With
present Forest Technology, planned production forestry offers an unusual opportunity. If the forest area
isincreased from present 22 to 30%, increase in forest areais 30 million hectares of land) it can yield
sufficient energy after next 20 years. The Government does not seriously think this phase of energy
production but it looks afruitful proposition.

As per the present planning of the Government, the problem of increased power demand will be
solved only by proper mixed development of hydel, thermal and nuclear at least during one more
decade. The severity of the power problem can be partly solved by the conservation of power. The
efficiency hest thermal power plant is35%. In India, it ishardly 25%. If auxiliary consumption and line
loss are taken into account, the efficiency still goesto hardly 16%. The problem can be partly solved by
proper maintenance and good quality of fuel supply.

The efficiency of the power plant operation is also defined as kWh generated per kW installed.
The maximum kWh per annum per kW is 8760. The average figure in India is hardly 4000, which
shows that the utilisation is only 45%. If this utilisation is increased, need for new capacity for power
generation will be reduced. Increasing load factors can reduce the capacity of the power industry. The
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proper planning to develop hydel, thermal and nuclear resourcesin Indiain addition to measures taken
to reduce outages and with proper load management will definitely go a long way in meeting the
increasing power demand of the country.

q 2.12 INTRODUCTION TO VARIOUS SOURCES OF ENERGY _

There are mainly two types of sources of energy
1. Conventional Sources of Energy (Non-Renewable Sources of Energy)
2. Non-conventional Sources of Energy (Renewable Sources of Energy).

2.12.1 CONVENTIONAL SOURCES OF ENERGY

These resources are finite and exhaustible. Once consumed, these sources cannot be replaced by
others. Examples include coal, timber, petroleum, lignite, natural gas, fossil fuels, nuclear fuels etc.
The examples are

(i) fossil fuel (ii) nuclear energy (iii) hydro energy

Have you not seen the filling of fuel in automobiles? What are the fuels that are being used in
automobiles? What type of sources of energy are they? Are they non-conventional? Fossil fuel is an
invaluable source of energy produced due to chemical changes taking place in the absence of oxygen,
in plants and animal s that have been buried deep in the earth’s crust for many million years. Fossil fuels
like coal, petroleum and natural gas are formed in this manner. These are conventional sources of
energy. For example, energy from, Petroleum, natural gas, coal, nuclear energy, etc

THERMAL POWER

Thermal generation accounts for about 70% of power generation in India. Thermal energy gen-
eration is based on coal, furnace oil and natural gas. Steam cycle, rankin cycle or sterling cycle can be
used for energy production. Now clean coal technologies (with 10% ash content) have been used in
thermal power plants on commercial scale.

NATIONAL THERMAL POWER CORPORATION (NTPC)

It was incorporated in November 1975 as a public sector undertaking with the main objectives
of planning, promoting and organising integrated development of thermal power. Installed capacity of
NTPC projects stands at 16000 MW.

2.12.2 NON-CONVENTIONAL SOURCES OF ENERGY

These sources are being continuously produced in nature and are not exhaustible. Examples
include wood, geothermal energy, wind energy, tidal energy, nuclear fusion, gobar gas, biomass, solar
energy etc. The examples are

(i) Solar energy (ii) wind energy (iii) geothermal energy (iv) ocean energy such astidal energy,
wave energy (v) biomass energy such as gobar gas.

Itisevident that all energy resources based on fossil fuels has limitationsin availability and will
soon exhaust. Hence the long term option for energy supply lies only with non-conventional energy
sources. These resources are in exhaustible for the next hundreds of thousands of years.
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The sources which are perennial and give energy continuously and which do not deplete with
use are the Non conventional sources of energy.

For example, energy from, solar energy, bio-energy, wind energy, geothermal energy, wave,
tidal and OTEC.

2.13 INTRODUCTION TO VARIOUS NON CONVENTIONAL
(RENEWABLE) SOURCES OF ENERGY
Renewable energy development programme is gaining momentum in India. It has emerged asa
viable option to achieve the goal of sustainable development. However, Indian renewable energy pro-
gramme need more thrust at this stage. India has now the world’s largest programme for deployment of

renewable energy products and systems, the spread of various renewable energy technologies in the
country has been supported by a variety of incentives and policy measures.

Power generation from non-conventional renewable sources has assumed significance in the
context of environmental hazards posed by the excessive use of conventional fossil fuels. Renewable
energy technologies have provied viable for power generation not so much as a substitute, but as sup-
plement to conventional power generation. Currently renewables contribute over 3500 MW, which
represents almost 3.5 percent of thetotal installed generating capacity of onelakh MW from all sources.
Of this, wind power aone accounts for 1617 MW, while biomass power accounts for 450 MW and
small hydros 1438 MW. An additional 4000 MW of power from renewable sourcesisto be added during
the Tenth Five Year Plan period (2002—07) mainly through wind, biomass, small hydros, waste energy
and solar energy system. Further, India has set a goa elevating the share of renewable energy sourcesin
power generation up to 10 percent share of new capacity addition or 10,000 MW to come from renewables
by 2012.

Today, India has the largest decentralised solar energy programme, the second largest biogas
and improved stove programmes and the fifth largest wind energy programmein the world. A substan-
tial manufacturing base, has been created in avariety of renewabl e energy technologies placing Indiain
a positron not only to export technologies; but also offer technical expertise to other countries.

Table 2.3
NON-CONVENTIONAL ENERGY POTENTIAL AND ACHIEVEMENTS

SOURCE/SYSTEM POTENTIAL ACHIEVEMENTS

(As on 31-03-2002)
Biogas Plants 120 lakh 33 lakh
Improved Chulhas 1,200 lakh 350 lakh
Wind 45,000 MW 1,617 MW
Small hydro 15,000 MW 1,438 MW
Biomass Power 19,500 MW 391 MW
Biomass Gasifieres 51 MW
Solar PV 20 MW/Sq Km 85 MW
Waste-to-energy 1,700 MW 22 MW
Solar Water Hesating 1,400 lakh sgm collector area 6 lakh sgm collector area
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q 2.14 BIO-GAS —

Biogasis agood fuel. Have you thought how this is fomed? Biomass like animal excreta, veg-
etable wastes and weeds undergo decomposition in the absence of oxygen in abiogas plant and form a
mixture of gases. This mixture is the biogas. I1ts main constituent is methane. Thisis used as afuel for
cooking and Lighting.

2.14.1 AEROBIC AND ANAEROBIC BIO-CONVERSION PROCESS

There are mainly three aerobic and anaerobic bio-conversion process for the biomass energy
applications: There are:

Bioproducts: Converting biomass into chemicals for making products that typically are made
from petroleum.

Biofuels: Converting biomass into liquid fuels for transportation.

Biopower: Burning biomass directly, or converting it into a gaseous fuel or oil, to generate
electricity.

Bioproducts. Whatever products we can make from fossil fuels, we can make using biomass.
These bioproducts, or biobased products, are not only made from renewable sources, they also often
require less energy to produce than petroleum-based products.

Researchers have discovered that the process for making biofuels releasing the sugars that make
up starch and cellulose in plants also can be used to make antifreeze, plastics, glues, artificial sweeten-
ers, and gel for toothpaste.

Other important building blocks for bioproducts include carbon monoxide and hydrogen. When
biomass is heated with a small amount of oxygen present, these two gases are produced in abundance.
Scientists call this mixture biosynthesis gas. Biosynthesis gas can be used to make plastics and acids,
which can be used in making photographic films, textiles, and synthetic fabrics.

When biomass is heated in the absence of oxygen, it forms pyrolysis oil. A chemical called
phenal can be extracted from pyrolysisoil. Phenol is used to make wood adhesives, molded plastic, and
foam insulation.

Biofuels. Unlike other renewable energy sources, biomass can be converted directly into Liquid
fuels, biofuels. For our transportation needs (cars, trucks, buses, airplanes, and trains). The two most
common types of biofuels are ethanol and biodiesel.

Ethanol is an alcohol, the same found in beer and wine. It is made by fermenting any biomass
highin carbohydrates (starches, sugars, or celluloses) through aprocess similar to brewing beer. Ethanol
is mostly used as a fuel additive to cut down a vehicle's carbon monoxide and other smog-causing
emissions. But flexible fuel vehicles, which run on mixtures of gasoline and up to 85% ethanol, are
now available.

Biodiesel is made by combining alcohol (usually methanol) with vegetable oil, animal fat, or
recycled cooking greases. It can be used as an additive to reduce vehicle emissions (typically 20%) or
in its pure form as a renewable alternative fuel for diesel engines.

Other biofuels include methanol and reformulated gasoline components. Methanol, commonly
called wood alcohal, is currently produced from natural gas, but could also be produced from biomass.
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There are a number of ways to convert biomass to methanol, but the most likely approach is gasifica-
tion. Gasification involves vaporizing the biomass at high temperatures, then removing impurities from
the hot gas and passing it through a catalyst, which converts it into methanol.

Most reformulated gasoline components produced from biomass are pollution reducing fuel
additives, such as methyl tertiary butyl ether (MTBE) and ethyl tertiary butyl ether (ETBE).

Biopower. Biopower, or biomass power, is the use of biomass to generate electricity. There are
six major types of biopower systems: direct fired, cofiring, gasification, anaerobic digestion, pyrolysis,
and small, modular.

Most of the biopower plantsin theworld usedirect fired systems. They burn bioenergy feedstocks
directly to produce steam. This steam is usually captured by aturbine, and a generator then convertsiit
into electricity. In some industries, the steam from the power plant is also used for manufacturing
processes or to heat buildings. These are known as combined heat and power facilities. For instance,
wood waste is often used to produce both electricity and steam at paper mills.

Many coal fired power plants can use cofiring systems to significantly reduce emissions, espe-
cially sulfur dioxide emissions. Coal firing involves using bioenergy feedstocks as a supplementary
energy source in high efficiency boilers.

Gasification systems use high temperatures and an oxygen starved environment to convert biomass
into a gas (a mixture of hydrogen, carbon monoxide, and methane). The gas fuels what's called a gas
turbine, which is very much like ajet engine, only it turns an electric generator instead of propelling a
jet.

The decay of biomass produces a gas methane that can be used as an energy source. In landfills,
wells can be drilled to release the methane from the decaying organic matter. Then pipes from each
well carry the gasto acentral point whereit isfiltered and cleaned before burning. M ethane also can be
produced from biomass through a process called anaerobic digestion. Anaerobic digestion involves
using bacteria to decompose organic matter in the absence of oxygen.

Methane can be used as an energy source in many ways. Most facilities burn it in a boiler to
produce steam for electricity generation or for industrial processes. Two new ways include the use of
microturbines and fuel cells. Microturbines have outputs of 25 to 500 kilowatts. About the size of a
refrigerator, they can be used where there are space limitations for power production. Methane can also
be used as the “fuel” in a fuel cell. Fuel cells work much like batteries but never need recharging,
producing electricity as long as there's fuel.

In addition to gas, liquid fuels can be produced from biomass through a process called pyrolysis.
Pyrolysis occurs when biomass is heated in the absence of oxygen. The biomass then turnsinto aliquid
called pyrolysisail, which can be burned like petroleum to generate el ectricity. A biopower system that
uses pyrolysis oil is being commercialized.

Several biopower technologies can be used in small, modular systems. A small, modular system
generates electricity at a capacity of 5 megawatts or less. This system is designed for use at the small
town level or even at the consumer level. For example, some farmers use the waste from their livestock
to provide their farms with electricity. Not only do these systems provide renewable energy, they also
help farmers and ranchers meet environmental regulations.

Small, modular systems also have potential as distributed energy resources. Distributed energy
resources refer to a variety of small, modular power generating technologies that can be combined to
improve the operation of the electricity delivery system.
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2.14.2 RAW MATERIALS

All types of organic wastes which can form slurry are suitable for producing biogas by the
process of anaerobic digestion in a biogas plant. Wood and sugar biogases are difficult and time con-
suming with this process and incineration may be preferred. The choice of raw material (in feed) is
based on availability of the waste. The biogas plant is designed to suit particular type of in feed.

> Domestic
Cooking

| Dung | |Water| Fuel for
Kilns and
Furnaces

Biogas Biogas Fuel for
Plant Methane IC Engine

Sludge
to
Manure

A 4

IC Engine
Driven
Generator

Fig. 2.2. Energy Route of Biogas (Gobar Gas).
Biogas production taken different time period depending upon raw material; temperature; proc-
ess adopted etc.
The biomass used as araw material can be classified into the following categories.

Waste Cultivated and Harvested
Agricultural wastes Agricultural energy crops
Rural animal wastes Aquatic crops
Poultry waste
Butchary waste
Urban waste (garbage) Forest crops
Aquatic wastes
Forest wastes
coconut husk waste
Industrial wastes
Others are poultry waste, piggery waste, sheep, goat, cow, horse dung, Slaughter house waste,
coconut shell, husk ,waste garbage, fruit skins and leftovers.

The waste is generated periodically and can be converted into useful biogas. The problem of
waste disposal is solved as the sludge is used as manure.

Waste

Biogas Plant Biogas
Sluge M anure

The cultivated or harvested biomass is specially grown on land or in seallake for obtaining raw
materials for biogas production.
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2.14.3 PROPERTIES OF BIO GAS

Main properties of bio gas are:

1. Comparatively simple and can be produced easily.

2. Burns without smoke and without leaving ash as residues.

3. Household wastes and bio-wastes can be disposed of usefully and in a healthy manner.
4. Reduces the use of wood and to a certain extent prevents deforestation.

5. The durry from the biogas plant is excellent manure.

2.14.4 BIO GAS PLANT TECHNOLOGY

The important parts of biogas plant are

1. The tank where biomass undergoes decomposition (digester)
2. The tank where biomass is mixed with water (mixing tank)
3. The tank where slurry of biomass s collected (out flow tank)
4. Arrangement to store gas.

Due to the action of bacteria in the absence of oxygen, biogas is produced in the plant. Thisis
collected in the tank. In the gasholder type plant, the cylinder rises up as the gas fills the tank and the
storage capacity increases. The gas storage capacity of dome type will be less than that of gasholder
type. Residue of biomass (slurry) can be used as good manure.

Biogas plants are built in several sizes, small (0.5 m%day) to very large 2500 m*/day). Accord-
ingly, the configurations are simpler to complex.

Biogas plants are classified into following main types.
—Continuous type or batch type.

—Drum type and dome type.

There are various configurations within these types.

CONTINUOUS TYPE

Continuous type biogas plant delivers the biogas con-tinuously and is fed with the biomass
regularly. Continuous type biogas plant is of two types.

(A) SINGLE STAGE CONTINUOUS TYPE BIOGAS PLANT

In such a plant Phase-1 (acid formation) and Phase-11 (methanation) are carried out in the same
chamber without barrier. Such plants are simple, economical, easy to operate and control. These plants
are generally preferred for small and medium size biogas plants. Single stage plants have lesser rate of
gas production than the two stage plant.

(B) TWO STATE CONTINUOUS TYPE BIOGAS PLANT

In such a plant the Phase-1 (acid formation) and Phase-Il (methane formation) take place in
separate chambers. The plant produces more biogas in the given time than the single stage plant. How-
ever, the process is complex and the plant is costlier, difficult to operate and maintain. Two stage plant
is preferred for larger biogas plant systems.
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BATCH TYPE BIOGAS PLANT

The infeed biomass is fed in batches with large time interval between two consecutive batches.
One batch of biomass infeed is given sufficient retention time in the digester (30 to 50 days). After
completion of the digestion, the residue is emptied and the fresh charge is fed. The fresh biomass
charge may be subjected to aeration or nitrogenation after feeding and then the digester covers are
closed for the digestion process. Thereafter, the Biogasis derived from the digester after 10 to 15 days.
Fermentation continues for 30 to 50 days.

Salient Features:
1. Batch type biogas plant delivers gas intermittently and dis-continuously.
2. Batch type biogas plant may have several digesters (reacters) which are fed in a sequential
manner and discharged in a sequential manner to obtain the output biogas continuously.

3. Batch type biogas plants have longer digestion time and are therefore more suitable for
materials which are difficult for anaerobic digestion (e.g. harder, fibrous biomass).

4. Batch type biogas plant needs initial seeding to start the anaerobic fermentation.

5. Batch type biogas plant needs larger volume of the digester to accommodate large volume of
the batch. Hence initial cost is higher.

6. Operation and maintenance is relatively more complex. Batch type biomass plants need well
organised and planned feeding. Such plants are preferred by European farmers. Such plants
are not yet popular in India.

FIXED DOME TYPE DIGESTER

In the fixed dome type digester biogas plant, the digester and gas-collector (gas dome) are
enclosed in the same chamber. This type of construction is suitable for batch type biogas plant. The
digester is conveniently built at or below ground level in comparatively cooler zone. The construction
of the digester iswith locally available materials like, bricks, tera-cota. The pressure inside the digester
increases as the biogas is liberated. The biogas gets collected in the upper portion of the digester in a
dome shaped cavity. The outlet pipe is provided at the tope of the fixed dome. Alternatively the gas
collector (gas holder) is aseparately installed chamber. The digester tank and gas collector chamber are
separated by a water seal tank.

The arrangement of a separate gas collector is preferred as the tapping of gas from the gas
holder does not affect the pressure and the digestion process in the main digester. The water seal tank
prevents the return of the gas from the gas collector to the digester chamber.

An additional displacement chamber may be provided for provid-ing space to the displacement
durry in the digester due to gas pressure in the upper dome of the fixed type digester. The fixed dome
type digester can be fed on daily basis with small quantities of the slurry. The excess durry in the
digester gets accommodated in the displacement chamber. The level of the lurry in the main digester
and the displacement collector can vary in accordance with the pressure and volume of the biogasin the
fixed type of dome. The pressure in the fixed dome and the displacement gas collector are almost the
same as they are connected by the outlet from the main digester.
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Fig 2.3. Fixed Dome type.
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Fig 2.4. Floating gas holder type.

Floating Gas Holder Type. In thisdesign a dome made floats above the durry in the disaster.
In the Fig. 2.4, The disaster tank is of cylindrical masonry construction. The floating domeis of fabri-
cated steel construction. The dome guide shaft provides the axial guide to the floating dome. Asthe gas
is collected in it. The sliding bearing provides smooth sliding surface and guide to the floating dome.
The gas generated in the slurry gets collected in the dome and the dome arises. The water sea tank
provides separation between the gas in the dome and the outlet gas.

Wind energy is another potential source of energy. Winds are the motion of air caused by un-
even heating of the earth’s surface by the sun and rotation of the earth. It generates due to various
global phenomena such as ‘ air-temperature difference’ associated with different rates of solar heating.
Since the earth’s surface is made up of land, desert, water, and forest areas, the surface absorbs the
sun’s radiation differently. Locally, the strong winds are created by sharp temperature difference be-
tween the land and the sea. Wind resourcesin India are tremendous. They are mainly located near the
sea coasts. Its potential in Indiais estimated to be of 25 x 10° mW. According to a news release from
American Wind Energy Association theinstalled wind capacity in Indiain the year 2000 was 1167 mW
and the wind energy production was 2.33 x 10° mWh. Thisis 0.6% of the total electricity production.
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During the day, air above the land heats more quickly than air above water. The hot air over the
land expands and rises, and the heavier, cooler air over a body of water rushes in to take its place,
creating local winds. At night, the winds are reversed because air-cools more rapidly over land than
over water. Similarly, the large atmospheric windsthat circle the earth are created because land near the
equator is heated more by the sun than land near the North and South Poles.

Today people can use wind energy to produce electricity. Wind is called a renewable energy
source because we will never run out of it. Winds are natural phenomena in the atmosphere and have
two different origins.

(1) Planetary winds are caused by daily rotation of earth around its polar axis and unequal
temperature between Polar Regions and equatorial regions.

(2) Local Winds are caused by unequal and heating and cooling of ground surface of ocean 1
lake surfaces during day and night.

2.15.1 WIND MACHINE FUNDAMENTALS

Throughout history people have harnessed the wind. Over 5,000 years ago, the ancient Egyp-
tians used wind power to sail their ships on the Nile River. Later people built windmills to grind their
grain. The earliest known windmills were in Persia (the area now occupied by Iran). The early wind-
mills looked like large paddle wheels. Centuries later, the people in Holland improved the windmill.
They gave it propeller type blades and made it so it could be turned to face the wind. They have been
used for pumping water or grinding grain. Windmills helped Holland become one of the world's most
industriglized countries by the 17th century. Today, the windmill's modern equivalent — awind turbine —
can use the wind's energy to generate electricity.

American colonists used windmills to grind wheat and corn, to pump water, and to cut wood at
sawmills.

In this century, people used windmills to generate electricity in rural areas that did not have
electric service. When power lines began to transport electricity to rural areasin the 1930s, the electric
windmills were used less and less.

Thenintheearly 1970s, oil shortages created an environment eager for alternative energy sources,
paving the way for the re-entry of the electric windmill on the American landscape.

Today’s wind machine is very different from yesterday’s windmill. Along with the change in
name have come changes in the use and technology of the windmill. While yesterday’s machines were
used primarily to convert the wind's kinetic energy into mechanical power to grind grain or pump
water, today’s wind machines are used primarily to generate electricity. Like old-fashioned windmills,
today's wind machines still use blades to collect the wind's kinetic energy. Windmills work because
they stow down the speed of the wind. The wind flows over the airfoil shaped blades causing lift, like
the effect on airplane wings, causing them to turn. The blades are connected to a drive shaft that turns
an electric generator to produce electricity.

Modern wind machines are still wrestling with the problem of what to do when the wind isn't
blowing. Large turbines are connected to the utility power network-some other type of generator picks
up the load when there is no wind. Small turbines are often connected to diesel/electric generators or
sometimes have a battery to store the extra energy they collect when the wind is blowing hard.
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2.15.2 AEROFOIL DESIGN

A wind turbine changes the kinetic energy of the wind into rotary motion (or torque) that can do
work. It could power awater pump, or turn a generator.

‘Swept area’

Blade length, b, metres
< >®

<

P (watts) = 0.6 Tb’V°

Fig. 25

Winds are the motion of air caused by uneven heating of the earth’s surface by the sun and
rotation of the earth. There is adirect relationship between the swept area of the turbine blades and the
turbine's power output (see above). The estimated total power capacity of the winds passing over the
land is about 1™ W. But the total exploitable wind power is only 2e™ W.

The theoretical wind power can be estimated as:

Power density = 0.6 k. p.v® = 0.6T0A°

where; k = Energy pattern factor (depends on type of wind)
p = Wind density
v = The average wind velocity.

Of the theoretical quantity energy that can be extracted from the wind, large commercial wind
turbines are unlikely to get more than 25% of this. Small and less high-tech. designs might only get
15%. But the effect of this equation isthat if the wind speed doubles, the power output increases eight-
fold. So small increases in wind velocity can create large increases in power output.

The large amounts of energy that are produced at very high wind speeds means that most wind
turbines have a pre-designed maximum power output to prevent the machinery ripping itself apart.
Large wind turbines rated 150 kW and above are very complex machines. All wind turbines must
‘feather’ the blades turning then slightly out of the wind as wind speed increasesin order to prevent the
turbine running away. If this didn’t happen, the centripetal force could rip the blades off. But large
turbines also have complex automatic gearboxes that keep the generator turning at the optimum speed
for power generation. Rarely does the wind blow constantly. This means that the rated output of the
turbine will never be achieved as a constant output. On average turbines produce about 30% of their
rated capacity as continuous power. So, to compare wind turbines to continuous power sources, you
have to multiply the continuous capacity by 3.33 to get the amount of wind turbine capacity required to
produce the same power output. For example, a 1,000 mW coal-fired power station would require
3,333 mW of wind capacity to provide the same average power output. Asyet thereis no efficient form
of large scale power storage that would allow the variations in wind turbine output to be evened out
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over time. Reversible hydrogen fuel cells may be an option in the future — they can produce hydrogen
to store energy, and then use the hydrogen to produce power at other times when the wind turbine
output is low.

Thelarger the wind turbine, the higher the tower that supports the blades must be. Thisisn't just
to keep the blades a safe distance off the ground. The higher you go from ground level, the faster and
more uniform the wind so you get more power. So, as the power output of turbines increases, so does
their size. The only restriction on the size of awind turbine is the strength of the materials from which
itisbuilt. Thisisaserious engineering problem because whilst the turbine must be light enough to turn
in alight breeze, the structure must be strong enough to withstand storm force winds.

Forceson the Blades. There are two types of forces operating on the blades of a propeller-type
wind turbine. They are the circumferential forces in the direction of wheel rotation that provide the
torque and the axial forcesin the direction of the wind stream that provide an axia thrust that must be
counteracted by proper mechanical design.

The circumferential force, or torque, T is obtained from

-P_ P 1
" w TDN (1)
where T =torque, N or Ib,

w = angular velocity of turbine wheel, m/s

D = diameter of turbine wheel = /4 A, m
N = wheel revolutions per unit time, s*
For aturbine operating at power P, the torque is given by
T=n 8i M ..(2)
Oc N
For a turbine operating at maximum efficiency n,, = 16/27, the torque is given by T, 4.

2 pPDV?
Tmax_
27gc N
The axial force, or axia thrust, is

1 Tt
- = 2_\2 = 202 _\/ 2
F.= 20, PA(V;” =V, 80, pDA(V,* —V,9)

The axial force on aturbine wheel operating at maximum efficiency where V, = 1/3;V; is given

4 L
Fama= o PAV>= —— pD?V?
a, max 9 gc p 1 ggc p 1
Theaxial forces are proportional to the square of the diameter of the turbine wheel which makes
them difficult to cope with in extremely large-diameter machines. There isthus an upper limit of diam-
eter that must be determined by design and economical considerations.
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The performance of awind mill rotor stated as coefficient of performance is expressed as:
Cp = AP
=N (1/2 pVP)
where p = Density of air
A = Swept area
V = Vel ocity of thewind

Further the tip speed ratio being the function of speed at the tip of the rotor to the wind speed,
i.e. U/V and in most of the parts of India, the wind velocity being low (through the wind energy average
around 3 kWh/m? day) The exploitation of wind millsin Indiais feasible. Depending upon the survey
of velocity in aregion the appropriate value of design parameter may be computed.

2.15.3 WIND POWER SYSTEMS

You usually stand in an open space to enjoy the wind.
You know how wind originates. Moving air is wind. Since
the wind has velocity it has kinetic energy. This is the en-
ergy of the wind. We shall see how the kinetic energy of the
wind can be used to produce el ectricity. For that, we can use
windmills. Windmillsare devices, which work on wind. How
the kinetic energy of the wind is made use of in windmills
shall belooked into. We shall examine the working of awind-
mill. The important part of a windmill is a structure with
large leaves, fixed at the top of a high tower.

What will happen when wind blows on these |eaves?
You may have seen paper fans available at festival places,
rotating when the wind blows. In asimilar manner the speed
of leaves changes with the speed of the wind. What happens
if the rotation of the windmill is given to the rotor of agen-
erator? Rotor also rotates. Then electricity is obtained from
the generator. What happens if the windmill is connected to
awater pump? As the leaves of the windmill rotate pump Fig. 2.6. Windmill farm.
works pumping out water.

Wind machines are just as efficient as coa plants. Wind plants convert 30 percent of the wind's
kinetic energy into electricity. A coal-fired power plant converts about 30-35 percent of the heat energy
in coal into electricity. It isthe capacity factor of wind plants that puts them a step behind other power
plants. Capacity factor refers to the capability of a plant to produce energy. A plant with a 100 percent
capacity rating would run all day, every day at full power. There would be no down time for repairs or
refueling, an impossible dream for any plant. Wind plants have about a 25 percent capacity rating
because wind machines only run when the wind is blowing around nine mph or more. In comparison,
coa plants typically have a 75 percent capacity rating since they can run day or night, during any
season of the year.

One wind machine can produce 275-500 thousand kilowatt-hours (kWh) of electricity a year.
That is enough electricity for about 50 homes per year.

In this country, wind machines produce about three billion kWh of energy a year. Wind energy
provides 0.12% of the nation's electricity, avery small amount. Still, that is enough electricity to serve
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more than 300,000 households, as many as in a city the size of San Francisco or Washington, D.C.
California produces more electricity from the wind than any other state of USA. It produces 98 percent
of the electricity generated from the wind in the United States. Some 16,000 wind machines produce
more than one percent of California's electricity. (Thisis about half as much electricity asis produced
by one nuclear power plant.) Inthe next 15 years, wind machines could produce five percent of Califor-
nia’s electricity. The United States is the world's leading wind energy producer. The U.S. produces
about half of the world’s wind power. Other countries that have invested heavily in wind power re-
search are Denmark, Japan, Germany, Sweden, The Netherlands, United Kingdom, and Italy. The Ameri-
can Wind Energy Association (AWEA) estimates wind energy could produce more than 10 percent of
the nation’s electricity within the next 30 years.

So, wind energy may be an important alternative energy source in the future, but it will not be
the sole answer to our energy problems. We will still need other energy sources to meet our growing
demand for electricity.

2.15.4 ECONOMIC ISSUES

On the economic front, thereisalot of good news for wind energy. First, awind plant isfar less
expensive to construct than a conventional energy plant. Wind plants can simply add wind machines as
electricity demand increases. Second, the cost of producing electricity from the wind has dropped
dramatically in the last two decades. Electricity generated by the wind cost 30 cents per kWh in 1975,
but now costs less than five cents per kWh. In comparison, new coa plants produce electricity at four
cents per kWh. In the 1970s and 1980s, oil shocks and shortages pushed the development of alternative
energy sources. In the 1990s, the push may come from something else, a renewed concern for the
earth’s environment.

We will use two terms to describe wind energy production: efficiency and capacity factor. Effi-
ciency refersto how much useful energy (electricity, for example) we can get from an energy source. A
100 percent energy efficient machine would change all the energy put into the machine into useful
energy. It would not waste any energy. (You should know thereis no such thing as a 100 percent energy
efficient machine. Some energy is always “lost” or wasted when one form of energy is converted to
another. The “lost” energy is usually in the form of heat.)

Annual Wind Power Capacity [0 World
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Fig. 2.8.
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Annual wind energy development 1990-2001
Prognosis for 1997-2001

3000

2
State-wise Wind Power Installed Capacity in India
State Ason 31.03.2002
Gross Potential | Demonstration | Private Sector Total
(MW) Projects Projects Capacity

(MW) (MW) (MW)
Andhra Pradesh 2200 54 87.2 92.6
Guijarat 3100 17.3 149.6 166.9
Karnataka 4120 2.6 66.0 68.6
Kerda 380 2.0 — 20
Madhya Pradesh 3000 0.6 22.0 22.6
Maharashtra 1920 6.4 392.8 399.2
Rajasthan 1210 6.4 9.7 16.1
Tamil Nadu 900 194 838.1 857.5
West Bengal 180 1.1 — 1.1
Others 2990 1.6 — 1.6
Total (All India) 20000 62.8 1565.4 1628.2

2.15.5 SELECTION OF WIND MILL

Wind power plants, or wind farms or wind mill as they are sometimes called, are clusters of
wind machines used to produce electricity. A wind farm usually has hundreds of wind machinesin all
shapes and sizes.
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Unlike coal or nuclear plants, public utility companies do not own most wind plants. Instead
they are owned and operated by business people who sell the electricity produced on the wind farm to
electric utilities. These private companies are known as |ndependent Power Producers.

Operating a wind power plant is not as simple as plunking down machines on a grassy field.
Wind plant owners must carefully plan where to locate their machines. They must consider wind avail-
ability (how much the wind blows), local weather conditions, nearness to electrical transmission lines,
and local zoning codes.

Wind plants also need alot of land. One wind machine needs about two acres of land to call its
own. A wind power plant takes up hundreds of acres. On the plus side, farmers can grow crops around
the machines once they have been installed.

After aplant has been built, there are still maintenance costs. In some states, maintenance costs
are offset by tax breaks given to power plants that use renewable energy sources. The Public Utility
Regulatory Policies Act, or PURPA; also requires utility companies to purchase electricity from inde-
pendent power producers at rates that are fair and nondiscriminatory.

2.15.6 RECENT DEVELOPMENTS

The present windmill technology is inadequate for the low wind speed regions in the plains.
Special development projects in the following areas must be taken up so that wind energy can also be
used in the low wind speed regions.

Artificial Winds. Generation of artificial winds to drive windmills by heating large surfaces
with favorable thermodynamic propertiesis technically feasible. A project report has been prepared to
heat a large surface in which case the resulting current (artificial wind) can drive turbines. The efforts
needed to pursue the project in the form of money, manpower and time are huge.

Aeroelectric Plant. The low wind velocity in the plains can be augmented by the use of diffuser
at intake to wind mills. Besides the propellers, Madaras and Darrieus, there has been a plethora of
designs for wind machines. One intriguing power plant design, called the aeroelectric plant, uses the
flow up atower that looks like a cooling tower as shown in Fig. 2.10. Its walls are heated by solar
radiation. Since the walls are circular, the sun’'s rays need not be tracked as it changes position in the
sky during the day. The heated walls, in turn, heat the inside air and a flow up the tower is established.
This air flow is made to drive a number of air turbines located near the top of the tower. The driving
pressure causing air flow is given by the well-known chimney effect.

P. Carlson of Californica has proposed a slightly modified form in which, the interior air in a
very tall tower would be cooled by pumping water to the top. The water evaporatesin the low pressure
air there, causing a downward flow of cooled air. The driving pressure can be calculated in a manner
similar to that for wet cooling towers. A conceptual design of such a plant called for 2.4 km high, 300
m diameter tower located in a hot desert and 10 wind turbines surrounding the tower periphery at the
bottom producing 2500 MW.

Low Wind Speed Turbines. The turbines available in India ~ Sunlight
and abroad are suitable for a rated wind speed of 3.5 m/s or more v“\f\\: j j

—

Wind mil

whereas low wind speed turbines for rated values of 1.5 -2 m/s are

needed for plain areas. Special efforts are, therefore, needed to de-

velop cheap and simple rotors, which can cut in at low wind speeds

available in the plains. The Savonious rotor and American multi-

blade type windmills have opti-mum power coefficients at a very

low tip-speed and can therefore be used as starting point to develop Fig. 2.10. Aeroelectric Plant
windmills suitable for low wind speeds.
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q 2.16 SOLAR ENERGY —

The sun is the source of the vast majority of the energy we use on earth. Most of the energy we
use has undergone various transformations before it is finally utilized, but it is also possible to tap this
source of solar energy asit arrives on the earth’s surface. There are many applications for the direct use
of solar thermal energy, space heating and cooling, water heating, crop drying and solar cooking. Itisa
technology, which is well understood and widely used in many countries throughout the world. Most
solar thermal technologies have been in existence in one form or another for centuries and have awell-
established manufacturing base in most sun-rich developed countries.

The most common use for solar thermal technology is for domestic water heating. Hundreds of
thousands of domestic hot water systems are in use throughout the world, especially in areas such asthe
Mediterranean and Australiawhere thereis high solar insulation (the total energy per unit areareceived
from the sun). As world oil prices vary, it is a technology, which is rapidly gaining acceptance as an
energy saving measure in both domestic and commercial water heating applications. Presently, domes-
tic water heaters are usually only found amongst wealthier sections of the community in developing
countries. Other technol ogies exist which take advantage of the free energy provided by the sun. Water
heating technologies are usually referred to as active solar technologies, whereas other technologies,
such as space heating or cooling, which passively absorb the energy of the sun and have no moving
components, are referred to as passive solar technologies. More sophisticated solar technologies exist
for providing power for electricity generation. We will ook at these briefly later in this fact sheet.

N

Clouds and dust

Dlrect Sunllght
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/ Diffuse Sunlight

Fig. 2.11. Direct and Diffuse Solar Radiation.
Sun isthe source of many forms of energy available to us. Do you know how energy is obtained
from the sun? The most abundant element in sun is hydrogen. It isin a plasma state. This hydrogen at
high temperature, high pressure and high density undergoes nuclear fusion and hence releases an enor-
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mous amount of energy. This energy is emitted as radiations of different forms in the electromagnetic
Spectrum.

Out of these X-rays, gamma rays and most of ultraviolet rays do not pass through the earth's
atmosphere. But heat energy and light energy are the main radiations that reach the earth. This energy
isthe basis for the existence of life on earth.

Sun is a sphere of intensely hot gaseous matter with a diameter of 1.39¢° m and 1.5e'* m away
from earth. Sun has an effective black body temperature of 5762 K and has a temperature of 8¢° K to
40€® K. The sun is a continuous fusion reactor in which hydrogen (4 protons) combines to form helium
(one He nucleus). The mass of the He nucleus is less than that of the four protons, mass having been
lost in the reaction and converted to energy. The energy received from the sun on a unit area perpen-
dicular to the direction of propagation of radiation outside atmosphere is called solar constant, and has
avalue 1353 Wm~2. This radiation when received on the earth has a typical value of 1100 Wm~2 and
is variable. The wavelength range is 0.29 to 2.5 micro meters. This energy is typically converted into
usual energy form through natural and man-made processes. Natura processesincludewind and biomass.
Man-made processes include conversion into heat and electricity.

2.16.1 SOLAR RADIATIONS

Radiation from sun on entering the earth’s atmosphere gets scattered by the atmospheric gas
molecules and dust particles and received on earth from all directions and is called diffuse radiation.
The portion of radiation received on earth from sun without change in original quality is called beam or
direct radiation.

The earth revolves about the sun in an approximately circular path, with the sun located slightly
off center of the circle. The earth’s axis of rotation is tilted 23.5 degrees with respect to its pane of
revolution about the sun, the position of the earth relative to the sun’srays at the time of winter solstice
when the North Pole isinclined 23.5 degree away from the sun. All points on the earth’s surface north
of 66.5 N latitude are in total darkness while all regions within 23.5 degree of the South Pole receive
continuous sunlight. At the time of the summer solstice, the situation isreversed. At the time of the two
equinoxes, both poles are equidistant from the sun and all points on the earth's surface have 12 hours of
daylight and 12 hours of darkness. The sun’s ray passing through the center of the earth lies in the
equatorial plane at the time of equinoxes. From vernal equinox to autumnal equinox, the rays lie north
of the equatoria plane. From autumnal equinox to verna equinox, the rays lie south of the equatorial
plane. The average direction of the sun’s rays for the entire year lies in the equatoria plane. Accord-
ingly to intercept maximum amount of solar energy over the whole year, a solar collector in the north-
ern hemisphere should be tilted and face due south.

The Nature and Availability of Solar Radiation. Solar radiation arrives on the surface of the
earth at amaximum power density of approximately 1 kilowatt per metre squared (kWm™?2). The actual
usable radiation component varies depending on geographical location, cloud cover, hours of sunlight
each day, etc. In redlity, the solar flux density (same as power density) varies between 250 and 2500
kilowatt hours per metre squared per year (KWhm~?2 per year). As might be expected the total solar
radiation is highest at the equator, especially in sunny, desert areas. Solar radiation arrives at the earth's
outer atmospherein the form of adirect beam. Thislight isthen partially scattered by cloud, smog, dust
or other atmospheric phenomenon. We therefore receive solar radiation either as direct radiation or
scattered or diffuse radiation, the ratio depending on the atmospheric conditions. Both direct and diffuse
components of radiation are useful, the only distinction between the two being that diffuse radiation
cannot be concentrated for use.
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Solar radiation arriving from the sun reaches the earth’s surface as short wave radiation. All of
the energy arriving from the sun is eventually re-radiated into deep space otherwise the temperature of
the earth would be constantly increasing. This heat is radiated away from the earth aslong-wave radia-
tion. The art of extracting the power from the solar energy source is based around the principle of
capturing the short wave radiation and preventing it from being reradiated directly to the atmosphere.
Glass and other selective surfaces are used to achieve this. Glass has the ability to allow the passage of
short wave radiation whilst preventing heat from being radiated in the form of long wave radiation. For
storage of this trapped heat, aliquid or solid with a high thermal mass is employed. In awater heating
system this will be the fluid that runs through the collector, whereas in a building the walls will act as
the thermal mass. Pools or lakes are sometimes used for seasonal storage of heat.

2.16.2 SOLAR THERMAL POWER PLANT

In the solar power plant, solar energy is used to generate electricity. Sunrays are focused using
concave reflectors on to copper tubes filled with water and painted black outside. The water in the
tubes then boils and become steam. This steam is used to drive steam turbine, which in turn causes the
generator to work. A plant using this principleisworking on experimental basisin Gurgaon in Haryana.
Its capacity is 500 kilowatt. Another plant of similar type is being constructed in Jodhpur in Rajastan.

Many power plants today use fossil fuels as a heat source to boil water. The steam from the
boiling water rotates a large turbine, which activates a generator that produces electricity. However, a
new generation of power plants, with concentrating solar power systems, uses the sun as a heat source.
There are three main types of concentrating solar power systems: parabolic-trough, dish/engine, and
power tower.

Parabolic-trough systems concentrate the sun’s energy through long rectangular, curved
(U-shaped) mirrors. The mirrors are tilted toward the sun, focusing sunlight on a pipe that runs down
the center of the trough. This heats the oil flowing through the pipe. The hot oil then is used to boil
water in a conventional steam generator to produce electricity.

A dish/engine system uses a mirrored dish (similar to a very large satellite dish). The dish-
shaped surface collects and concentrates the sun's heat onto a receiver, which absorbs the heat and
transfersit to fluid within the engine. The heat causes the fluid to expand against a piston or turbine to
produce mechanical power. The mechanical power is then used to run a generator or aternator to
produce €electricity.

A power tower system uses a large field of mirrors to concentrate sunlight onto the top of a
tower, where areceiver sits. This heats molten salt flowing through the receiver. Then, the salt'sheat is
used to generate electricity through a conventional steam generator. Molten salt retains heat efficiently,
so it can be stored for days before being converted into electricity. That means electricity can be pro-
duced on cloudy days or even several hours after sunset.

‘Solar Power Tower’ Power PlantThe first is the 'Solar Power Tower' design which uses
thousands of sun-tracking reflectors or heliostats to direct and concentrate solar radiation onto a boiler
located atop a tower. The temperature in the boiler rises to 500 — 7000°C and the steam raised can be
used to drive a turbine, which in turn drives an electricity producing turbine. There are aso caled
central Receiver Solar Power Plants.

It can be divided into solar plant and conventional steam power plant. Theflow diagram isgiven
inFig. 2.12.
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Fig. 2.12. Central Receiver Solar Power Plant.

A heliostat field consists of alarge number of flat mirrorsof 25 to 150 m? areawhich reflectsthe
beam radiations onto a central receiver mounted on a tower. Each mirror is tracked on two axis. The
absorber surface temperature may be 400 to 1000°C. The concentration ratio (total mirror area divided
by receiver area) may be 1500. Steam, air or liquid metal may be used as working fluid. Steam israised
for the conventional steam power plant.

‘Distributed (Parabolic) Collector System’ Power Plant. The second type is the distributed
collector system. It is also called solar farm power plant as a number of solar modules consisting of
parabolic trough solar collectors are interconnected. This system uses a series of specially designed
‘“Trough’ collectors which have an absorber tube running along their length. Large arrays of these
collectors are coupled to provide high temperature water for driving a steam turbine. Such power
stations can produce many megawatts (mW) of electricity, but are confined to areas where there is
ample solar insulation.

Every module consists of a collector as shown in Figs. 2.13 and 2.14. It is rotated about one
axis by asun tracking mechanism. Thermo-oil ismostly used as heating fluid asit has very high boiling
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Evacuated mirror
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Fig. 2.13. Distributed (Parabolic) Solar Collector.

Thermo-oil

Beam Radiation

Fig. 2.14. Distributed (Parabolic) Trough Solar Power Plant.
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point. Water/steam working fluid can also be used. The tubes have evacuated glass enclosure to reduce
the losses. The concentration ratio is between 40 and 100. The maximum oil temperature is limited to
400°C as oil degrades above this temperature. Alternately steam at 550°C can be directly generated in
the absorber tube.

These are commercially under operation. Fig. 2.14. shows a flow diagram of parabolic trough
solar power plant. The working fluid is heated in collectors and collected in hot storage tank (2). The
hot thermo-ail is used in boiler (5) to raise steam for the steam power plant. The boiler also is provided
with aback-up unit (6) fired with natural gas. The cooled oil is stored in tank (3) and pumped (4) back
to collector (1). Solar thermal power plants with a generating capacity of 80 MW are functioning in the
USA.

Solar Chimney Power Plant. Theair stream is heated by solar radiation absorbed by the ground
and covered by atransparent cover. The hot air flow through or chimney which gives the air a certain
velocity due to pressure drop caused by the chimney effect. The hot air flows through an air turbine to
generate power.
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Fig. 2.15 Chimney Solar Power Plant.

2.16.3 SOLAR ENERGY STORAGE

Itiswell known that human beings have been using solar energy for different uses, from ancient
days. Find examples of these uses and add to the list given below.

1. To get salt from sea water.

2. To dry wet clothes

3. Todry firewood

4. Todry cereds

5. Todry fish

6. To dry leather

We now use several appliances which work using solar energy. Appliances like solar cooker and
solar heater absorb solar radiations and convert it into heat.

Then what about a solar cell? Solar energy is converted into electrical energy and it is directly
used or stored in a battery.
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There are eight possible pathways for conversion of solar radiation to useful energy. Solar ther-
mal conversion method converts radiation to heat using solar flat collectors. Solar thermo chemical
conversion method converts radiation to heat and produce steam then to kinetic energy using apump or
turbine. Solar thermal electric conversion method converts radiation to steam and to kinetic and el ectri-
cal energy through a turbine and generator to electrical energy. The above route through a further
electrolysis process gives chemical energy (H, fuel). A high temperature catalytic conversion process
produces chemical energy (H, fuel) directly. Photovoltaic conversion of solar radiation gives direct
electrical energy. Photosynthesis process produces chemical energy directly from radiation. Chemical
energy (H, fuel) is directly produced from solar radiation using the electricity produced by the photo-
voltaic method. A few of these methods are dealt in detail further.

Commercia and industrial buildings may use the same solar technologies photovoltaic, passive
heating, day lighting, and water heating that are used for residential buildings. These nonresidential
buildings can aso use solar energy technologies that would be impractical for ahome. These technolo-
giesinclude ventilation air preheating, solar process heating and solar cooling.

Many large buildings need ventilated air to maintain indoor air quality. In cold climates, heating
this air can use large amounts of energy. A solar ventilation system can preheat the air, saving both
energy and money. This type of system typically uses atranspired collector, which consists of athin,
black metal panel mounted on a south-facing wall to absorb the sun’s heat. Air passes through the many
small holesinthe panel. A space behind the perforated wall allowsthe air streamsfrom the holesto mix
together. The heated air is then sucked out from the top of the space into the ventilation system.

Solar process heating systems are designed to provide large quantities of hot water or space
heating for nonresidential buildings. A typical system includes solar collectors that work along with a
pump, a heat exchanger, and/or one or more large storage tanks. The two main types of solar collectors
used an evacuated tube collector and a parabolic trough collector can operate at high temperatures with
high efficiency. An evacuated-tube collector is a shallow box full of many glass, double-walled tubes
and reflectors to heat the fluid inside the tubes. A vacuum between the two walls insulates the inner
tube, holding in the heat. Parabolic troughs are long, rectangular, curved (U-shaped) mirrors tilted to
focus sunlight on atube, which runs down the center of the trough. This heats the fluid within the tube.

The heat from a solar collector can also be used to cool a building. It may seem impossible to
use heat to cool a building, but it makes more sense if you just think of the solar heat as an energy
source. Your familiar home air conditioner uses an energy source, electricity, to create cool air. Solar
absorption coolers use a similar approach, combined with some very complex chemistry tricks, to
create cool air from solar energy. Solar energy can also be used with evaporative coolers (also called
“swamp coolers’) to extend their usefulness to more humid climates, using another chemistry trick
called desiccant cooling.

SPACE HEATING

In colder areas of the world (including high atitude areas within the tropics) space heating is
often required during the winter months. Vast quantities of energy can be used to achieve this. If build-
ings are carefully designed to take full advantage of the solar insolation which they receive then much
of the heating requirement can be met by solar gain alone. By incorporating certain simple design
principles a new dwelling can be made to be fuel efficient and comfortable for habitation. The bulk of
these technologies are architecture based and passive in nature. The use of building materials with a
high thermal mass (which stores heat), good insulation and large glazed areas can increase a buildings
capacity to capture and store heat from the sun. Many technologies exist to assist with diurnal heating
needs but seasonal storage is more difficult and costly.
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For passive solar design to be effective certain guidelines should be followed:

1. A building should have large areas of glazing facing the sun to maximise solar gain

2. Features should be included to regulate heat intake to prevent the building from overheating
3. A building should be of sufficient mass to allow heat storage for the required period

4. Contain features which promote the even distribution of heat throughout the building.

One example of asimple passive space heating technology isthe Trombe wall. A massive black
painted wall has a double glazed skin to prevent captured heat from escaping. The wall is vented to
allow the warm air to enter the room at high level and cool air to enter the cavity between the wall and
the glazing. Heat stored during the wall during the day is radiated into the room during the night. This
type of technology is useful in areas where the nights are cold but the days are warm and sunny.

SPACE COOLING

The mgjority of the worlds devel oping countries, however, lie within the tropics and have little
need of space heating. There is a demand, however, for space cooling. The magjority of the worlds
warm-climate cultures have again developed traditional, simple, elegant techniques for cooling their
dwellings, often using effects promoted by passive solar phenomenon. There are many methods for
minimising heat gain. These include siting a building in shade or near water, using vegetation or land-
scaping to direct wind into the building, good town planning to optimise the prevailing wind and
available shade. Buildings can be designed for a given climate domed roofs and thermally massive
structures in hot arid climates, shuttered and shaded windows to prevent heat gain, open structure
bamboo housing in warm, humid areas. In some countries dwellings are constructed underground and
take advantage of the relatively low and stable temperature of the surrounding ground. There are as
many options as there are people.

2.16.4 RECENT DEVELOPMENTS IN SOLAR POWER PLANTS

Solar Thermal Applications. The applications include water heating for domestic, commer-
cial and industrial use, space heating and drying, solar distillation, solar cooling through absorption &
adsorption cycles, solar water pumping and solar power generation.

Solar Photovoltaics. Photovoltaic (PV) or solar cells refers to the creation of voltage from
light. A solar cell isaconverter; it changes the light energy into electrical energy. A cell does not store
any energy, so when the source of light (typically the sun) isremoved, thereisno electrical current from
the cell. If electricity is needed in the night, a battery must be included in the circuit. There are many
materials that can be used to make solar cells, but the most common is the element silicon. A typical
solar cell is 3-6 inches in diameter and are now available in various shapes like circular, square, €etc.
The conversion processes occurs instantly whenever thereis light falling on the surface of acell. And
the output of the cell is proportional to the input light.
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q 2.17 ELECTROCHEMICAL EFFECTS AND FUEL CELLS _

Fuel cells produce electricity from an electrochemical reaction between hydrogen and oxygen.
Fuel cellsare efficient, environmentally benign and reliable for power production. The use of fuel cells
has been demonstrated for stationary/portable power generation and other applications.

Fuel cell isdevicethat convertsthe chemical energy stored in afuel directly to electrical energy.
Fuel cell is an open system.

H—> A= \/
o> Cell
¢ +

Fig. 2.16

Some similarity to a battery except that energy must be stored or built into a battery. Batteries
are closed systems.

Fig. 217

There are two Principles of the fuel cell
1. Chemo electricity

— Chemistry must occur before energy flows

— F/C system like an entire chemical plant
2. Match Energy Source to Application

— Stationary/Vehicle/Portable

— Sometimes F/Cs won’t work.

2.17.1 REVERSIBLE CELLS

Since oxidation and reduction are physically separate, two things must happen to complete the
reaction in afuel cell:

1. lons travel through electrolyte:

— acidic f/c: cations to cathode

— alkaline f/c: anions to anode

2. Electrons travel anode to cathode electrons fall through *‘ potential gradient” and thus do
work.
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Cathode: electrode to which cations migrate
Anode: electrode to which anions migrate
Mnemonic

— Reduction occurs at the cathode (redcats)

— Oxidation occurs at the anode

Cell Potential: Cell potential E or E, is the difference between the cathode potential E. and the
anode potential E,.

E=E,-E,or E°=E°-E;°
In Fuel cells: Cathode (+); Anode (-) ; E, E, >0
In Electrochemical cells: Cathode (-); Anode (+); E, E°< 0
By definition, the hydrogen reaction is defined to be 0.000 V at standard conditions
she = standard hydrogen electrode; hydrogen electrode in equilibrium at standard conditions
(298 K, unit activity of species)
In Reversible Cell
For H,/O, fuel cell:
Cathode (reduction) : eV
0, +4H" +4e 0. 2H,0
Anode (oxidation):
H, . 2H"+2e
Reversible cell potential
E°=EC’-E°

2.17.2 IDEAL FUEL CELLS

Over Potentials. In areal process the electrodes cannot operate at their equilibrium potentials.
Nonidealities in real processes lead to efficiency losses or resistances to the process.

Electrodes must shift to potentials more favorable for oxidation or reduction to overcome effi-
ciency losses. These shifted potentials are called overpotentials.

More oxidizing

H,/0, >
Fuel Cell E° Ecu
E° >
c
E ble €,
| | | |
0.5 1.0 H EqeN
Real
cathode -
H—>2H +2e” 0, +4H" +4e—> 2H,0

More reducing

Fig. 2.18
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In afuel cell the chemical energy of the fuel drives the overpotential, which in turn drives the

reaction.

More oxidizing

Water >
Electrolysis

y . E°

. EU
EC
& ¢ E
< >
| | |
0 0.5 1.0
Real EgueN Real
cathode anode

H,0 —>0, + 4H" + 4~

2H" +2e"—>H,0

More reducing

Fig. 2.19
Ideal Fuel Cell Potentials. Overpotentials always reduce fuel cell potentials, so that less volt-

age is delivered per electron transferred.

Conversely, over potentials always increase
electrochemical cell potentials so that more voltage is

required per electron transferred.
Ideal Cell Potentials

E=E.—E,=(Eeqc—€) = (Eeqat )

Ideal fuel cell Energy Conversion
1. Reactant/product transport

3. lon transport through e-lyte

4. Electron transport

2. Reaction at electrocatalyst.

2.17.3 OTHER TYPES OF FUEL CELLS

Fuel cells are a means of converting a fuel
to electrical energy using an electrochemical
membrane. The most popular to date has been the
proton exchange hydrogen fuel cell. It takestwo mol-
ecules of hydrogen and one molecul e of oxygen and
producestwo molecules of water |eaving behind four
spare electrons to generate an electric current. In
terms of the energy value of the hydrogen, the con-
version process is around 75% to 80% efficient.

Some fuel cells use other chemical fuels as
a source of hydrogen such as methanol, which is
processed into hydrogen for the use by the fuel cell.

(CO,)

)

Fuel

_~Anode
— Electrolyte
. \Cathode
Air
|
i *)
H,0
Fig. 2.20
Oxygen de @ Hydrogen

()Y

b

0,+4H" + 46 —>2H,0

Product Water

Oxygen

)

"4

2H, —>4H" + 4e”

Proton Exchange
Membrane

Hydrogen

electrode

Fig. 2.21

electrode
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Although this means that the system doesn’t have to store large quantities of highly explosive hydro-
gen, it does reduce the efficiency of the electricity generation process to 30% or 40%. Thisis still more
efficient than burning the methanol directly combustion engines are only around 20% efficient in terms
of the energy of the fuel that is actually transferred into motion on the ground.

The problem with hydrogen fuel cells is generating the hydrogen to fuel them. To get those 4
electrons out by combining two hydrogen molecul es with an oxygen molecule, you haveto put themin
at the point you manufacture of the hydrogen. There are four common processes.

Reformation of hydrocarbons. Hydrogen can be produced from any fossil fuel, such as oil or
coal, by heating and then ‘reforming’ the hydrogen with steam.

Seam reformation of natural gas. Like the above, but without the need to initially turn the solid
hydrocarbons into hydrocarbon gases.

Biomass pyrolysis organic matter can be gasified/pyrolysed to produce hydrogen rich gases than
can then be reformed with steam to hydrogen.

Electrolysis. Producing hydrogen from water directly using electricity.

In general, the case for fuel cells in mobile uses is marginal to the use of other fuels. They
potentially have an application in balancing out the variations from certain forms of renewable energy
such aswind or tidal power.

2.17.4 EFFICIENCY OF CELLS
The performance evaluation of fuel cellsis represented in terms of current density at electrode
surface (range 100 to 400 mA/cm?) at specified temperature and reactant partial pressures and voltage.
Let, V,=No load voltage of cell, Volts, DC
V. = Cell voltage on load
I = Cell current on load, Ampere
P, = Cell power, Watts
V, = Polarization voltage = Voltage drop in the cell?
= No load voltage V, — O, load voltage V,
A = Surface area of on face of an electrode, m
I4 = Current density of cell, = I /A.... AIm....
n = Efficiency
During no current (no load or open circuit), the cell voltage is maximum and is called no load
voltage (V).
The performance isillustrated by actual V. vs. |4 curve. Increase in operating temperature and

partial pressure, improves the fuel cell performance (increase in V, and P,). There is a trade-off be-
tween the higher performance and higher cost (for high temperature, pressure design).

VOLTAGE V-CURRENT DENSITY |I; CHARACTERISTIC (POLARIZATION CURVE)

The performance of afuel cell isevaluated by the cell voltage V. vs. electrode current density 1d
curve (Fig. 2.22). Cell voltage V . drops with increase in current density due to polarization within the
cell. Hence, the curve is aso caled the polarization curve of the fuel cell.
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Polarization isinternal chemical, electrical, thermal effect within the fuel cell resulting in inef-
ficiencies. Polarization the cause of internal energy loss and is measured by in terms of polarization
voltage V,,.

Vp=Vo—Ve
Vp = Polarization voltage of the cell = Voltage Drop

= No load voltage V,— On load voltage V.

1.2 I °
1.0

0.9+

0.8+
0.7
0.6+

0.5+
0.4+

Cell Voltage V, ——»

>
v

Y

w
A 4

A
‘

0.3
0.2
0.1+

0 Current Density |y;———»

Fig. 2.22. Polarisation curve.

As the load on the cell (I x A = 1) increases, the internal electro-chemical reactions trying to
oppose the cause also increase. The internal losses increase and the terminal voltage V. drops. These
internal losses and inefficienciesincreasing with current are called Polarization. Thedropin voltage V ,
is called Polarization Voltage VP.

Power per Cell P,

Power = Voltage x Current

P.=V x4

The power of acell increase with the increase in current density, and reaches a saturation point
at due to polarization effects.

1.4

V;
L
[N
w

10PN o ®epower

0.8 —
I Voltage—

0.6 \\\‘

0.4 1
0.2

N
Power Density (kW/mz)

Cell Voltage (Volts) Vz»

0
0 1000 2000 3000 4000 5000 6000 7000
Current Density (A/mz)—b ly

Fig. 2.23. Power-Current Density Curve.
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Input power — Polarization losses = Output power
and, Output power/Input power = Efficiency(n)

Efficiency of Cells. In terms of the final energy output these options are only 40% to 60%
efficient — the exception being el ectrolysis which can be up to 80% efficient. The argument of fuel cell
advocatesisthat thiscycle still represents an improvement for cars. The overall efficiency is something
like 40% if running fuel rather than 20% if running an internal combustion engine.

The simple method of calculating the efficiency (n) of afuel cell is

Cell voltageonload Ve

1= Noload voltageof cdl Vo

_ Noload voltage — Polarization voltage
n= No load voltage
The efficiency of a fuel cell varies with the current density at electrode surface due to the
Polarization Effect. Fig. 2.24 gives atypical characteristic. The power loss is converted to waste heat
and released to atmosphere.

A A

© A
o

Efficiency

Power —»
Efficiency —p»

v

Current Density —

Fig. 2.24. Power and Efficiency Curve.
After reaching saturation level, the and power per cell starts decreasing. The losses increase and
are converted to waste heat.

q 2.18 THERMIONIC SYSTEMS AND THENNIONIC EMISSION —

A thermionic converter transforms heat directly into electrical energy by utilizing thermionic
emission. All metals and some oxides have free electrons which are released on heating. These elec-
trons can travel through a space and collected on a cooled metal. These electrons can return to hot
metal through an external load thereby producing electrical power.

A thermionic converter has two elec-trodes enclosed in atube. The cathode is called an emitter
and is heated enough to release el ectrons from its surface. The electrons cross a small gap and accumu-
late on a cooled metal anode called the collector. The space between the electrodes is maintained at
high vacuum or filled with a highly conducting plasma like ionised cesium vapour to minimal energy
losses. The externa load R is connected through anode to cathode. The electrons return to cathode
through the external load and electrical power is produced.
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Thermionic conversionsis a sealed and evacuated device comprising of

1. A heated cathode (electron emitter)

2. An anode (€electron collector)

3. Vacuum gap between 1 and 2 (with ionised vapour to neutralise space charge).

The gap isonly about amm. External electrical circuit is connected between anode and cathode.
(Ref. Fig. 2.25). The thermionic converter converts thermal energy directly to electrical energy by
virtue of flow of electrons through the vacuum gap.

Heat is supplied to emitter. Electrons released from emitter flow through small vacuum gap
seeded with ionising substance. Heat is rejected from collector. Electrical energy is tapped from the
terminals.

Input Heat
Casing ) 4

Emitter

/Terminals
1)1 )1 1+
/. o
~—» Vv N VvV _ ¥V v
/////////g///& Load
Vaccum A

Chamber § Ty
E \—Collector

"t |
Electrons

Exhaust Heat
Fig. 2.25. Principle of Thermoionic Converter (Generator).

2.18.1 THERMOIONIC CONVERSION

The emission of an electron from a metal surface is opposed by a potential barrier equal to the
difference between the energies of an electron outside and inside the metal. Therefore, a certain amount
of energy has to be spent to release the electron from the surface. This energy is called surface work
function (®).

The maximum electron current per unit area emitted from the surface is given by the following
Richardson Dushman equation:

0 oO
J= AT Kl
where J = current density, [A/m?]

T = Temperature, [K]
@ = work function, [eV]
K =1.38 x 1022 Jmolecule K

= Boltzmann constant

A, = 120 A/cm?-K?) = Emission constant.

The kinetic energy of the free electrons at absolute zero would occupy discrete energy levels
from zero upto some maximum value defined by the Fermi energy level, ;. Each energy level contains
alimited number of free electrons.
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Above absol ute zero temperature, some el ectrons may have energies higher than the Fermi level.
The energy that must be supplied to overcome the weak attrac-tive force on the outermost orbital
electrons is the work function, ®, so that the electron leaving the emitter has an energy level ® + &;.
When emitter is heated, some high energy free electrons at the Fermi level receive energy equal to
emitter work function @, and escape the emitter surface. They move through the gap and strike the
collector. The K.E. (g,) plusthe energy equal to collector work function ®, is given up and this energy
isrejected as heat from the low temperature collector.

The electron energy is reduced to the Fermi energy level of the anode &, This energy state is
higher than that of the electron at the Fermi energy level of cathode €. Therefore, the electron is able
to pass through the external load from anode to cathode. The cathode materials are selected with low
Fermi levels as comprised to anode materials which must have higher Fermi level.

2.18.2 IDEAL AND ACTUAL EFFICIENCY

A thermionic generator is like a cyclic heat engine and its maximum efficiency is limited by
Carnot’slaw. It isalow-voltage, high current device where current densities of 20-50 A/cm? have been
achieved at voltage from 1 to 2V. Thermal efficiencies of 10-20% have been realized. Higher values
are possible in future.

Development of thermionic generatorsis in progress. Practical working prototypes have been
built and feasibility has been proved (1980s). With anode of low work function material (barium oxide,
stron-tium oxide) and cathode of high work-function material (tungsten impregnated barium com-
pound), and temperatures at cathode around 2000°C, power output density of about 6 W/m can be
achieved. Efficiency is about 35%.

The positively charged cathode tendsto pull the emitted electrons back. The electrons already in
the gas exert aretarding force on the electrons trying to cross the gap. This pro-duces a space charge
barrier Fig. 2.26 shows the characteristic curve of a thermionic generator with an interspace retarding
potential equivalent to S volts above the anode work function ®,.

Potentia barrier,

V> ®.and V> @,

The current densities are :

§ %ef
J.= AT 20 KleD [A/em?]

Energy Volts (-)

g Yef
J,=AT2 & K0 [A/cm?]

The output voltage across the electrical resistance R,

m
2 T

Gap Distance
Fig. 2.26. Characteristic Curve.
1
Vo =Vc_Va= Q-0 = E(sfa_sfc)

Each electron has to overcome the interspace potentia (V. — ®.) and work function ®_ when it
leaves the cathode. The net energy carried,

Qlc = Jc (Vc —Q + (pc) = Jc Vc [W/ sz]
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Each electron also carries away its K.E. which is equal to 2KT,, i.e,

QZC - 2]

The back emission from the anode must similarly carry energy to the cath-ode. The net rate of
energy supply to the cathode,

‘Jﬁl 2KTD ﬁlaJrZKTCD
e

where e=1.602 x 1019 coulomb.
The power output of the generator
W=V, (Jo—Jy)
The thermal efficiency of the thermionic generator

C

V(J B a)

n= 2KT,0_ 2KT,
‘]c @lc ;ﬁ

Now V, =V, -V, substituting the following values.

V,
KT

dE—G
_BC" KT Ban TC_ -

(Be KT, =B, KT) (J¢ —Ja)

2KT.O | 2KT,
N ﬁ% KT, + . CH—JaHBa KT, +ﬁ

(Bc — 6B,) [1. - & & ~F)]
Bo +2) ~ 6 (B, +29 &%

n:

Itisfound that for all values of 8, the efficiency curve peaks are very near to the value of

Ba = Bc

If Ba= Bc

I
—p-g PO 1€
B+2 O @*(p+200
i s+2 H

1-6? _

|0 (B+29

B+2

B
B+2
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Carnot efficiency

T
nc=1—T—a =(1-96)

C
If B =18,
Nmax = 0.9(1—0)
Nmax OCcurs when B, = B,
Ve V,

T T,

q 2.19 THERMOELECTRIC SYSTEMS —

A loop of two dissimilar metals develops an e.m.f. when the two junctions of the loop are kept
at different temperatures. Thisis called Seebeck effect. This effect is used in a thermocouple to meas-
ure temperature.

Thermoelectric generator is a device which directly converts heat energy into electrical energy
using the Seebeck thermoelectric effect. The deviceisvery simple but thermal efficiency isvery low of
the order of 3%. Efficiency of thermoelectric generator depends upon the temperature of hot and cold
junctions and the material properties. The semiconductor materials have more favourable properties
which can withstand high temperatures and can give reasonabl e efficiency. The probability of develop-
ing peak load power stations of the order of 100 mW working at 20 percent thermal efficiency is high.
Where cheap fuels are available thermoel ectric generators can be devel oped for base load and standby
power generation also. Another important application is the use of radioactive decay heat to generate
power in space and other remote locations. The use of solar energy to supply heat for generating elec-
tricity can be an attractive application of thermoelectric devices if high efficiency materials can be
developed.

or

2.19.1 PRINCIPLE OF WORKING

The operation of a thermoelectric generator is shown in ¢ Qn

Fig. 2.27. The net useful power output is given by
W=12R[W]

where | = current [A] G

R = External load resistance [Q]

The current in the circuit is given by ’—1; Q:; ;}—‘
R |
| = aAT NANNNN—

" (R+R) [Al

where o = Seeback coefficient (V/K]
AT = Temperature difference between hot and cold junctions [K]
R = Interna resistance of thermoelectric generator [Q]

The magnitude of potential difference depends on the pair of conductor materials and on the
temperature difference between the junctions.

Fig. 2.27. Thermoelectric Generator.
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For aloop made of copper and constant wires, the value of Seebeck coefficient ais0.04 mV/K.
For atemperature difference of 600 K between the junctions, a voltage of 24 mV will be developed. In
order to achieve higher potential difference many generators have to be connected in parallel.

For increasing the useful power output, parallel and series connections are used.

a a

Parallel connection Series connection

Fig. 2.28. Cascading of Thermoelectric Generators.

2.19.2 PERFORMANCE

The thermo-elements of a thermoelectric generator are made up of semiconduc-tors p and n
type. Heat is supplied to the hot junction and from the cold junction heat is removed. Both the junctions
are made of copper, see Fig. 2.29.

Let T, = source temperature [K]
T, = sink temperature [K]
Ly, L, = length of semiconductor elements [m]
A, A, = cross-sectional area of thermoelectric elements [m?]
ky, ki, = thermal conductivity of elements [W/mK] T o
Ppr Py = €electric resistivity of elements [Q-m]

kA P .
ko, ky = thermal conductivity of elements [W/K] = —
L A A, L
Lp p n n
: . pL
Ry, R, = electrical resistance of elements [Q] = A LI Tl

o, O, = Seebeck coefficient [V/K]
T, T4, = Peltier coefficient [V]

RL
Seebeck coefficient, Opn= Lt Av LvagJ

AT~ 0 AT Fig 2.29. Circuit Diagram of Thermo-
Peltier heat, ap, , =T, , | electric Power Generator.

When a current (1) flows through the junction of two elements, Peltier heat is produced. Thisis
called Peltier effect. The Peltier coefficient.

T, h=apn. |
From Ist law of thermodynamics as applied to upper plate (as control volume), the temperature

difference (T, — T,) will generate a Seebeck voltage, a,, (T, — T,). There will be an electrical current |
which will flow through the external load R, .
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The heat Q; will flow into hot junction and conducted into the two legs, Q,. The Peltier heat Q,
will be produced at the junction due to current flowing through the circuit.

Joule heat Q,/2 will flow into the junction. It is assumed that half Joulean heat appears at each
junction. Heat balance at the junction will give,

1 . . .
Q1=§Q1=QD+Qk

where Q=T l=0,,=1.T,
Q =PR=1”(R,+R)
|2 |1)P pnl— D
5A AL
Q =KAT = (i, + k) (T, = To)
|]I(PAP_,_ nph

ﬁ (T1—To)

=

Substituting the values into above equation

. 1Eppp prlnt 5 DAy kAL
=a, T + P24 PP 4 SN (T T
Q7% A A g L Lg

The useful power generated,

VL
R
The voltage across the load,
V=0, 0 (Ti=To) - I(R,—Ry)
By Kirchhoff’s Law

W =I1?2R = =

| = C(p,n(-rl_-ro)
CRUFR, R,
Let m= _R = Resistance ratio
Rp+Rn
. r1e R R
Rp+Rn
Opn (Tl_TO)
Now | =

(Rp +Ry) 1+ m)
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o, , (- T)

W, =
LR+ R (1+m)?

(R, + R)m

m G-
C(+m)? R, +R,
The required heat input,

» _RG-L) 1 % B-T)
T (R, +R)(+m) 2 (1+m)P(R,+R,)

g=a + (R, + k) (T, - Ty)

The efficiency of thermoelectric generator,

m Clzp,n

: T, -y
Wf (l+m)2 Rp+Rn( 1 0)
g = e
- I -T
2 2 nh-%) 1 G 2o) @p.n k)T - Tp)
" (R, +R,)(1+m) 2 (1+m) (R, +R,)
_L-T, . |
) . 2
f (1+m)n_16_.lﬂ_%+(kp+kn)(R;+Rp)(l+m)
i 2 A ol
Let the figure of merit,
2
e

2 (ky +k,) (R, + R,)
The figure of merit as defined above consists of the material properties of the two semiconduc-
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We live between two great sources of energy, the hot rocks beneath the surface of the earth and
the sun in the sky. Our ancestors knew the value of geothermal energy; they bathed and cooked in hot
springs. Today we have recognized that this resource has potential for much broader application.

The term geothermal comes geo meaning earth and thermal meaning heat. Heat from the Earth,
or geothermal from the Greek — Geo (Earth) + thermal (heat) — energy can be and already is accessed
by drilling water or steam wellsin a process similar to drilling for ail.

The core of the earth is very hot and it is possible to make use of this geothermal energy (in
Greek it means heat from the earth). These are areas where there are volcanoes, hot springs, and gey-
sers, and methane under the water in the oceans and seas. In some countries, such asin the USA water
is pumped from underground hot water deposits and used to heat people’s houses.

Geothermal energy isan enormous, underused heat and power resource that isclean (emitslittle
or no greenhouse gases), reliable (average system availahility of 95%), and homegrown (making us
less dependent on foreign oil). The geothermal fields were first discovered in 1847 by William Bell
Elliot, an explorer surveyor who was hiking in the mountains between Cloverdale and Calistoga, Cali-
fornia, in search of grizzly bears. He discovered steam seeping out of the ground along a quarter of a
mile on the steep slope of acanyon near colb Mountain, an extinct volcano, now known asthe Geysers.
The first application of geothermal energy was for space heating, cooking, and medicinal purposes.

The center of the earth is estimated at temperature up to 10,000 K due to decay process of
radioactive isotopes. The total steady geothermal energy flow towards earth's surface is 4.2 x 10'° kw.
But the average flow energy is only 0.063 W/m?.

The utilization of geothermal energy for the production of electricity dates back to the early part
of the twentieth century. For 50 years the generation of electricity from geothermal energy was con-
fined to Italy and interest in thistechnol ogy was slow to spread el sewhere. In 1943 the use of geothermal
hot water was pioneered in Iceland.

The following general objectives of geothermal energy:

(1) Reduction of dependence on nonrenewable energy and stimulation of the state’s economy
through development of geothermal energy.

2




NON-CONVENTIONAL ENERGY RESOURCES AND UTILISATION 87

(2) Mitigation of the social, economic, and environmental impacts of geothermal development.

(3) Financial assistance to counties to offset the costs of providing public services and facilities
necessitated by the development of geothermal resources within their jurisdictions.

(4) Maintenance of the productivity of renewable resources through the investment of proceeds
from these resources.

2.20.1 HOT SPRINGS

Earth tremors in the early Cenozoic period caused the magma to come close to the earth’s sur-
face in certain places and crust fissures to open up. The hot magma near the surface thus causes active
volcanoes and hot springs and geysers where water exists. It also causes steam to vent through the
fissures.

The hot magma near the surface solidifiesinto igne-
ous rock. The heat of the magma is conducted upward to
this igneous rock. Ground water that finds its way down to
this rock through fissuresin it will be heated by the heat of
the rock or by mixing with hot gases and steam emanating
from the magma. The heated water will then rise convec-
tively upward and into a porous and permeable reservoir
above the igneous rock. A layer of impermeable solid rock
that traps the hot water in the reservoir caps this reservoir.
The solid rock, however, has fissures that act as vents of the
giant underground boiler. The vents show up at the surface
as geysers, fumaroles, or hot springs. The natural heat in the Fig. 2.30. Hot Springs in Steamboat
earth has manifested itself for thousands of yearsin the form Springs, Nevada.
of hot springs. A well taps steam from the fissure for usein
a geothermal power plant.

Geothermal power stations have been installed at a number of places around the world, where
geothermal steam is available.

The share of geothermal produced electricity in the year 2000 is 0.3% of the total electricity
produced in the world. In India, there are more than 300 hot water springs.

2.20.2 STEAM EJECTION

Hot water geothermal energy deposits are present in several locations around the earth.
Underground water collects heat from surrounding hot rocks. Such hot water reserves are with small
con-tent of steam. Rain water collected over the land areas of several hundreds of sgquare kilometers
percolates through the ground to the depths of 1 to 6 km whereit is heated by thermal conduction from
the surrounding hot rocks. The hot water moves upwards through the defects of restricted areas in the
rocks. The ‘defects’ are of fractures and highly permeable portions in the rock. The hot water moves
upwards to the surface with relatively little or no storage in between. If however a zone of geothermal
energy depositsis covered by aimpermeable rock with a few fractures or defects, the energy deposits
will be stored under ground readily available for extraction.

The energy available in such deposits can be extracted by means of production wells drilled
through the impermeable rocks. In hydro-geothermal energy deposits, the geothermal fluid arein form
of geothermal brine, hot mineral water and steam. Steam deposits are very few in number.
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However, largest geothermal energy reserve of petro-geothermal type and are called Hot Dry
Rock type that is without underground water. HDR deposits have largest geothermal energy potential
in the world.

Extraction of geothermal energy through these hot dry rocks requires injection of water into
artificially created fractured rock cavities in hot dry rock and extraction of hot water and steam by
means of production wells. Cold water is injected into the well by means of injection wells and hot
water and steam is extracted by the production wells. Water injected into the well acts as a heat collect-
ing and heat transporting medium. Cavity in hot dry rock actslike aboiler steam generator. Cold water
isinjected and hot water/steam is obtained.

2.20.3 SITE SELECTION

India has about 150 known geothermal sites having geothermal fluid of moderate and low tem-
perature (< 160°C). The geothermal fieldsin Indiaare in the form of hot water springs (40 to 98°C) and
shallow water reservoir temperatures are less than 160°C.

The important hydro-geothermal resource locations are
Puga Hydro-Geothermal Field, Jammu and Kashmir.
West-Coast Hydro-Geothermal Field, Maharashtra, Gujarat.
Tattapani-Hydro-Geothermal Field, Madhya Pradesh.

Due to moderate and low temperatures of geothermal fluids, the prospects of geothermally elec-
trical power plantsin India are very low. However, Geotherma Hydrothermal Energy islikely to have
several applications in the temperature range of 30°C to 190°C.

For site selection of geothermal energy, the following factor may be considered.
(1) Borax deposits present

(2) Some locations with water at 120°C at 200 to 500 m depths

(3) Na-Ca-Cl-SO, contents

(4) Some shallow depth reservoir with water at 80 to 110°C.

2.20.4 GEOTHERMAL POWER PLANTS

Thefirst mechanical conversion wasin 1897 when the steam of thefield at Larderello, Italy, was
used to heat a boiler producing steam which drove a small steam engine. The first attempt to produce
electricity also took place at Larderello in 1904 with an electric generator that powered four light bulbs

Fig. 2.31. First Geothermal Power Plant, 1904 Fig. 2.32. Modern Geothermal Power Plant.
Lardarello, Italy.
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(as shown in Fig. 2.31). Thiswas followed in 1912 by a condensing turbine; and by 1914, 8.5 mW of
electricity was being produced. By 1944 Larderello was producing 127 mW. The plant was destroyed
near the end of World War |1, but was fortunately rebuilt and expanded and eventually reached 360 mwW
in 1981.

Fig. 2.33. A Geothermal Power Plant at the Geysers.

In the United States, the first attempt at developing the geysers field was made in 1922. Steam
was successfully tapped, but the pipes and turbines of the time were unable to cope with the corrosive
and abrasive steam. The effort was not revived until 1956 when two companies, Magma Power and
Thermal Power, tapped the areafor steam and sold it to Pacific Gas and Electric Company. By that time
stainless steel aloys were developed that could withstand the corrosive steam, and the first electric-
generating unit of 11 mW capacity began operation in 1960. Since then 13 generally progressively
larger units have been added to the system. Thelatest isa 109 mW unit that began operation in September
1982 and which brought the Geysers total capacity to 909 mW. Two more units are under construction
and four more are planned, which will bring the total capacity to 1514 mW by the late 1980s.

Other electric-generating fields of note arein New Zealand (where the main activity at Wairakei
dates back to 1958), Japan, Mexico (at Cerro Prieto), the Phillipines, the Soviet Union, and Iceland (a
large space-heating program).

Future world projections for geothermal electric production, based on the decade of the 1970s,
are 7 percent per year. In thelast four years of that decade, however, the growth rate was 19 percent per
year. In the United States, the projections are for growth between 13.5 and 22 percent per year through
the 1980s, which is 2.5 to 4 times the 5.3 percent per year growth rate of the total electric-generating
capacity. Thisincludes the steam field at the Geysers and other fields of different types.

The U.S. Geological Survey predicts a U.S. potential from currently iden-tified sources to be
around 23,000 mW of electric power and around 42 x 10 SkJ of space and process heat for 30 years
with existing technology, and 72,000 to 127,000 mW of electricity and 144 to 294 x 10" Btu of heat
from unidentified sources. Areas of geothermal potential in the North American continent, Geysers
Region in Northern California, the Imperial Valey in Southern California, and the Yellowstone Region
in Idaho, Montana, and Wyoming.

Most power plants need steam to generate electricity. The steam rotates a turbine that activates
agenerator, which produces electricity. Many power plants still use fossil fuels to boil water for steam.
Geothermal power plants, however, use steam produced from reservoirs of hot water found a couple of
miles or more below the Earth’s surface. There are three types of geothermal power plants. dry steam,
flash steam, and binary cycle.
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Small-scale geothermal power plants (under 5 megawatts) have the potential for widespread
application in rural areas, possibly even as distributed energy resources. Distributed energy resources
refer to a variety of small, modular power-generating technologies that can be combined to improve the
operation of the electricity delivery system,

Dry Steam Power Plant (Vapour Dominated System). Dry steam power plants draw from
underground resources of steam. The steam is piped directly from underground wells to the power
‘plant, where it is directed into a turbine/generator unit. There are only two known underground re-
sources of steam in the United States: The Geysers in northern California and Yellowstone National
Park in Wyoming, where there’s a well-known geyser called Old Faithful. Since Yellowstone is pro-
tected from development, the only dry steam plants in the country are at The Geysers.

: Power plants using dry steam systems were the first type of geothermal power generation
- plants built. They use the steam from the geothermal reservoir as it comes from wells, and route it
directly through turbine/generator units to produce electricity. It is the rarest form of geothermal
energy but the most suitable generation and the most developed of all geothermal resources or system.

Fig. 2.34 shows a schematic diagram of a dry steam power system also called vapour dominated
system, Dry steam from the turbine at perhaps 200°C is used. It is near saturated at the bottom of the
wall and may have a shut-off pressure up to 35 bar. Pressure drops through the well cause it to slightly
superheated at the well head. An example of a dry steam generation operation is at the Geysers in
northern California.
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Fig. 2.34. Schematic of the Dry Steam Power Plant.

Flash Steam Power Plant (Liquid Domain System). Flash steam power plants are the most
common. They use geothermal reservoirs of water with temperatures greater than 182°C. Thisvery hot
water flows up through wells in the ground under its own pressure. Asit flows upward, the pressure
decreases and some of the hot water boils into steam. The steam is then separated from the water and
used to power aturbine/generator. Any leftover water and condensed steam are injected back into the
reservoir, making this a sustainable resource.

’—> —>
T T Air and
Water vapour

Cooling
Tower

Steam

Direct Heat
Uses

Fig. 2.35. Schematic of the Flash Steam Power Plant.

Flash-steam power plants built in the 1980s tapped into reservoirs of water with temperatures
greater than 182°C. The hot water flows up through wells in the ground under its own pressure. Asit
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flows upward, the pressure decreases and some of the hot water “flashes’ into steam. The Geysersin
northern California, which uses steam piped directly from wells, produces the world's largest single
source of geothermal power.

Flash steam plants are the most common type of geothermal power generation plants in opera-
tion today. They use water at temperatures greater than 182°C that is pumped under high pressure to the
generation equipment at the surface. Upon reaching the generation equipment the pressure is suddenly
reduced, allowing some of the hot water to convert or “flash” into steam. This steam is then used to
power the turbine/generator unitsto produce electricity. The remaining hot water not flashed into steam,
and the water condensed from the steam is generally pumped back into the reservoir. An example of an
area using the flash steam operation is the Cal Energy Navy | flash geothermal power plant at the Coso
geothermal field.

Fig. 2.36. The Ca Energy Navy | Flash Geothermal Power plant at the Coso Geothermal Field.

Binary Cycle Power Plant (Liquid Dominatd Systems). Binary cycle power plants operate
on water at lower temperatures of about 107°-182°C. These plants use the heat from the hot water to
boil a working fluid, usually an organic compound with a low boiling point. The working fluid is
vaporized in a heat exchanger and used to turn a turbine. The water is then injected back into the
ground to be reheated. The water and the working fluid are kept separated during the whole process, so
there are little or no air emissions.

Binary cycle power plant operates on water at lower temperatures of about 107 degrees Celsius
to 182 degrees Celsius. These plants use the heat from the hot water to boil afluid, usually an organic
compound with a low boiling point.

Binary cycle geotherma power generation plants differ from Dry Steam and Flash Steam sys-
temsin that the water or steam from the geothermal reservoir never comes in contact with the turbine/
generator units. In the Binary system, the water from the geothermal reservoir is used to heat another
“working fluid” which is vaporized and used to turn the turbine/generator units. The geothermal water,
and the “working fluid” are each confined in separate circulating systems or “closed loops’ and never
come in contact with each other. The advantage of the binary cycle plant is that they can operate with
lower temperature waters (225°F-360°F), by using working fluids that have an even lower boiling
point than water. They also produce no air.
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Hybrid Geothermal Power Plant-Fossil System. The concept of hybrid geothermal-fossil-
fuel systems utilizes the relatively low-tem-perature heat of geothermal sourcesin the low-temperature
end of a conventiona cycle and the high-temperature heat from fossil-fuel combustion in the high-
temperature end of that cycle. The concept thus combines the high-efficiency of a high-temperature
cycle with a natural source of heat for part of the heat addition, thus reducing the consumption of the
expensive and nonrenewable fossil fuel.

There are two possible arrangements for hybrid plants. These are
(1) Geothermal preheat, suitable for low-temperature liquid-dominated systems, and

(2) Fossil superheat, suitable for vapor-dominated and high-temperature liquid-dominated
systems.

Geothermal-Preheat Hydrid Systems. In these systems the low-temperature geothermal en-
ergy isused for feed water heating of an otherwise conventional fossil-fueled steam plant. Geothermal
heat replaces some, or al, of the feed water heaters, depending upon its temperature. A cycle operating
on this principleisillustrated in Fig. 2.37. As shown, geothermal heat heats the feed water throughout
the low-temperature end prior to an open-type deaerating heater. The DA is followed by a boiler feed
pump and three closed-type feed water heaters with drains cascaded backward. These receive heat
from steam bled from higher-pressure stages of the turbine. No steam is bled from the lower-pressure
stages because geothermal brine fulfills this function.

Superheater-
Reheater—

Evaporator

Economizer-

Condenser

Deaerating
heater
Boiler Hot Cold

feed pump brine brine

Geothermal

heat exchanger

Feedwater heaters

Fig 2.37. Schematic of a Geothermal-Preheat Hybrid System.

Fossil-Superheat Hybrid Systems. In these systems, the vapor-dominated steam, or the vapor
obtained from a flash separator in a high-temperature liquid-dominated system, is superheated in a
fossil fired super heater.

Fig. 2.38 show schematic flow. It comprises a double-flash geothermal steam system. Steam
pro-duced at 4 in the first-stage flash separator is preheated from 4 to 5 in a regenerator by exhaust
steam from the high-pressure turbine at 7. It is then superheated by afossil fuel fired super heater to 6
and expandsin the high pressure turbineto 7 at a pressure near that of the second stage steam separator.
It than enters the regenerator, leavesit at 8, where it mixes with the lower pressure steam produces in
the second stage flash separator at 15, and produces steam at 9, which expands in the lower pressure
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turbine to 10. The condensate at 11 is pumped and reinjected into ground at 12. The spent brine from
the second stage evaporator is also reinjected in to ground at 16.

Fossil-fired
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turbine turbine
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Fig. 2.38. Schematic of afossil-superheat hybrid system with two-stage flash evaporation, regenerator,
and fossil-fired super heater.

Fig. 2.39. Crops surround this plant in Imperial Valley, Calif. High mineral contents of some southern
California geothermal reservoirs provide salable by-products like silica and zinc.

2.20.5 ADVANCED CONCEPTS

Geothermal energy technol ogies use the heat of the earth for direct-use applications, geothermal
heat pumps, and electrical power production. Research in all areas of geothermal development is help-
ing to lower costs and expand its use.

Advanced technologies will help manage geothermal resources for maximum power produc-
tion, improve plant-operating efficiencies, and devel op new resources such as hot dry rock, geopressured
brines, and magma.

Encouraged by the findings of nearly 340 hot springsin the country, a systematic collaborative,
research, development and demonstration programme was undertaken with different organizations viz.
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I1T, Delhi, National Aeronautic Limited, Bangalore, Geological Survey of India, National Geophysical
Research Institute (NGRI), Hyderabad, Oil & Natural Gas Corporation etc. and the use of geothermal
energy was demonstrated in the country for small scale power generation and thermal applications.

After ascertaining the existence of potential reservoirsin Tattpani and Puga geothermal fieldsin
Chhattisgarh and Jammu & Kashmir respectively through Magneto-telluric investigations by NGRI,
Hydrabad, the Ministry is planning to devel op these fields for power generation. Sutluj-Spiti, Bcas and
Parbati valley in Himachal Pradesh, Badrinath-Tapovan in Uttranchal and Surajkund in Jharkhand also
have some potenital sitesfor power generation. A programme for ascertaining the existence and poten-
tial of the reservoir at these sites is being planned by the Ministry through NGRI, Hyderabad and
NHPC. As most of the geothermal sites in the country are in low and moderate temperature range,
some demonstration projects with direct heat utilization are being planned to be taken up at different
places in the country. About 1400-3600 Mwe plants are under operation/under construction. World
wide non-electric applications amounts to 6000 MW!. boils and turns into steam. Since this steam is
trapped between rocks, its pressure increases. Identifying such places and inserting pipes there to bring
out the steam to drive a turbine, electricity can be produced.

Direct-Use Piped Hot Water Warms Greenhouses and Melts Sidewalk Snow. In the U.S,,
most geothermal reservoirsarelocated in the western states, Alaska, and Hawaii. Hot water near Earth’'s
surface can be piped directly into facilities and used to heat buildings, grow plants in greenhouses,
dehydrate onions and garlic, heat water for fish farming, and pasteurize milk. Some cities pipe the hot
water under roads and sidewalks to melt snow. District heating applications use networks of piped
hot water to heat buildings in whole communities. For more information on direct use of geothermal
energy.

Geothermal Heat Pumps use Shallow Ground
Energy to Heat and Cool Buildings. Almost every-
where, the upper 10 feet of Earth’s surface maintains a
nearly constant temperature between 50 and 60 degrees
F (10 and 16 degrees C). A geothermal heat pump sys-
tem consists of pipes buried in the shallow ground near
the building, a heat exchanger, and ductwork into the
building. In winter, heat from the relatively warmer
ground goes through the heat exchanger into the house.
In summer, hot air from the house is pulled through the
heat exchanger into the relatively cooler ground. Heat
removed during the summer can be used as no-cost en-
ergy to heat water.

The Future of Geothermal Energy. The three
technol ogies discussed above use only atiny fraction of
thetotal geothermal resource. Several miles everywhere
beneath Earth’s surface is hot, dry rock being heated by
the molten magma directly below it. Technology is be-
ing developed to drill into this rock, inject cold water
down one well, circulate it through the hot, fractured
rock, and draw off the heated water from another well.
One day, we might also be able to recover heat directly
from the magma.

Fig. 2.40. Snow Melting on Sidewalks in
Klamath Falls.

i oL
Fig. 2.41. World's Largest Heat Pump
System in Louisville, KY.
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Fig. 2.42. This 3,000 sg. ft. house in Oklahoma City
has a verified average electric bill of $60 per month
using a geothermal heat pump.

q 2.21 OCEAN ENERGY —

The ocean can produce two types of energy: thermal energy from the sun’s heat, and mechanical
energy from the tides and waves. Oceans cover more than 70% of Earth’'s surface, making them the
world'slargest solar collectors. The sun’s heat warms the surface water alot more than the deep ocean
water, and thistemperature difference creates thermal energy. Just asmall portion of the heat trapped in
the ocean could power the world.

Fig. 2.43. Ocean Wave.

Ocean mechanical energy is quite different from ocean thermal energy. Even though the sun
affects all ocean activity, tides are driven primarily by the gravitational pull of the moon, and waves are
driven primarily by the winds. As a result, tides and waves are intermittent sources of energy, while
ocean thermal energy isfairly constant. Also, unlike thermal energy, the electricity conversion of both
tidal and wave energy usually involves mechanical devices.

A barrage (dam) is typically used to convert tidal energy into electricity by forcing the water
through turbines, activating a generator. For wave energy conversion, there are three basic systems:

Channel systems that funnel the waves into reservoirs,
Float systems that drive hydraulic pumps, and
Oscillating water column systems that use the waves to compress air within a container.

The mechanical power created from these systems either directly activates a generator or trans-
fersto aworking fluid, water, or air, which then drives a turbine/generator.

The availability of ocean thermal energy on the earth can be calculated as;

Let,

E, = Total terrestrial ocean thermal energy incidence

E, = Total extraterrestrial solar energy received by the earth = 5.457 x 1018 MJlyear
C, =Average clearnessindex = 0.5

F, = fraction of the area of ocean = 0.7
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E.=E XC, xXF,

=5.457 x 1018 x 0.5x 0.7

= 1.9 x 1018 MJlyear
This corresponds to an average terrestrial incidence on the waters of the solar constant
S=1353 W/m? x 0.5 = 676 W/m?.

This energy is not totally absorbed by the water because some of it is reflected back to the sky.
A good estimate of the amount absorbed is obtained from the annual evaporation of water,

Annual evaporation (EV) =1.20 m
Average water surface temperature (T) = 20°C
The latent heat of vaporization(C) = 2454 kJkg
Seawater density (Q)= 1000 kg/m®.
The annual energy absorbed (E,,)) =E, x px C
=1.20 x 1000 x 2454
= 3 x 106kJm? = 95 W/m?,
Thisamount is, of course, replenished by rainfall back on the water and by runoff from land.
Absorbed energy as % of incident energy = E, /S = (95/676) x 100 = 14%

2.21.1 POWER PLANTS BASED ON OCEAN ENERGY

Ocean thermal energy is used for many applications, including electricity generation. There are
three types of electricity conversion systems: closed-cycle, open-cycle, and hybrid.

Closed-cycle systems use the ocean’s warm surface water to vaporize a working fluid, which
has a low-boiling point, such as ammonia. The vapor expands and turns a turbine. The turbine then
activates a generator to produce el ectricity. Open-cycle systems actually boil the seawater by operating
at low pressures. This produces steam that passes through a turbine/generator. Hybrid systems combine
both closed-cycle and open-cycle systems.

Depending Upon these electricity conversion systems the Ocean power plant can be divided
mainly in to two groups.

The Open or Claude OTEC Cycle Power Plant. The Frenchman Georges Claude constructed
the first OTEC plant in 1929 on the Mantanzas Bay in Cuba.

The Claude plant used an open cycle in which seawater itself plays the multiple role of heat
source, working fluid, coolant, and heat sink.
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Fig. 2.44. Flow diagram and schematic of a Claude (open-cycle) OTEC power plant.

In the cycle warm surface water at 27°C is admitted into an evaporator in which the pressureis
maintained at a value slightly below the saturation pressure corresponding to that water temperature.
Water entering the evaporator, there four, finds itself “superheated” at the new pressure.

This temporarily superheated water undergoes volume boiling causing that water to partially
flash to steam to an equilibrium two-phase condition at the new pressure and temperature. The low
pressure in the evaporator is maintained by a vacuum pump that also removes the dissolved
noncondensabl e gases from the evaporator.

The evaporator now contains amixture of water and steam of very low quality at 2. The steamis
separated from the water as saturated vapor at 3. The remaining water is saturated at 4 and is discharged
as brine back to the ocean. The steam at 3 is, by conventional power plant standards, a very low-
pressure, very high specific-volume working fluid (0.0317 bar, 43.40 m® /kg, compared to about 160
bar, 0.021 m®kg for modern fossil power plants). It expands in a specialy designed turbine that can
handle such conditions to 5. Since the turbine exhaust system will be discharged back to the ocean in
the open cycle, a direct-contact condenser is used, in which the exhaust at 5 is mixed with cold water
from the deep cold-water pipe at 6, which results in a near-saturated water at 7. That water is now
discharged to the ocean.

The cooling water reaching the condenser at 13°C is obtained from deep water at 11°C (51.8°F).
Thisriseintemperature is caused by heat transfer between the pro-gressively warmer outside water and
the cooling water inside the pipe as it ascends the cold water pipe.

There are thus three temperature differences, al about 2°C: one between warm surface water
and working steam, one between exhaust steam and cooling water, and one between cooling water
reaching the condenser and deep water. "'These represent external irreversibility’s that reduce the over-
all temperature difference between heat source and sink from 27 — 11 = 16°C (28.8°F) to 25 - 15 =
10°C (18°F) as the temperature difference available for cycle work. It is obvious that because of the
very low temperature differences available to produce work, the external differences must be kept to
absolute minimum to realize as high efficiency as possible. Such a necessary approach, unfortunately,
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also resultsin very large warm and cold water flows and hence pumping power, as well as large heavy
cold water pipes.

The Closed or Anderson, OTEC Cycle Power Plant. d’Arsonval’s original concept in 1881
was that of a closed cycle that also utilizes the ocean’s warm surface and cool deep waters as heat
source and sink, respectively, but requires a separate working fluid that receives and rejects heat to the
source and sink via heat exchangers (boiler and surface con-denser). The working fluid may be ammo-
nia, propane, or a Freon. The operating (saturation) pressures of such fluids at the boiler and condenser
temperatures are much higher than those of water, being roughly 10 bar at the boiler, and their specific
volumes are much lower, being comparable to those of steam in conventional power plants.
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Fig. 2.45. Schematic of a closed-cycle OTEC power plant.

Such pressures and specific volumes result in turbines that are much smaller and hence less
costly than those that use the low-pressure steam of the open cycle. The closed cycle also avoids the
problems of the evaporator. It, however, requires the use of very large heat exchangers (boiler and
condenser) because, for an efficiency of about 2 percent, the amounts of heat added and rejected are 50
times the output of the plant.

In addition, the temperature differences in the boiler and condenser must be kept as low as
possible to allow for the maximum possible temperature difference across the turbine, which aso con-
tributes to the large surfaces of these units.

Barjot first proposed the closed-cycle approach in 1926, but the most recent design was by
Anderson and Anderson in the 1960s. The closed cycle is sometimes referred to as the Anderson
cycle. The Andersons chose propane as the working fluid with a 20°C temperature difference between
warm surface and cool water, the latter some 600 m deep. Propane is vaporized in the boiler at 10 bars
or more and exhausted in the condenser at about 5 bars.

In order to minimize the mass and the amount of material (and hence cost) used to manufacture
the immensely large heat exchangers, the Anderson OTEC system employs thin plate-type heat ex-
changers instead of the usual heavier and more expensive shell-and-tube heat exchangers. To help
reduce the thickness of the plates, the heat exchangers are placed at depths where the static pressure of
the water in either ex-changer roughly equals the pressure of the working fluid. Thusif propaneisthe
working fluid in the boiler at 26.7°C and 9.9 bar the boiler.
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q 2.22 OTHER TECHNOLOGY —

2.22.1 LIQUID FUEL

Therecent controversies of tariff of |PPsin operation have been an eye opener to the issue of fuel
selection. Several experts in hindsight have also suggested that liquid fuel was a wrong selection for
projects such as DPC. However, this reasoning is too narrow and skewed in its interpretation of liquid
fuels. Naphthais definitely the least favorite and the most prohibitive fuel world-wide and by definition
and characterigtics, it does belong to the liquid fuel category. There are other veritably successful ater-
native liquid fuels like furnace oil, LSHS, etc. where power plants are viable in the liquid fuel mode.

Many liquid fuels based | PPs are now without ambiguity opting for safest bet and the least price
volatile liquid fuel that is furnace oil. Furnace oil has its tremendous advantages. With an average gross
calorific value of 10,200 K cal/Kg furnace oil is a potent low grade fuel for energy generation. In com-
parison to morerefined and primary fuelslike naphtha and natural gas, furnace oil has no other commer-
cia value except being combusted for energy generation.

Crude oil prices has been floating between $55 to $65 per barrel at the current international oil
pool (Sept.—2005). It proffers excellent potential to have low generation cost of power. With an effec-
tive and time-tested technol ogy of power generation with heavy fuel operated diesel engine based power
plants, furnace oil will indeed be the preferred alternative for liquid fuel 1PPs. Further, establishing
captive power plant and IPPs on DG technology has very low gestation period in comparison to gas
turbine or steam turbine based combined cycle power plants. The detractors of DG technology and
using heavy fuel may trump up the bogey of high sulphur content. But that is not avery contentiousissue
as government is now clearing |PPs and allowing them to use furnace oil as fuel with sulphur £ 2% by
weight.

For that matter, even LSHS or its Indian version LSWR if used will account for even much lower
sulphur content » 0.5% to 0.8%. The pollution control norms can be met for combusting both of the
above heavy fuels in the diesel engine power plants by constructing chimneys of adequate height for
exhaust gases’ exit. The furnace oil as well as LSHS has no problem of availability. Fuel storage, han-
dling and transportation are far simpler and easy to establish. It is also expected that over a period of
time, the most predictable and stable price levels will be for the furnace ail.

It also gives the opportunity for having lower levels of import costs on account of fuel while
using furnace ail. All these will help the government to keep the fuel import bills for the future at lower
levels, which is desirable. Under the circumstances, al medium and small 1PPs can get their projects
started if they decide to switch over to furnace oil based DG power plants. Many promoters of |PPs have
already embarked on this course. It isagood sign at least afew, if not al, have realised that it is more
prudent and time saving to use most technically and commercially viable fuel for liquid fuel based
power generation. The IPPs can also freely source their liquid fuel requirements and no fuel linkage is
prerogative for sanctioning the project.

The most contentious issue was Naphtha. This fuel was primarily being imported to fulfil the
needs of the fertiliser and petrochemical industries as feedstock. Why at all it was considered for energy
generation remains an enigma. Government experts thought that locally produced Naphtha, which was
in surplus, could serve the needs of the liquid fuel based power plants. But the grade produced locally is
HAN (High Aromatic Naphtha), which could not be used for combustion in gas turbines which needed
LAN (Low Aromatic Naphtha).

This reflected a cruel lack of understanding of the technology of gas turbines used as power
generation machines and their fuel application part. This policy continued till it reached a dead end.
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Finally the government allowed alternate fuels and heavy fuel based Diesel Engine technology for the
medium and small sized liquid fuel based power plants became popular.

Heavy fudl, especialy furnace oil gradesis ideally used in diesel power stations. This type of
technology to burn furnace oil using four stroke engines is the most reliable type of power generation
system. The concept of using diesel engine being extended to IPPs due to fuel being furnace oil
makessense. The gestation for such projects could be as low as 14 months for a 35 MW power plant.
Furnace oil and LSHS being residual fuels have no other commercial use than combusting for energy
generation purpose. Naphtha as well as Natural gasis of use as feedstock to the fertiliser and the petro-
chemical industry. The concept of residua fuels is therefore limited to the power generation industry
and for marine propulsions only.

Generation cost from fuel oil power plants could be pegged at alow figure of about Rs. 3.50 per
KW hr. of energy. Such generation costsis considering into effect all variableslike furnace oil cost, lube
oil cost, operation and maintenance cost, interest on capital and borrowings, depreciation etc.

The crude ail prices, the world over had touched the lowest levels of the decade during the past
two years. One of the fundamental reasons for the liquid fuel captive power plantsin India moving to
diesel engine technology using heavy fuel was the comparatively less volatile nature of pricing of the
heavy fud like furnace oil, LSHS and residual fuels over the past decade. The past couple of years are
also witness to weakening of the crude oil cartel mainly viathe OPEC nations thus removing albeit by
default monopoalistic nature of the oil pool or the cartel of the select countries that control 80% of
universal oil reserves.

The international benchmark Brent rests at $27-$28 per barrel. It will be strategically worth-
while for countries like Indiato adopt heavy fuel diesel engine technology for power generation for the
medium capacity (up to 150MW range) of the power stations. All the small and medium IPPs ideally
should look to this route to come to best operational economics in terms of low generation cost.

Supply and demand mechanics cannot be achieved by extraneous machinations. They arein fact
a function of free play of the market forces. To move the oil market positively, a better proposition
would be to increase cash inflow by enhanced sales and a better market share. Crude oil producers
working towards such a stratagem will be able to profit in the long run and fulfil the aspirations of their
own populace in terms of improved GDP, per capitaincomes and technological upgradation etc.

Lack of consensus on ail pricing and stock mobilisation generates parallel monopolistic alliances
of oil exporters, bordering on opportunism. The aim of thisinformal consortium was to bulldoze OPEC
and reduce the crude oil production so as to enable it to fetch higher price. A host of reasons can be
assigned to explain this market pricing structure. A few of these are:

(2) Stock surplusin the global crude oil market.

(2) Low levels of industrial outputs worldwide.

(3) Energy markets effected by the global economic slumps and accompanied by consumption
drops.

Itisinthis perspective that India’s bilateral negotiation for a part barter deal with Iraq for supply
of crude at $7 per barrel should be seen as apositive progress. Therest of the payment will go as counter
trading of wheat of equivalent value to compensate for internationa pricing for the crude. It is such
pricing arrangements that we should welcome in India to control the ballooning oil pool deficit and eke
out positive technology and fuel options.
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2.22.2 FUEL CELL TECHNOLOGY

Fuel cells produce electricity from an electrochemical reaction between hydrogen and oxygen.
Fuel cells are efficient, environmentally benign and reliable for power production. The use of fuel cells
has been demonstrated for stationary/portable power generation and other applications. Ministry of
Non-Conventional Energy Sources (MNES) hastaken up projects on different types of fuel cellsthrough
various organizations. These projects have led to the development of prototypes of fuel cells, materials/
catalysts and components for fuel cell systems. Phosphoric Acid Fuel Cdl (PAFC) stacks have been
developed and demonstrated for decentralized power production. Under a project funded by MNES, a
50 kW (2 x 25 kW) PAFC power plant has been devel oped and tested by BHEL , Hyderabad for distrib-
uted power generation.

Asper part of an R& D project funded by the Government, the SPI C Science Foundation, Chennai,
had developed an improved version of 5 kW Proton Exchange Membrane (PERM) fuel cell module and
successfully demonstrated its use for on-site power generation and vehicular propulsion. Efforts were
on to develop durable ion-exchange membranes and establish performance and reliability of systems.

The Central electrochemical Research Ingtitute (CECRI), Karaikudi has developed a small Mol-
ten Carbonate Fuel Cell (MCFC) stack. The Central Glass and Ceramic Research Institute (CGCRI),
kolkattais developing a1 kW solid Oxide fuel Cell (SOFC) power pack. Under an R& D project funded
by MNES, the Indian Ingtitute of Science (11Sc), Bangalore, will construct a 100-watt liquid-feed solid
polymer electrolyte direct methanol fuel cell (DMFC). The Indian Institute of Technology (I1T), Madras,
Chennai in collaboration with SPIC Science Foundation is also working on a project of Chemical Tech-
nology. BHEL and Indian Institute Of Chemical Technology (II1CT), Hyderabad have developed cata-
lysts and reformers for reformation methanol into hydrogen for fuel cells.

A PEMFC-based uninterrupted power supply (UPS) system to deliver single-phase AC power at
220 volts, 50 Hertz has been developed and demonstrated by SPIC Science Foundation, Chennai. This
system has been sent to Indian Institute of Technology, Madras, Chennai for testing/demonstration.

SPIC Science Foundation has identified a number of polymers under an R& D project and stud-
ied their suitability as electrolytes for fuel cells. Modified nation membranes have been developed for
high temperature applications. By incorporating a suitable reinforcing agent, the mechanical strength of
films of block polymers f polystyrene has been improved. Membranes of up to 100 sg. cm area have
been made.

The National Chemical Laboratory (NCL), Pune, has carried out literature survey on various
types of polymeric membranes for PEMFC and procured important patents and reprints of relevant
work. They have selected suitable monomers and synthetic strategies on the basis of anticipated trans-
port behavior of protons. NCL has also synthesized different proton conducting polymers such as
polyamides, polybenzimidazol es and surfacefictionalized polymers using surface fictionalization. Mem-
brane electrode assemblies (MEAS) for fuel cell stack have been prepared. The fabrication of a proto-
type using MEAs s in progress.

The Indian Institute of Technology, Madras, Chennai and SPIC Science Foundation, Chennai are
jointly implementing a project for optimization of Proton Exchange Membrane Fuel Cell Stack design
using advanced computational techniques. Preliminary modeling work has commenced.

The application of fuel cells has already been demonstrated for small-scale power generation and
for operating an electric vehicle. It is proposed to take up projects and activities related to demonstration
and testing of fuel cell systems in field conditions. Information/date/experience generated on the per-
formance of fuel cellsin field conditions will help in improving the performance of components and
systems for greater reliability. MNES proposes to initiate Technology Mission of Fuel Cells during the
Tenth Plan.
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2.22.3 HYDROGEN ENERGY

Hydrogen is the simplest element. An atom of hydrogen consists of only one proton and one
electron. It's also the most plentiful element in the universe. Despite its simplicity and abundance, hy-
drogen doesn’t occur naturally as a gas on the Earth-it's always combined with other elements. Water,
for example, is a combination of hydrogen and oxygen (H,O). Hydrogen is also found in many organic
compounds, notably the hydrocarbons that make up many of our fuels, such as gasoline, natural gas,
methanol, and propane.

Hydrogen can be separated from hydrocarbons through the application of heat-a process known
asreforming. Currently, most hydrogen is made this way from natural gas. An electrical current can also
be used to separate water into its components of oxygen and hydrogen. This process is known as elec-
trolysis. Some algae and bacteria, using sunlight as their energy source, even give off hydrogen under
certain conditions.

Hydrogen is high in energy, yet an engine that burns pure hydrogen produces almost no pollu-
tion. NASA has used liquid hydrogen since the 1970s to propel the space shuttle and other rockets into
orbit. Hydrogen fuel cells power the shuttle’s electrical systems, producing a clean byproduct-pure wa-
ter, which the crew drinks.

A fuel cell combines hydrogen and oxygen to produce electricity, heat, and water. Fuel cells are
often compared to batteries. Both convert the energy produced by a chemical reaction into usable elec-
tric power. However, the fuel cell will produce electricity aslong as fuel (hydrogen) is supplied, never
losing its charge.

Fuel cellsareapromising technology for use asasource
of heat and electricity for buildings, and as an electrical power
source for electric motors propelling vehicles. Fuel cells oper-
ate best on pure hydrogen. But fuelslike natural gas, methanol,
or even gasoline can be reformed to produce the hydrogen re-
quired for fuel cells. Somefuel cellseven can be fueled directly
with methanol, without using a reformer.

In the future, hydrogen could also join electricity as an
important energy carrier. An energy carrier moves and delivers
energy in a usable form to consumers. Renewable energy
sources, like the sun and wind, can’t produce energy al the
time. But they could, for example, produce electric energy and

hydrogen, which can be stored until it's needed. Hydrogen can Fig. 2.46
also be transported (like electricity) to locations where it is
needed.

2.22.4 HYDROGEN ENERGY TECHNOLOGY (AS A FUEL)

You have learnt in chemistry that hydrogen is acombustible gas. When it burnsit releases | ots of
heat. Water vapour alone is produced. No poisonous gas is produced when hydrogen is burnt. Thenisit
not a good fuel? Why then hydrogen is not used as afuel in our daily life?

There is every chance for explosion when hydrogen is burnt.

Moreover, it is difficult to store hydrogen safely. Attempts are being made to burn hydrogen in
small measures so as to reduce the chance of accident. We can expect that, in future, hydrogen will
become a fuel which can be used by anybody. Hydrogen is being used even now as afuel in rockets.

Hydrogen isaclean fuel and efficient energy medium for fuel cells and other devices. Hydrogen
can be produced from water, non-conventional energy sources and from other fuels. Hydrogen could be
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used for abroad range of applications to supplement or substitute the consumption of hydrocarbon fuels
and fossil fuels in an environment friendly manner. The large-scale introduction of hydrogen as a fuel
would reduce the consumption of fossil fuels and keep the air clean and free from pollution. This Min-
istry is supporting research, development and demonstration projects on various aspects of hydrogen
energy including production, storage and utilization of hydrogen as fuel at various research, scientific
and educational institutions, laboratories, universities, and industries.

Hydrogen can be produced from non-conventional energy sources by various methods. Electro-
Iytic, photolytic/photo biological, photo-electrolysis and thermos-chemical hydrogen production tech-
nologies are currently under development and use. The selection of production processes/technologies
will depend on the availability of resource, expertise, infrastructure and economical aspect. The re-
search group at Banaras Hindu University (BHU), Varanasi, carried out studies on semiconductor-septum
solar cellsfor pilot scale production of hydrogen by photo catalytic decomposition of water.

This Government has sanctioned a project Chettiar Research Centre (MCRC), Chennai, for the
production of hydrogen from organic effluents at a pre-commercial level and optimise various param-
etersfor optimal hydrogen production. Photo bioreactors of 0.125 m and 1.25 m have been fabricated at
Nillikuppam. One more reactor of 12.5m capacity is being fabricated by MCRC. For hydrogen produc-
tion, 12 heterotopy bacteria and two phototropic bacteria were isolated from different sources. The
project seeks to demonstrate sustained biological hydrogen production at a pre-commercial level, study
and optimize various parameters and prepare documentation for commercial exploitation of the technol-
ogy for treatment of industrial biological effluents. The research group at BHU, Varanasi, is aso devel-
oping alaboratory scale bio-hydrogen production plant for producting hydrogen form bagasse.

The Indian Institute of Technology (11T), Madras, (Chennai) is engaged in developing a hydro-
gen storage device based on indigenous Mischmetal-based aloys. A hydrogen storage device using
specia SStubes, filter and 100 g of AB aloy has been designed and developed and its working perform-
ance has been studied. Design aspects of alarger hydrogen storage device using special SS tubes, heat
exchanger and flow meter with alloys have been studied. Four Mischmetal-based AB and Ab aloys,
which have reasonable plateau pressure at room temperature, have been used in the hydrogen storage
device.

Another research group at 11T, Madras, Chennai has studied the design aspects of the novel metal
hydride reactors for environment-friendly energy conversion devices. A concept has been devised for
preliminary screening and selection of metal hydrides for specific energy conversion devices. Various
energy conversion systemswith suitable metal hydrides such as Zr-based hydrides and carbon nanotubes
are being analyzed. Transient heat and mass transfer analyses are being done. Design aspect of the
reactor bed are also being studied.

It is proposed to demonstrate and field test 5 hydrogen fueled two-wheelers at BHU, Varanas,
under the MNES-funded project. Each vehicle will require about 2025 kg of hydrogen storage material
to cover adistance of up to 100 km. BHU has synthesized new composite materialsfor storing hydrogen
under this project. Procurement orders have already been placed for the purchase of material and equip-
ment including 5 motorcycles. 1T, Kharagpur, is to design and develop a compressor driven metal
hydride system for cooling and heating applications. The design optimisation of aworking prototype of
1 kW space coolong system based on compressor driven metal hydride systems, using hydrogen as the
working fluid has been completed. Different components including compressors have also been se-
lected.

With MNES support for the development of low polluting hydrogen-diesel dual-fuel engine. 11T,
Delhi has successfully operated an engine (125 KVA) in the hydrogen-diesel dual fuel mode. Different
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parameters have been studied including the engine performance and exhaust emission characteristics of
this system. MNES propose to initiate Technology Mission on Hydrogen Energy during the Tenth Plan.

2.22.5 BATTERY OPERATED VEHICLES

The Ministry of Non-Conventional Energy Sources (MNES) of the Government of Indiaisim-
plementing a programme on Alternative Fuel for Surface Transportation, which focuses on develop-
ment and deployment of battery operated vehicles (BOVs). BOV's are environmentally benign, noise-
free and consume no oil.

The Central Electrochemical Research Institute (CECRI), Karaikudi is developing high-energy
lithium polymer batteries of 1 ah capacity with a life cycle of 350 for vehicular traction. CECRI has
already synthesized and characterized LiCoO cathode active material and completed the optimisation of
polymer electrolyte films and basic cell studies. The charge-discharge studies indicated cell efficiencies
of more than 60%.

The project sanctioned at the Center for Materials for Electronics Technology (C-MET), Pune,
envisages the development of novel route synthesis, characterisation and electrochemical studies on
high quality cathode materials for rechargeable lithium batteries for electric vehicle use. Lithium man-
ganese oxide is one of the cathode materials for lithium batteries. C-MET has developed cathode mate-
rials and characterised by using different characterization techniques. Work isin progress for the devel-
opment of prototype lithium cells and for optimisation of various parameters for the cathode materials
developed so far under this project.

Indian Institute of Science (I1Sc), Bangalore, has assembled and characterised laboratory scale
lithium ion secondary cellsin non-aqueous el ectrolyte with aluminum as anegative electrode and lithium
manganese oxide as the positive electrode. Several carbon samples are used for separation of negative
electrodes and electrochemical characterisation. Commercial lithium cobalt oxide is used for prepara-
tion of positive electrodes and electrochemical characterisation. Discharge capacity of 60-80 mAh/g
has been achieved during along cycle life.

NCL, Pune has synthesized carbonaceous materials based on coconut shell carbon for super
capacitor electrode using various activation methods. The laboratory has prepared activated carbon
using different processing procedures with KOH, ZnCl LiOH and CsOH etc. The BET surface area after
gas phase activation is in the range of 8001000 m/g. The research group has also prepared carbon
composite electrodes using Ru and Ir metal oxides.

I1Sc, Bangalore, is implementing a project entitled ‘ Development of solid electrolyte materials
for electrochemical double layer super capacitors.” The Institute has developed solid polymer electro-
lytes of silicate-salt composites based on sol-gel process for ultra capacitor applications. Capacitance of
300400 Farad per gram of the material developed has been achieved. Polyacrilonitrile-based solid
electrolytes have been devel oped and capacitances of the order of afew hundreds of Farads achieved. A
number of solid electrolyte systems would be investigated for super capacitor applications. The CECRI
at Karaikudi is implementing a project to develop conducting polymer based super capacitors. The
Ingtitute has fabricated and characterized n-type and p-type conducting polymer composite electrodes
for super capacitor use. It is in the process of assembling and analyzing a model super capacitor to
achieve higher performance.

The Nimbkar Agricultural Research Institute (NARI) at Phaltan, under another project, devel-
oped and demonstrated the operation of 20 battery-assisted cycle rickshaws in Maharasthra. Encour-
aged with the performance, NARI plans to develop and deploy more such passenger rickshaws. The
Ministry sanctioned a pilot project to M/s Scooters India Limited (SIL), Lucknow and M/s Mahindra
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Eco Mobiles Limited, Mumbai, for demonstration of 300 numbers of battery operated three wheelers
(BOTWSs) in Agraand other cities. 250 BOTWs are already operating in Agra, Allahabad, Ahmedabad,
Delhi, Kolkata, Lucknow and Pune for demonstration, awareness, promotion and generating perform-
ance data of the vehiclesin field conditions.

The Ministry broadened the scope for the demonstration programme on BOV'sin the year 2002—
2003 to cover battery operated passenger three wheelers and battery operated passenger cars, besides
the battery operated buses/minibuses. This programme provided subsidy on the purchase of these types
of indigenously manufactured vehicles through the Nodal Agencies and Departments in the States and
Union Territories. MNES propose to initiate Technology Mission on Battery Operated Electric Vehicles
during the Tenth Plan.

2.22.6 BIO FUEL TECHNOLOGY

Conservation of imported petroleum products and environmental pollution are the two important
issues of concern today in the country. Thus, there is a need to search for aternate fuels to petrol and
diesel for use in automobiles and diesel engines. Ethanol, currently used mainly as a raw material for
chemical industries, in medicines and for potable purposes, is being increasingly looked upon as a
potential fuel for powering automobiles. When used in blends with gasoline, ehanol enhances the com-
bustion of gasoline due to oxygen molecules resulting in a more efficient burn and reduced emissions.
Other potential bio fuels are edible and non-edible oils such as Jatropha curcas, Karanje, honge, etc.
Recent developments taken place world over have made the use of ethanol petrol blend and biodiesel
interesting new alternatives for conventional, unmodified diesel vehicles.

Development of technology for the production of ethanol from different routes, converting dif-
ferent non-edible oils to bio-diesel, developing kitsymodified engines capable of using biofuels with
10% and more blends are some of the attempts being made by the Ministry to reduce the use of imported
petroleum products in automobiles. Recently a policy analytical study has been carried out by the Min-
istry for drafting along-term policy on biofuels. A shot loan scheme based on interest subsidies has been
introduced during the current financial year for the producers of ethanol and other biofuels and the
manufacturers of modified engines and kits enable to use biofuels. A research and devel opment project
has been sanctioned to Andhra University to develop agua-porthole and develop the specifications of
the engines enable to use the fuel thus developed. Efforts are being made to take up a demonstration
project on the tria run of diesel vehicles with bio-diesel in collaboration with some oil company and
manufacturers of diesel vehicles followed by launching of a Technology Mission on biofuels.

2.22.7 HYDROELECTRIC POWER

Flowing water creates energy that can be captured
and turned into electricity. This is called hydroelectric
power or hydropower.

Themost common type of hydroel ectric power plant
uses a dam on ariver to store water in a reservoir. Water
released from the reservoir flows through a turbine, spin-
ning it, which in turn activates a generator to produce el ec-
tricity. But hydroel ectric power doesn’t necessarily require
a large dam. Some hydroelectric power plants just use a
small cand to channel the river water through aturbine.
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Another type of hydroelectric power plant- called a pumped storage plant can even store power.
The power is sent from a power grid into the electric generators. The generators then spin the turbines
backward, which causes the turbinesto pump water from ariver or lower reservoir to an upper reservaoir,
where the power is stored. To use the power, the water is released from the upper reservoir back down
into the river or lower reservoir. This spins the turbines forward, activating the generators to produce
electricity. A small or micro-hydroelectric power system can produce enough electricity for a home,
farm, or ranch.

2.22.8 INNOVATIVE HEAT EXCHANGER TO SAVE ENERGY

Energy savesis Energy produced is not just a cliché but in-thing in most of the industries of the
world. Heat Exchanger is one such device that conserves the use of energy resources like cod, ail, gas
etc. It has the potential to bring the Indian fertilizer industry at par with the most efficient fertilizer
industries of the world.

State-of -the-art-production developed by the Department of Chemical Engineering, 11T, Delhi,
the pilot plant facility of the Innovative Heat Exchanger. The cost of the pilot project is Rs. 2.46 crores
which took three years of research and design to materialize.

Heat exchangers contribute to about 25 percent of the equipment installed in fertilizer industry.
Presently, shell and tube heat exchangers, plate type exchangers and helical pipe exchangers are in
practice in the process industries. Fertilizer plants are highly energy intensive and 70-80 percent of the
total production cost of fertilizer is spent on energy alone.

Thefertilizer industry made alankmark 11.20 million tons production during 1996-97, compris-
ing of about 8.38 million tons of nitrogenous fertilizer and 2.82 million tons of phosphatic fertilier.
Today, the industry is not only an essential link in the food chain, but also has made its impact on the
national economy. Plant designers continue to design and build ammonia plants with lower energy
consumption. This has resulted in reduction of energy consumption from the earlier levelsof 16-18 Giga
CaloriesMatric Tonnes to the present levels of 7.5-8.0 G Cal/MT of ammoniafor Naptha based plants.

Energy conservation measures in Fertilizer industries have gained importance in the recent past
and al new plants are constructed with the latest concept of low energy consumption. The theoretical
thermodynamic heat requirement for ammonia production isabout 4.47 GCal/MT, as against the current
average consumption of 8 GCal/MT is lot in cooling water or ambient air through stack or radiation
losses., though all processes will have some losses of energy from the system, the potential to reducethe
energy consumption is sustantial.

The innovative heat exchanger consists of flatter velocity profiles and lower temperature gradi-
ent, which improves its performance, reduces residence time and thermal time distributions can be
obtained by increasing the mixing between the fluid elements of different age groups and temperatures.
Innovative Heat Exchanger also finds extensive use owing to the cross-sectional mixing induced by
centrifugal force. Uniform thermal environment is an extremely desirous factor for the improved per-
formance of any heat exchanger.

The idea of the innovative heat exchanger is based on the concept of centrifugal force. In the
present device technique has been innovated for the effective utilization of the centrifuga force to
advantage. The flow generated in this device due to curvature of a stationary surface bounding the flow
changes direction continuously causing alocal deflection of the velocity vector. This resultsin complex
secondary flows, which is one of the principal features of fluid flow in this device. The new, flow
geometry is capable of rotating the plane of vortex formation by any angle thereby exploiting the
advantage of centrifugal force. The occurrence of this phenomenon increases mixing between the fluid
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elements of different age groups and temperatures. This leadsto considerable increase in the heat trans-
fer coefficient.

After the technical discussion with the management and technical group in fertilizer industry,
various potential areas where this innovative heat exchanger can replace the existing heat exchangers
were identified. Some of which are: In Ammonia plants: Methanator feed preheater, CO, strip reboil/
shift effluent coolers feed gas, CO, stripper overhead trim cooler, Lean-solution Cooler (Air cooler),
CO, stripper condenser air cooler, CO, gector steam generator, CO, gjector steam reboiler, NH; refrig-
eration condenser, Lean solution/BFW exchanger and in the Urea plants: Distillation pre-heater, HP
hydrolyser preheater and Distillation tower reboiler.

There is 15-20 percent improvement in heat transfer with 60—70 percent reduction in the ex-
changer area as compared to shell and tube heat exchanger. This device has two-fold advantage of
intensifying the convective transfer processes (i.e., increase heat and masstransfer coefficients) and also
provide increased transfer area per unit volume of space. It offers higher film-coefficient (i.e., therate at
which heat is transferred through a wall from one fluid to another) and more effective use of available
pressure drop result in efficient and less expensive designs. The Innovative Heat Exchanger geometry
permits handling of high temperatures and extreme temperature differential swithout high-induced stresses
or costly expansion joints. The compact size provides a distinct benefit and ease of fabrication and its
performance is substantially closer to plug flow system.

It can, not only work as a heat exchanger but also as inline mixer, separation devices and in
chemical reactors. It hasavariety of applications: in coiled membranes blood oxygenators, kidney dialy-
sis devices due to their effectiveness in reducing concentration polarization, chemical reactors due to
increased residence time and minimized axia dispersion, heat exchangers, cryogenic systems, bio-sen-
sors, clean steam generators, natural gas heaters, freeze condensers, chromato graphic columns, sample
coolers and room hesaters.

(( SOLVED EXAMPLES D

Example 1. A nuclear fission reaction power plant converts energy in matter to electrical energy
by following energy chain
Energy in Thermal Mechanical Electrical
Matter - Energy - Energy - Energy
Neglecting losses, how much matter is converted into electrical energy per day by a 10 mwW
power plant ?
Solution. Matter converted = Electrical Energy delivered
Energy delivered = Power x Time
E. = (10 mW x 10°) x (24 hr x 3600)
= (10’ W) x (8.64 x 10*9)
E,=8.64 x 10"
Electrical energy delivered = Matter converted into energy
Ep = mC?
m, = E/C?
8.64x10™ J

= —————— =96x10%k
(3x10% m/s)? g



110 POWER PLANT ENGINEERING
The dimensional relationship of [E/C?] is

J_ _Nms _N

(m/s)? m? m

Example 2. A turbine generator unit has output of 150 mW and efficiency of 0.80. Calculate
energy supplied per hours by steam generator.

Solution. Output of turbine generator = 150 mwW

& =kg.

: 150
Input to turbine = 08 =187.5mwW

Energy input for 1 hour operation
=187.5 (mW) x 1 (hr) = 187.5 mW-hr
1mW hr=3.6x10°J
187.5 mW hr = 675 x 10° J.

Example 3. A 100 mW geothermal power plant is operated for 11 monthsin a year. 1 month is
for maintenance shutdown. The cost of electrical energy supplied is Rs. 2.5/- per KW-hr. Calculate the
total earning by the power plant neglecting losses.

Solution. Total hours = (24 hr) x (30 days) x (11 months) = 7920 hrs
Total energy generated = MW x hr

=100 x 7920 = 7920 x 100 mW hr = 792 x 10° kW hr
Total cost of energy sold

=KkW hr x Rs. x KW hr = 792 x 10° x 2.5 Rs.

= Rs. 1980000.00.

Example 4. Calculate annual requirement of lignite (fuel) for a thermal power plant rated 2000
mW under following conditions.

Plant rating 2000 mw,
Energy Delivered

Annual load factor = - =05
! Rated power x Total hoursin year

Electrical power output
Thermal power input

Plant efficiency = =025
I in fuel
Useful energyin fue 07

ility f f fuel = =
Utility factor of fuel Availableenergy in fuel

Available energy density in coal = 14 mJ/kg.
Solution. Total energy delivered in year
(MW hr), = Rated power x Hours x Load factor hoursin year
=365 x 24 = 8760 hrs
(mW hr), = 2000 x 8760 x 0.5 = 8760000
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Electrical energy output

Thermal energy input =

Plant efficiency
_ 8700000 _ 35040000 (mW h
025 (mv i),

Thermal energy input to plant for one year = 35040000 (mW hr),
Lignite input to plant for one year

_ (mW hr),
~ (Useful mW/kg) in lignite

Useful energy in fuel per kg = Available energy in fuel x Ultility factor
= (14 mJkg) x 0.7 =9.8 mJkg

Lignite input per year = 35040000 (mW hr),

Conversion factor:

1mW hr=1mW x 3600 s = 3600 mW.s = 3600 mJ

o _ 3600
Lignite required per year = 35040000 x 98

=1.287 x 10'% kg = 12870 x 10° kg
Since (1 MT = 1000 kg) = 12870 x 10° M T.

Example 5. The incident beam of sunlight has power density of 0.9 KW/n? in the direction of the
beam. The angle of incidence 6is 60°. Calculate power collected by the surface having total flat area of
100 n?.

Fig. 2.48.
Solution. Equivalent solar power falling on the surface S
Py (Watts) = I, (W/m?) x A (m?)
Iy (KW/m?) = Ibn . cos 0
= (0.9 x 10% x 0.5 W/m? = 4.5 x 10> W/m?
Py (KW) = (0.45 x 10% W/m?) x 100 m? = 0.45 x 10° W = 0.045 mW.

Example 6. When a photovoltaic cell is exposed to solar insulation of 950 W/n?, the short circuit
current is 220 A/m? both based on a unit area of the exposed junction. The open circuit voltage is 0.60
V and the temperature is 300 K. Calculate



112 POWER PLANT ENGINEERING

(a) reversed saturation current

(b) the voltage that maximizes the power

(c) the load current that maximizes the power

(d) the maximum power

(e) the maximum conversion efficiency

(f) the cell area for an output of 1 kW at the condition of maximum power.

Iy . 220
A 1.193x10%

} I./A ev..O
Solution. S —ex ac—_1=1.193x 10 =1.8x10° A/m?
P HkT H

lo/A

The voltage Vm, that maximizes the power is given by

eV OO0 VO lg/ A

mp m - _

exp —0 O+ O=1+

pDkTED KT O lo/ A
Vop = 052V

Imo _ /KT Hls oD _ 510 ppy
A 1-eVy/kT DA AR

pmax DI”’PD 2
—= = —0O V., = 109 W/m
A pAg ™
_ Bua/A _ 109 _
Nimax = P /A =950 - 11.5%
I:)outrequired 1000
A= = =917 m?

P /A 109

Example 7. Estimate the average daily global radiation on a horizontal surface at Ahmedabad
(22°00’ N 73°10'E) during the month of April. If the average sunshine hours per day are 10. Assume a
= 0.28 and b=0.48.

Solution. Let

| = Solar constant = 4870.8 kJ/m?.hr

H, = Daily global radiation on am? horizontal surface at the location on a clear sky day in the
month H, is calculated from as

24 360 . : NS
Ho= 1 s %+0.033003%n(sma.sms+cosa.coss.sms)H

Hgy = Daily global radiation (monthly average) for a horizontal surface at the location is calcu-
lated by using value of H,, a, b as

0L, O )
Hq=Hqa+ b —0OkJm-. day
ObmO
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The L;, are hours per day (average of the month)
L., are maximum day hoursin the month.

a, b are Angstrom’s constants.

Angle of declination , from above Eqgn.

. [860 O
0=2345sn 284 +n
s ¢ =
For April 15, niscalculated as:
Jan. Feb. March April =n
31+ 28 + 31 + 15 =105

60
=23.45sin % (389)5

=23.45sin 383.67 = 2345 x 0.4=9.41°
From above Eqgn. sunshine hour angle w
Wy =cos™ (—tan @ . tand)
=cos? (—tan 22° . tan 9.41°)
= cos? (0.40 x 0.61) = cos™ (0.064)

=86.33°
ws is converted from degrees to radians. 180° = Ttradians
86.33° = % x 1= 1.507 rad

2
Maximum length L, = 5 % 86.33° hours = 11.51 hours
L;, = 10 hours (given). Now H, as

H —%I +0033cos360anmS SN @.sind +cos @ . cosd . CoS wy)
_ﬂxﬁl ' 3655_-[)50)5' * P

(o)
Substituting above calculated values, we get
=37210[1 + 0.033 cos (360/365) x 105] x (1.507 sin 22°. sin 9.41 + cos 22° . c0s9.41 . sin 86.3)
=37210[1 + 0.033 x (- 0.23) x 1.507 x 0.375 x 0.16 + 0.93 x 0.987 x 0.998]
= 37210 [1.0076 x (0.09 + 0.916)]
Ho = 37210(1.09) = 40559 kJm? day

0 . O 0
H,=H, ®*+b0—m
g g Obm 0

= 40559 [0.28 + 0.48 (10/11.51)]
= 40559 x 0.697 = 28270 kJ/m day
Average global radiation per day in April = 28270 kg/m? day.
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Example 8. Calculate the day length on a horizontal surface at New Delhi (28°35’N, 77°12' E)
on December 1.

Solution. Day length = (2/15) cos*(—tan @ . tan d)

2
Day length = 1 cos ! [-tan 28.58° tan (— 22.11°)]

=10.30 h.

Example 9. Determine solar time corresponding to 1430 h (I1ST) at Bombay (190°07’ N, 72°51’
E) on July 1. In India standard time is based on 82.50° E.

Solution. Solar time = 1430 h — 4(82.50 — 72.85) minutes + (— 4 minutes)
= 1430 h — 38.6 minutes — 4 minutes
= 1347 h.
Example 10. A 100 mW vapour-dominated system uses saturated steam from a well with a shut-
off pressure of 28 bar. Seam enters the turbine at 5.5 bar and condenses at 0.15 bar. The turbine
polytropic efficiency is 0.82 and the turbine-generator combined mechanical efficiency is 0.9. The cool-

ing tower exist is at 20°C. Calculate the necessary steam flow, the cooling water flow and the plant
efficiency and heat rate if reinjection occurs prior to cooling tower.

Solution.
Ea® ~
1y — |
S.T.

‘5 \

- i Direct ;
Cooling Steam-jet

Tower Contact Ejector

Condenser

Ground i Condenser Pump

b
i

Rejector Well Alternate
Rejectors

Fig. 2.49. Vapour-dominated Power Plant.

Fig. 2.50. T-s Diagram.
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he = hy at 28 bar = 2801.7 kJ/kg
h, a 5.5 bar = 2801.7 kJ/kg
t; = 176°C (20°C superheat)
s, = 6.897 kJkg-K
v, = 0.356 m¥kg
Sy at 0.15 bar = s, = 6.897 = 0.7327 + X, (7.306)
Xos = 0.8437
h,s = 218.7 + 0.8437 (2377.24)
= 2224.38 kJkg
Isentropic work = h; —h,, ¢
=2801.7 — 2224.38 = 577.32 kJkg
Actual turbine work = 0.82 x 577.32 = 473.4 kJkg.
h, =h; — W,
= 2801.7 — 473.4 = 2328.3 kJkg
Ignoring pump work
h; = h, = 218.7 kJkg
hs = h; a 20°C = 88.5 kJkg
100x10°

Turbi flow= ————— =234.7k
urbine steam flow (4734%09) 34.7 kg/s

= 0.845 x 10° kg/hr
Turbine volume flow = (0.845 x 10° x v;) /60
= (0.845 x 10° x 0.356)/60
=5013.4 m*min
Cooling water flow to condenser, mg
Mg (N3 —hg) = m, (h, - hy)
m = (2328.3 — 218.7) n?/(218.7 — 88.5)

10°
130.2
=13.7 x 106 kg/hr
Heat added = hy— h,
=2801.7 — 218.7 = 2583 kJkg
Plant efficiency = W x 0.9/ (hg— h,) = (473.4 x 0.9)/2583 = 16.49%

=2109.6 x 0.845 x

3600
Plant h = ——— =21831.4 kJ/kWh.
ant heat rate 0.1649 83 J/

115
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Example 11. A horizontal shaft, propeller type wind-turbine islocated in area having following
wind characteristics :

Foeed of wind 10 mys at 1 atm and 15°C. Calculate the following:
1. Air density p

2. Total power density inwind stream, W/n

3. Maximum possible obtainable power density, W/n?

4. Actual obtainable power density, W/n?

5. Total power from a wind-turbine of 120 mdia.

6. Torque and axial thrust (Na) on the wind-turbine operating at 40 rpm and at maximum effi-
ciency of 42%.
Solution. 1. Air-density of wind

P
We use the equation p = — (1
equation p = &
where P = pressure of air, Pa

T = temperature of air, K

R = gas constant 287 Jkg.k 1 atm
Pressure 1 atm = 1.01325 x 10° Pa
Temperature 15°C = 15 + 273.15=378.15 K
Substituting in Egn. (1)

: . P
Air density p = RT

5

10
i - 3
1.01325 x 87 x 378.15 = 1.226 kg/m".

2. For total power P,
EAt =0.5pV;3 0.5 x 1.226 x 10° = 613 W/m?.
3. Maximum possible power
P% = (8/27)pV;3 = (8/27 x 1) x 1.226 x 10° = 363 W/m?2.

4. Assuming n = 42%
P/IA = 0.42 (P, /A) = 0.42 x 613 = 257 W/m?
5. P =0.257 x D%4 = 0.257 x 11120%/4 = 2906 kW.

2 2
6. Trex = > (PDV{3INY = > [1.20 x 1.226 x 10%/(40/60)]

= 16,347 N.
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Axial thrust (F,) in newtons F, max = (179) pD?V,2 = 179 (1.226 x 120 x 10%)
= 616,255 N.

Example 12. A10 n¥swind is at 1 standard atmosphere and 15°C. Calculate:

1. The total power density in the wind stream.

2. The maximum obtainable power density.

3. A reasonably obtainable power density.

4. Total power produced if the turbine diameter is 120 m.

Solution. The air density,

P
P= R
= (1.01325 x 10°)/[287 (15 + 273)] = 1.226 kg/m°®.
1. Total power density

P _ PV’
A 2
=1.226 x (10)%2 = 613 W/m?3

2. Maximum power density

Pmax _ 8 /3
A T2
= (8/27) x 1.226 x (10)® = 363 W/m>.
3. Assuming n = 40%
Actual power density,

P OR,: O
— =04
A~ 04HaH
= 0.4 x 613 = 245 W/m°.
4. Total power produced,

»_ OPO >

“HaH 4

= 0.245 x 1(120)%/4 = 2770 KW.
Example 13. A 10 metre diameter rotor has 30 blades, each 0.25 metre wide. Calculate its

solidity.

Solution. Solidity = [(No. of blade x width)/(1t x dia of rotor)] x 100 in %
Given that
Number of blade = 30
Width=0.25m
Diameter of rotor = 10 m
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Putting al the values, we get
Solidity = [(30 x 0.25)/( tx 10)] x 100 in %
=24%.

Example 14. A 5 metre diameter rotor is rotating at 15 revolutions per minute (rpm) and the
wind speed is 3 nVs, calculate tip speed ratio of the rotor.

Solution. Tip speed ratio = [(11 x dia of rotor x revolution per sec)/ Wind speed]

Given that;

Diameter of rotor =5m

Revolution = 15 RPM = 15/60 = 0.25 revolution per second

Wind speed = 3 m/sec

Tip speed ratio = [(Tt1x 5 x 0.25)/ 3] = 1.3

Tip speed ratio = 1.3.

Example 15. Ocean wave on the coast of Tamil Nadu, India were with following data :

Amplitude 1 m, Period 6 s. Calculate the following:

Wavelength, velocity, energy density, density, power extracted from a wave of 10.0 m with a
power density, energy in 100 m wide wave. Assume density of ocean water as 1000 kg/m?®.

Solution. For ocean wave;
Wavelength (A\) = 1.56 T2 m
In this example A = 1.56 T? = 1.56 x 62 = 56.16 m
Wave velocity, ¢ = Wavelength(A)/Period (T) =56.6/6 = 9.36 m/s
Frequency, f = /T = 1/6 s = 0.1667
Surface energy density
E/A=1/2.D. a%.gJm?=1.2 x 1000 x 1 x 9.81 Jm?
= 4.905 x 1000 J/m?.
Energy in 100 m wide wave
Area A = Wavelength (A) x Width (W) =56.16 x 100 m.
Energy = E/Ax A
= (4.905 x 1000) x (56.16 x 100)
= 275.46 x 100000 J = 27.546 J.
Power = E xf W
=27.546 x 10° x (1/6) = 4.56 x 10 W.
Power density = P/A
= (4.56 x 10%)/(56.16 x 100)
= 256.08 x 10° W/m
= 25.60 kW/m?.
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THEORETICAL QUESTIONS

1. List various type of source of energy.
2. List the advantage of liquid fuel.
3. Write short notes on non-conventional energy.
4. Write short notes on petroleum.
5. Describe biofuels technology.
6. Write short notes on geothermal energy.
7. What istidal energy and write the source of tidal energy ?
8. Briefly describe about ocean energy.
9. What is Wind energy and wind mill system ?
10. Write short note on biogas plant.
11. What are the features of biomass energy and describe what is the source of biomass?
12. What is solar cell technologies ?
13. Write down working of solar cells.
14. Write short notes on water heater.
15. Write short notes on box type solar cooker.
16. Write short notes on nuclear energy generation.
17. Write down properties and formation of coal.



Chapter 3

Power Plant Economics and Variable

Load Problem

43.1 TERMS AND FACTORS —

The main terms and factors are as follows;

1. Load Factor

It isdefined as theratio of the average load to the peak load during a certain prescribed period of
time. The load factor of a power plant should be high so that the total capacity of the plant is utilized for
the maximum period that will result in lower cost of the electricity being generated. It isawayslessthan
unity.

High load factor isadesirable quality. Higher load factor means greater average load, resulting in
greater number of power units generated for a given maximum demand. Thus, the fixed cost, which is
proportional to the maximum demand, can be distributed over a greater number of units (kWh) supplied.
Thiswill lower the overall cost of the supply of electric energy.

2. Utility Factor

It istheratio of the units of electricity generated per year to the capacity of the plant installed in
the station. It can aso be defined as the ratio of maximum demand of a plant to the rated capacity of the
plant. Supposing the rated capacity of a plant is 200 mW. The maximum load on the plant is 100 mW at
load factor of 80 per cent, then the utility will be

= (100 x 0.8)/(200) = 40%

3. Plant Operating Factor

Itistheratio of the duration during which the plant isin actual service, to thetotal duration of the
period of time considered.

4. Plant Capacity Factor

It is the ratio of the average loads on a machine or equipment to the rating of the machine or
equipment, for a certain period of time considered.

Since the load and diversity factors are not involved with ‘ reserve capacity’ of the power plant, a
factor is needed which will measure the reserve, likewise the degree of utilization of the installed equip-
ment. For this, the factor “Plant factor, Capacity factor or Plant Capacity factor” is defined as,

Plant Capacity Factor = (Actua kWh Produced)/(Maximum Possible Energy that might have

produced during the same period)
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Thus the annual plant capacity factor will be,
= (Annua kWh produced)/[Plant capacity (kW) x hours of the year]
The difference between load and capacity factorsis an indication of reserve capacity.

5. Demand Factor

The actual maximum demand of a consumer is always less than his connected load since all the
appliances in his residence will not be in operation at the same time or to their fullest extent. Thisratio
of' the maximum demand of a system to its connected load is termed as demand factor. It is aways less
than unity.

6. Diversity Factor

Supposing there is a group of consumers. It is known from experience that the maximum de-
mands of the individual consumers will not occur at one time. The ratio of the sum of the individual
maximum demands to the maximum demand of the total group isknown as diversity factor. It isaways
greater than unity.

High diversity factor (whichisaways greater than unity) is also adesirable quality. With agiven
number of consumers, higher the value of diversity factor, lower will be the maximum demand on the
plant, since,

Diversity factor = Sum of the individual maximum Demands/Maximum demand of the total
group
So, the capacity of the plant will be smaller, resulting in fixed charges.

7. Load Curve

It is a curve showing the variation of power with time. It shows the value of a specific load for
each unit of the period covered. The unit of time considered may be hour, days, weeks, months or years.

8. Load Duration Curve

It isthe curve for a plant showing the total time within a specified period, during which the load
equaled or exceeded the values shown.
9. Dump Power

Thistermis used in hydro plants and it shows the power in excess of the load requirements and
it is made available by surplus water.
10. Firm Power

It is the power, which should aways be available even under emergency conditions.

11. Prime Power

It is power, may be mechanical, hydraulic or thermal that is always available for conversion into
electric power.
12. Cold Reserve

It is that reserve generating capacity which is not in operation but can be made available for
service.
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13. Hot Reserve
It isthat reserve generating capacity which isin operation but not in service.

14. Spinning Reserve
It isthat reserve generating capacity which is connected to the bus and is ready to take the load.

15. Plant Use Factor

This is a modification of Plant Capacity factor in that only the actual number of hours that the
plant was in operation is used. Thus Annua Plant Use factor is,

= (Annua kWh produced) / [Plant capacity (kW) x number of hours of plant operation]

43.2 FACTOR EFFECTING POWER PLANT DESIGN —

Following are the factor effecting while designing a power plant.
(1) Location of power plant

(2) Availability of water in power plant

(3) Availability of labour nearer to power plant

(4) Land cost of power plant

(5) Low operating cost

(6) Low maintenance cost

(7) Low cost of energy generation

(8) Low capital cost

43.3 EFFECT OF POWER PLANT TYPE ON COSTS—

The cost of apower plant depends upon, when a new power plant isto set up or an existing plant
isto be replaced or plant to be extended. The cost analysis includes

1. Fixed Cost
It includes Initia cost of the plant, Rate of interest, Depreciation cost, Taxes, and Insurance.
2. Operational Cost

It includes Fuel cost, Operating labour cost, Maintenance cost, Supplies, Supervision, Operating
taxes.

3.3.1 INITIAL COST

Theinitial cost of a power station includes the following:
1. Land cost

2. Building cost

3. Equipment cost

4. Installation cost

5. Overhead charges, which will include the transportation cost, stores and storekeeping charges,
interest during construction etc.
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To reduce the cost of building, it is desirable to eliminate the superstructure over the boiler house
and as far as possible on turbine house also.

Adopting unit system where one boiler is used for one turbogenerator can reduce the cost on
equipment. Also by simplifying the piping system and elimination of duplicate system such as steam
headers and boiler feed headers. Eliminating duplicate or stand-by auxiliaries can further reduce the
cost.

When the power plant is not situated in the proximity to the load served, the cost of a primary
distribution system will be a part of the initial investment.

3.3.2 RATE OF INTEREST

All enterprises need investment of money and this money may be obtained as loan, through
bonds and shares or from owners of personal funds. Interest is the difference between money borrowed
and money returned. It may be charged at a simple rate expressed as % per annum or may be com-
pounded, in which case the interest isreinvested and adds to the principal, thereby earning more interest
in subsequent years. Even if the owner invests his own capital the charge of interest is necessary to cover
the income that he would have derived from it through an aternative investment or fixed deposit with a
bank. Amortization in the periodic repayment of the principal as a uniform annual expense.

3.3.3 DEPRECIATION

Depreciation accounts for the deterioration of the equipment and decrease in its value due to
corrosion, weathering and wear and tear with use. It also covers the decrease in value of equipment due
to obsolescence. With rapid improvements in design and construction of plants, obsolescence factor is
of enormous importance. Availability of better models with lesser overall cost of generation makes it
imperative to replace the old equipment earlier than its useful life is spent. The actual life span of the
plant has, therefore, to be taken as shorter than what would be normally expected out of it.

The following methods are used to cal culate the depreciation cost:
(2) Straight line method

(2) Percentage method

(3) Sinking fund method

(4) Unit method.

Straight Line Method. It isthe simplest and commonly used method. The life of the equipment
or the enterpriseisfirst assessed as a so the residual or salvage value of the same after the estimated life
span. Thissalvage value is deducted from the initial capital cost and the balance is divided by thelife as
assessed in years. Thus, the annual value of decrease in cost of equipment is found and is set aside as
depreciation annually from the income. Thus, the rate of depreciation is uniform throughout the life of
the equipment. By the time the equipment has lived out its useful life, an amount equivalent to its net
cost is accumulated which can be utilized for replacement of the plant.

Per centage M ethod. In this method the deterioration in value of equipment from year to year is
taken into account and the amount of depreciation cal culated upon actual residual value for each year. It
thus, reduces for successive years.

Sinking Fund Method. This method is based on the conception that the annual uniform deduc-
tion from income for depreciation will accumulate to the capital value of the plant at the end of life of the
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plant or equipment. In this method, the amount set aside per year consists of annual installments and the
interest earned on al the installments.

Let,
A = Amount set aside at the end of each year for n years.
n = Life of plant in years.
S = Salvage value at the end of plant life.
i = Annual rate of compound interest on the invested capital.
P = Initia investment to install the plant.
Then, amount set aside at the end of first year = A
Amount at the end of second year
=A+intereston A=A +Ai=A(1+1i)
Amount at the end of third year
=A(1+i) +intereston A(1 +1i)
=A@ +i)+A@ +i)i
=A+i)?
Amount at the end of nthyear = A1 +i)"-1
Total amount accumulated in n years (say X)
= sum of the amounts accumulated in n years

ie., X=A+AlL+i)+AQ+i)?+. ... +A@+i)"?
SA[L+@A+D)+@A+i) 2+ (L)Y (1)
Multiplying the above equation by (1 + i), we get
XL+D)=A[A+D)+@+i)2+@+i)3+....+@Q+DT ..(2)

Subtracting equation (1) from (2), we get
xi=[@+D)"-1 A
x=[{(1+i)"=1}/i]A, wherex= (P-9)
P-S=[{@+)"-1}i]A
A=P-9[i{@L+)"-1}]A
Unit Method. In this method some factor is taken as a standard one and, depreciation is meas-
ured by that standard. In place of years equipment will last, the number of hours that equipment will last
is calculated. This total number of hours is then divided by the capital value of the equipment. This
constant isthen multiplied by the number of actual working hours each year to get the value of deprecia-

tion for that year. In place of number of hours, the number of units of production is taken as the measur-
ing standard.

3.3.4 OPERATIONAL COSTS

The elements that make up the operating expenditure of a power plant include the following
(2) Cost of fuels.

(2) Labour cost.

(3) Cost of maintenance and repairs.
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(4) Cost of stores (other than fuel).
(5) Supervision.
(6) Taxes.

3.3.5 COST OF FUELS

In athermal station fuel is the heaviest item of operating cost. The selection of the fuel and the
maximum economy in its use are, therefore, very important considerations in thermal plant design. It is
desirable to achieve the highest thermal efficiency for the plant so that fuel charges are reduced. The
cost of fuel includes not only its price at the site of purchase but its transportation and handling costs
also. In the hydro plants the absence of fuel factor in cost is responsible for lowering the operating cost.
Plant heat rate can be improved by the use of better quality of fuel or by employing better thermody-
namic conditionsin the plant design.

The cost of fuel varies with the following:

(2) Unit price of the fuel.

(2) Amount of energy produced.

(3) Efficiency of the plant.

3.3.6 LABOUR COST

For plant operation labour cost is another item of operating cost. Maximum labour isneeded in a
therma power plant using. Coal as a fuel. A hydraulic power plant or a diesel power plant of equal
capacity requires a lesser number of persons. In case of automatic power station the cost of labour is
reduced to a great extent. However labour cost cannot be completely eliminated even with fully auto-
matic station, as they will still require some manpower for periodic inspection etc.

3.3.7 COST OF MAINTENANCE AND REPAIRS

In order to avoid plant breakdowns maintenance is necessary. Maintenance includes periodic
cleaning, greasing, adjustments and overhauling of equipment. The material used for maintenance is
also charged under this head. Sometimes an arbitrary percentage is assumed as maintenance cost. A
good plan of maintenance would keep the sets in dependable condition and avoid the necessity of too
many stand-by plants.

Repairs are necessitated when the plant breaks down or stops due to faults developing in the
mechanism. The repairs may be minor, major or periodic overhauls and are charged to the depreciation
fund of the equipment. Thisitem of cost is higher for thermal plants than for hydro-plants due to com-
plex nature of principal equipment and auxiliaries in the former.

3.3.8 COST OF STORES

Theitems of consumable stores other than fuel include such articlesaslubricating oil and greases,
cotton waste, small tools, chemicals, paints and such other things. The incidence of this cost is also
higher in thermal stations than in hydro-electric power stations.
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3.3.9 SUPERVISION

In this head the salary of supervising staff is included. A good supervision is reflected in lesser
breakdowns and extended plant life. The supervising staff includes the station superintendent, chief
engineer, chemist, engineers, supervisors, stores incharges, purchase officer and other establishment.
Again, thermal stations, particularly coal fed, have a greater incidence of this cost than the hydro-elec-
tric power stations.

3.3.10 TAXES

The taxes under operating head includes the following:
(i) Income tax

(i) Salestax

(iii) Social security and employee’s security etc.

3.4 EFFECT OF PLANT TYPE ON RATES
(TARIFFS OR ENERGY ELEMENT)

Rates are the different methods of charging the consumersfor the consumption of electricity. Itis
desirable to charge the consumer according to his maximum demand (kW) and the energy consumed
(kWh). The tariff chosen should recover the fixed cost, operating cost and profit etc. incurred in gener-
ating the electrical energy.

3.4.1 REQUIREMENTS OF A TARIFF

Tariff should satisfy the following requirements:

(2) It should be easier to understand.

(2) It should provide low rates for high consumption.

(3) It should encourage the consumers having high load factors.

(4) 1t should take into account maximum demand charges and energy charges.

(5) It should provide less charges for power connections than for lighting.

(6) It should avoid the complication of separate wiring and metering connections.

3.4.2 TYPES OF TARIFFS

The various types of tariffs are as follows,

(1) Flat demand rate

(2) Straight line meter rate

(3) Step meter rate

(4) Block rate tariff

(5) Two part tariff

(6) Three part tariff.

The various types of tariffs can be derived from the following general equation:
Y=DX+EZ+C
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where
Y = Total amount of bill for the period considered.
D = Rate per kW of maximum demand.
X = Maximum demand in KW.
E = Energy rate per kW.
Z = Energy consumed in kWh during the given period.
C = Constant amount to be charged from the consumer during each billing period.
Various type of tariffs are as follows:

(2) Flat Demand Rate. It is based on the number of lampsinstalled and a fixed number of hours
of use per month or per year. Therateis expressed asacertain price per lamp or per unit of demand (kW)
of the consumer. This energy rate eliminates the use of metering equipment. It is expressed by the
expression.

N

> x=3 z
7] =
8 X=2 2
g 3
? x=1 ?

—>»Energy Consumed (2) —>»Energy Consumed (Z)
(@) (b)
Fig. 3.1

(2) Straight Line Meter Rate. According to this energy rate the amount to be charged from the
consumer depends upon the energy consumed in kWh which is recorded by a means of akilowatt hour
meter. It is expressed in the form

Y=EZ
This rate suffers from a drawback that a consumer using no energy will not pay any amount

although he has incurred some expense to the power station due to its readiness to serve him. Secondly
since the rate per kWh isfixed, this tariff does not encourage the consumer to use more power.

(3) Step Meter Rate. According to this tariff the charge for energy consumption goes down as
the energy consumption becomes more. This tariff is expressed as follows.

Y =EZ Ifo<Z<A
Y =EZ, IfA<Z,<B
Y =E,Z, IfB<Z,<C

And so on. Where E, E,, E, are the energy rate per kWh and A, B and C, are the limits of energy
consumption.

(4) Block Rate Tariff. According to thistariff acertain price per units (kWh) is charged for all or
any part of block of each unit and for succeeding blocks of energy the corresponding unit charges
decrease.

It is expressed by the expression

Y =EZ +EZy + EgZy + EgZ, + ...
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where E;, E;, E;.... are unit energy charges for energy blocks of magnitude Z,, Z,, Z,,,.... respectively.

I_I

Total Cost (Y) =
Cost/Unit (Y/Z) —»

— Energy consumed Z — Energy consumed (Z)

Step meter rate

—

Total Cost (Y) =
Cost/Unit (Y/Z) —»

—» Energy consumed Z —» Energy consumed (Z)

Step meter rate

Fig. 3.2
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— Energy consumed (Z)

Total Cost (Y) —»
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—>» Energy consumed (Z)

Fig. 3.3
(5) Two Part Tariff (Hopkinson Demand Rate). In thistariff the total charges are based on the
maximum demand and energy consumed. It is expressed as
Y=D.X+EZ
A separate meter is required to record the maximum demand. This tariff is used for industrial
loads.

(6) Three-Part Tariff (Doherty Rate). According to this tariff the customer pays some fixed
amount in addition to the charges for maximum demand and energy consumed. The fixed amount to be
charged depends upon the occasional increasein fuel price, risein wages of labour etc. It isexpressed by
the expression

Y =DX+EZ+C.
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43.5 EFFECT OF PLANT TYPE ON FIXED ELEMENTS —

Various types of fixed element are:

(1) Land

(2) Building

(3) Equipment

(4) Installation of Machine

(5) Design and planning

The fixed element means which are not movable, and for any types of power plant, the fixed

elements play amajor role. Since each cost is added to the final cost of our product (electricity in case of
Power plant). So when a power plant is established, the first selection is fixed element.

Effect of plant on land is as cost of land.

q 3.6 EFFECT OF PLANT TYPE ON CUSTOMER ELEMENTS _

The costs included in these charges depend upon the number of customers. The various costs to
be considered are as follows:

(2) Capital cost of secondary distribution system and depreciation cost, taxes and interest on this
capital cost.

(2) Cost of inspection and maintenance of distribution lines and the transformers.
(3) Cost of labour required for meter reading and office work.
(4) Cost of publicity.

43.7 INVESTOR’'S PROFIT —

If the power plant is the public property, as is the case in India, then the customers will be the
taxpayers to share the burden of the government. For this purpose, there is an item in the rates to cover
taxesin place of the investor’s profit. The consumers in the form of electric consumption bills will pay
these taxes. This amount is collected in twelve installments per year or six installments per year.

The investor expects a satisfactory return on the capital investment. The rate of profit varies
according to the business conditions prevailing in different localities.

Adopting the following economical measures can reduce cost of power generation:

(1) By reducing initial investment in the power plant.

(2) By sdlecting generating units of adequate capacity.

(3) By running the power plant at maximum possible load factor.

(4) By increasing efficiency of fuel burning devices so that cost of fuel used is reduced.

(5) By simplifying the operation of the power plant so that fewer power-operating men are re-
quired.

(6) By installing the power plant as near the load centre as possible.
(7) By reducing transmission and distribution losses.




130 POWER PLANT ENGINEERING

43.8 ECONOMICS IN PLANT SELECTION —

A power plant should be reliable. The capacity of a power plant depends upon the power de-
mand. The capacity of a power plant should be more than predicted maximum demand. It is desirable
that the number of generating units should be two or more than two. The number of generating units
should be so chosen that the plant capacity is used efficiently. Generating cost for large size units run-
ning at high load factor is substantially low. However, the unit has to be operated near its point of
maximum economy for most of the time through a proper load sharing programme. Too many stand bys
increase the capital investment and raise the overall cost of generation.

The thermal efficiency and operating cost of a steam power plant depend upon the steam condi-
tions such as throttle pressure and temperature.

The efficiency of a boiler is maximum at rated capacity. Boiler fitted with heat recovering de-
vices like air preheater, economiser etc. gives efficiency of the order of 90%. But the cost of additional
equipment (air preheater economiser) has to be balanced against gain in operating cost.

Power can be produced at low cost from a hydropower plant provided water is available in large
guantities. The capital cost per unit installed is higher if the quantity of water available is small. While
installing a hydropower plant cost of land, cost of water rights, and civil engineering works cost should
be properly considered as they involve large capital expenditure.

The other factor, which influences the choice of hydropower plant, isthe cost of power transmis-
sion lines and the loss of energy in transmission. The planning, design and construction of a hydro plant
is difficult and takes sufficient time.

The nuclear power plant should be installed in an area having limited conventional power re-
sources. Further anuclear power plant should belocated in aremote or unpopul ated are to avoid damage
due to radioactive leakage during an accident and also the disposal of radioactive waste should be easy
and alarge quantity of water should be available at the site selected. Nuclear power becomes competi-
tive with conventional coal fired steam power plant above the unit size of 500 mW.

The capital cost of anuclear power plant is more than a steam power plant of comparable size.
Nuclear power plants require less space as compared to any other plant of equivalent size. The cost of
maintenance of the plant is high.

The diesel power plant can be easily located at the load centre. The choice of the diesel power
plant depends upon thermodynamic considerations. The engine efficiency improves with compression
ratio but higher pressure necessitates heavier construction of equipment with increased cost. Diesel
power plants are quite suitable for smaller outputs. The gas turbine power plant is also suitable for
smaller outputs. The cost of agasturbine plant isrelatively low. The cost of gas turbine increases as the
sample plant is modified by the inclusion of equipment like regenerator, reheater, and intercooler a-
though there is an improvement in efficiency of the plant by the above equipment. This plant is quite
useful for regions where gaseous fuel is available in large quantities.

In order to meet the variable load the prime movers and generators have to act fairly quickly to
take up or shed load without variation of the voltage or frequency of the system. This requires that
supply of fuel to the prime mover should be carried out by the action of a governor. Diesel and hydro-
power plants are quick to respond to load variation as the control supply isonly for the prime mover. In
a steam power plant control is required for the boilers as well as turbine. Boiler control may be
manual or automatic for feeding air, feed water fuel etc. Boiler control takes time to act and therefore,
steam powers plants cannot take up the variable load quickly. Further to cope with variable load
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operation it is necessary for the power station to keep reserve plant ready to maintain reliability and
continuity of power supply at all times. To supply variable load combined working of power stations
is also economical.

For exampleto supply aload the base |oad may be supplied by asteam power plant and peak load
may be supplied by a hydropower plant or diesel power plant.

The size and number of generating units should be so chosen that each will operate on about full
load or the load at which it gives maximum efficiency. The reserve required would only be one unit of
the largest size. In a power station neither there should be only one generating unit nor should there be
alarge number of small sets of different sizes. In steam power plant generating sets of 80 to 500 m\W are
quite commonly used whereas the maximum size of diesel power plant generating sets is about 4000
kW. Hydro-€electric generating sets up to a capacity of 200 mW arein usein U.SA.

43.9 ECONOMIC OF POWER GENERATION —

Economy isthe main principle of design of apower plant. Power plant economicsisimportant in
controlling the total power costs to the consumer. Power should be supplied to the consumer at the
lowest possible cost per kWh. Thetotal cost of power generation is made up of fixed cost and operating
cost. Fixed cost consists of interest on capital, taxes, insurance and management cost. Operating cost
consists of cost of fuel labour, repairs, stores and supervision. The cost of power generation can be
reduced by,

(i) Selecting equipment of longer life and proper capacities.
(i) Running the power station at high load factor.
(iii) Increasing the efficiency of the power plant.
(iv) Carrying out proper maintenance of power plant equipment to avoid plant breakdowns.

(V) Keeping proper supervision as a good supervision is reflected in lesser breakdowns and ex-
tended plant life.

(vi) Using a plant of simple design that does not need highly skilled personnel.

Power plant selection depends upon the fixed cost and operating cost. The fuel costs are rela
tively low and fixed cost and operation and maintenance charges are quite high in a case of a nuclear
power plant. The fuel cost in quite high in a diesel power plant and for hydro power plant the fixed
charges are high of the order of 70 to 80% of the cost of generation. Fuel is the heaviest items of
operating cost in a steam power station. A typica proportion of generating cost for a steam power
station is as follows :

Fuel cost =30to 40%
Fixed charges for the plant =50 to 60%
Operation and maintenance cost = 5 to 10%

The power generating units should be run at about full load or the load at which they can give
maximum efficiency. The way of deciding the size and number of generating unitsin the power station
is to choose the number of sets to fit the load curve as closely at possible. It is necessary for a power
station to maintain reliability and continuity of power supply at al times. In an electric power plant the
capital cost of the generating equipment’s increases with an increase in efficiency. The benefit of such
increase in the capital investment will be realised in lower fuel costs as the consumption of fuel de-
creases with an increase in cycle efficiency.
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Fig. 3.4 shows the variation of fixed cost and operation cost with investment.
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Fig. 3.5 shows the variation of various costs of power plant versus its capacity.

3.10 INDUSTRIAL PRODUCTION AND POWER GENERATION
COMPARED

Industrial production is directly related to the power generation. Since in India, the major prob-
lem is of electricity. It is not possible to give 24 hr electricity to the industries. And each industria
production is based on power generation, each machine isruns by electricity, so if thereis a problem of
electricity in any industry, then it is directly suffer the total production.

So for run aplant for 24 hr, there is necessary to a power generation unit. And the power genera-
tion unit is of any type (i.e., diesel, steam, gas turbine, etc.), which we learn in next chapters.

—|3.11 LOAD CURVES

The load demand on a power system is governed by the consumers and for a system supplying
industrial and domestic consumers, it varies within wide limits. This variation of load can be considered
as daily, weekly, monthly or yearly. Typical load curves for alarge power system are shownin Fig. 3.6.
These curves are for aday and for a year and these show the load demanded by the consumers at any
particular time. Such load curves are termed as “Chronological load Curves'. If the ordinates of the
chronological load curves are arranged in the descending order of magnitude with the highest ordinates
on left, a new type of load curve known as “load duration curve’ is obtained. Fig. 3.6 shows such a
curve. If any point istaken on this curve then the abscissa of this point will show the number of hours per
year during which the load exceeds the value denoted by its ordinate. Another type of curveisknown as
“energy load curve’ or the “integrated duration curve”. This curve is plotted between the load in kW or
MW and the total energy generated in kWh. If any point is taken on this curve, abscissa of this point
show the total energy in kWh generated at or below the load given by the ordinate of this point. Such a
curveisshownin Fig. 3.6. In Fig. 3.6(b), the lower part of the curve consisting of the loadswhich areto
be supplied for amost the whole number of hoursin ayear, represents the “Base Load”, while the upper
part, comprising loads which are required for relatively few hours per year, represents the “ Peak Load”.
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Fig. 3.6. Chronological Load Curves (a) Daily Load Curve (b) Yearly Load Curve.

43.12 IDEAL AND REALIZED LOAD CURVES —

From the standpoint of equipment needed and operating routine, the ideal 1oad on a power plant
would be one of constant magnitude and steady duration. However, the shape of the actual load curve
(more frequently realized) departs far from thisideal, Fig. 3.7. The cost to produce one unit of electric
power in the former case would be from 1/2 to 3/4 of that for the latter case, when the load does not
remain constant or steady but varies with time. Thisis because of the lower first cost of the equipment
due to simplified control and the elimination of various auxiliaries and regulating devices.

Also, theideal load curve will result in the -improved operating conditions with the various plant
machines (for example turbine and generators etc.) operating at their best efficiency. The reason behind
the shape of the actual realized load curveisthat the various users of electric power (industrial, domestic
etc.) impose highly variable demands upon the capacity of the plant.

§ Peak Load §
i} i}
9 Base Load S
—>»Cumulative Energy
0 4000 80008760 kWh x 1000
—» Time, Hours
Fig. 3.7. Load Duration Curve. Fig. 3.8. Energy Load Curve.

43.14 EFFECT OF VARIABLE LOAD ON POWER PLANT DESIGN _

The characteristics and method of use of power plant equipment is largely influenced by the
extent of variable load on the plant. Supposing the load on the plant increases. This will reduce the
rotational speed of the turbo-generator. The governor will come into action operating a steam valve and
admitting more steam and increasing the turbine speed to its normal value. This increased amount of
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steam will have to be supplied by the seam generation. The governor response from load to turbine is
quite prompt, but after this point, the governing response will be quite slower. Thereason isexplained as
given below:

In most automatic combustion control systems, steam pressure variation is the primary signal
used. The steam generator must operate with unbalance between heat transfer and steam demand long
enough to suffer a dight but definite decrease in steam pressure. The automatic combustion controller
must then increase fuel, air and water flow in the proper amount. This will affect the operation of
practically every component of auxiliary equipment in the plant. Thus, thereisacertain timelag el ement
present in combustion control. Due to this, the combustion control components should be of most effi-
cient design so that they are quick to cope with the variable load demand.

Variable load resultsin fluctuating steam demand. Due to thisit become, very difficult to secure
good combustion since efficient combustion requires the co-ordination of so many various services.
Efficient combustion is readily attained under steady steaming conditions. In diesel and hydro power
plants, the total governing response is prompt since control is needed only for the prime mover.

The variable load requirements also modify the operating characteristics built into equipment.
Due to non-steady load on the plant, the equipment cannot operate at the designed load points. Hence
for the equipment, a flat-topped load efficiency curve is more desirable than a peaked one.

Regarding the plant units, if their number and sizes have been selected to fit a known or a cor-
rectly predicted load curve, then, it may be possible to operate them at or near the point of maximum
efficiency. However, to follow the variable load curve very closely, thetotal plant capacity hasusually to
be sub-divided into severa power units of different sizes. Sometimes, the total plant capacity would
more nearly coincide with the variable load curve, if more units of smaller unit size are employed than a
few units of bigger unit size. Also, it will be possible to load the smaller units somewhere near their most
efficient operating points. However, it must be kept in mind that as the unit size decreases, the initial
cost per kW of capacity increases.

Again, duplicate units may not fit the load curve as closely as units of unequal capacities. How-
ever, if identical units are installed, thereis a saving in the first cost because of the duplication of sizes,
dimensions of pipes, foundations, wires insulations etc. and &l so because spare parts required are less.

q 3.14 EFFECT OF VARIABLE LOAD ON POWER PLANT OPERATION h

In addition to the effect of variable load on power plant design, the variable load conditions
impose operation problems also, when the power plant is commissioned. Even though the availability
for service of the modern central power plants is very high, usually more than 95%, the public utility
plants commonly remain on the “readiness-to-service” bases. Dueto this, they must keep certain of their
reserve capacity in “readiness-to-service”. This capacity is called “ spinning reserve” and represents the
equipment standby at normal operating conditions of pressure, speed etc. Normally, the spinning reserve
should be at least equal to the least unit actively carrying load. This will increase the cost of electric
generation per unit (kWh).

In a steam power plant, the variable load on electric generation ultimately gets reflected on the
variable steam demand on the steam generator and on various other equipments. The operation charac-
teristics of such equipments are not linear with load, so, their operation becomes quite complicated. As
the load on electrical supply systems grow, a number of power plants are interconnected to meet the
load. The load is divided among various power plants to achieve the utmost economy in the whole
system. When the system consists of one base load plant and one or more peak load plants, the load in
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excess of base load plant capacity is dispatched to the best peak system, all of which are nearly equally
efficient, the best load distribution needs thorough study and full knowledge of the system.

([ SOLVED EXAMPLES D

Example 1. Determine the thermal efficiency of a steam power plant and its coal bill per annum
using the following data.

Maximum demand = 24000 kW
Load factor = 40%
Boiler efficiency = 90%
Turbine efficiency = 92%
Coal consumption = 0.87 kg/Unit
Price of coal = Rs. 280 per tonne
Solution.
n = Thermal efficiency
= Boiler efficiency x Turbing efficiency
=0.9x0.92=0.83
Load factor = Average Load/Maximum Demand
Average Load = 0.4 x 24000 = 9600 kW
E = Energy generated in ayear = 9600 x 8760 = 841 x 10° kWh
Cost of coal per year = (E x 0.87 x 280)/1000
= (841 x 10° x 0.87 x 280)/1000
=Rs. 205 % 10°. Ans.

Example 2. The maximum (peak) load on a thermal power plant of 60 m\W capacity is 50 m\W at
an annual load factor of 50%. The loads having maximum demands of 25 mw, 20 mW, 8 m\W and, 5 m\W
are connected to the power station.
Determine: (a) Average load on power station (b) Energy generated per year (c) Demand factor
(d) Diversity factor.
Solution.
(a) Load factor = Average |oad/Maximum demand
Average load = 0.5 x 50 = 25 mW
(b) E = Energy generated per year
= Average load x 8760
=219 x 10° kWh.
(c) Demand factor = Maximum demand/Connected load
=50/(25+20+8+5)=0.86
— M,
(d) Diversity factor = —=
M,
where M, = Sum of individual maximum demands = 25 + 20 + 8 + 5 =58 mW
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M, = Simultaneous maximum demand = 50 mW

58
Diversity factor = 50 " 1.16. Ans

Example 3. In a steam power plant the capital cost of power generation equipment is Rs. 25 x
10°. The useful life of the plant is 30 years and salvage value of the plant to Rs. 1 x 10°. Determine by
sinking fund method the amount to be saved annually for replacement if the rate of annual compound
interest is 6%.

Solution. P = Capital cost = Rs. 20 x 10°
S=Salvagevaue=Rs. 1 x 10°
n = Useful life = 30 years
r = Compound interest
A = Amount to be saved per year for replacement

_ [(P=-9r] _ [(20x10° -1x10°)0.06]
A= {@+r)"-1" {@+0.06)* -1

=Rs. 24,000. Ans.
Example 4. A hydro power plant is to be used as peak load plant at an annual load factor of
30%. The electrical energy obtained during the year is 750 x 10° kWh. Determine the maximum de-
mand. If the plant capacity factor is 24% find reserve capacity of the plant.

Solution.
E = Energy generated = 750 x 105 kWh
(750 x10°)
=——"-= kW
Average load 3760 8560

where 8760 is the number of hoursin year.
Load factor = 30%
M = Maximum demand
Load factor = Average load/Maximum demand

85,600
0.3

C = Capacity of plant

= 28.530 kW

) E
Capecity factor = (Cx8760)
_ (750x10%)
~ (Cx8760)
C = 35,667 kW
Reserve capacity = C — M = 35,667 — 28,530
= 7137 kW. Ans.

0.24
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Example5. A diesel power station has fuel consumption 0.2 kg per KWh. If the calorific value of
the ail is 11,000 kcal per kg determine the overall efficiency of the power station.

Solution. For 1 kWh output
Heat input = 11,000 x 0.2 = 2200 kcal.
Now 1 kWh = 862 kcal.

Output _ 866

Overdl efficiency = ot 5200 =39.2%. Ans.

Example 6. A steam power station hasan installed capacity of 120 MW and a maximum demand
of 100 MW. The coal consumption is 0.4 kg per kwh and cost of coal is Rs. 80 per tonne. The annual
expenses on salary hill of staff and other overhead charges excluding cost of coal are Rs.50 x 10°. The
power station works at a load factor of 0.5 and the capital cost of the power stationisRs. 4 x 10°. If the
rate of interest and depreciation is 10% determine the cost of generating per kWh.

Solution. Maximum demand = 100 mW

Load factor = 0.5

Average load = 100 x 0.5 = 50 MW = 50 x 1000 = 50,000 kW.

Energy produced per year = 50,000 x 8760 = 438 x 10° kWh.

Coal consumption = 438 x 10° x (0.4/1000) = 1752 x 10° tonnes.

Annual Cost

(1) Cost of coa = 1752 x 10° x 80 = Rs. 14,016 x 10°

(2) Sdaries = Rs. 50 x 10°

(3) Interest and depreciation = (10/100) x 4 x 10° = Rs. 4 x 10*

Total cost = Rs. 14,016 x 10° + Rs. 50 x 10° + Rs. 4 x 10*
=Rs. 19,056 x 103

_ F(19,056 x10%)3 y

F———"75 x 100
g (438x10°%) [

Cost of generation per kWh

=435 paise. Ans.

Example 7. Any undertaking consumes 6 x 10° KWh per year and its maximum demand is 2000
KW, It is offered two tariffs.

(a) Rs. 80 per kW of maximum demand plus 3 paise per kWh.
(b) Aflat rate of 6 paise per kWh.

Calculate the annual cost of energy.

Solution.

(a) (According to first tariff the cost of energy)

030
= 2000 x 80 + x 6 x 10°
HiooH

= 160,000 + 180,000 = Rs. 340,000. Ans.
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(b) Cost of energy according to flat rate
g6 0
= x 6 x 10° = Rs. 360,000. Ans.
HiooH

Example 8. Two lamps are to be compared:

(@) Cost of first lamp is Re. 1 and it takes 100 watts.

(b) Cost of second lamp is Rs. 4 and it takes 60 watts.

Both lamps are of equal candlepower and each has a useful life of 100 hours. Which lamp will

prove economical if the energy is charged at Rs. 70 per kW of maximum demand per year plus 5 paise
per kWh? At what load factor both the lamps will be equally advantageous?

Solution. (a) First Lamp

(1x100)
1000

Cost of lamp per hour = =0.1 paise

. 100
Maximum demand per hour = 1000 = 0.1 kW

Maximum demand charge per hour

_ 0.1x(70x100)
- 7860
Energy consumed per hour = 0.1 x 1 = 0.1 kWh
Energy charge per hour = 0.1 x 5= 0.5 paise
Total cost per hour = 0.1 + 0.08 + 0.5 = 0.68 paise.
(b) Second Lamp

=0.08 paise

Cost of | h _ (4x100) =04 pa
ost of lamp per hour = —— = = 0.4 paise
Maxi d d per h -2-006kw
aximum demand per hour = 750 = 0.
_ 0.06 x (70 x100) _
Maximum demand charge per hour = T 0.048 paise

Energy consumed per hour = 0.06 x 1 = 0.06 kWh

Energy charge per hour = 0.06 x 5= 0.3 paise

Total cost per hour = 0.4 + 0.048 + 0.3 = 0.748 paise

Therefore the first lamp is economical

Let x be the load factor at which both lamps become equally advantageous. Only maximum

demand charge changes with load factor.

or

0.08 0.048

0.1+ T +05=04+ +0.3

x=0.32
32%. Ans.
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Example 9. A new factory having a minimum demand of 100 kW and a load factor of 25% is
comparing two power supply agencies.

(a) Public supply tariff is Rs. 40 per kW of maximum demand plus 2 paise per kWh.

Capital cost = Rs. 70,000

Interest and depreciation = 10%

(b) Private oil engine generating station.

Capital Cost = Rs. 250,000

Fuel consumption = 0.3 kg per kWh

Cost of fuel = Rs. 70 per tonne

Wages = 0.4 paise per kWh

Maintenance cost = 0.3 paise per kWh

Interest and depreciation = 15%.

Solution. Load factor = Average load/Maximum demand

Average load = Load factor x Maximum demand

=0.25x 700 = 175 kW.

Energy consumed per year = 175 x 8760 = 153.3 x 10* kWh.

(a) Public Supply

Maximum demand charges per year = 40 x 700 = Rs. 28,000.

020
Energy charge per year = FiooE X 153.3 x 10* = 30,660

_p10Q _
Interest and depreciation = %H x 70,000 = Rs. 7,000.
Total cost = Rs. [28,000 + 30,660 + 7,000] = Rs. 65,660

Energy cost per kWh = mg x 100 = 429 paise
gy costp  [153.3x10%[ - 4P

(b) Private il engine generating station
(0.3x153.3x10%)

1000
Cost of fuel =460 x 70 = Rs. 32,000
Cost of wages and maintenance
={(0.4 + 0.3)100} x 153.3 x 10* = Rs. 10,731.
Interest and depreciation

= 460 tonnes

Fuel consumption =

0150
- x 250,000 = Rs, 37,500
HiooH
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Total cost = Rs. [33,203 + 10,731 + 37,500]

=Rs. 80,431

Energy cost per kWh

©O© 00 ~NO O hWNDN

B
P o

12.

13.

14.

0 80,431 0O
O—————[1%100=52paise. Ans.
[153.3x10% P

ﬂ THEORETICAL PROBLEMS D

. Define: load factor, utility factor, plant operating factor, capacity factor, demand factor and

diversity factor.

. What is the difference between demand factor and diversity factor?

. What is ‘diversity factor’ ? List its advantagesin a power system.

. Prove that the load factor of a power system isimproved by an increase in diversity of load.
. What is meant by load curve? Explain its importance in power generation.

. Differentiate ' dump power’, ‘firm power’ and ‘ prime power’.

. Define ‘depreciation’ and explain its significance.

. Explain the sinking fund method of calculating the depreciation.

. Discuss the factors to be considered for, ‘ plant selection’ for a

. How ‘load duration curve' is obtained from ‘load’ curve ?

. What are the principal factorsinvolved in fixing of atariff?

ﬂNUMERICAL PROBLEMS D

The following data is available for a steam power station:
M aximum demand = 25,000 kW; Load factor = 0.4; Coal consumption = 0.86 kg/lkWh; Boiler
efficiency = 85%; Turbine efficiency = 90%,; Price of coa = Rs. 55 per tonne.
Determine the following:
(i) Thermal efficiency of the station.
(i) Coal hill of the plant for one year. [Ans. (i) 76.5% (ii) Rs. 41,43,480]
The annual peak load on a 30 mW power station is 25 mW. The power station supplies load
having maximum demands of 10 mw, 8.5 mW, 5 mW and 4.5 mW. The annua load factor is
0.45. Find:
(i) Average load (ii) Energy supplied per year
(iii) Diversity factor (iv) Demand factor.

[Ans. (i) 11.25 mW (ii) 98.55 x 10° kWh (iii) 1.12 (iv) 0.9]
A power station has a maximum demand of 15 mW, a load factor of 0.7, a plant capacity
factor of 0.525 and a plant use factor of 0.85. Find:

() Thedaily energy produced.

(i) The reserve capacity of the plant.
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15.

16.

17.

18.

19.

(iii) The maximum energy that could be produced daily if the plant operating schedule is
fully loaded when in operation.

[Ans. (i) 252,000 kWh (ii) 5,000 kW (iii) 296,470 kWh]
Determinethe annual cost of afeed water softener from the following data: Cost = Rs. 80,000;
Salvage value = 5%, Life =10 years, Annual repair and maintenance cost = Rs. 2500; Annual
cost of chemicals = Rs. 5000; Labour cost per month = Its. 300; Interest on sinking fund
= 5%. [Ans. Rs. 17,140]
Calculate the unit cost of production of electric energy for apower station for which data are
supplied as follows :

Capacity =50 MW
Cost per kW = Rs. 600
Load factor =40%
Interest and depreciation = 10%
Cost of fuel, taxation and salaries = Rs. 36 x 10 [Ans. 3.71 paisg]

Estimate the generating cost per unit supplied from a power plant having the following data:

Plant capacity = 120 MW

Capital cost = Rs. 600 x 10°

Annua load factor = 40%

Annual cost of fuel, taxation, oil and salaries = Rs. 600,000 Interest and depreciation = 10%
[Ans. 1.33 paisg]

Estimate the generating cost per unit. supplied from a power plant having data :

Output per year = 4 x 10 kWh

Load factor = 50%

Annua fixed charges = Rs. 40 per kW

Annual running charges = 4 paise per kWh

A 50 MW generating station has the following data:

Capital cost = Rs. 15 x 10°

Annual taxation = Rs. 0.4 x 10°

Annual salaries and wages = Rs. 1.2 x 10°

Cost of coa = Rs. 65 per tonne

Calorific value of coal = 5500 kcal/kg.

Rate of interest and depreciation = 12%,

Plant heat rate = 33,000 kcal/kWh

at 100% capacity and 40000 kcal/kWh at 60%.

Calculate the generating cost/kWh at 100% and 60% capacity factor.



Chapter 4

Steam Power Plant

Steam is an important medium of producing mechanical energy. Steam has the advantage that, it
can beraised from water which is available in abundance it does not react much with the materials of the
equipment of power plant and is stable at the temperature required in the plant. Steam is used to drive
steam engines, steam turbines etc. Steam power station is most suitable where coal isavailable in abun-
dance. Thermal electrical power generation is one of the major method. Out of total power developed in
Indiaabout 60% is thermal. For athermal power plant the range of pressure may vary from 10 kg/cm? to
super critical pressures and the range of temperature may be from 250°C to 650°C.

The average all India Plant load factor (PL.F.) of therma power plants in 1987-88 has been
worked out to be 56.4% which is the highest PL.F. recorded by thermal sector so far.

44.2 ESSENTIALS OF STEAM POWER PLANT EQUIPMENT _

A steam power plant must have following equipments :

!

Coal To Chimney
storage
Flue
* gases
Ai
o M+
reheater
Plant P 3-phase supply
Flue gases
) |1 Feed water
T Air
<« Ash | Ash Boiler Super m Generator
storage h%r?grl{pg Flue | heater

gases
A
High pressure Exhaust

heater  condensate

Steam

feeB;iOSSrrnp extraction
Low presser > er
heater
Circulating
water pump

Cooling tower
River or Canal >

Fig. 4.1. Steam Power Plant.
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1. A furnace to burn the fuel.

2. Steam generator or boiler containing water. Heat generated in the furnace is utilized to con-
vert water in steam.

3. Main power unit such as an engine or turbine to use the heat energy of steam and perform
work.

4. Piping system to convey steam and water.

In addition to the above equipment the plant requires various auxiliaries and accessories depend-
ing upon the availability of water, fuel and the service for which the plant is intended.

The flow sheet of athermal power plant consists of the following four main circuits :
(i) Feed water and steam flow circuit
(i) Coa and ash circuit
(iii) Air and gas circuit
(iv) Cooling water circuit.
A steam power plant using steam as working substance works basically on Rankine cycle.

Steam is generated in aboiler, expanded in the prime mover and condensed in the condenser and
fed into the boiler again.

The different types of systems and components used in steam power plant are as follows :

() High pressure boiler
(i) Prime mover
(iii) Condensers and cooling towers
(iv) Cod handling system
(v) Ashand dust handling system
(vi) Draught system
(vii) Feed water purification plant
(viii) Pumping system
(iX) Air preheater, economizer, super heater, feed heaters.

Fig. 4.1 shows a schematic arrangement of equipment of a steam power station. Coal received in
coal storage yard of power stationistransferred in the furnace by coal handling unit. Heat produced due
to burning of coal isutilized in converting water contained in boiler drum into steam at suitable pressure
and temperature. The steam generated is passed through the superheater. Superheated steam then flows
through the turbine. After doing work in the turbine die pressure of steam is reduced. Steam leaving the
turbine passes through the condenser which maintain the low pressure of steam at the exhaust of turbine.
Steam pressure in the condenser depends upon flow rate and temperature of cooling water and on effec-
tiveness of air remova equipment. Water circulating through the condenser may be taken from the
various sources such as river, lake or sea. If sufficient quantity of water is not available the hot water
coming out of the condenser may be cooled in cooling towers and circulated again through the con-
denser. Bled steam taken from the turbine at suitable extraction points is sent to low pressure and high
pressure water heaters.

Air taken from the atmosphere is first passed through the air pre-heater, where it is heated by
flue gases. The hot air then passes through the furnace. The flue gases after passing over boiler and
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superheater tubes, flow through the dust collector and then through economiser, air pre-heater and fi-
nally they are exhausted to the atmosphere through the chimney.

Steam condensing system consists of the following:
(i) Condenser
(i) Cooling water
(iii) Cooling tower
(iv) Hot well
(v) Condenser cooling water pump
(vi) Condensate air extraction pump
(vii) Air extraction pump
(viii) Boiler feed pump
(iX) Make up water pump.

4.2.1. POWER STATION DESIGN

Power station design requires wide experience. A satisfactory design consists of the following
steps :
(i) Selection of site
(i) Estimation of capacity of power station.
(iii) Selection of turbines and their auxiliaries.
(iv) Selection of boilers, and their auxiliaries.
(v) Design of fuel handling system.
(vi) Selection of condensers.
(vii) Design of cooling system.
(viii) Design of piping system to carry steam and water.
(ix) Selection of electrical generator.
(X) Design and control of instruments.

(xi) Design of layout of power station. Quality of coal used in steam power station plays an
important role in the design of power plant. The various factors to be considered while
designing the boilers and coa handling units are as follows :

() Slagging and erosion properties of ash.
(b) Moistureinthe cod. Excessive moisture creates additional problems particularly in case
of pulverized fuel power plants.

(c) Burning characteristic of coal.
(d) Corrosive nature of ash.

4.2.2. CHARACTERISTICS OF STEAM POWER PLANT
The desirable characteristic for a steam power plant are as follows :
() Higher efficiency.
(ii) Lower cost.
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(iii) Ability to burn coal especialy of high ash content, and inferior coals.
(iv) Reduced environmental impact in terms of air pollution.

(v) Reduced water requirement.

(vi) Higher reliability and availability.

Coa delivery equipment is one of the major components of plant cost. The various steps in-
volved in coa handling are as follows : (Fig. 4.2)

(i) Coal delivery (if) Unloading
(iii) Preparation (iv) Transfer
(v) Outdoor storage (vi) Covered storage
(vii) In plant handling (viii) Weighing and measuring

(iX) Feeding the coa into furnace.

| Coal Delivery ‘

'

‘ Unloading ‘

'

‘ Preparation ‘

.

‘ Transfer ‘

|

Qutdoor Storage
(Dead Storage

!

Covered Storage
(Live Storage)

‘ In Plant Handling ‘

|

Weighing
and

Measuring

.

‘ Furnace ‘

Fig. 4.2. Stepsin Coal Handling.

(i) Coal Delivery. The coal from supply pointsis delivered by ships or boats to power stations
situated near to sea or river whereas coal is supplied by rail or trucks to the power stations which are
situated away from sea or river. The transportation of coal by trucksis used if the railway facilities are
not available.

(if) Unloading. The type of equipment to be used for unloading the coal received at the power
station depends on how coal is received at the power station. If coa is delivered by trucks, there is no
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need of unloading device as the trucks may dump the coal to the outdoor storage. Coal is easily handled
if the lift trucks with scoop are used. In case the coa is brought by railway wagons, ships or boats, the
unloading may be done by car shakes, rotary car dumpers, cranes, grab buckets and coal accelerators.
Rotary car dumpers athough costly are quite efficient for unloading closed wagons.

(iii) Preparation. When the coal deliveredisin theform of big lumpsand it is not of proper size,
the preparation (sizing) of coal can be achieved by crushers, breakers, sizers driers and magnetic sepa-
rators.

(iv) Transfer. After preparation cod istransferred to the dead storage by means of the following
systems:

1. Belt conveyors. 2. Screw conveyors.
3. Bucket elevators. 4. Grab bucket eevators.
5. Skip hoists. 6. Flight conveyor.

Fig. 4.3. Belt Conveyor.

1. Belt conveyor. Fig. 4.3 shows a belt conveyor. It consists of an endless belt. moving over a
pair of end drums (rollers). At some distance a supporting roller is provided at the center. The belt is
made, up of rubber or canvas. Belt conveyor is suitable for the transfer of coal over long distances. It is
used in medium and large power plants. The initial cost of the system is not high and power consump-
tionisalso low. Theinclination at which coal can be successfully elevated by belt conveyor is about 20.
Average speed of belt conveyors varies between 200-300 r.p.m. This conveyor is preferred than other
types.

Advantages of belt conveyor

1. Its operation is smooth and clean.

2. It requires less power as compared to other types of systems.

3. Large quantities of coa can be discharged quickly and continuously.

4. Material can be transported on moderates inclines.

2. Screw conveyor. It consists of an endless helicoid screw fitted to a shaft (Fig. 4.4). The screw
while rotating in atrough transfers the coal from feeding end to the discharge end.

Thissystemissuitable, where coal isto betransferred over shorter distance and space limitations
exist. Theinitial cost of the system islow. It suffers from the drawbacks that the power consumption is
high and there is considerable wear of screw. Rotation of screw varies between 75-125 r.p.m.
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3. Bucket elevator. It consists of buckets fixed to a chain (Fig. 4.5). The chain moves over two
wheels. The codl is carried by the buckets from bottom and discharged at the top.

Z ——» Outlet
2
=
Coal Inlet >
A 2
=
9
o Coal @it v
Discharge End .
“
Fig. 4.4. Screw Conveyor. Fig. 4.5. Bucket Elevator.

4. Grab bucket elevator. It lifts and transfers coal on asinglerail or track from one point to the
other. The cod lifted by grab buckets istransferred to overhead bunker or storage. This system requires
less power for operation and requires minimum maintenance.

The grab bucket conveyor can be used with crane or tower as shown in Fig. 4.6. Although the
initial cost of this system is high but operating cost is less.

».}T_

Grab
Ly Bucket

Crane —» k

Fig. 4.6. Grab Bucket Elevator.

5. Skip hoist. It consists of avertical or inclined hoistway abucket or acar guided by aframeand
acable for hoisting the bucket. The bucket is held in up right position. It is simple and compact method
of elevating coal or ash. Fig. 4.7 shows a skip hoist.

6. Flight conveyor. It consists of one or two strands of chain to which steel scraper or flights are
attached’. which scrap the coal through a trough having identical shape. This coal is discharged in the
bottom of trough. It islow in first cost but has large energy consumption. There is considerable wear.

Skip hoist and bucket elevatorslift the coal vertically while Belts and flight conveyors move the
coal horizontally or on inclines.

Fig. 4.8 shows a flight conveyor. Flight conveyors possess the following advantages.

(i) They can be used to transfer coal as well as ash.
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(i) The speed of conveyor can be regulated easily.

(i) They have arugged construction.

(iv) They need little operational care.

Disadvantages. Various disadvantages of flight conveyors are as follows :
(i) Thereis more wear due to dragging action.

(i) Power consumption is more.
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Fig. 4.7. Skip Hoist. Fig. 4.8. Flight Conveyor.
(iii) Maintenance cost is high.
(iv) Due to abrasive nature of material handled the speed of conveyorsislow (10 to 30 m/min).

(v) Storage of codl. It isdesirable that sufficient quantity of coal should be stored. Storage of coal
gives protection against the interruption of coa supplies when there is delay in transportation of coal or
due to strikes in coal mines. Also when the prices are low, the coal can be purchased and stored for
future use. The amount of coal to be stored depends on the availability of space for storage, transporta-
tion facilities, the amount of coal that will whether away and nearnessto coal mines of the power station.

Usually coal required for one month operation of power plant is stored in case of power stations
situated at longer distance from the collieries whereas coal need for about 15 days is stored in case of
power station situated near to collieries. Storage of coal for longer periodsis not advantageous because
it blocks the capital and results in deterioration of the quality of coal.

The codl received at the power station is stored in dead storage in the form of pileslaid directly
on the ground.

The coal stored has the tendency to whether (to combine with oxygen of air) and during this
process coa loss some of its heating value and ignition quality. Due to low oxidation the coal may ignite
spontaneously. Thisis avoided by storing coa in the form of piles which consist of thick and compact
layersof coal so that air cannot pass through the coal piles. Thiswill minimize the reaction between coal
and oxygen. The other aternativeisto allow the air to pass through layers of coal so that air may remove
the heat of reaction and avoid burning. In case the coal isto be stored for longer periodsthe outer surface
of piles may be sealed with asphalt or fine coal.

The codl is stored by the following methods :

(i) Socking the coal in heats. The codl is piled on the ground up to 10-12 m height. The pile top
should be given a dope in the direction in which the rain may be drained off.
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coal after packing an air tight layer of coal.
Asphalt, fine coal dust and bituminous coating are the materials com-
monly used for this purpose.

(i) Under water storage. The possihility of slow oxidation and sponta-
neous combustion can be completely eliminated by storing the coal under
water.

g Coal should be stored at a site located on solid ground, well drained, free

{ ] The sealing of stored pile is desirable in order to avoid the oxidation of
H

of standing water preferably on high ground not subjected to flooding.
Fig. 4.9. Cylindrical Bucket.

(vi) In Plant Handling. From the dead storage the coal is brought to covered storage (Live stor-
age) (binsor bunkers). A cylindrical bunker shown in Fig. 4.9. In plant handling may include the equip-
ment such as belt conveyors, screw conveyors, bucket elevators etc. to transfer the coa. Weigh lorries
hoppers and automatic scales are used to record the quantity of coa delivered to the furnace.

(vii) Coal weighing methods. Weigh lorries, hoppers and automatic scales are used to weigh the
guantity coal. The commonly used methods to weigh the coal are as follows:

(i) Mechanical (i) Pneumatic (iii) Electronic.

The Mechanical method works on a suitable lever system mounted on knife edges and bearings
connected to aresistance in the form of aspring of pendulum. The pneumatic weighters use a pneumatic
transmitter weight head and the corresponding air pressure determined by the load applied. The elec-
tronic weighing machines make use of load cells that produce voltage signals proportional to the load
applied.

The important factor considered in selecting fuel handling systems are as follows:

(i) Plant flue rate

(i) Plant location in respect to fuel shipping

(iii) Storage area available.

4.3.1 DEWATERING OF COAL

Excessive surface moisture of coal reduces and heating value of coal and creates handling prob-
lems. The coal should therefore be dewatered to produce clean coal. Cleaning of coal has the following
advantages:

(i) Improved heating value.

(i) Easier crushing and pulverising
(iii) Improved boiler performance
(iv) Lessashto handle.

(v) Easier handling.
(vi) Reduced transportation cost.
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44.4 FUEL BURNING FURNACES —

Fuel isburnt in a confined space called furnace. The furnace provides supports and enclosure
for burning equipment. Solid fuels such as coal, coke, wood etc. are burnt by means of stokers where as
burners are used to burn powdered (Pulverized) coa and liquid fuels. Solid fuels require a grate in the
furnace to hold the bed of fuel.

4.4.1 TYPES OF FURNACES

According to the method of firing fuel furnaces are classified into two categories :

(i) Grate fired furnaces (ii) Chamber fired furnaces. Grate fired furnaces. They are used to burn
solid fuels. They may have a stationary or a movable bed of fuel.

These furnaces are classified as under depending upon the method used to fire the fuel and
remove ash and dag.

(i) Hand fired (ii) Semi-mechanized (iii) Stocker fired.
Hand fired and semi-mechanized furnaces are designed with stationary fire grates and stoker
furnaces with traveling grates or stokers.
Chamber fired furnaces. They are used to burn pulverized fuel, liquid and gaseous fuels.
Furnace shape and size depends upon the following factors:
() Type of fuel to be burnt.
(i) Type of firing to be used.
(iii) Amount of heat to be recovered.
(iv) Amount of steam to be produced and its conditions.
(v) Pressure and temperature desired.
(vi) Grate area required.
(vii) Ash fusion temperature.
(viii) Flame length.
(iX) Amount of excess air to be used.

Simply furnace walls consists of an interior face of refractory material such asfireclay, silica,
alumina, kaolin and diaspore, an intermediate layer of insulating materials such as magnesia with the
exterior casing made up of steel sheet. Insulating materials reduce the heat loss from furnace but raise
the refractory temperature. Smaller boilers used solid refractory walls but they are air cooled. In larger
units, bigger boilers use water cooled furnaces.

To burn fuels completely, the burning equipment should fulfill the following conditions :

1. The flame temperature in the furnace should be high enough to ignite the incoming fuel and
air. Continuous and reliable ignition of fuel is desirable.

2. For complete combustion the fuel and air should be thoroughly mixed by it.

3. The fuel burning equipment should be capable to regulate the rate of fuel feed.

4. To complete the burning process the fuel should remain in the furnace for sufficient time.
5. The fuel and air supply should be regulated to achieve the optimum air fuel ratios.

6. Coal firing equipment should have means to hold and discharge the ash.
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Following factors should be considered while selecting a suitable combustion equipment for a
particular type of fuel :

(i) Grate area required over which the fuel burns.

(i) Mixing arrangement for air and fuel.

(iii) Amount of primary and secondary air required.

(iv) Arrangement to counter the effects of caping in fuel or of low ash fusion temperature.
(v) Dependability and easier operation.

(vi) Operating and maintenance cost.

The solid fuels are fired into the furnace by the following methods :
1. Hand firing. 2. Mechanical firing.

4.5.1 HAND FIRING

Thisisasimple method of firing coal into the furnace. It requires no capital investment. It isused
for smaller plants. This method of fuel firing is discontinuous process, and there isalimit to the size of
furnace which can be efficiently fired by this method. Adjustments are to be made every time for the
supply of air when fresh codl is fed into furnace.

Hand Fired Grates. A hand fired grate is used to support the fuel bed and admit air for combus-
tion. While burning coal the total area of air openings varies from 30 to 50% of the tota grate area. The
grate arearequired for an installation depends upon various factors such asits heating surface, therating at
which it isto be operated and the type of fuel burnt by it. The width of air openingsvariesfrom 3to 12 mm.

The construction of the grate should be such that it is kept uniformly cool by incoming air. It
should allow ash to pass freely. Hand fired grates are made up of cast iron. The various types of hand
fired grates are shown in Fig. 4.10. In large furnaces vertical shaking grates of circular type are used.
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Fig. 4.10. Various Types of Hand Fired Grates.
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The main characteristic of a grate fired furnaces are the heat liberation per unit of grate areaand
per unit of volume. The heat liberation per unit area of fire grate areais calculated as follows:

H=(W x C)/A
where H = Heat liberation per unit of fire grate area
W = Rate of fuel consumption (kg/sec)
C = Lower heating value of fuel (kcal/kg)
A = Fire grate area (m?)
The heat liberation per unit of furnace volume is given by the following expression:
H=(WxC)/V
where H = Heat liberation per unit volume
W = Rate of fuel consumption (kg/sec)
C = Lower heating value of fuel (kcal/kg)
V = Volume of furnace (m?).
These two characteristics depend on the following factors :
(i) Grade of fuel
(ii) Design of furnace
(iii) Method of combustion.

Furnace 7

/ l;ice / %
Ash pit

\ NANNNNNN

Fig. 4.11. Hand Fire Grate Furnace.

Fig. 4.11 shows a hand fire grate furnace with a stationary fuel bed. The grate divides it into the
furnace space in which the fuel isfired and an ash pit through which the necessary air required for com-
bustion is supplied. The grate is arranged horizontally and supports a stationary bed of burning fuel.

The fuel is charged by hand through the fire door. The total space in the grate used for the
passage of air is called its useful section.

In ahand fired furnace the fuel is periodically shovelled on to the fuel bed burning on the grate,
and is heated up by the burning fuel and hot masonry of the furnace. The fuel dries, and then evolves
gaseous matter (volatiles combustibles) which rise into the furnace space and mix with air and burn
forming aflame. The fuel left on the grate gradually transformsinto coke and burns-up. Ash remains on
the grate which drops through it into ash pit from which it is removed at regular intervals. Hand fired
furnaces are simple in design and can burn the fuel successfully but they have some disadvantages a so
mentioned below:
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(i) The efficiency of a hand fired furnaceis low.
(i) Attending to furnace requires hard manual labour.
(iif) Study process of fuel feed is not maintained.

Cleaning of hand fired furnaces may be mechanized by use of rocking grate bars as shown in
Fig. 4.12. The grate bars loosen the slag and cause some of it to drop together with the ash into the
bunker without disturbing the process of combustion.

>

Lever — )

Grate bars

Fig. 4.12. Rocking Grate Bars.

4.5.2 MECHANICAL FIRING (STOKERS)

Mechanical stokers are commonly used to feed solid fuels into the furnace in medium and
large size power plants.
The various advantages of stoker firing are as follows :
(i) Largequantitiesof fuel can be fed into the furnace. Thus greater combustion capacity is
achieved.
(if) Poorer grades of fuel can be burnt easily.
(iii) Stoker save labour of handling ash and are self-cleaning.
(iv) By using stokers better furnace conditions can be maintained by feeding coal at a uni-
form rate.
(v) Stokerssave coal and increase the efficiency of coal firing. The main disadvantages of
stokers are their more costs of operation and repairing resulting from high furnace
temperatures.

Principles of Stokers. The working of various types of stokers is based on the following two
principles:

1. Overfeed Principle. According
to this principle (Fig. 4.13) the pri-
mary air entersthe grate from the bot-

Flame

Girgan r.na!-l-_ e | Secondary air

Lun:-_?:_' m;m LAy P g : tom. The air while moving through
Ciste the grate openings gets heated up and
& e g A air while moving through the grate
openings gets heated up and the grate
Frimary air is cooled.

Fig. 4.13. Stokers



154 POWER PLANT ENGINEERING

The hot air that moves through alayer of ash and picks up additional energy. The air then passes
through a layer of incandescent coke where oxygen reacts with coke to form-C02 and water vapours
accompanying the air react with incandescent coke to form CO,, CO and free H,. The gasesleaving the
surface of fuel bed contain volatile matter of raw fuel and gases like CO,, CO, H,, N, and H,O. Then
additional air known as secondary air is supplied to burn the combustible gases. The combustion gases
entering the boiler consist of N,, CO,, O, and H,O and also CO if the combustion is not complete.

2. Underfeed Principle. Fig. 4.14 shows underfeed principle. In underfeed principle air enter-
ing through the holes in the grate comes in contact with the raw coal (green coal).

Flames
o R wm
pl gy pid Secondary air
o
Incandescent Ea.ra,@g
Green Coal_’ d-507 t:r 3 b "
' .
»
;' anary air
-‘b-.p

Fig. 4.14. Underfeed Principle.

Then it passes through the incandescent coke where reactions similar to overfeed system take
place. The gases produced then passes through alayer of ash. The secondary air is supplied to burn the
combustible gases. Underfeed principle is suitable for burning the semi-bituminous and bituminous
coals.

Types of Stokers. The various types of stokers are as follows:

Stokers
|
v v
Overfeed Overfeed
Conveyor Spreader  Single Retort Multi-Retort
Stoker Stoker Stoker Stoker
\
v
Chain Grate Travelling Grate
Stoker Stoker

Fig. 4.15. Various Tyles of Stokers.

Charging of fuel into the furnace is mechanized by means of stokers of various types. They are
installed above the fire doors underneath the bunkers which supply the fuel. The bunkers receive the
fuel from a conveyor.

(i) Chain Grate Stoker. Chain grate stoker and traveling grate stoker differ only in grate con-
struction. A chain grate stoker (Fig. 4.16) consists of an endless chain which forms a support for the
fuel bed.
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Fig. 4.16. Chain Grate Stoker.

The chain travels over two sprocket wheels, one at the front and one at the rear of furnace. The
traveling chain receives coal at its front end through a hopper and carriesit into the furnace. The ashis
tipped from the rear end of chain. The speed of grate (chain) can be adjusted to suit the firing condition.
Theair required for combustion enters through the air inlets situated below the grate. Stokers are used
for burning non-coking free burning high volatile high ash coals. Although initial cost of this stoker is
high but operation and maintenance cost is low.

Thetraveling grate stoker also uses an endless chain but differsin that it carries small grate bars

which actually support the fuel fed. It isused to burn lignite, very small sizes of anthracites coke breeze
etc.

The stokers are suitable for low ratings because the fuel must be burnt before it reaches the rear
of the furnace. With forced draught, rate of combustion is nearly 30 to 50 Ib of coal per square foot of
grate area per hour, for bituminous 20 to 35 pounds per square foot per hour for anthracite.
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Fig. 4.17. Spreader Stoker.

(i) Spreader Stoker. A spreader stoker is shown in Fig. 4.17. In this stoker the coal from the
hopper is fed on to a feeder which measures the coal in accordance to the requirements. Feeder is a
rotating drum fitted with blades. Feeders can be reciprocating rams, endless belts, spiral worms etc.
From the feeder the coal drops on to spreader distributor which spread the coal over the furnace. The
spreader system should distribute the coa evenly over the entire grate area. The spreader speed de-
pends on the size of coal.
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Advantages

The various advantages of spreader stoker are as follows :

1. Its operation cost is low.

2. A wide variety of coal can be burnt easily by this stoker.

3. A thin fuel bed on the grate is helpful in meeting the fluctuating loads.

4. Ash under thefireis cooled by the incoming air and this minimizes clinkering.

5. The fuel burnsrapidly and thereis little coking with coking fuels.
Disadvantages

1. The spreader does not work satisfactorily with varying size of coal.

2. Inthis stoker the coal burnsin suspension and due to thisfly ash is discharged with flue gases
which requires an efficient dust collecting equipment.

va

Pushers
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Inlet
gmper

o

Forced
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Fig. 4.18. Multi-retort Stoker.

(i) Multi-retort Stoker. A multi-retort stoker is shown in Fig. 4.18. The coal falling from the
hopper is pushed forward during the inward stroke of stoker ram. The distributing rams (pushers) then
dowly move the entire coal bed down the length of stoker. The length of stroke of pushers can be
varied as desired. The slope of stroke helpsin moving the fuel bed and this fuel bed movement keepsit
dightly agitated to break up clinker formation. The primary air enters the fuel bed from main wind box
situated below the stoker. Partly burnt coal moves on to the extension grate. A thinner fuel bed on the
extension grate requires lower air pressure under it. The air entering from the main wind box into the
extension grate wind box is regulated by an air damper.

As sufficient amount of coal always remains on the grate, this stoker can be used under large
boilers (upto 500,000 Ib per hr capacity) to obtain high rates of combustion. Due to thick fuel bed the
air supplied from the main wind box should be at higher pressure.

44.6 AUTOMATIC BOILER CONTROL —

By means of automatic combustion control it becomes easy to maintain a constant steam pres-
sure and uniform furnace draught and supply of air or fuel can be regulated to meet the changes in
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steam demand. The boiler operation becomes more flexible and better efficiency of combustion is
achieved. This saves manual labour aso.

Hagan system of automatic combustion control is shown in Fig. 4.19. Master relay R,, is sensi-
tive to small vanations in steam pressure and is connected to steam pressure gauge.

Steam Pressure

Fan Vanes ¥ Hand Gauge
an Rl
i Rl W
| | Master
': Boiler i + Relay
Draft ! Secondary Airsupply
Connections ] i
\ qcmbustlon Air\Fan
— i Chamber '}
[ _Stoker___i
< 7 Stoker Hand Regulator
‘: Air supply
- Air supply
Vanes\\" Relay
E D.Fan

Fig. 4.19. Hagan System of Automatic Combustion Control.

A fall in pressure operates the master relay R, which in turn operates the servomotor coupled to
the vanes of the induced draught (LD) fan to open them dlightly and simultaneously the secondary air
fan damper gets opened proportionately. By this readjustment of induced draught takes place and stabi-
lized conditions in the combustion chamber get changed. These changes operate relay R, to alter the
position of forced draught fan servo-motor to adjust the position of forced draught fan vanes so that
stable conditions in combustion chamber are maintained. This change causes more air to flow through
passage which in turn operatesrelay R;. This causes stoker motor to supply extrafuel into the furnace.
In case of an increase of pressure of steam the above processis reversed. Hand regulators are provided
to servo motors and master relay for manual control of system.

44.7 PULVERIZED COAL —

Coal is pulverized (powdered) to increase its surface exposure thus permitting rapid com-
bustion. Efficient use of coa depends greatly on the combustion process employed.

For large scale generation of energy the efficient method of burning coal is confined still to
pulverized coal combustion. The pulverized coal is obtained by grinding the raw coal in pulverising
mills. The various pulverising mills used are as follows:

(i) Bal mill (i) Hammer mill

(iii) Ball and racemill  (iv) Bowl mill.

The essentia functions of pulverising mills are as follows: (i) Drying of the coa (ii) Grinding
(iii) Separation of particles of the desired size.

Proper drying of raw coal which may contain moisture is necessary for effective grinding.
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The coal pulverising mills reduce coal to powder form by three actions as follows:

(i) Impact (ii) Attrition (abrasion) (iii) Crushing.

Most of the mills use all the above mentioned all the three actionsin varying degrees. In impact
type mills hammers break the coal into smaller pieces whereas in attrition type the coa pieces which
rub against each other or metal surfaces to disintegrate. In crushing type mills coal caught between

metal rolling surfaces gets broken into pieces. The crushing mills use steel ballsin a container. These
balls act as crushing elements.

To Burner

Exhauster
Fan
Hot Air

&
€

«— Classifiers —
—»>—

Drum

Fig. 4.20

4.7.1 BALL MILL

A line diagram of ball mill using two classifiersisshown in Fig. 4.21. It consists of aslowly
rotating drum which is partly filled with steel balls. Raw coal from feedersis supplied to the classifiers
from where it moves to the drum by means of a screw conveyor.

Pulverised Coal
to Burners

T T Rawcoal Feed
<) <

Rotating
Classifier

\&4
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;I_otSPrimIary j Ball Hot Primary
r ;
Ir Supply Lower Gear Air Supply
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Fig. 4.21. Ball Mill.
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Asthe drum rotates the coal gets pulverized due to the combined impact between coal and steel
balls. Hot air is introduced into the drum. The powdered coal is picked up by the air and the coal air
mixture enters the classifiers, where sharp changes in the direction of the mixture throw out the over-
sized coal particles. The over-sized particles are returned to the drum. The coal air mixture from the
classifier moves to the exhauster fan and then it is supplied to the burners.

4.7.2 BALL AND RACE MILL

Fig. 4.22 shows aball and race mill. In this mill the coal passes between the rotating elements
again and again until it has been pulverized to desired degree of fineness. The coal is crushed between two
moving surfaces namely balls and races. The upper stationary race and lower rotating race driven by a
worm and gear hold the balls between them. Theraw coal supplied falls on theinner side of theraces. The
moving balls and races catch coal between them to crush it to a powder. The necessary force needed for
crushing isapplied with the help of springs. The hot air supplied picks up the coal dust asit flows between
the balls and races, and then enters the classifier. Where oversized coa particles are returned for further
grinding, where as the coal particles of required size are discharged from the top of classifier.

In this mill coa is pulverized by a combination of' crushing, impact and attrition between the
grinding surfaces. The advantages of this mill are asfollows:

(i) Lower capital cost (if) Lower power consumption
(iii) Lower space required (iv) Lower weight.
However in this mill there is greater wear as compared to other pulverizes.

The use of pulverized coa has now become the standard method of firing in the large boilers.
The pulverized coa burns with some advantages that result in economic and flexible operation of
steam boilers.

Preparation of pulverized fuel with an intermediate bunker is shown in Fig. 4.22. The fuel
moves to the automatic balance and then to the feeder and ball mill through which hot air is blown. It
dries the pulverized coal and carries it from the mill to separator.

Separator Cyclone
Intermediate Bunker

Air Heater
Ball Mill

Fig. 4.22. Ball and Race Mill.

Theair fed to the ball mill is heated in the air heater. In the separator dust (fine pulverized coal)
is separated from large coal particles which are returned to the ball mill for regrinding. The dust moves
to the cyclone. Most of the dust (about 90%) from cyclone moves to bunker. The remaining dust is
mixed with air and fed to the burner.
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Coal isgeneraly ground in low speed ball tube mill. It is filled to 20-35% of its volume. With
steel balls having diameter varying from 30-60 mm. The steel balls crush and ground the lumps of coal.
The average speed of rotation of tube or drum is about 18-20 r.p.m. [Fig. 4.23].
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Dust Out

Hot Air

4
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Armour

Fig. 4.23
Advantages
The advantages of using pulverized coa are as follows :
1. It becomes easy to burn wide variety of coal. Low grade coal can be burnt easily.

2. Powdered coal has more heating surface area. They permits rapids and high rates of combus-
tion.

3. Pulverized coal firing requires low percentage of excess air.
4. By using pulverized coal, rate of combustion can be adjusted easily to meet the varying load.
5. The system is free from clinker troubles.

6. It can utilize highly preheated air (of the order of 700°F) successfully which promotes rapid
flame propagation.

7. Asthe fuel pulverising equipment is located outside the furnace, therefore it can be repaired
without cooling the unit down.

8. High temperature can be produced in furnace.
Disadvantages

1. It requires additional equipment to pulverize the coal. Theinitial and maintenance cost of the
equipment is high.

2. Pulverized codl firing produces fly ash (fine dust) which requires a separate fly ash removal
equipment.

3. The furnace for this type of firing has to be carefully designed to withstand for burning the
pulverized fuel because combustion takes place while the fuel isin suspension.

4. The flame temperatures are high and conventional types of refractory lined furnaces are inad-
equate. It is desirable to provide water cooled walls for the safety of the furnaces.

5. There are more chances of explosion as coa burns like a gas.

6. Pulverized fuel fired furnaces designed to burn aparticular type of coal can not be used to any
other type of coal with same efficiency.

7. The size of coa islimited. The particle size of coal used in pulverized coal furnaceislimited
to 70 to 100 microns.
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4.7.3 SHAFT MILL

Fig. 4.24 showsfuel pulverization with ashaft mill. The fuel from bunker is moved to feeder via
automatic balance. Then from duct fuel goes to mill where it is crushed by beaters secured on the
spindle of the mill rotor.

Bunker

Automatic
balance

Feeder —p

Duct

b\Air duct

— Shaft

— Mill

Fig. 4.24. Pulverization with a Shaft Mill.

The pulverised fuel is dried up and then blown into shaft by hot air. Secondary air is delivered
into the furnace through holes to burn the fuel completely.

Pulverised coal firing is done by two system :

(i) Unit System or Direct System.

(i) Bin or Central System.

Unit System. In this system (Fig. 4.25) the raw coal from the coal bunker drops on to the feeder.

) Furnace
Secondary Air
Primary Air ;
Coal r‘*),:f%,
# L7 ------
Raw Coal Burner
Banker
Pulverising
Mill n -
Feeder
Fan
Hot Air

Fig. 4.25. Unit or Direct System.



162 POWER PLANT ENGINEERING

Hot air is passed through coal in the feeder to dry the coal. The coal is then transferred to the
pulverising mill where it is pulverised. Primary air is supplied to the mill, by the fan. The mixture of
pulverised coal and primary air then flows to burner where secondary air isadded. The unit systemisso
called from the fact that each burner or a burner group and pulveriser constitute a unit.

Advantages
(i) The system is simple and cheaper than the central system.

(i) Thereis direct control of combustion from the pulverising mill.

(iii) Coal transportation system is simple.

Bin or Central System. It isshown in Fig. 4.26. Crushed coa from the raw coa bunker isfed
by gravity to a dryer where hot air is passed through the coal to dry it. The dryer may use waste flue
gases, preheated air or bleeder steam as drying agent. The dry coal isthen transferred to the pulverising
mill. The pulverised coal obtained is transferred to the pulverised coal bunker (bin). The transporting

air is separated from the coal in the cyclone separator. The primary air is mixed with the coal at the
feeder and the mixture is supplied to the burner.

Raw Coal Return Alr
Burner <

Exhaust Cyclone separator
Vent
A Pulverised Coal Burner
Fan — > K
X Conveyor
A Dryer Primary Air O i Fegder
Hot Air Fan
For
Coal Drying

Secondary
Air

Fig. 4.26. Bin or Central System.
Advantages
I. The pulverising mill grinds the coa at a steady rate irrespective of boiler feed.

2. Thereisaways some coal in reserve. Thus any occasional breakdown in the coal supply will
not effect the coal feed to the burner.

3. For agiven boiler capacity pulverising mill of small capacity will be required as compared to
unit system.

Disadvantages
1. Theinitia cost of the system is high.
2. Coal transportation system is quite complicated.
3. The system requires more space.

To alarge extent the performance of pulverised fuel system depends upon the mill performance.
The pulverised mill should satisfy the following requirements:

1. It should deliver the rated tonnage of coal.
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2. Pulverised coal produced by it should be of satisfactory fineness over awide range of capaci-
ties.

3. It should be quiet in operation.

4. |ts power consumption should be low.

5. Maintenance cost of the mill should be low.

Fig. 4.27 shows the equipments for unit and central system of pulverised coa handling plant.
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v
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Furnace
VARVAY,
Furnace A
Burners

Fig. 4.27. Equipments for Central and Unit System.

44_9 PULVERISED COAL BURNERS —

Burners are used to burn the pulverised coal. The main difference between the various burners
liesin the rapidity of air-coal mixing i.e., turbulence. For bituminous coals the turbulent type of burner
is used whereas for low volatile coas the burners with long flame should be used. A pulverised coa
burner should satisfy the following requirements:

(i) It should mix the coal and primary air thoroughly and should bring this mixture before it
enters the furnace in contact with additional air known as secondary air to create sufficient turbulence.

(i) 1t should deliver and air to the furnace in right proportions and should maintain stable igni-
tion of coal air mixture and control flame shape and travel in the furnace. The flame shapeis controlled
by the secondary air vanes and other control adjustments incorporated into the burner. Secondary air if
supplied in too much quantity may cool the mixture and prevent its heating to ignition temperature.
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(iii) Coa air mixture should move away from the burner at arate equal to flame front travel in
order to avoid flash back into the burner.

Cold (Tempering) Air Hot Air From
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Fig. 4.28. A Pulverised Coal Burner System.

The various types of burners are as follows::

1. Long FlameBurner (U-Flame Burner). In this burner air and coal mixture travels a consid-
erable distance thus providing sufficient time for complete combustion [Fig. 4.29(a)].

2. Short Flame Burner (Turbulent Burner). It isshown in Fig. 4.29(b). The burner isfitted in
the furnace will and the flame enters the furnace horizontally.

3. Tangential Burner. A tangential burner is shown in Fig. 4.29(c). In this system one burner is
fitted attach corner of the furnace. The inclination of the burner is so made that the flame produced are
tangential to an imaginary circle at the centre.

4. Cyclone Burner. It isshown in Fig. 4.29(d). This burner uses crushed coal intend of pulver-

ised coal. Its advantages are as follows :
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Fig. 4.29. Various Types of Burners.
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Fig. 4.30. Pulverised Coal-fired Boiler.
(i) It saves the cost of pulverisation because of a crusher needs less power than a pulveriser.

(i) Problem of fly ashis reduced. Ash produced isin the molten form and due to inclination of
furnace it flows to an appropriate disposal system.

Fig. 4.30 shows a pulverised coal-fired boiler.
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Fig. 4.31

4.9.1 CYCLONE FIRED BOILERS

In cyclone fired boilers the fur-nace is arranged as a horizontal cylinder. The pulverised fuel is
bed along the periphery of the cylinder. The hot gases travel axially into the water tube section having
atight helix path. The temperature generated in the combustion zone is quite high and because of this
the tubes are coated with fused ash which goes on collecting the ash particles going in the flue gases.
The out going gases contain particles less than 20 microns.

The cyclone furnaces can successfully burn coals having low ash fusion temperature. The
cyclone furnace is operated under combustion air pressure of 700 to 1000 mm of water gauge.

Cyclone fired boilers have the following advantages : (i) Quick load variations can be easily
handled. (ii) Nearly 55% of ashin coal isburnt in the form of liquid slag. The ash can beremoved in the
molten form. (iii) The slag can be used as a building material. (iv) Fly-ash problem is reduced to much
lower limits.

Larger central station type boilers have water cooled furnaces. The combustion space of a fur-
nace is shielded wholly or partialy by small diameter tubes placed side by side. Water from the boiler
is made to circulate through these tubes which connect lower and upper headers of boiler.

The provision of water walls is advantageous due to following reasons: (1) These walls provide
a protection to the furnace against high temperatures. (2) They avoid the erosion of the refractory
material and insulation. (3) The evaporation capacity of the boiler is increased.
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Fig. 4.32. Various Water Walls Arrangement.

The tubes are attached with the refractory materials on the inside or partially embedded into it.
Fig. 4.32 shows the various water walls arrangement.

A large quantity of ashis, produced in steam power plants using coal. Ash produced in about 10
to 20% of the total coal burnt in the furnace. Handling of ash is a problem because ash coming out of
the furnace istoo hot, it is dusty and irritating to handle and is accompanied by some poisonous gases.
It is desirable to quench the ash before handling due to following reasons:

1. Quenching reduces the temperature of ash.

2. It reduces the corrosive action of ash.

3. Ash forms clinkers by fusing in large lumps and by quenching clinkers will disintegrate.
4. Quenching reduces the dust accompanying the ash.

Handling of ash includes its removal from the furnace, loading on the conveyors and delivered
to the fill from where it can be disposed off.
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4.11.1 ASH HANDLING EQUIPMENT
Mechanical means are required for the disposal of ash. The handling equipment should perform
the following functions:
(1) Capital investment, operating and maintenance charges of the equipment should be low.
(2) It should be able to handle large quantities of ash.
(3) Clinkers, soot, dust etc. create troubles, the equipment should be able to handle them smaoothly.

(4) The equipment used should remove the ash from the furnace, load it to the conveying system
to deliver the ash to adumping site or storage and finally it should have means to dispose of the stored
ash.

(5) The equipment should be corrosion and wear resistant.

Fig. 4.33 shows a general layout of ash handling and dust collection system. The commonly
used ash handling systems are as follows :

Chimney
Furnace

v Dust, Soot,
Fly Ash
Ash Collector
Handling
Systems

|

Ash Discharge
Equipment
Fig. 4.33. Ash Handling and Dust Collections System.
(i) Hydraulic system
(i) pneumatic system
(iii) Mechanical system.
The commonly used ash discharge equipment is as follows:
(i) Rail road cars
(it) Motor truck
(iii) Barge.
The various methods used for the disposal of ash are as follows :

(i) Hydraulic System. In this system, ash from the furnace grate falls into a system of water
possessing high velocity and is carried to the sumps. It is generally used in large power plants. Hydrau-
lic system is of two types namely low pressure hydraulic system used for continuous removal of ash
and high pressure system which is used for intermittent ash disposal. Fig. 4.34 shows hydraulic system.
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Fig. 4.34. Hydraulic System.

In this method water at sufficient pressure is used to take away the ash to sump. Where water
and ash are separated. The ash is then transferred to the dump site in wagons, rail cars or trucks. The
loading of ash may be through a belt conveyor, grab buckets. If there is an ash basement with ash
hopper the ash can fall, directly in ash car or conveying system.

(if) Water Jetting. Water jetting of ash is shown in Fig. 4.35. In this method a low pressure jet
of water coming out of the quenching nozzle is used to cool the ash. The ash fallsinto atrough and is
then removed.

(iii) Ash Sluice Ways and Ash Sump System. This system shown diagrammatically in Fig.
4.36 used high pressure (H.P. ) pump to supply high pressure (H.P.) water-jets which carry ash from the
furnace bottom through ash sluices (channels) constructed in basement floor to ash sump fitted with
screen. The screen divides the ash sump into compartments for coarse and fine ash. The fine ash passes
through the screen and moves into the dust sump (D.S. ). Dust slurry pump (D.S. pump) carries the dust
through dust pump (D.P), suction pipe and dust delivery (D.D.) pipe to the disposal site. Overhead
crane having grab bucket is used to remove coarse ash. A.F.N represents ash feeding nozzle and S.B.N.
represents sub way booster nozzle and D.A. means draining apron.

(iv) Pneumatic system. In this system (Fig. 4.37) ash from the boiler furnace outlet fallsinto a
crusher where larger ash particles are crushed to small sizes. The ash isthen carried by a high velocity
air or steam to the point of delivery. Air leaving the ash separator is passed through filter to remove dust
etc. so that the exhauster handles clean air which will protect the blades of the exhauster.
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Fig. 4.35. Water Jetting of Ash.
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Fig. 4.36. Ash Sump System.

(v) Mechanical ash handling system. Fig. 4.38 shows a mechanical ash handling system. In
this system ash cooled by water seal falls on the belt conveyor and is carried out continuously to the
bunker. The ash is then removed to the dumping site from the ash bunker with the help of trucks.
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Fig. 4.38. Mechanical Ash Handling.
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Fig. 4.37. Pneumatic System.
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Efficient Combustion of Coal. The factors which affect the efficient combustion of coa are as
follows :

1. Type of coal. The important factors which are considered for the selection of coal are as
follows:

(i) Sizing

(i) Caking
(iii) Swelling properties
(iv) Ash fusion temperature.

The characteristics which control the selection of coal for a particular combustion equipment
are asfollows:

(i) Size of cod

(i) Ultimate and proximate analysis
(iii) Resistance of degradation

(iv) Grindability

(v) Caking characteristics

(vi) Slagging characteristics
(vii) Deterioration during storage
(viii) Corrosive characteristics

(iX) Ash Content.

The average ash content in Indian coal is about 20%. It is therefore desirable to design the
furnace in such a way as to burn the coal of high ash content. The high ash content in coa has the
following:

(i) It reduces thermal efficiency of the boiler as loss of heat through unburnt carbon, ex-
cessive clinker formation and heat in ashes is considerably high.

(i) Thereisdifficulty of hot ash disposal.
(iif) It increases size of plant.
(iv) It increases transportation cost of fuel per unit of heat produced.

(v) It makesthe control difficult due to irregular combustion. High as content fuels can be
used more economically in pulverised form. Pulverised fuel burning increases the ther-
mal efficiency as high as 90% and controls can be simplified by just adjusting the
position of burners in pulverised fuel boilers. The recent steam power plantsin India
are generally designed to use the pulverised coal.

2. Type of Combustion equipment. It includes the following:
(i) Type of furnace
(if) Method of coal firing such as:
(a) Hand firing
(b) Stoker firing
(c) Pulverised fuel firing.

(iif) Method of air supply to the furnace. It is necessary to provide adequate quantity of
secondary air with sufficient turbulence.
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(iv) Type of burners used.
(v) Mixing arrangement of fuel and air.
The flames over the bed are due to the burning of volatile gases, lower the volatile content in the

coal, shorter will be the flame. If the volatiles burn up intensely high temperature is generated over the
furnace bed and helps to burn the carbon completely and vice versa.

For complete burning of volatiles and prevent unburnt carbon going with ash adequate quantity
of secondary air with sufficient turbulence should be provided.

44.12 SMOKE AND DUST REMOVAL —

In coal fed furnaces the products of combustion contain particles of solid matter floating in
suspension. This may be smoke or dust. The production of smoke indicates that combustion conditions
are faulty and amount of smoke produced can be reduced by improving the furnace design.

In spreader stokers and pulverised coal fired furnaces the coa is burnt in suspension and due
to thisdust in the form of fly ashis produced. The size of dust particlesis designated in microns (1 u=
0.001 mm). Dust particles are mainly ash particles called fly ash intermixed with some quantity of
carbon ash material caled cinders. Gas borne particles larger than 1p in diameter are called dust and
when such particles become greater in size than 100p they are called cinders. Smoke is produced due to
the incomplete combustion of fuels, smoke particles are less than 10p in size.

The disposal smoke to the atmosphere is not desirable due to the following reasons :

1. A smoky atmosphere is less healthful than smoke free air.

2. Smoke is produced due to incomplete combustion of coal. This will create a big economic
loss due to loss of heating value of coal.

3. In a smoky atmosphere lower standards of cleanliness are prevaent. Buildings, clothings,
furniture etc. becomes dirty due to smoke. Smoke corrodes the metals and darkens the paints.

To avoid smoke nuisance the coal should be completely burnt in the furnace.

The presence of dense smoke indicates poor furnace conditions and a loss in efficiency and
capacity of a boiler plant. A small amount of smoke leaving chimney shows good furnace conditions
whereas smokeless chimney does not necessarily mean a better efficiency in the boiler room.

To avoid the atmospheric pollution the fly ash must be removed from the gaseous products of
combustion before they |eaves the chimney.

Theremoval of dust and cindersfrom the flue gasis usually effected by commercial dust collec-
torswhich areinstalled between the boiler outlet and chimney usually inthe chimney side of air preheater.

44.13 TYPES OF DUST COLLECTORS —

The various types of dust collectors are as follows :
1. Mechanical dust collectors.
2. Electrical dust collectors.

M echanical dust collectors. Mechanical dust collectors are sub-divided into wet and dry types.
In wet type collectors also known as scrubbers water sprays are used to wash dust from the air. The
basic principles of mechanical dust collectors are shown in Fig. 4.38. As shown in Fig. 4.39(a) by
increasing the cross-sectional area of duct through which dust laden gases are passing, the velocity of
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gases is reduced and causes heavier dust particles to fall down. Changing the direction of flow
[Fig. 4.39(b)] of flue gases causes the heavier particles of settle out. Sometime baffles are provided as
shown in Fig. 4.39(c) to separate the heavier particles.

Mechanical dust collectors may be wet type or dry type. Wet type dust collectors called scrub-
bers make use of water sprays to wash the dust from flue gases.

Fig. 4.39. Mechanical Dust Collector.
Dry type dust collectors include gravitational, cyclone, louvred and baffle dust collectors.

A cyclone dust collector uses a downward flowing vortex for dust laden gases aong the inner
walls. The clean gas leaves from an inner upward flowing vortex. The dust particles fall to the bottom
due to centrifuging action.

Electrostatic Precipitators. It has two sets of electrodes, insulated from each other that main-
tain an electrostatic field between them at high voltage. The flue gases are made to pass between these
two sets of electrodes. The electric field ionises the dust particle; that pass through it attracting them to
the electrode of opposite charge. The other electrode is maintained at a negative potential of 30,000 to
60,000 volts. The dust particles are removed from the collecting electrode by rapping the electrode
periodically. The electrostatic precipitator is costly but has low maintenance cost and is frequently
employed with pulverised coa fired power stationsfor its effectiveness on very fine ash particlesand is
superior to that of any other type.

The principal characteristics of an ash collector is the degree of collection.
n = Degree of collection
_ (G, -G,)
= G,

- (Cl — Cz)
C,
where
G, = Quantity of ash entering an ash collector per unit time (kg/s)
G, = Quantity of uncollected ash passing through the collector per unit time (kg/s)
C, = Concentration of ash in the gases at the inlet to the ash collector (kg/m®)
C, = Ash concentration at the exist (kg/m?3).
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Depending on the type of fuel and the power of bailer the ash collection in industrial boilers and
thermal power stations can be effected by mechanical ash collectors, fly ash scrubbers and electros-
tatic precipitators.

For fly ash scrubbers of large importance is the content of free lime (CaO) in the ash. With a
high concentration of CaO the ash can be cemented and impair the operation of a scrubber.

The efficiency of operation of gas cleaning devices depends largely on the physico-chemical
properties of the collected ash and of the entering waste gases.

Following are the principal characteristics of the fly ash:
(i) Density

(ii) Dispersity (Particle size)

(iii) Electric resistance (For electrostatic precipitators)
(iv) Coalescence of ash particles.

Dueto increasing boiler size and low sulphur high ash content coal the problem of collecting fly
ash is becoming increasingly complex. Fly ash can range from very fine to very coarse size depending
on the source. Particles colour varies from light tan to grey to black. Tan colour indicates presence of
ion oxide while dark shades indicate presence of unburnt carbon. Fly ash particles size varies be-
tween 1. micron (I W) to 300 p. Fly ash concentration in flue gases depends upon mainly the follow-
ing factors :

(i) Coal composition.

(i) Boiler design and capacity.

Percentage of ash in coal directly contributes to fly ash emission while boiler design and opera-
tion determine the percentage retained in the furnace as bottom ash and fly ash carried away by flue
gas. Fly ash concentration widely varies around 20-90 g/mm? depending on coal and boiler design. Fly
ash particle size distribution depends primarily on the type of boiler such as pulverised coal fired boiler
typically produces coarser particles then cyclone type boilers. Electrostatic precipitator (ESP) is quite
commonly used for removal of fly ash from flue gases.

4.13.1 FLY ASH SCRUBBER

Fig. 4.40 showsafly wash centrifugal scrub- Baffles
ber. It is similar to a mechanical ash collector but Sl 1y
has a flowing water film on its inner walls. Due to B 1y clean Gas
thisfilm, the collected ash is removed more rapidly Gas _y| /v/v T
from the apparatus to the bin and there is less pos- ,
sibility for secondary. Capture of collected dust par- S A

ticles by the gas flow. The degree of ash collection
inscrubbersvariesfrom 0.82t0 0.90. Thedust laden
gas enters through the inlet pipe.

Cinder Catcher. Cinder catcher is used to Dust
remove dust and cindersfromthegas. Inthiscatcher
the dust laden gasis made to strike a series of verti-
cal baffles that change its direction and reduce its velocity. The separated dust and cinders fall to the
hopper for removal. Cinder catchers are ordinarily used with stoker firing.

<4—Dust Hopper

Fig. 4.40
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4.13.2 FLUIDISED BED COMBUSTION (FBC)

Burning of pulverised coal has some problems such as particle size of coal used in pulver-
ised firing islimited to 70-100 microns, the pulverised fuel fired furnances designed to burn a particu-
lar can not be used other type of coal with same efficiency, the generation of high temp. about (1650 C)
in the furnace creates number of problems like slag formation on super heater, evaporation of alkali
metals in ash and its deposition on heat transfer surfaces, formation of SO, and NOy in large amount.

Fluidised Bed combustion system can burn any fuel including low grade coals (even containing
70% ash), ail, gas or municipal waste. Improved desulphurisation and low NO, emission are its main
characteristics. Fig. 4.41 shows basic principle of Fluidised bed combustion (FBC) system. The fuel
and inert material dolomite are fed on adistribution plate and air is supplied from the bottom of distri-
bution plate. The air is supplied at high velocity so that solid feed material remains in suspension
condition during burning. The heat produced is used to heat water flowing through the tube and convert
water into steam: During burning SO, formed is absorbed by the dolomite and thus preventsits escape
with the exhaust gases. The molten slag is tapped from the top surface of the bed. The bed temperature
is nearly 800-900' C which isideal for sulphur retention addition of limestone or dolomite to the bed
brings down SO, emission level to about 15% of that in conventional firing methods.

Flue Gases

Steam €«——_

Fuel and )
Dolomite

Distributor
Plate

Fig. 4.41
The amount of NOy is produced is aso reduced because of low temperature of bed and low
excess air as compared to pulverised fuel firing.

Theinert material should be resistant to heat and disintegra-tion and should have similar density
asthat of coal. Limestone, or dolomite, fused alumina, sintered ash are commonly used as inert materi-
als.

Various advantages of FBC system are as follows:

(i) FBC system can use any type of low grade fuel including municipal wastes and thereforeis
a cheaper method of power generation.

(i) Itiseasier to control the amount of SO, and NOy, formed during burning. Low emission of
SO, and NOy. will help in controlling the undesirable effects of SO, and NOy. during com-
bustion. SO, emission is nearly 15% of that in conventional firing methods.

(iii) There is a saving of about 10% in operating cost and 15% in the capital cost of the power
plant.
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(iv) The size of coal used has pronounced effect on the operation and performance of FBC sys-
tem. The particle size preferred is 6 to 13 mm but even 50 mm size coal can aso be used in
this system.

4.13.3 TYPES OF FBC SYSTEMS

FBC systems are of following types:

(i) Atmospheric FBC system :

(a) Over feed system

(b) Under feed system.

In this system the pressure inside the bed is atmospheric.

Fig. 4.42 shows commercial circulation FBC system. The solid fuel is made to enter the furnace
from the side of walls. The Low Velocity (LV), Medium Velocity (MV) and High Velocity (HV) air is
supplied at different points along the sloping surface of the distribution ash is collected from the ash
port. The burning is efficient because of high lateral turbulence.

(i) Pressurised FBC system. In this system pressurised air is used for fluidisation and combus-
tion. This system : the following advantages: (a) High burning rates. (b) Improved desulphurisation
and low NO, emission. (c) Considerable reduction in cost.

Solid To Boiler

Fuel . ? ? ?
x Start up
Burner

\ VN & Deflector
45237 4 Wall

Light
Matter

Distributer < Liquid

41 A X Fuel
v | MV ] HV

Air/N Air /N Air A

— Ash Port
Air *

Ash

Fig. 4.42

ﬂ EXERCISES D

1. (&) What is meant by ‘over feed’ and ‘under feed’ principles of firing coa ?
(b) What are the different methods of firing coal ? Discuss the advantages of mechanical
methods of firing coal.
(c) Make neat sketch and explain the working of: (i) Chain grate stoker (ii) Spreader stoker.
(iii) Multi retort stoker.
(d) What is Fluidised Bed Combustion system ? Sketch and describe a Fluidised Bed
Combustion (FBC) system. State the advantages of FBC system.
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2.
3.

© N o O

10.

11

12.
13.

14.

15.

16.

17.

18.

19.

Describe the various types of grates used with hand fired furnaces.

Name the various methods of ash handling. Describe the pneumatic system of ash handling.
Why it is essential to quench the ash before handling ?

. (@) Describe the various methods used to fire pulverised coal.

(b) Make aneat sketch of ball and Race mill and explain its working.
(c) State the advantages of pulverised fuel firing.

. Name the different types of coal-pulverising mills. Describe Ball-Mill.
. Describe the various types of burners used to burn pulverised coal.

Name various draught systems. Describe the operation of a balanced draught system.

. What is the cause of smoke ? State the factors necessary for its prevention.
. Name the different types of chimneys used. State the advantages of steel chimney. Derive an

expression for the height of chimney.

Describe the various methods used to control the degree of superheat. Name the advantages
gained by using super-heat steam.

What is condenser ? Name the different types of condenser. Describe the operation of
(i) Surface condenser (ii) Jet condenser.

What is a steam trap ? Where it is located ? Describe Ball Float steam trap.

What are the requirement of a well designed pipe line in a steam power plant. Name and
describe the various expansion bends used in piping steam.

What are the advantages of using large capacity boilers ? Describe the operation of:
(i) Velox Boailer (ii) Benson Boiler (iii) Loeffler Boiler.
State the advantages and disadvantages of a steam power station as compared to hydro-
electric power station and nuclear power station.
Describe the various factors which determine the location of a steam power station.
Write short notes on the following: (a) Cyclone and collector (b) Industrial steam turbines
(c) Hydraulic test of boiler (d) Draught fans (€) Steam separator (f ) Economiser (g) Cyclone
fired boilers (h) Pressure Filter. (i) Air preheater (j) Pipefittings (k) Heat flow in steam plant.
What is the difference between water-tube and fire tube boilers ? Describe the working
principle of Cochran Boiler or Lancashire Boiler.
(a) How will you classify various types of boilers ? (b) Write short notes on the following:
(i) Efficiency of boiler
(i) Maintenance of boiler
(iii) Accessories of a boiler
(iv) Overdl efficiency of steam power plant
(v) Steam turbine specifications
(vi) Causes of heat lossin boiler.
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20. Explain the methods used to increase thermal efficiency of a steam power plant.
21. Write short notes on the following:

(@) pH value of water.

(b) Power plant pumps.

(c) Steam turbine capacity.

(d) Comparison of forced and induced draft system for boiler.

(e) Principles of steam power plant design.

(f) Korba super thermal power station.

(9) Singrauli super thermal power plant.

22. Determine the quantity of air per kg of coal burnt in afurnaceif the stack height is 58 m and
draught produced is 35 mm of water. The temperature of flue gasesis 380 C.



Chapter 5

Steam Generator

45.1 INTRODUCTION —

Boiler is an apparatus to produce steam. Thermal energy released by combustion of fuel istrans-
ferred to water, which vaporizes and gets converted into steam at the desired temperature and pressure.
The steam produced is used for:

(i) Producing mechanical work by expanding it in steam engine or steam turbine.
(ii) Heating the residential and industrial buildings
(iii) Performing certain processes in the sugar mills, chemical and textile industries.

Boiler is a closed vessel in which water is converted into steam by the application of heat.
Usually boilers are coal or ail fired. A boiler should fulfill the following requirements

(i) Safety. The boiler should be safe under operating conditions.

(ii) Accessibility. The various parts of the boiler should be accessible for repair and mainte-
nance.

(iii) Capacity. The boiler should be capable of supplying steam according to the requirements.

(iv) Efficiency. To permit efficient operation, the boiler should be able to absorb a maximum
amount of heat produced due to burning of fuel in the furnace.

(v) It should be simple in construction and its maintenance cost should be low.
(vi) Itsinitial cost should be low.

(vii) The boiler should have no joints exposed to flames.

(viii) The boiler should be capable of quick starting and loading.

The performance of a boiler may be measured in terms of its evaporative capacity also called
power of aboiler. It is defined as the amount of water evaporated or steam produced in kg per hour. It
may also be expressed in kg per kg of fuel burnt or kg/hr/m? of heating surface.

q 5.2 TYPES OF BOILERS —

The boilers can be classified according to the following criteria
According to flow of water and hot gases.

1. Water tube.

2. Fire tube.




180 POWER PLANT ENGINEERING

In water tube boilers, water circulates through the tubes and hot products of combustion flow
over these tubes. In fire tube boiler the hot products of combustion pass through the tubes, which are
surrounded, by water. Fire tube boilers have low initial cost, and are more compacts. But they are more
likely to explosion, water volume is large and due to poor circulation they cannot meet quickly the
change in steam demand. For the same output the outer shell of fire tube boilersis much larger than the
shell of water-tube boiler. Water tube boilers require less weight of metal for agiven size, arelessliable
to explosion, produce higher pressure, are accessible and can response quickly to change in steam de-
mand. Tubes and drums of water-tube boilers are smaller than that of fire-tube boilers and due to smaller
size of drum higher pressure can be used easily. Water-tube boilers require lesser floor space. The
efficiency of water-tube boilersis more.

Water tube boilers are classified as follows.
1. Horizontal straight tube boilers

(a) Longitudinal drum (b) Cross-drum.
2. Bent tube boilers

(a) Two drum (b) Three drum
(c) Low head three drum (d) Four drum.

3. Cyclonefired boilers
Various advantages of water tube boilers are as follows.
(i) High pressure of the order of 140 kg/cm? can be obtained.
(i) Heating surface is large. Therefore steam can be generated easily.
(iii) Large heating surface can be obtained by use of large number of tubes.

(iv) Because of high movement of water in the tubes the rate of heat transfer becomes large
resulting into a greater efficiency.
Firetube boilers are classified as follows.
|. External furnace:
(i) Horizontal return tubular
(i) Short fire box
(iii) Compact.
2. Interna furnace:
(i) Horizontal tubular
(a) Short firebox (b) Locomative (c) Compact (d) Scotch.
(i) Vertica tubular.
(a) Straight vertical shell, vertical tube
(b) Cochran (vertical shell) horizontal tube.
Various advantages of fire tube boilers are as follows.
(i) Low cost
(ii) Fluctuations of steam demand can be met easily
(iii) Itis compact in size.
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According to position of furnace.

(i) Internally fired (i) Externally fired

In internally fired boilers the grate combustion chamber are enclosed within the boiler shell
whereas in case of extremely fired boilers and furnace and grate are separated from the boiler shell.

According to the position of principle axis.

(i) Vertica (i) Horizontal (iii) Inclined.
According to application.

(i) Stationary (i) Mobile, (Marine, Locomative).

According to the circulating water.

(i) Natura circulation (i) Forced circulation.

According to steam pressure.

(i) Low pressure (i) Medium pressure (iii) Higher pressure.

Thisboiler consists of acylindrical shell with its crown having a spherical shape. The furnaceis
also hemispherical in shape. The grate is aso placed at the bottom of the furnace and the ash-pit is
located below the grate. The coal isfed into the grate through the fire door and ash formed is collected
in the ash-pit located just below the grate and it is removed manually. The furnace and the combustion
chamber are connected through a pipe. The back of the combustion chamber is lined with firebricks.
The hot gases from the combustion chamber flow through the nest of horizontal fire tubes (generally
6.25 cm in external diameter and 165 to 170 in number). The passing through the fire tubes transfers a
large portion of the heat to the water by convection. The flue gases coming out of fire tubes are finally
discharged to the atmosphere through chimney (Fig. 5.1).

The spherical top and spherical shape of firebox are the specia features of this boiler. These
shapes require least material for the volume. The hemi spherical crown of the boiler shell gives maxi-
mum strength to withstand the pressure of the steam inside the boiler. The hemi-spherical crown of the
fire box is advantageous for resisting intense heat. This shape is aso advantageous for the absorption of
the radiant heat from the furnace.

Cod or oil can be used as fuel in this boiler. If oil is used as fuel, no grate is provided but the
bottom of the furnace is lined with firebricks. Oil burners are fitted at a suitable location below the fire
door. A manhole near the top of the crown of shell is provided for cleaning. In addition to this, a number
of hand-holes are provided around the outer shell for cleaning purposes. The smoke box is provided
with doors for cleaning of the interior of the fire tubes.

The airflow through the grate is caused by means of the draught produced by the chimney. A
damper is placed inside the chimney (not shown) to control the discharge of hot gases from the chimney
and thereby the supply of air to the grate is controlled. The chimney may also be provided with a steam
nozzle (not shown; to discharge the flue gases faster through the chimney. The steam to the nozzle is
supplied from the bailer.

The outstanding features of this boiler are listed below:

1. It isvery compact and requires minimum floor area.
2. Any type of fuel can be used with this boiler.
3. It iswell suited for small capacity requirements.
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4. 1t gives about 70% thermal efficiency with cod firing and about 75% with oil firing.

5. Theratio of grate area to the heating surface area varies from 10: 1 to 25: 1.

It is provided with all required mountings. The function of each is briefly described below:
1. Pressure Gauge. This indicates the pressure of the steam in the boiler.

2. Water Leve Indicator. This indicates the water level in the boiler The water level in the
boiler should not fall below a particular level otherwise the boiler will be overheated and the tubes may
burn out.

3. Safety Valve. The function of the safety valveis to prevent the increase of steam pressurein
the holler above its design pressure. When the pressure increases above design pressure, the valve opens
and discharges the steam to the atmosphere. When this pressure falls just below design pressure, the
valve closes automatically. Usually the valve is spring controlled.

4. Fusible Plug. If the water level in the boiler falls below a predetermined level, the boiler shell
and tubes will be overheated. And if it is continued, the tubes may burn, as the water cover will be
removed. It can he prevented by stopping the burning of fuel on the grate. When the temperature of the
shell increases above a particular level, the fusible plug, which is mounted over the grate as shown in the
Fig. 4.1, melts and forms an opening. The high-pressure steam pushes the remaining water through this
hole on the grate and the fire is extinguished.

5. Blow-off Cock. The water supplied to the boiler aways contains impurities like mud, sand
and, salt Dueto heating, these are deposited at the bottom of the boiler, and if they are not removed, they
are accumulated at the bottom of the boiler and reduces its capacity and heat transfer rates. Also the salt
content will goes on increasing due to evaporation of water. These deposited salts are removed with the
help of blow off cock. The blow-off cock islocated at the bottom of the boiler as shown in the figure and
is operated only when the boiler is running. When the blow-off cock is opened during the running of the
boiler, the high-pressure steam pushes the water and the collected material at the bottom is blown out.
Blowing some water out also reduces the concentration of the salt. The blow-off cock is operated after
every 5 to 6 hours of working for few minutes. This keeps the boiler clean.

6. Steam Stop Valve. It regulates the flow of steam supply outside. The steam from the boiler
first enters into an ant-priming pipe where most of the water particles associated with steam are re-
moved.

7. Feed Check Valve. The high pressure feed water is supplied to the boiler through this valve.
This valve opens towards the boiler only and feeds the water to the boiler. If the feed water pressure is
less than the boiler steam pressure then this valve remains closed and prevents the back flow of steam
through the valve.
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Fig. 5.1. Cochran Boiler.

45_4 LANCASHIRE BOILER —

It is stationary fire tube, internally fired, horizontal, natural circulation boiler. This is a widely
used boiler because of its good steaming quality and its ability to burn coa of inferior quality. These
boilers have acylindrical shell 2 min diameters and its length varies from 8 m to 10 m. It hastwo large
internal flue tubes having diameter between 80 cm to 100 cm in which the grate is situated. This boiler
is set in brickwork forming externa flue so that the external part of the shell forms part of the heating
surface.

The main features of the Lancashire boiler with its brickwork shelling are shown in figure. The
boiler consists of a cylindrical shell and two big furnace tubes pass right through this. The brick setting
forms one bottom flue and two side flues. Both the flue tubes, which carry hot gases, lay below the water
level as shown in the Fig. 5.2.

The grates are provided at the front end of the main flue tubes of the boiler and the coal isfed to
the grates through the fire doors. A low firebrick bridgeis provided at the end of the grate, as shownin
theFig. 5.2, to prevent the flow of coal and ash particlesinto theinterior of the furnace tubes. Otherwise,
the ash and coal particles carried with gases form deposits on the interior of the tubes and prevent the
heat transfer to the water. The firebrick bridge also helpsin deflecting the hot gases upward to provide
better heat transfer:
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Fig. 5.2. Lancashire Boiler.

The hot gases leaving the grate pass up to the back end of the tubes and then in the downward
direction. They move through the bottom flue to the front of the boiler where they are divided into two
and pass to the side flues as shown in the figure. Then they move along the two-side flues and come to
the chimney as shown in the figure.

With the help of this arrangement of the flow passages of the gases, the bottom of the shell isfirst
heated and then its sides. The heat is transferred to the water through surfaces of the two flue tubes
(which remain in water) and bottom part and sides of the main shell. This arrangement increases the
heating surface to alarge extent.

Dampers in the form of diding doors are placed at the end of side flues to control the flow of
gases. This regulates the combustion rate as well as steam generation rate. These dampers are operated
by chains passing over apulley at the front of the boiler. This boiler isfitted with usual mountings. The
pressure gauge and water level indicator are provided at the front whereas steam stop valve, safety
valve, low water and high steam safety valve and manhole are provided on the top of the shell.
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The blow-off cock is situated beneath the front portion of the boiler shell for the removal of
sediments and mud. It is aso used to empty the water in the boiler whenever required for inspection.

The fusible plugs are mounted on the top of the main flues just over the grates as shown in the
figure to prevent the overheating of boiler tubes by extinguishing the fire when the water level falls
below a particular level. A low water level alarm is usually mounted in the boiler to give awarning in
case the water level going below the precast value.

A feed check valve with afeed pipeisfitted on the front end plate. The feed pipe projecting into
the boiler is perforated so that the water is uniformly distributed into the shell.

The outstanding features of this boiler are listed below:
1. Its heating surface area per unit volume at the boiler is considerably large.
2. Its maintenance is easy.

3. It is suitable where alarge reserve of hot water is needed. This boiler due to the large reserve
capacity can easily meet load fluctuations.

4. Super-heater and economizer can be easily incorporated into the system, therefore; overall
efficiency of the boiler can be considerably increased (80-85%).

The super-heater is placed at the end of the main flue tubes. The hot gases before entering the
bottom flue are passed over the super-heater tubes as shown in the figure and the steam drawn through
the steam stop-valve are passed through the super-heater. The steam passing through the super-heater
absorbs heat from hot gases and becomes superheated.

The economizer is placed at the end of side flues before exhausting the hot gases to the chimney.
The water before being fed into the boiler through the feed check valve is passed through the econo-
mizer. The feed water is heated by absorbing the heat from the exhaust gases, thus leading to better
boiler efficiency. Generally, a chimney is used to provide the draught.

Locomotive boiler is a horizontal fire tube type mobile boiler. The main requirement of this
boiler isthat it should produce steam at avery high rate. Therefore, thisboiler requires alarge amount of
heating surface and large grate area to burn coa at a rapid rate. Providing provides the large heating
surface areaalarge number of fire tubes and heat transfer rate isincreased by creating strong draught by
means of steam jet.

A modern locomotive boiler is shown in Fig. 5.3. It consists of a shell or barrel of 1.5 meter in
diameter and 4 meters in length. The cylindrical shell isfitted to a rectangular firebox at one end and
smoke box at the other end. The coal is manually fed on to the grates through the fire door. A brick arch
as shown in the figure deflects the hot gases, which are generated due to the burning of coal. The firebox
is entirely surrounded by narrow water spaces except for the fire hole and the ash-pit. The deflection of
hot gases with the help of brick arch preventsthe flow of ash and coal particleswith the gasesand it a'so
helps for heating the walls of the firebox properly and uniformly. It aso helps in igniting the volatile
matter from coal. Thewalls of the firebox work like an economizer. The ash-pit, which is situated bel ow
the firebox, isfitted with dampers at its front and back end shown in the figure to control the flow of air
to the grate.

The hot gases from the firebox are passed through the fire tubes to the smoke box as shown in the

figure. The gases coming to smoke box are discharged to the atmosphere through a short chimney with
the help of asteam jet. All the fire tubes are fitted in the main shell. Some of these tubes (24 in number)
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are of larger diameter (13 cm diameter) fitted at the upper part of the shell and others (nearly 160 tubes)
of 4.75 cmin diameter are fitted into the lower part of the shell. The shell contains water surrounding all
the tubes. The top tubes are made of larger diameter to accommodate the super-heater tubes. Absorbing
heat from the hot gases flowing over the tubes superheats the steam passing through the super-heater
tubes. The steam generated in the shell is collected over the water surface. A dome-shaped chamber,
known as steam dome, is fitted on the top of the shell. The dome helps to reduce the priming as the
distance of the steam entering into the dome and water level isincreased. The steam in the shell flows
through a pi pe mounted in the steam dome as shown in the figure into the steam header which isdivided
into two parts. One part of the steam header is known as saturated steam header and the other part is
known as superheated steam header. The saturated wet steam through the steam pipe enters into the
saturated steam header and then it is passed through the super-heater tubes as shown in the figure. The
superheated steam coming out of super-heater tubes is collected in the superheated header and then fed
to the steam engines. A stop valve serving aso as a regulator for steam flow is provided inside a
cylindrical steam dome as shown in the figure. Thisis operated by the driver through a regulator shaft
passing from the front of the boiler.

Flue Gas
104

N
N

1. Fire box 2. Grate 3. Firehole 4. Fire bride arch

5. Ash pit 6. Damper 7. Fine tubes 8. Barrel or shell

9. Smoke box 10. Chimney (short) 11. Exhaust steam pipe 12. Steam dome
13. Regulator 14. Lever 15. Superhesater tubes 16. Superheater header
17. Superheater exist pipe  18. Smoke box door 19. Feed check vave 20. Safety valve
21. Whistle 22. Water gauge

Fig. 5.3. Locomotive Boiler.

The supply of air to the grate is obtained by discharging the exhaust steam from the engine
through ablast pipe which is placed below the chimney. The air-flow caused by this method is known as
induced draught. A large door at the front end of the smoke box is provided which can be opened for
cleaning the smoke box and fire tubes.

The height of the chimney must be low to facilitate the locomotive to pass through tunnels and
bridges. Because of the short chimney, artificia draught hasto be created to drive out the hot gases. The
draught is created with the help of exhaust steam when locomotive is moving and with the help of live
steam when the locomotive is stationary. The motion of the locomative helps not only to increase the
draught, but also to increase the heat transfer rate.
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The pressure gauge and water level indicators are located m the driver's cabin at the front of the
fire box as shown in the figure. The spring loaded safety valve and fusible plug are located as shown in
the figure. Blow-off cock is provided at the bottom of the water wall to remove the debris and mud.

The outstanding features of this boiler are listed below :

1. Large rate of steam generation per square metre of heating surface. To some extent thisis due
to the vibration caused by the motion.

2. Itisfreefrom brickwork, special foundation and chimney. This reduces the cost of installation.

3. Itisvery compact.

The pressure of the steam is limited to about 20 bar. The details of W.G.Type Locomoative

Diameter and length of shell Ordinary tubes

Large size tubes

Pressure and temperature of steam Grate area

Heating surface area = 270 m?.

The capacity of thisboiler under normal load is 8500 kg/hr at 14.76 bar and 370°C burning 158.5
kg of coal per hour/m? of grate area.

Boiler manufactured at Chittaranjan are listed below : = 208.5 cm and 520.7 cm

= 116 and 57.15 mm in diameter = 38 and 114.3 mm in diameter = 14.76 bar and 370°C

= 4.27'11?

45.6 BABCOCK WILCOX BOILER —

As classified earlier, in awater tube boiler, the water is inside the tubes and hot gases flow over
the tubes. Babcock and Wilcox original model is a straight water tube boiler. A simple stationary boiler
of thistype is described here.

The boiler with its partsis shown in Fig. 5.4. The boiler shell known as water and steam drum is
made of high quantity steel. It is connected by short tubes with the uptake header or riser and by longer
tubes to the down take header. The water level in the drumis dightly above the center. The water tubes
are connected to the top and bottom header and are kept inclined at an angle of 15° to the horizontal. The
headers are provided with hand holes in the front of the tubes and are covered with caps. This arrange-
ment helpsin cleaning of the tubes. The inclined position helps the flow of water.

The furnace is arranged below the uptake header. Coal is fed to the grate through the fire door.
Two firebrick baffles are arranged in such a manner that the hot gases from the grate are compelled to
move in the upward and downward directions. First the hot gases rise upward and then go down and
then rise up again and finally escape to the chimney through the smoke chamber.

The outer surface of the water tubes and half of the bottom cylindrical surface of the drum form
the heating surface through which heat is transferred from the hot gases to the water.

The front portion of the water tubes come in contact with the hot gases at higher temperature. So
the water from this portion risesin the upper direction due to decreased density and passed into the drum
through the uptake header. Here the steam and water are separated and the steam being lighter is col-
lected in the upper part of the drum. From the back portion of the drum, the water enters into the water
tubes through the down take header. Thus, a continuous circulation of water from the drum to the water
tubes and water tubes to the drum is maintained. The circulation of water is maintained by convective
currents and is known as natural circulation.




188 POWER PLANT ENGINEERING

Steam out T

lngead Weight

Safety Valve

Steam stop
valve

Pressure gauge

Manhole T
Anti priming
Feed check pipe Chimney
valve T
Water in
Water level T

indicator ’ e

Fusible plug

Combustion
Chamber

Fire brick lining — S =

Boiler shell
 —

Blow off cock T[] Fire Box

Fire door

----------.---—-—-—
Ash-pit A X %
Airin

Mud and water out
during blow off

Fig. 5.4. Babcock Wilcox Boiler.

A super-heater is placed between the drum and water-tubes as shown in the figure. During the
first turn of the hot gases, the gases are passed over the super-heater tubes and the steam is passed
through the super-heater and becomes superheated steam. The steam istaken into the super-heater from
the steam space of the drum through a tube as shown in the figure. The superheated steam coming out
through super-heater is supplied through steam-pipe and steam stop valve to the turbine. When the
steam is being raised from cold boiler, the super-heater isfilled with water to the drum water level. This
is essential to prevent the overheating of the super-heater tubes. The super-heater remains flooded with
water until the steam reaches the working pressure. Once the rated pressure of steam is achieved in the
boiler, then the water from the super-heater is drained and steam is fed to it for superheating purposes.

A mud box isfitted to the down header as shown in the figure. The impurities and mud particles
from the water are collected in the mud box and they are blown-off from time to time by means of ablow
off valve as shown in the figure.

The accessto theinterior of the boiler isprovided by the doors. Thisis necessary for cleaning the
tubes and removing the soots from their surfaces. The draught is regulated by a damper which is pro-
vided in the back chamber as shown in the figure. The damper position is controlled with the help of
chain connected to it from the pulley as shown in figure.

The outstanding features of this boiler are listed below :

1. The evaporative capacity of this boilersis high compared with other boilers (20,000 to 40,000
kg/hr). The operating pressure lies between 11.5 to 17.5 bar.
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2. The draught loss is minimum compared with other boilers.
3. The defective tubes can be replaced easily.

4. The entire boiler rests over an iron structure, independent of brick work, so that the boiler may
expand or contract freely. The brick walls which form the surroundings of the boiler are only to enclose
the furnace and the hot gases.

45.7 INDUSTRIAL BOILERS —

Theboilersare generaly required in chemical industries, paper industries, pharmaceutical indus-
tries and many others. Efficiency, reliability and cost are mgjor factorsin the design of industrial boilers
similar to central stations. Boiler’s capacity varies from 100 to 400 tons of steam per hour. Industrial
companies in foreign countries with large steam demands have considerable interest in cogeneration,
the simultaneous production of steam and electricity because of federa legidation. High temperature
and high pressure boilers 350°C and 75 ata) are now-a-days used even though high pressure and tem-
perature are rarely, needed to. process requirement but they are used to generate electricity to surging
prices of the oil, most of the industrial boilers are designed to use wood, municipal - pulverized coal,
industrial solid waste and refinery gas few industrial boilers which are in common use are discussed
below.

Packaged Water-tube Boilers. The boilers having a capacity of 50 tons/hr are generally designed
with water cooled furnaces. Advantages of this design include minimum weight and maintenance as
well rigidity and safety. Presently the boilers are also designed to burn coal, wood and process waste
also. The much larger furnace volumes required in units designed for solid fuels restrict the capacity of
packaged units to about 40 tons/hr or about one-third of a oil-gas fired unit that can be shipped by
railroad.

5.8 MERITS AND DEMERITS OF WATER TUBE BOILERS OVER
FIRE TUBE BOILERS MERITS
1. Generation of steam is much quicker due to small ratio of water content to steam content.
This aso helpsin reaching the steaming temperature in short time.

2. Its evaporative capacity is considerably larger and the steam pressure range is aso high-200
bar.

3. Heating surfaces are more effective as the hot gases travel at right angles to the direction of
water flow.

4. The combustion efficiency is higher because complete combustion of fuel is possible as the
combustion space is much larger.

5. The thermal stresses in the boiler parts are less as different parts of the boiler remain at
uniform temperature due to quick circulation of water.

6. The boiler can be easily transported and erected as its different parts can be separated.

7. Damage due to the bursting of water tube is less serious. Therefore, water tube boilers are
sometimes called safety boilers.

8. All parts of the water tube boilers are easily accessible for cleaning, inspecting and repairing.
9. The water tube boiler's furnace area can be easily altered to meet the fuel requirements.
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Demerits:

1. Itislesssuitable for impure and sedimentary water, as a small deposit of scale may cause the
overheating and bursting of tube. Therefore, use of pure feed water is essential.

2. They require careful attention. The maintenance costs are higher.
3. Failurein feed water supply even for short period is liable to make the boiler over-heated.

45.9 REQUIREMENTS OF A GOOD BOILER —

A good boiler must possess the following qualities :

1. The boiler should be capabl e to generate steam at the required pressure and quantity as quickly
as possible with minimum fuel consumption.

2. Theinitia cogt, installation cost and the maintenance cost should be as low as possible.
3. The boiler should be light in weight, and should occupy small floor area.

4. The boiler must be able to meet the fluctuating demands without pressure fluctuations.
5. All the parts of the boiler should be easily approachable for cleaning and inspection.

6. The boiler should have a minimum of jointsto avoid leaks which may occur due to expansion
and contraction.

7. The boiler should be erected at site within a reasonable time and with minimum labour.

8. The water and flue gas velocities should be high for high heat transfer rates with minimum
pressure drop through the system.

9. There should be no deposition of mud and foreign materials on the inside surface and soot
deposition on the outer surface of the heat transferring parts.

10. The boiler should conform to the safety regulations as laid down in the Boiler Act.

In al modern power plants, high pressure boilers (> 100 bar) are universaly used as they offer
the following advantages.

In order to obtain efficient operation and high capacity, forced circulation of water through boiler
tubes is found helpful. Some special types of boilers operating at super critical pressures and using
forced circulations are described in this chapter.

| . The efficiency and the capacity of the plant can be increased as reduced quantity of steamis
required for the same power generation if high pressure steam is used.

2. The forced circulation of water through boiler tubes provides freedom in the arrangement of
furnace and water walls, in addition to the reduction in the heat exchange area.

3. The tendency of scale formation is reduced due to high velocity of water.

4. The danger of overheating is reduced as all the parts are uniformly heated.

5. Thedifferential expansion isreduced due to uniform temperature and this reduces the possibil-
ity of gas and air leakages.

6. Some specia types of high pressure supercritical boilers are described in this chapter.
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5.10.1 LA MONT BOILER

A forced circulation boiler was first introduced in 1925 by La Mont. The arrangement of water
circulation and different components are shown in Fig. 5.5.

The feed water from hot well is supplied to a storage and separating drum (boiler) through the
economizer. Most of the sensible heat is supplied to the feed water passing through the economizer. A
pump circulates the water at arate 8 to 10 times the mass of steam evaporated. This water is circulated
through the evaporator tubes and the part of the vapour is separated in the separator drum. The large
guantity of water circulated (10 times that of evaporation) prevents the tubes from being overheated.

Chimney
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Air preheater Air
Feed watir7
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Feed ( X < Economiser
wegr s—< Super
- S — 4/4”’ heater
TEEE C 1 Main
Storage C—K’r: steam
and (j < Evaporator
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— Preheated
Combustion \\;g\ air
«_Chamber ~Evaporator
75;’| Fire gate (radiant)
Circulating vel=——— ZH
um Ashpan—, <«
PHmP Z
Distributing

header
Fig. 5.5. LaMont Boiler.

The centrifugal pump delivers the water to the headers at a pressure of 2.5 bar above the drum
pressure. The distribution headers distribute the water through the nozzle into the evaporator.

The steam separated in the boiler is further passed through the super-heater.

Secure a uniform flow of feed water through each of the parallel boiler circuits a choke is fitted
entrance to each circuit.

These boilers have been built to generate 45 to 50 tonnes of superheated steam at a pressure of
120 bar and temperature of 500°C. Recently forced circulation has been introduced in large capacity
power ?

5.10.2 BENSON BOILER

The main difficulty experienced inthe LaMont boiler isthe formation and attachment of bubbles
on the inner surfaces of the heating tubes. The attached bubbles reduce the heat flow and steam genera-
tion asit offers higher thermal resistance compared to water film

1. Benson in 1922 argued that if the boiler pressure wasraised to critical pressure (225 atm.), the
steam and water would have the same density and therefore the danger of bubble formation can be
completely

2. Natural circulation boilers require expansion joints but these are not required for Benson as
the pipes are welded. The erection of Benson boiler is easier and quicker as dl the parts are welded at
site and workshop job of tube expansion is altogether avoided.
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3. Thetransport of Benson boiler partsis easy as no drums are required and majority of the parts
are carried to the site without pre-assembly.

4. The Benson hoiler can be erected in a comparatively smaller floor area. The space problem
does not control the size of Benson boiler used.

5. The furnace walls of the boiler can be more efficiently protected by using small diameter and
close pitched tubes.

6. The superheater in the Benson bailer is an integral part of forced circulation system, therefore
no specia starting arrangement for superheater is required.

7. The Benson boiler can be started very quickly because of welded joints.

8. The Benson boiler can be operated most economically by varying the temperature and pres-
sure at partial loads and overloads. The desired temperature can also be maintained constant at any
pressure.

9. Sudden fall of demand creates circulation problems due to bubble formation in the natural
circulation boiler which never occurs in Benson boiler. This feature of insensitiveness to load fluctua
tions makes it more suitable for grid power station asit has better adaptive capacity to meet sudden load
fluctuations.

10. The blow-down losses of Benson boiler are hardly 4% of natural circulation boilers of same
capacity.

11. Explosion hazards are not at all severe asit consists of only tubes of small diameter and has
very little storage capacity compared to drum type boiler.

During starting, the water is passed through the economiser, evaporator, superheater and back to
the feed line via starting valve A. During starting the valve B is closed. As the steam generation starts
and it becomes superheated, the valve A is closed and the valve B is opened.

During starting, first circulating pumps are started and then the burners are started to avoid the
overheating of evaporator and superheater tubes.

5.10.3. LOEFFLER BOILER

The major difficulty experienced in Benson boiler is the deposition of salt and sediment on the
inner surfaces of the water tubes. The deposition reduced the heat transfer and ultimately the generating
capacity. This further increased the danger of overheating the tubes due to salt deposition asit has high
thermal resistance.

The difficulty was solved in Loeffler boiler by preventing the flow of water into the boiler tubes.
Most of the steam is generated outside from the feedwater using part of the superheated steam coming
out from the bailer.

The pressure feed pump draws the water through the economiser and deliversit into the evapora-
tor drum as shown in the figure. About 65% of the steam coming out of superheater is passed through
the evaporator drum in order to evaporate the feed water coming from economiser.

The steam circulating pump draws the saturated steam from the evaporator drum and is passed
through the radiant superheater and then connective superheater. About 35% of the steam coming out
from the superheater is supplied to the H.P. steam turbine. The steam coming out from H.P. turbine is
passed through reheater before supplying to L.P. turbine as shown in the figure.

The amount of steam generated in the evaporator drum is equal to the steam tapped (65%) from
the superheater. The nozzles which distribute the superheated steam through the water into the evapora-
tor drum are of special design to avoid priming and noise.
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This boiler can carry higher salt concentration than any other type and is more compact than
indirectly heated boilers having natural circulation. These qualitiesfit it for land or sea transport power
generation. Loeffler boilers with generating capacity of 94.5 tonnes/hr and operating at 140 bar have
already been commissioned.

5.10.4. SCHMIDT-HARTMANN BOILER

The operation of the boiler is similar to an electric transformer. Two pressures are used to effect
an interchange of energy.

In the primary circuit, the steam at 100 bar is produced from distilled water. This steam is passed
through a submerged heating coil which is located in an evaporator drum as shown in the figure. The
high pressure steam in this coil possesses sufficient thermal potential and steam at 60 bar with a heat
transfer rate of 2.5 kW/m?-°C is generated in the evaporator drum.

The steam produced in the evporator drums from impure water is further passed through 'the
superheater and then supplied to the prime-mover. The high pressure condensate formed in the sub-
merged heating coil is circulated through alow pressure feed heater on its way to raise the feed water
temperature to its saturation temperature. Therefore, only latent heat is supplied in the evaporator drum.

Natural circulation is used in the primary circuit and thisis sufficient to effect the desired rate of
heat transfer and to overcome the thermo-siphon head of about 2 mto 10 m.

In normal circumstances, the replenishment of distilled water in the primary circuit is not re-
quired as every care istaken in design and construction to prevent leakage. But as a safeguard against
leakage, a pressure gauge and safety valve are fitted in the circuit.

Advantages

1. Thereis rare chance of overheating or burning the highly heated components of the primary
circuit asthereisno danger of salt deposition aswell asthereis no chance of interruption to the circulation
either by rust or any other materia. The highly heated parts run very safe throughout the life of the boiler.

2. The salt deposited in the evaporator drum due to the circulation of impure water can be easily
brushed off just by removing the submerged coil from the drum or by blowing off the water.

3. The wide fluctuations of load are easily taken by this boiler without undue priming or abnor-
mal increase in the primary pressure due to high thermal and water capacity of the boiler.

4. The absence of water risersin the drum, and moderate temperature difference across the heat-
ing coil alow evaporation to proceed without priming.

5.10.5. VELOX-BOILER

Now, it is known fact that when the gas velocity exceeds the sound-velocity, the heat is trans-
ferred from the gas at amuch higher rate than rates achieved with sub-sonic flow. The advantages of this
theory are taken to effect the large heat transfer from a smaller surface area in this boiler.

Air iscompressed to 2.5 bar with an help of a compressor run by gas turbine before supplying to
the combusion chamber to get the supersonic velocity of the gases passing through the combustion
chamber and gas tubes and high heat release rates (40 MW/m?®). The burned gases in the combustion
chamber are passed through the annulus of the tubes as shown in figure. The heat is transferred from
gases to water while passing through the annulus to generate the steam. The mixture of water and steam
thus formed then passes into a separator which is so designed that the mixture enters with a spiral flow.
The centrifugal force thus produced causes the heavier water particles to be thrown outward on the
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walls. This effect separates the steam from water. The separated steam is further passed to superheater
and then supplied to the prime-mover. The water removed from steam in the separator is again passed
into the water tubes with the help of a pump.

The gases coming out from the annulus at the top are further passed over the superheater where
its heat is used-for superheating the steam. The gases coming out of superheater are used to run a gas
turbine asthey carry sufficient kinetic energy. The power output of the gasturbineis used to run the air-
compressor. The exhaust gases coming out from the gas turbine are passed through the economiser to
utilise the remaining heat of the gases. The extra power required to run the compressor is supplied with
the help of electric motor. Feed water of 10 to 20 times the weight of steam generated is circulated
through the tubes with the help of water circulating pump. This prevents the overheating of metal walls.

The size of the velox boailer islimited to 100 tons per hour because 400 KW isrequired to run the
air compressor at this output. The power developed by the gas turbine is not sufficient to run the com-
pressor and therefore some power from external source must be supplied as mentioned above.

Advantages
1. Very high combustion rates are possible as 40 MJm? of combustion chamber volume.
2. Low excessair isrequired asthe pressurised air is used and the problem of draught is simplified.
3. It is very compact generating unit and has greater flexibility.

4. It can be quickly started even though the separator has a storage capacity of about 10% of the
maximum hourly output.

({ EXERCISES D

1. State how the boilers are classified ?
2. Explain the principle of fire tube and water tube boilers.

3. Describe with a neat sketch the working of Cochran boiler. Show the position of different
mountings and explain the function of each.

4. Describe, giving neat sketches, the construction and working of a Lancashire boiler. Show
the positions of different mountings and accessories.

5. Sketch and describe the working of a Locomotive boiler. Show the positions of fusible plug,
blow off cock, feed check valve and superheater. Mention the function of each. Describe the
method of obtaining draught in this boiler.

6. Give an outline sketch showing the arrangement of water tubes and furnace of a Babcock and
Wilcox boiler. Indicate on it the path of the flue gases and water circulation. Show the posi-
tions of fusible plug, blow off cock and superheater. Mention the function of each.

7. Explain why the superheater tubes are flooded with water at the starting of the boilers ?
8. Mention the chief advantages and disadvantages of fire tube boilers over water tube boilers.
9. Discuss the chief advantages of water tube boilers over fire tube boilers.
10. What are the considerations which would guide you in selecting the type of boiler to be
adopted for a specific purpose ?
11. Distinguish between water-tube and fire-tube boilers and state under what circumstances
each type would be desirable.



Chapter 6

Steam turbine is one of the most important prime mover for generating electricity. This falls
under the category of power producing turbo-machines. In the turbine, the energy level of the working
fluid goes on decreasing along the flow stream. Single unit of steam turbine can develop power ranging
from 1 mW to 1000 mW. In general, 1 mW, 2.5 mW, 5 mw, 10 mw, 30 mW, 120 mW, 210 mW, 250 mW,
350 mwW, 500 mw, 660 mwW, 1000 mW are in common use. The therma efficiency of modern steam
power plant above 120 mW is as high as 38% to 40%.

The purpose of turbine technology isto extract the maximum quantity of energy from the work-
ing fluid, to convert it into useful work with maximum efficiency, by means of a plant having maximum
reliability, minimum cost, minimum supervision and minimum starting time. This chapter dealswith the
types and working of various types of steam turbine. The construction details are given in chapter 15.

46.1. PRINCIPLE OF OPERATION OF STEAM TURBINE —

The principle of operation of steam turbine is entirely different from the steam engine. In recip-
rocating steam engine, the pressure energy of steam is used to overcome external resistance and the
dynamic action of steam is negligibly small. But the steam turbine depends completely upon the dy-
namic action of the steam. According to Newton's Second Law of Mation, the force is proportional to
the rate of change of momentum (mass x velocity). If the rate of change of momentum is caused in the
steam by alowing ahigh velocity jet of steam to pass over curved blade, the steam will impart aforceto
theblade. If the blade isfree, it will move off (rotate) in the direction of force. In other words, the motive
power in asteam turbineis obtained by the rate of changein moment of momentum of ahigh velocity jet
of steam impinging on a curved blade which is free to rotate. The steam from the boiler is expanded in
a passage or nozzle where due to fall in pressure of steam, thermal energy of steam is converted into
kinetic energy of steam, resulting in the emission of a high velocity jet of steam which, Principle of
working impinges on the moving vanes or blades of turbine (Fig. 6.1).

C, —
Force
C, 4 Blade

Fig. 6.1. Turbine Blade.

Attached on a rotor which is mounted on a shaft supported on bearings, and here steam under-
goes achange in direction of motion due to curvature of blades which givesrise to achange in momen-
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tum and therefore aforce. This constitutes the driving force of the turbine. This arrangement is shown.
It should be realized that the blade obtains no motive force from the static pressure of the steam or from
any impact of the jet, because the blade in designed such that the steam jet will glide on and off the blade
without any tendency to strike it.

Asshown in Fig. 6.2, when the blade is locked the jet enters and leaves with equal velocity, and
thus develops maximum force if we neglect friction in the blades. Since the blade velocity is zero, no
mechanical work is done. Asthe blade is allowed to speed up, the leaving velocity of jet from the blade
reduces, which reduces the force. Due to blade velocity the work will be done and maximum work is
done when the blade speed isjust half of the steam speed. In this case, the steam velocity from the blade
isnear about zeroi.e. itistrail of inert steam since all the kinetic energy of steam is converted into work.
Theforce and work done become zero when the blade speed is equal to the steam speed. From the above
discussion, it follows that a steam turbine should have arow of nozzles, arow of moving bladesfixed to
the rotor, and the casing (cylinder). A row of nozzles and a raw of moving blades constitutes a stage of
turbine.

Blade velocity
Entering velocity U =0
=c,  _,
F
y J P
ozzle
# Leaving Blade

velocity = C, locked
(b1)

u=C,/4
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—
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Fig. 6.2. Action of Jet on Blade.

46.2. CLASSIFICATION OF STEAM TURBINE —

Steam turbine may be classified as follows: -

(A) On the Basis of Principle of Operation :

(i) Impulse turbine

(@) Simple, (b) Velocity stage, (c) Pressure stage, (d) combination of (b) and (c).
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(if) Impulse-reaction turbine

(a) 50% (Parson’s) reaction, (b) Combination of impulse and reaction.

(i) Impulse Turbine: If the flow of steam through the nozzles and moving blades of a turbine
takes place in such a manner that the steam is expanded only in nozzles and pressure at the outlet sides
of the bladesis equal to that at inlet side; such aturbine istermed asimpul se turbine because it works on
the principle of impulse. In other words, in impulse turbine, the drop in pressure of steam takes place
only in nozzles and not in moving blades. This is obtained by making the blade passage of constant
Cross- section area

Asagenera statement it may be stated that energy transformation takes place only in nozzles and
moving blades (rotor) only cause energy transfer. Since the rotor blade passages do not cause any accel-
eration of fluid, hence chances of flow separation are greater which results in lower stage efficiency.

(i) Impulse-Reaction Turbine: Inthisturbine, the drop in pressure of steam takes placein fixed
(nozzles) as well as moving blades. The pressure drop suffered by steam while passing through the
moving blades causes a further generation of kinetic energy within the moving blades, giving rise to
reaction and adds to the propelling force which is applied through the rotor to the turbine shaft. Since
this turbine works on the principle of impulse and reaction both, so it is called impul se-reaction turbine.
Thisis achieved by making the blade passage of varying cross-sectional area (converging type).

In generd, it may be stated that energy transformation occurs in both fixed and moving blades.
The rotor blades cause both energy transfer and transformation. Since thereis an acceleration of flow
in moving blade passage hence chances of separation of flow is less which results in higher stage
efficiency.

(B) On the basis of “Direction of Flow’" :

(i) Axid flow turbine, (i) Radial flow turbine, (iii) Tangential flow turbine.

(i) Axial Flow Turbine. In axia flow turbine, the steam flows along the axis of the shaft. It isthe
most suitable turbine for large turbo-generators and that is why it is used in all modem steam power
plants.

(i) Radial Flow Turbine. In this turbine, the steam flowsin the radia direction. It incorporates
two shafts end to end, each driving a separate generator. A disc is fixed to each shaft. Rings of 50%
reaction radial-flow bladings are fixed to each disk. The two sets of bladings rotate counter to each
other. Inthisway, areative speed of twice the running speed is achieved and every blade row ismadeto
work. The final stages may be of axial flow design in order to achieve alarger area of flow. Since this
type of turbine can be warmed and started quickly, so it is very suitable for use at times of peak load.
Though thistype of turbineisvery successful inthe smaller sizes but formidable design difficulties have
hindered the development of large turbines of this type. In Sweden, however, composite radial/axial
flow turbines have been built of outputs upto 275 MW. Sometimes, this type of turbineis also known as
Liungstrom turbine after the name of its inventor B and F. Liungstrom of Sweden (Fig. 6.3).

(iii) Tangential Flow Turbine. In this type, the steam flows in the tangential direction. This
turbine is very robust but not particularly efficient machine, sometimes used for driving power station
auxiliaries. In this turbine, nozzle directs steam tangentially into buckets milled in the periphery of a
single wheel, and on exit the steam turns
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through a reversing chamber, reentering bucket further round the periphery. This process is repeated
severa times, the steam flowing a helical path. Several nozzles with reversing chambers may be used
around the wheel periphery.

(C) On the Basis of Means of Heat Supply:

(i) Single pressure turbine,

(i) Mixed or dua pressure turbine

(iii) Reheated turbine.

(a) Single (b) Double

(i) Single Pressure Turbine : In this type of turbine, there is single source of steam supply.

(if) Mixed or Dual Pressure Turbine : This type of turbines, use two sources of steam, at
different pressures. The dual pressure turbine is found in nuclear power stations where it uses both
sources continuously. The mixed pressure turbineisfound inindustrial plants (e.g., rolling mill, colliery,
etc.) where there are two supplies of steam and use of one supply is more economical than the other; for

example, the economical steam may be the exhaust steam from engine which can be utilised inthe L. P.
stages of steam turbine. Dual pressure system is also used in combined cycle.

(iii) Reheated Turbine : During its passage through the turbine steam may be taken out to be
reheated in a reheater incorporated in the boiler and returned at higher tempera-ture to be expanded in
(Fig. 6.6). This is done to avoid erosion and corrosion problems in the bladings and to improve the
power output and efficiency. The reheating may be single or double or triple.

(D) On the Basis of Means of Heat Rejection :
(i) Pass-out or extraction turbine, (ii) Regenerative turbine, (iii) Condensing turbine, (iv) Non-
condensing turbine, (V) Back pressure or topping turbine.

(i) Pass-out Turbine. In this turbine, (Fig. 6.4), a considerable proportion of the steam is ex-
tracted from some suitable point in the turbine where the pressure is sufficient for usein process heating;
the remainder continuing through the turbine. The latter is controlled by separate valve-gear to meet the
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difference between the pass-out steam and electrical load requirements. This type of turbine is suitable
where there is dua demand of steam-one for power and the other for industrial heating, for example
sugar industries. Double pass-out turbines are sometimes used.

(il) Regenerative Turbine. This turbine incorporates a number of extraction branches, through
which small proportions of the steam are continuously extracted for the purpose of heating the boiler
feed water in afeed heater in order to increase the thermal efficiency of the plant. Now a days, all steam
power plants are equipped with reheating and regenerative arrangement.

(iii) Condensing Turbine. In thisturbine, the exhaust steam is condensed in a condenser and the
condensate is used as feed water in the boiler. By this way the condensing turbine allows the steam to
expand to the lowest possible pressure before being condensed. All steam power plants use this type of
turbine.

(iv) Non-Condensing Turbine. When the exhaust steam coming out from the turbine is not
condensed but exhausted in the atmosphere is called non-condensing turbine. The exhaust steam is not
recovered for feed water in the boiler.

(v) Back Pressureor Topping Turbine. Thistype of turbine rejects the steam after expansion to
the lowest suitable possible pressure at which it is used for heating purpose. Thus back pressure turbine
supplies power as well as heat energy.

The back pressure turbine generally used in sugar industries provides low pressure steam for
heating apparatus, where as a topping turbine exhausts into a turbine designed for lower steam condi-
tions.

(E) On the Basis of Number of Cylinder: Turbine may be classified as

(i) Single cylinder and (ii) Multi-cylinder.

(i) Single Cylinder. When all stages of turbine are housed in one casing, then it is called single
cylinder. Such a single cylinder turbine uses one shaft.

(if) Multi-Cylinder. In large output turbine, the number of the stages needed becomes so high
that additional bearings are required to support the shaft. Under this circumstances, multi-cylinders are
used.

(F) On the Basis of Arrangement of Cylinder Based on General Flow of Steam. (i) Single flow,
(i) Double flow, and (iii) Reversed flow

Single Flow. In asingleflow turbines, the steam enters at one end, flows once [Fig. 6.5(a)] through

— —Vv

Single flow Double flow Reversed flow
(a) (b) (0)

Fig. 6.5

the bladings in a direction approximately parallél to this axis, emerges at the other end. High pressure
cylinder uses single flow. Thisis aso common in small turbines.

Double Flow. In thistype of turbines, the steam enters at the centre and divides, the two portions
passing axially away from other through separate sets of blading on the same rotor Fig. 6.5(b). The low
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pressure cylinder normally uses double flow). This type of unit is completely balanced against the end
thrust and gives large area of flow through two sets of bladings. This also helps in reducing the blade
height as mass flow rate becomes half as compared to single flow for the same conditions.

Reversed Flow. Reversed flow arrangement is sometimes used in h.p, cylinder where higher
temperature steam is used on the larger sets in order to minimise differential expansion i.e. unequal
expansion of rotor and casing. The use of single, double and reversed flow is shown in the layout
Fig. 6.5(c).

(G) On the Basis of Number of Shaft

(i) Tandem compound, (ii) Cross compound

(i) Tandem Compound. Most multi-cylinder turbines drive a single shaft and single generator
Such turbines are termed as tandem compound turbines.

(ii) Cross Compound. In this type, two shafts are used driving separate generator. The may be
one of turbine house arrangement, limited generator size, or a desire to run shafting at half speed. The
latter choice is sometimes preferred so that for the same centrifugal stress, longer blades may be used,
giving alarger leaving area, a smaller velocity and hence a small leaving loss.

(H) On the Basis of Rotational Speed

(i) constant speed turbines

(if) Variable speed turbines

(i) Constant Speed Turbines. Requirements of rotational speed are extremely rigid in turbines
which are directly connected to electric generators as these must be a-c unit except in the smallest sizes
and must therefore run at speeds corresponding to the standard number of cycles per second and gov-
erned by the following equation :

N =120 x Number of cycles per second = 120 f/p

Number of poles

The minimum number of poles, in agenerator istwo and correspondingly the maximum possible
speed for 60 cycleis 3,600 rpm; for 50 c/s of frequency, the speeds would be 3,000, 1500 and 750 rpm
for 2, 4 and 8 poles machines respectively.

(i) Variable Speed Turbines. These turbines have geared units and may have practically any
speed ratio between the turbine and the driven machine so that the turbine may be designed for its own
most efficient speed. Such turbines are used to drive ships, compressors, blowers and variable frequency
generators.

46.3. THE SIMPLE IMPULSE TURBINE —

Thistype of turbine works on the principle of impulse and is shown diagrammatically. It mainly
consists of anozzle or a set of nozzles, arotor mounted on a shaft, one set of moving blades attached to
the rotor and a casing. The uppermost portion of the diagram shows a longitudinal section through the
upper half of the turbine, the middle portion shows the development of the nozzles and blading i.e. the
actual shape of the nozzle and blading, and the bottom portion shows the variation of absolute velocity
and absolute pressure during flow of steam through passage of nozzles and blades. The example of this
type of turbine is the de-Laval Turbine.

It is obvious from the figure that the complete expansion of steam from the steam chest pressure
to the exhaust pressure or condenser pressure takes place only in one set of nozzlesi.e. the pressure drop
takes place only in nozzles. It is assumed that the pressure in the recess between nozzles and blades
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remains the same. The steam at condenser pressure or exhaust pressure enters the blade and comes out
at the same pressurei.e. the pressure of steam in the blade passages remains approximately constant and
equal to the condenser pressure. Generally, converging-diverging nozzles are used. Dueto therdatively
large ratio of expansion of steam in the nozzles, the steam leaves the nozzles at a very high velocity
(supersonic), of about 1100 m/s. It is assumed that the velocity remains constant in the recess between
the nozzles and the blades. The steam at such a high velocity enters the blades and reduces along the
passage of blades and comes out with an appreciable amount of velocity (Fig. 6.6).

Asit has been aready shown, that for the good economy or maximum work, the blade speeded
should be one half of the steam speed so blade velocity is of about 500 m/s which isvery en high. This
results in a very high rotational speed, reaching 30,000 r.p.m. Such high rotational speeds can only be
utilised to drive generators or machines with large reduction gearing arrangements.
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Fig. 6.6. Impulse Turbine.

In thisturbine, the leaving velocity of steam is aso quite appreciable resulting in an energy 10oss,
caled “carry over loss’ or “leaving velocity loss’. This leaving loss is so high that it may amount to
about 11 percent of theinitial kinetic energy. Thistype of turbineis generally employed whererelatively
small power is needed and where the rotor diameter is kept fairly small.

46.4. COMPOUNDING OF IMPULSE TURBINE —

Compounding is a method for reducing the rotational speed of the impulse turbine to practical
limits. As we have seen, if the high velocity of steam is allowed to flow through one row of moving
blades, it produces arotor speed of about 30,000 r.p.m. which istoo high for practical use. Not only this,
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the leaving loss is aso very high. It is therefore essentia to incorporate some improvements in the
simpleimpulse turbine for practical use and also to achieve high performance. Thisis possible by mak-
ing use of more than one set of nozzles, blades, rotors, in aseries, keyed to acommon shaft, so that either
the steam pressure or the jet velocity is absorbed by the turbine in stages. The leaving loss also will then
be less. This processis called compounding of steam turbines. There are three main types

(@) Pressure-compounded impulse turbine.
(b) Velocity-compounded impulse turbine.
(c) Pressure and velocity compounded impulse turbine.

46.5. PRESSURE COMPOUNDED IMPULSE TURBINE —

In thistype of turbine, the compounding is done for pressure of steam only i e. to reduce the high
rotationa speed of turbine the whole expansion of steamis arranged in anumber of steps by employing
anumber of simple turbine in a series keyed on the same shaft as shown. Each of these simple impulse
turbine consisting of one set of nozzles and one row of moving bladesis known as a stage of the turbine
and thus this turbine consists of severa stages. The exhaust from each row of moving blades enters the
succeeding set of nozzles. Thus we can say that this arrangement is nothing but splitting up the whole
pressure drop (Fig. 6.7).
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Fig. 6.7. Pressure Compounded Impulse Turbine.
from the steam chest pressure to the condenser pressure into a series of smaller pressure drop across
severa stages of impulse turbine and hence this turbine is culled, pressure-compound impulse turbine.

The pressure and velocity variation are also shown. The nozzles are fitted into a diaphragm
whichislocked in the casing. This diaphragm separates one wheel chamber from another. All rotors are
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mounted on the same shaft and the blades are attached on the rotor. Therotor (i.e. disc) may be keyed to
the shaft or it may be integral part of shaft.

The expansion of steam only takes place in the nozzles while pressure remains constant in the
moving blades because each stage is a simple impulse turbine. So it is obvious from the pressure curve
that the space between any two consecutive diaphragmsisfilled with steam at constant pressure and the
pressure on either side of the diaphragm is different. Since the diaphragm is a stationary part, there must
be clearance between the rotating shaft and the diaphragm. The steam tends to leak through this clear-
ance for which devices like labyrinth packings, etc. are used.

Sincethedrop in pressure of steam per stage is reduced, so the steam velocity leaving the nozzles
and entering the moving blades is reduced which reduces the blade vel ocity. Hence for good economy or
maximum work shaft speed is significantly reduced so as be reduced by increasing the number of stages
according to ones need. The leaving velocity of the last stage of the turbine is much less compared to the
de Laval turbine and the leaving loss amountsto about 1 to 2 percent of theinitia total available energy.
This turbine was invented by the late prof L. Rateau and so it is also known as Rateau Turbine.

46.6. SIMPLE VELOCITY-COMPOUNDED IMPULSE TURBINE _

In thistype of turbine, the compounding is done for velocity of steam only i.e. drop in velocity is
arranged in many small drops through many moving rows of blades instead of a single row of moving
blades. It consists of a nozzle or a set of nozzles and rows of moving blades attached to the rotor or
wheel and rows of fixed blades attached to casing as shown in Fig. 6.8.

The fixed blades are guide blades which guide the steam to succeeding rows of moving blades,
suitably arranged between the moving blades and set in areversed manner. In thisturbine, three rows or
rings of moving blades are fixed on a single wheel or rotor and this type of wheel istermed as the three
row wheel. There are two blades or fixed blades placed between Lint first and the second and the second
and third rows of moving blades respectively.
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Fig. 6.8. Velocity Compounded Impulse Turbine.
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The whole expansion of steam from the steam chest pressure to the exhaust pressure takes place
in the nozzles only. Thereis no drop in either in the moving blades or the fixed i.e. the pressure remains
constant in the blades as in the simple impulse turbine. The steam velocity from the exit of the nozzleis
very high asin the simple impulse turbine. Steam with this high velocity enters the first row of moving
blades and on passing through these blades, the Vel ocity dightly reducesi.e. the steam gives up apart of
its kinetic energy and reissues from this row of blades with afairly high velocity. It then enters the first
row of guide blades which directs the steam to the second row of moving blades. Actually, thereis a
dlight drop in velocity in the fixed or guide blades due to friction. On passing through the second row of
moving blades some drop in velocity again occurs i.e. steam gives up another portion of its kinetic
energy to the rotor. After this, it is redirected again by the second row of guide lades to the third row of
moving blades where again some drop in velocity occurs and finally the steam leaves the wheel with a
certain velocity in amore or less axia direction. compared to the simple impulse turbine, the leaving
velocity issmall and it is about 2 percent of initial total available energy of steam.

So we can say that this arrangement is nothing but splitting up the velocity gained from the exit
of the nozzles into many drops through several rows of moving blades and hence the name velocity-
compounded

Thistype of turbineisalso termed as Curtisturbine. Dueto itslow efficiency the three row wheel
is used for driving small machines The two row wheel is more efficient than the three-row wheel.

velocity compounding is also possible with only one row of moving blades. The whole pressure
drop takes place in the nozzles and the high velocity steam passes through the moving blades into a
reversing chamber where the direction of the steam is changed and the same steam is arranged to pass
through the moving blade of the same rotor. So instead of using two or three rows of moving blades,
only one row is required to pass the steam again and again; thus in each pass velocity decreases.

q 6.7 PRESSURE AND VELOCITY COMPOUNDED IMPULSE TURBINE h

Thistype of turbine is acombination of pressure and velocity compounding and is diagrammati-
cally. There are two wheels or rotors and on each, only two rows of moving blades are attached cause
two-row whedl are more efficient than three-row wheel. In each wheel or rotor, velocity dropsi.e. drop
in velocity is achieved by many rows of moving blades hence it is velocity compounded. There are two
sets of nozzles in which whole pressure drop takes place i.e. whole pressure drop has been divided in
small drops, hence it is pressure-compounded.
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In the first set of nozzles, thereis some decrease in pressure which gives some kinetic energy to
the steam and there is no drop in pressure in the two rows of moving blades of the first wheel and in the
first row of fixed blades. Only, thereisavelocity drop in moving blades though thereisalso adight drop
invelocity dueto friction in the fixed blades. In second set of nozzles, the remaining pressure drop takes
place but the velocity here increases and the drop in velocity takes place in the moving blades of the
second whedl or rotor. Compared to the pressure-com-pounded impulse turbine this arrangement was
more popular due to its simple construction. It is, however, very rarely used now due to itslow efficiency.

—|6.8. IMPULSE-REACTION TURBINE |—

Asthe nameimpliesthistype of turbine utilizesthe principle of im-pulse and reaction both. Such
atype of turbine is diagrammatically shown. There are a number of rows of moving blades attached to
the rotor and an equal number of fixed blades attached to the casing.
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Fig. 6.10. Impulse Reaction Turbine.

In this type of turbine, the fixed blades which are set in a reversed manner compared to the
moving blades, corresponds to nozzles mentioned in connection with the impulse turbine. Due to the
row of fixed blades at the entrance, instead of the nozzles, steam is admitted for the whole circumfer-
ence and hence there is all-round or complete admission. In passing through the first row of fixed
blades, the steam undergoes a small drop in pressure and hence its velocity somewhat increases. After
thisit then entersthe first row of moving blades and just asin the impulse turbine, it suffersachangein
direction and therefore in momentum. This momentum gives rise to an impulse on the blades.

But in this type of turbine, the passage of the moving blades is so designed (converging) that
there is a small drop in pressure of steam in the moving blades which results in a increase in kinetic
energy of steam. This kinetic energy gives rise to reaction in the direction opposite to that of added
velocity. Thus, the gross propelling force or driving force is the vector sum of impulse and reaction
forces. Commonly, this type of turbineis called Reaction Turbine. It is obvious from the Fig. 6.10 that
thereisagradual drop in pressure in both moving blades and fixed blades.
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Asthe pressure falls, the specific volume increases and hence in practice, the height of bladesis
increased in stepsi.e. say upto 4 stagesit remains constant, then it increases and remains constant for the
next two stages.

In thistype of turbine, the steam velocities are comparatively moderate and its maximum valueis
about equal to blade velocity. In general practice, to reduce the number of stages, the steam velocity is
arranged greater than the blade vel ocity. In this case the leaving lossis about 1 So 2 per cent of the total
initial available energy. Thistype of turbine is used mostly in all power plants where it is great success.
An example of thistype of turbineisthe Parsons-Reaction Turbine. The power plants 30 MW and above
are all impulse-reaction type.

46.9 ADVANTAGES OF STEAM TURBINE OVER STEAM ENGINE _

The various advantages of steam turbine are as follows :
(i) It requires less space.

(if) Absence of various links such as piston, piston rod, cross head etc. make the mechanism
simple. It is quiet and smooth in operation,

(i) Its over-load capacity islarge.

(iv) It can be designed for much greater capacities as compared to steam engine. Steam turbines
can be built in sizes ranging from a few horse power to over 200,000 horse power in single units.

(v) The internal lubrication is not required in steam turbine. This reduces to the cost of
[ubrication.

(vi) In steam turbine the steam consumption does not increase with increase in years of service.
(vii) In steam turbine power is generated at uniform rate, therefore, flywheel is not needed.
(viii) It can be designed for much higher speed and greater range of speed.

(iX) The thermodynamic efficiency of steam turbine is higher.

46.10. STEAM TURBINE CAPACITY —

The capacities of small turbines and coupled generators vary from 500 to 7500 kW whereaslarge
turbo alternators have capacity varying from 10 to 90 mW. Very large size units have capacities up to
500 mW.

Generating units of 200 mW capacity are becoming quite common. The steam consumption by
steam turbines depends upon steam pressure, and temperature at the inlet, exhaust pressure number of
bleeding stages etc. The steam consumption of large steam turbinesis about 3.5 to 5 kg per kWh.

Turbine kW = Generator kW / Generator efficiency

Generators of larger size should be used because of the following reasons:
(i) Higher efficiency.

(i) Lower cost per unit capacity.

(iii) Lower space requirement per unit capacity. 3.45.1 Nominal rating.

It is the declared power capacity of turbine expected to be maximum load.
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q 6.11 CAPABILITY —

The capability of steam turbine isthe maximum continuous out put for a clean turbine operating
under specified throttle and exhaust conditions with full extraction at any openings if provided.

The difference between capability and rating is considered to be overload capacity. A common
practice isto design aturbine for capability of 125% nominal rating and to provide a generator that will
absorb rated power at 0.8 power factor. By raising power factor to unity the generator will absorb the full
turbine capability.

46.12 STEAM TURBINE GOVERNING —

Governing of steam turbine means to regulate the supply of steam to the turbine in order to
maintain speed of rotation sensibly constant under varying load conditions. Some of the methods em-
ployed are asfollows :

(i) Bypass governing. (i) Nozzle control governing.  (iii) Throttle governing.
In this system the steam enters the turbine chest (C) through avalve (V) controlled by governor.

In case of loads of greater than economic load a bypass valve (Vi) opens and allows steam to pass from
the first stage nozzle box into the steam belt (S).

In this method of governing the supply of steam of various nozzle groups Ny, N, and Ny is
regulated by means of valves V4, V, and V ; respectively.

In this method of governing the double beat valve is used to regulate the flow of steam into the
turbine. When the load on the turbine decreases, its speed will try to increase. Thiswill cause thefly bar
to move outward which will in return operate the lever arm and thus the double beat valve will get
moved to control the supply of steam to turbine. In this case the valve will get so adjusted that less
amount of steam flowsto turbine.

=== 6,13 STEAM TURBINE PERFORMANCE [Se——

Turbine performance can be expressed by the following factors :

(i) The steam flow process through the unit-expansion line or condition curve.
(i) The steam flow rate through the unit.

(iii) Thermal efficiency.

(iv) Losses such as exhaust, mechanical, generator, radiation etc.

Mechanical losses include bearing losses, oil pump losses and generator bearing losses. Genera-
tor losses include will electrical and mechanical losses. Exhaust losses include the kinetic energy of the
steam as it leaves the last stage and the pressure drop from the exit of last stage to the condenser stage.

For successful operation of a steam turbine it is desirable to supply steam at constant pressure
and temperature. Steam pressure can be easily regulated by means of safety valve fitted on the bailer.
The steam temperature may try to fluctuate because of the following reasons :

(i) Variation in heat produced due to varying amounts of fuel burnt according to changing loads.
(i) Fluctuation in quantity of excess air.
(iii) Variation in moisture content and temperature of air entering the furnace.
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(iv) Variation in temperature of feed water.

(v) The varying condition of cleanliness of heat absorbing surface.
The efficiency of steam turbines can be increased:

(i) By using super heated steam.

(i) Use of bled steam reduces the heat rejected to the condenser and this increases the turbine
efficiency.

46.14 STEAM TURBINE TESTING —

Steam turbine tests are made for the following:

(i) Power

(if) Valve setting

(iii) Speed regulation

(iv) Over speed trip setting

(V) Running balance.

Steam condition is determined by pressure gauge, and thermometer where steam is super heated.
The acceptance test as ordinarily performed is a check on (a) Output, (b) Steam rate or heat consump-
tion, (c) Speed regulation, (d) Over speed trip setting.

Periodic checks for thermal efficiency and load carrying ability are made. Steam used should be
clean. Unclean steam represented by dust carry over from super heater may cause a slow loss of load
carrying ability.

Thermal efficiency of steam turbine depends on the following factors:

(i) Steam pressure and temperature at throttle valve of turbine.

(i) Exhaust steam pressure and temperature.

(iii) Number of bleedings.

Lubricating oil should be changed or cleaned after 4 to 6 months.

q 6.15 CHOICE OF STEAM TURBINE —

The choice of steam turbine depends on the following factors :

(i) Capacity of plant

(i) Plant load factor and capacity factor

(iii) Thermal efficiency

(iv) Reliability

(v) Location of plant with reference to availability of water for condensate.

=== 6,16 STEAM TURBINE GENERATORS |———

A generator converts the mechanical shaft energy it receive from the turbine into electrical en-
ergy. Steam turbine driven a.c. synchronous generators (alternators) are of two or four pole designs.
These are three phase measuring machines offering economic, advantages in generation and transmis-
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sion. Generator losses appearing as heat must be constantly removed to avoid damaging the windings.
Large generators have cylindrical rotors with minimum of heat dissipation surface and so they have
forced ventilation to remove the heat. Large generators generally use an enclosed system with air or
hydrogen coolant. The gas picks up the heat from the generator any givesit up to the circulating water in
the heat exchanger.

46.17 STEAM TURBINE SPECIFICATIONS —

Steam turbine specifications consist of the following:

() Turbine rating. It includes :

(@) Turbine kilowatts

(b) Generator kilovolt amperes

(c) Generator Voltage

(d) Phases

(e) Frequency

(f) Power factor

(g) Excitor characteristics.

(i) Steam conditions. It includes the following:

(@) Initial steam pressure, and Temperature

(b) Reheat pressure and temperature

(c) Exhaust pressure.

(iii) Steam extraction arrangement such as automatic or non-automatic extraction.
(iv) Accessories such as stop and throttle valve, tachometer etc.
(v) Governing arrangement.

({ SOLVED EXAMPLESD

Example 1. In an impulse steam turbine, steam is accelerated through nozze fromrest. It enters

the nozzle at 9.8 bar dry and saturated. The height of the blade is 10 cm and the nozze angle is 15°.
Mean blade velocity is 144 m/s. The blade velocity ratio is 0.48 and blade velocity coefficient is 0.97.

Find:

(2) Isentropic heat drop.

(2) Energy lost in the nozzes and in moving blades due to friction.
(3) Energy lost due to finite velocity of steam leaving the stage.

(4) Mass flow rate.

(5) Power developed per stage.

(6) Diagram and stage efficiency. Take: Nozze efficiency = 92%
Blade angles at inlet = Blade angles at out let Speed = 3000 rev/min

Solution. V.R.= % =0.48

1
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Now, V=144 m/s; V,=144 =300 m/s 0.48
V?/2 x 10%= Isentropic heat drop x Nozzle efficiency

300°
1) Isentropic heat drop = ——————— =48.9kJk
@) P P (2x10° x 0.92) g
(2) Energy lost in nozzles = Isentropic heat drop x (1—n") =48.9 x (1 -0.92)
=3.91 kJkg
E losti ing blades due to fricti -Lvrzsz/k
nergy lost in moving les due to friction = (2x10%) g
Now Vry=0.97 x Vr,
vy,
V, N >
q
A [¢] [ C] E
Vo v Viy Y Ve,
Vi, A
c D

To draw velocity triangles, AB =V, = 144 m/s, a = 15°, V; = 300 m/s With thistriangle ABD can

be completed.

Measurevrl, and 6, V,, =168 m/s, 6 = 29°
Vr0 =0.97 x 168 =163 m/s, and 6 = 29° .
Ve ocity triangle ABC can be completed

168° -163°
Energy lost in movi ng blades due to friction = W =0.83 kJ/kg 2 x10°
\V} 2
(3) Energy lost due to finite velocity of steam leaving the stage @ ><0103)

From velocity triangle, V, = 80 m/s
2

(2x10°)

4  V,=TDn/60

Energy lost =

3000
60

D=0917m

144=mtx D x
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Areaof flow, A =mDh =3.14* 0.917 * % =0.288 m?

Now from steam table, for steam dry and saturated at 9.8 bar,
Vo= 0.98 m¥kg

V1 = 77.65 m/s from velocity triangles

A 0.288
Mass flow rate =V 4 x v 77.65* =112.95kg/s

2 0.198

(5) Power = mx V, x (Vi3 — Vo) KW
from velocity triangle V; — Vo = 288 m/s

288

=112.95 x 144 x
power 95 1000

= 4682 kW

) _
2~ =92.16

1

-V,

(6) Diagram efficiency = 2 x V, x (V”V—

stage efficiency = diagram efficiency x n, = 0.9216 x 0.92

Example 2. An impulsive stage of a steam turbine is supplied with dry and saturated steam at
14.7 bar. The stage has a single row of moving blades running at 3600 rev/min. The mean diameter of
the blade disc is 0.9 m. The nozzle angle is 15° and the axial component of the absolute vel ocity leaving
the nozzeis 93.42 mys. The height of the nozzes at their exit is 100 mm. The nozze efficiency is 0.9 and
the blade velocity co-efficiency is 0.966. The exit angle of the moving blades is 2° greater than at the
inlet. Determine:

() The blade inlet and outlet angles.

(2) The isentropic heat drop in the stage.
(3) The stage efficiency.

(4) The power developed by the stage.

TDN 3600
Solution. Mean blade velocity, Vi, = 60 - 3.14 x 0.9 x 60 - 169.65 m/s
a=15;V, =9342m/s
. Va
Now Va=Vsna;V, = —— =360.95m/s

sina

With this, inlet velocity triangle can be completed
From there: 6 = 29.5° V,; = 202.5 m/s
$»=295+2=315; V,;=0.966xV =195m/s
With this, the outlet velocity triangle can be completed
0=295° ¢ =31L5°
Now for dry and saturated steam at 14.7 bar; V¢ = 0.1392 m¥kg



212 POWER PLANT ENGINEERING

Vi, R
vV, N
gl
A a =350~ ~J6=295 E
Vo = Va()v Vr1 Y Val
Vi V,
c D
p s Va Va _
m=A x v, o TDh x v, - 196.82 kg/s
_ M1 =Vio)
wer = mx V, x 2190 kw
PO ®~ 1000
from velocity triangle
= 196.82 x 169.65 x 348.65 _ 11637.6 kW
power = . ) 1000 - )
Blade efficiency = 2 x v, x M
Vl
2% 16064 x — 265
b= 0% (360.95)2
=90.79 %
Nse=Np* N, =0.9079 x 0.9 =0.817
15822.7
heat drop for the stage = =14244.3 kJ/s
P e a7
=72.37 kJkg

Example 3. In a smple steam Impul se turbine, steam leaves the nozze with a vel ocity of 2000 nvs at
an angle of 20° to the plane of rotation. The mean blade velocity is 60% of velocity of maximum effi-
ciency. If diagram efficiency is 70% and axial thrust is 39.24 N/kg of steanvsec, estimate:

(1) Blade angles.
(2) Blade velocity co-efficient.
(3) Heat lost in kJ in friction per kg.
Solution. for max. efficiency,
Vi a

V.R= — =cos <
v, 2
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V, 20°
—- =CO0S =047
\A 2
For the present problem = V,, = 0.6 x 0.47 x V;
=282m/s

a = 20°, V,; =1000 m/s
with this, the inlet velocity triangle can be completed. From here
V=740 m/s, V,; = 350 n/s, V; = 940 m/s

now axial thrust =39.24 =V -V 4
V0 =350-39.24 = 310.76 m/s

. - _ _ (th B VtO)
Now diagram efficiency = 0.70 = 2 x V; X BV

1
From here, V,;, = 301 m/s
Now the outlet velocity can be drawn
From here

6 =280, ¢ = 28°, V,,= 660 m/s

v
Blade velocity co-efficient V’° = 660/740 = 0.89

rl

Heat lost in kJin friction per kg per s.

VP -V,,0  (740)% - (660)°
© 2x1000 2000

= 55.94 kJkg/s

Example 4. A reaction steam turbine runs at 300 rev/min and its steam consumption is 16500
kg/hr. The pressure of steam at a certain pair is 1.765 bar (abs.) and its dryness fraction is 0.9. and the
power developed by the pair is 3.31 kW. The discharge blade tip angel both for fixed and moving blade
is 20° and the axial velocity of flow is 0.72 of the mean moving blade velocity. Find the drum diameter
and blade height. Take the tip leakage as 8%, but neglect area blocked by blade thickness.

TON

Solution. Vb = E =157D m/s
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Steam flow rate through blades = 0.92 x 16583 =4.216 kg/s
(Vi = Vio)
=331= VX ————
Power output = 3.31 = mx V x 1000
1000
Viy—V)=331l%Xx ——— =50/D
(Vg =Vig) =331 x (4.216x15.7 D) S0/D m/s

Flow velocity
V1=V =072V, =11.30D m/s
From velocity triangle (V; — Vo) =2 x V, cot 20° -V,
=2x11.30D x 2.7475-15.7D
=46.415D m/s

50
D =46.415D
D=1.03m
Flow velocity V,=1130x% 1.03=11.64m/s
Now V¢ (at 1.765 bar and 0.9 dry, from steam tabl€)
=0.9975 x 0.9 m¥Kg

A =Tmh Vs
= = X —
m*v

a

h =4.216 x 0.9957 x

0.
1164 x 1% 1.03
=0.1m

Example 5. At a particular ring of a reaction turbine the blade speed is 67 nv/s and the flow of
steamis 4.54 kg/s, dry saturated, at 1.373 bar. Both fixed and moving blades have inlet and exit angles
of 35° and 20° respectively.

Determine:

(a) Power developed by the pair of rings.

(b) The required blade height which is to be one tenth of the mean blade ring diameter.

(c) The heat drop required by the pair if the steam expands with an efficiency of 80%.

Solution. V,=67m/s, m=454kg/s¢ =a =20°,0 =p=35°

With this given data, the velocity triangles can be drawn From the velocity triangles,
Vy =V =212 m/s
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(th B VtO) KW
1000

Power = mx V x

454 x 67 212 64.47 kW
= X X —— =
' 1000 '

at 1.373 bar, dry saturated
V=1.259 m¥Kg (from steam table)

Va
Now m:T[DXDXV—x]_O

S
From velocity triangle,
Va=50m/s

9 10
D7 =454 x 1.259 x 0 =03

x50

D =05477m
h=5.477 cm

_ 74.47
Heat drop required = ——— = 80.58 kJ/kg.

({ EXERCISE D

1. Steam is supplied to a turbine at a pressure of 58.42 bar abs and tetnperature of 440°C. It is
expanded in a H.P. turbine to 6.865 bar abs., the internal efficiency of the turbine being 0.85.
The steam is then reheated at constant pressure upto 300°C. Itsisthen expanded to 0.049 bar
abs. In L.P. turbine having internal efficiency of 0.80. If the mechanica efficiency of the
turbine is 98% and aternator efficiency is 96%, calculate the amount of steam generated by
the boiler per kWh outpuit. [Ans. 3.68 kg/hr]

2. A steam power plant working on regenerative heating cycle utilizes steam at 41.2 bar and
400°C and the condenser pressureis 0.944 bar vacuum. After expansion in the turbineto 4.90
bar, apart of steam is extracted from the turbine for heating feed water from condenser in the
open heater. Draw the cycle on T-0 diagram and find thermal efficiency of the plant. Assume
the heat drop to be isentropic and the atmaospheric pressure may be taken as 1.013 bar.

[Ans. 38.89%)]
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3. Steam at pressure of 30.23 bar and 400°C temperature is supplied to a steam turbine and is

exhausted at a pressure of 0.06865 bar. A single bleed is taken between the H.P. cylinder and
L.P. cylinder of theturbine at 2.45 bar for regenerative feed heating. Theisentropic efficiency
for both the cylinders of the turbine is 85%. The temperature of the bleed condensate coming
out of the heat exchanger is 10°C lower than the temperature of the bled steam. Determine:

(2) Amount of bled steam per kg of steam supplied to the steam turbine.

(b) The thermal efficiency of the plant.

Consider no losses and pump work as negligible. Let the condensate coming out from the
heat exchanger and condenser be led to the hot well. [Ans. 0.158 kg/kg of steam, 32%]

. In a condenser test, the following observations were made:

Vacuum = 69 cm of Hg

Barometer = 75 cm of Hg

Mean temperature of condenser = 35°C

Hot well temperature = 28°C

Amount of cooling water = — 50,000 kg/hr

Inlet temperature = 17°C

Outlet temperature = 30°C

Amount of condensate per hour = 1250 kg

Find

(a) the amount of air present per m® of condenser volume.
(b) the state of steam entering the condenser.

(c) the vacuum efficiency .

R for air = 287 JkgK. [Ans. 0.0267 kg, 0.883, 97.48%]

. In apower plant, steam at a pressure of 27.46 bar abs. and temperature 370°C is supplied by

the main boilers. After expansion in the H.P. turbine to 5.$84 bar abs., the steam is removed

and reheated to 370°C. Upon completing expansionin L.P. turbine, the steam is exhausted at

apressure of 0.0392 bar abs. Find the efficiency of the cycle with and without reheating.
[Ans. 37.19%, 36.38%)]

. A fuel contains the following percentage of combustibles by mass C: 84%, H, : 4.1 %. If the

air used from burning of coal in aboiler is 16.2 kg per kg of fuel, find the total heat carried
away by dry flue gasesif they escape at 300°C. The specific heats of CO,, O,, N, are 0.892,
0.917 and 1.047 respectively. Find the minimum amount of air required from the complete
combustion of 1 kg of this fuel and the excess O, supplied. [Ans. 4806.68 kJ, 11.16, 1.158]

. A sample of coa hasthe percentage analysis by mass, C-85%, H-5%, incombustible-10%. In

a combustion chamber, the coal is burnt with a quantity of air 50% in excess of that theoreti-
cally required for complete combustion. Obtain the volumetric composition of dry flue gases.
When final temperature of flue gasesis 307°C and boiler house temperatureis 27°C, estimate
the maximum quantity of heat available for steam raising per kg of coal. Take C, for dry flue
gases as 1.005 and assume that the total heat of vapour in flue gases as 2683.87 kJkg. The
C.V. of coa is32784.2 kJkg.



Chapter 7

Fuels and Combustion

47.1 INTRODUCTION —

The components of fossil-fueled steam generators that dealt with the working fluid (water and
steam) and with the air and flue gases. We deferred discussing the fuel aspects because they require
independent treatment. There is a rather wide variety of fuels. Their preparation and feeding, often
outside the steam generators, and their methods of firing deserve specia attention.

The increasing worldwide demand for energy has focused attention on fuels, their availability
and environmental effects. The fuels available to utility industry are largely nuclear and fossil, both
essentially nonrenewable. Nuclear fuels originated with the universe, and it takes nature millions of
years to manufacture fossil fuels.

Fossil fuels originate from the earth as a result of the slow decomposition and chemical conver-
sion of organic material. They come in three basic forms: solid (coal). liquid (cil), and natural gas. Coa
represents the largest fossil-fuel energy resource in the world. In the United States today (1983), it is
responsible for about 50 percent of electric-power generation. Oil and natural gas are responsible for
another 30 percent. The remaining percentage is mostly due to nuclear and hydraulic generation. Natu-
ral gas, however, isbeing phased out of the picture in the United States because it must be conserved for
essential industrial and domestic uses.

New combustible-fuel options include the so-called synthetic fuels, or synfuels, which are lig-
uids and gases derived largely from coal, oil shale, and tar sands. A tiny fraction of fuels used today are
industrial by-products, industrial and domestic wastes. and biomass.

This chapter will cover the combustible fuels available to the utility industry, both natural (fossil)
and synthetic, and their preparation and firing systems. Nuclear fuels and d renewable energy sources,
and the environmental aspects of power generation in general will be covered later in this text.

Coadl is a general term that encompasses a large number of solid organic minerals with widely
differing compositions and properties, although all are essentialy rich in amorous (without regular
structure) elemental carbon. It isfound in stratified deposits at different and often great depths, although
sometimes near the surface. It is estimated that in the United States there are 270,000 million tons of
recoverable reserves (those that can be mined economically within the foreseeable future) in 36 of the
50 states. this accounts for about 30 percent of the world's total.



218 POWER PLANT ENGINEERING

There are many ways of classifying coal according to its chemical and physical properties The
most accepted system is the one used by the American Society for Testing and Materials (ASTM),
which classifies coals by grade or rank according to the degree of metamorphism (change in form and
structure under the influences of pressure, and water), ranging from the lowest state, lignite, to the
highest, anthrasite (ASTM D 388). These classifications are briefly described below in a de ..riding
order.

Anthracite. Thisis the highest grade of coal. It cotains a high content, 86 to 98 mass percent of
fixed carbon (the carbon content in the elemental state) on a dry, mineral matter-free basis and a low
content of volatile matter, less than 2 to 14 mass percent chiefly methane, CH,,. Anthracite is a shiny
black, dense, hard, brittle coal that — borders on graphite at the upper end of fixed carbon. It is slow-
burning and has a heating value just below that of the highest for bituminous coal . Its use in steam
generatorsislargely confined to burning on stokers, and rarely in pulverized form. In the United States
it ismostly found in Pennsylvania.

The anthracite rank of coal is subdivided into three groups. In descending order of fixed-carbon
percent, they are meta-anthracite, greater than 98 percent anthracite, 92 to 98 percent; and semi-anthra-
cite, 86 to 92 percent.

Bituminous coal. The largest group, bituminous coal isabroad class of coals containing 46 to 86
mass percent of fixed carbon and 20 to 40 percent of volatile matter of more complex content than that
found in anthracite. It derives its name from bitumen, an asphaltic residue obtained in the distillation of
some fuels. Bituminous coals range in heating value from 11,000 to more than 14,000 Btu/Ibm (about
25,600 to 32,600 kJKkg). Bituminous coals usually burn easily, especialy in pulverized form.

The bituminous rank is subdivided into five groups: low-volatile, medium-volatile, and high-
volatile A, B, and C. The lower the volatility, the higher the heating value. The low-volatility group is
grayish black and granular in structure, while the high volatility groups are homogeneous or laminar.

Subbituminous coal. Thisisa class of coa with generally lower heating values than bituminous
coal, between 8300 to 11,500 Btu/Ibm (about 19,300 to 26,750 kJKkg). It is relatively high in inherent
moisture content, as much as 15 to 30 percent, but often low in sulfur content. It is brownish black or
black and mostly homogeneousin structure. Subbituminous coals are usually burned in pulverized form.
The subbituminous rank is divided into three groups. A, B, and C.

Lignite. The lowest grade of cod, lignite derives its name from the Latin lignum, which means
“wood.” It is brown and laminar in structure, and remnants of wood fiber are often visible in it. It
originates mostly from resin-rich plants and is therefore high in both inherent moisture, as high as 30
percent, and volatile matter. Its heating value ranges between less than 6300 to 8300 Btu/lb. (about
14,650 to 19,300 kJKkg). Because of the high moisture content and low heating value, lignite it is not
economical to transport over long distances and it is usually burned by utilities at the mine site. The
lignite rank is subdivided into two groups. A and B.

Peat. Peat is not an ASTM rank of coal. It is, however, considered the first geological step in
coal’s formation. Peat is a heterogeneous material consisting of decomposed plant matter and inorganic
minerals. It contains up to 90 percent moisture. Although not attractive as a utility fuel, it isabundant in
many parts of the world. Several states in the United States have large deposits. Because of its abun-
dance, itisused in afew countries (Ireland, Finland, the USSR) in some electric generating plantsand in
district heating.
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47.3 COAL ANALYSIS —

There are two types of coa analysis. proximate and ultimate, both done on a mass percent
basis. Both of these methods may be based on: an as received basis, useful

for combustion calculations; a moisture free basis, which avoids variations of the moisture con-
tent even in the same shipment and certainly in the different stages of pulverization; and a dry mineral-
matter free basis, which circumvents the problem of the ash content’s not being the same as the mineral
matter in the coal.

7.3.1 PROXIMATE ANALYSIS

This is the easier of two types of coa anaysis and the one which supplies readily meaningful
information for coa’s use in steam generators. The basic method for proximate analysis is given by
ANSI/ASTM Standards D 3172. It determines the mass percentages of fixed carbon, volatile matter,
moisture, and ash. Sulfur is obtained m a separate determination.

Fixed carbon isthe elemental carbon that existsin coal. In proximate analysis, its determination
is approximated by assuming it to be the difference between the original sample and the sum of volatile
matter, moisture, and ash.

The volatile matter is that portion of coal, other than water vapor, which is driven off when the
sample is heated in the absence of oxygen in a standard test (up to 1750°F or 7 min). It consists of
hydrocarbon and other gases that result from distillation and decomposition.

Moisture is determined by a standard procedure of drying in an oven. This does not account for
all the water present, which includes combined water and water of hvdration. There are severa other
terms for moisture in coal. One, inherent moisture, that existing in the natural state of coa and consid-
ered to be part of the deposit, excluding surface water.

Ash is the inorganic salts contained in codl. It is determined in practice as the noncombustible
residue after the combustion of dried coal in a standard test (at 1380°F).

Qulfur is determined separately in a standard test, given by ANSUASTM Standards D 2492.
Being combustible, it contributes to the heating value of the coal. It forms oxides which combine with
water to form acids. These cause corrosion problemsin the back end of steam generatorsif the gasesare
cooled below the dew point, as well as environmental problems.

7.3.2 ULTIMATE ANALYSIS

A more scientific test than proximate analysis, ultimate analysis gives the mass percentages of
the chemical elements that constitute the coal. These include carbon, hydrogen, nitrogen, oxygen, and
sulfur. Ash is determined as a whole, sometimes in a separate analysis. Ultimate analysis is given by
ASTM Standards D 3176.

7.3.3 HEATING VALUE

The heating value, Btu/lbm or Jkg of fuel, may be determined on as-received, dry, or dry-and-
ash-free basis. It is the heat transferred when the products of complete American National Standards
Institute/American Society for Testing and Materials.

combustion of a sample of coal or other fuel are cooled to theinitial temperature of air and fuel.
It is determined in a standard test in a bomb calorimeter given by ASTM Standards D 2015. There are
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two determinations. the higher (or gross) heating value (HHV) assumes that the water vapor in the
products condenses and thus includes the latent heat of vaporization of the water vapor in the products;
the lower heating value (LHV) does not. The difference between the two is given by

LHV = HHV —m,hy, (7.1a)
or LHV = HHV —9m,hy, ..(7.1b)
where

m,, = mass of water vapor in products of combustion per unit mass of fuel (due to the combustion
of H; inthefuel i.e, not including initial H,O in fuel).

m,, = mass of original hydrogen per unit mass of fuel, known from ultimate analysis.

hyy = latent heat of vaporization of water vapor at its partial pressurein the combustion products,
Btu/lb. H,O or Jkg H,0.

The partia pressure of water vapor in the products of combustion is obtained by multiplying the
mole faction of H,O in the products, which is obtained from the combustion equation in the usual
manner, by the total pressure of the products. The 9 in Eq. (7.1b) isthe ratio of the molecular masses of
H,O and H, and represents the mass of H,O vapor obtained from a unit mass of H,.

Because gases are not usually cooled down below the dew point in steam generators (or engines),
it does not seem fair to charge them with the higher heating value in calculating energy balances and
efficiencies of cyclesor engines. Some, however, argue that they should be charged with the total energy
content of the fuel. A uniform standard had to be agreed upon, whereupon everybody uses the HHV in
energy balances and efficiency calculations. (The LHV isthe standard used in European practice, how-
ever.)

As indicated above, heating values are obtained by testing. However, a formula of the Dulong
type (which does not include the effects of dissociation) is used to give approximate higher heating
values of anthracite and bituminous coals in Btu/lbm.

HHV = 14,600C + 62,000(H — O/8) + 4050S (7.2)

where C, H, O, and S are the massfractions of carbon, hydrogen, oxygen, and sulfur, respectively, in the
coal. For lower-rank fuels, the above formula usually underestimates the HHV.

Table 7.1 gives the proximate and ultimate analyses of sometypica U.S. coals.
Table 7.1 : Proximate and ultimate analysis of some U.S. coals

Analysis Bituminous
mass percent [ Anthractive medium velocity Subiluminous L agnite
Proximate
Fixed carbon 83.8 70.0 45.9 30.8
\olatile matter 5.7 20.5 30.5 28.2
Moisture 25 33 19.6 34.8
Ash 8.0 6.2 4.0 6.2

(Contd.)
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Analysis Bituminous
mass percent | Anthractive medium velocity Subiluminous Lagnite
Ultimate
C 83.9 80.7 58.8 424
H, 29 45 3.8 2.8
S 0.7 18 0.3 0.7
o, 0.7 2.4 12.2 124
N, 13 11 13 0.7
H,O 25 33 19.6 34.8
HHV
Btu/lbm 13.320 14.310 10.130 7.210

Since the old days of feeding cod into a furnace by hand, several major advances have been
made that permit increasingly higher rates of combustion.
The earliest in the history of steam boilers were mechanical stokers, and several types are till

being used for small and medium-sized boilers. All such stokers are designed to continuously feed coal
into the furnace by moving it on a grate within the furnace and aso to remove ash from the furnace.

US standard sieve designation
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Fig. 7.1. Coal Sieve Analysis.

Fig. 7.1 Coal sieve analysis. (A) pulverized-coa sample; (B) coa range for cyclone firing; (C)

coal as fired.
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Pulverized-coal firing was introduced in the 1920s and represented a major increase in combus-
tion rates over mechanical stokers. It is widely used today. To prepare the coal for use in pulverized
firing, it is crushed and then ground to such afine powder that approximately 70 percent of it will pass
a 200 mesh sieve* (Fig. 7.1). It issuitable for awide variety of coal, particularly the higher-grade ones.
Advantages of pulverized cod firing are the ability to use any size coal; good variable-load response; a
lower requirement for excess air for combustion, resulting in lower fan power consumption; !lower
carbon loss; higher combustion temperatures and improved thermal efficiency; lower operation and
maintenance costs; and the possibility of design for multiple-fuel combustion (ail, gas, and coal).

In the late 1930s cyclone furnace firing was introduced and became the third major advance in
coal firing. It is now also widely used though for a lesser variety of uses than is pulverized coal. In
addition to those advantages already mentioned for pulverized-cod firing, cyclone firing provides sev-
eral other advantages. These are the obvious savings in pulverizing equipment because coal need only
be crushed, reduction in furnace size, and reduction in fly ash content of the flue gases. Cod size for
cyclone furnace firing is accomplished in a simple crusher and covers awide band, with approximately
95 percent of it passing a 4-mesh sieve (Fig. 7.1).

Most recently, fluidized-bed combustion has been introduced. In this type of firing, crushed par-
ticles of coa are injected into the fluidized bed so that they spread across an air distribution grid. The
combustion air, blown through the grid, has an upward velocity sufficient to cause the coal particlesto
become fluidized, i.e. held in suspension as they burn. Unburned carbon leaving the bed is collected in
a cyclone separator and returned back to the bed for another go at combustion. The main advantage of
fluidized-bed combustion is the ability to desulfurize the fuel during combustion in order to meet air
quality standards for sulfur dioxide emissions. (Other methods are the use of low-sulfur coal,
desulfurization of coal before it is burned, and removal of SO, from the flue gases by the use of scrub-
bers). Desulfurization is accomplished by the addition of limestone directly to the bed. Fluidized-bed
combustion is still undergoing development and has other attractive features.

47.5 MECHANICAL STOKERS —

Almost all kinds of coal can be fired on stokers. Stoker firing, however, is the least efficient
of al types of firing except hand firing. Partly because of the low efficiency. stoker firing is limited to
relatively low capacities, usually for boilers producing less than 400,000 Ibm/h (50 kg/s) of steam,
though designers are limiting stoker use to around 100,000 Ibm/h (12.6 kg/s). These capacities are the
result of the practical limitations of stoker physical sizes and relatively low burning rates which require
alarge furnace width for a given steam output. Pulverized and cyclone firing, on the other hand, have
higher burning rates and are flexible enough in design to meet the millions of pounds per hour of steam
requirements of modern steam generators with narrower and higher furnaces. Stokers, however, remain
an important part of steam generator systems in their size range.

Mechanical stokers are usualy classified into four major groups, depending upon the method of
introducing the coal into the furnace. These are spreader stokers underfed stokers, vibrating-grate stok-
ers, and traveling-grate stokers.

* There are some seven screen, or sieve, standardsin the United States and Europe. The one used here: the
U.S. Standard Sieve, in which the number of openings per linear inch designates the mesh. A 100 mesh screen has
100 openings to the inch, or 10,000 openings per square inch. The higher the mesh, the finer the screen. The
diameter of the wire determines the opening size.



FUELS AND COMBUSTION 223

The spreader stoker is the most widely used for steam capacities of 75,000 to 400,000 Ibm/h
(9.5to 50 kg/s). It can burn awide variety of coals from high-rank bituminous to lignite and even some
by-product waste fuels such as wood wastes. pul pwood, bark, and others and is responsive to rapid load
changes. In the spreader stoker coal isfed from a hopper to anumber of feeder-distributor units, each of
which has a reciprocating feed plate that transports the coal from the hopper over an adjustable spill
plate to an overthrow rotor equipped with curved blades. There are a number of such feeder-distributor
mechanisms that inject the coal into the furnace in a wide uniform projectile over the stoker grate
(Fig. 7.2). Air is primarily fed upward through the grate from an air plenum below it. Thisis called
undergrateair. Thefiner coa particles, between 25 and 50 percent of the injected coal, are supported by
the upward airflow and are burned while in suspension. The larger ones fall to the grate and burnin a
relatively thinlayer. Some air, called overfireair, isblown into the furnace just above the coal projectile.
Forced-draft fans are used for both undergrate and overfire air. The unit has equipment for collecting
and reinjecting dust and controls for coal low and airflow to suit load demand on the steam generator.

The problem with stationary spreader stokerswastheremoval of ash, whichwasfirst donemanually
and then by shutting off individual sections of grates and their air supply for ash removal without affect-
ing other sections of the stoker. The spreader stoker became widely accepted only after the introduction
of the continuous-ash-discharge traveling-grate stoker in the late 1930s. Traveling-grate stokers, as a
class, also include the so-called chain-grate stoker. They have grates, links, or keys joined n an endless
belt that is driven by amotorized sprocket drive at one end and over an idle shaft sprocket mechanism at
the other. Coal may be injected in the above manner or fed directly from a hopper onto the moving grate
through an adjustable gate that -regulates the thickness of the coal layer. Ash is discharged into an ash
pit at either end depending upon the direction of motion of the traveling grate.

Continuous-cleaning grates that use reciprocating or vibrating designs have also been devel-
oped, as have underfeed stokers that are suitable for burning special types of coals. The continuous-ash-
removal traveling-grate stoker, however, has high burning rates and remains the preferred type of stoker.

Overfire
Air

Overfire
Overthrow Air
Rotor

Stro!<e ! Air Seal

Air Seal

Air Plenum

Fig. 7.2. Feeder Distributor Mechanism.
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Ignition of the fresh coal in stokers, as well as its combustible volatile matter, driven off by
digtillation, is started by radiation heat transfer from the burning gases above. The fuel bed continuesto
burn and grows thinner as the stoker travelsto the far end over the bend, where ash is discharged to the
ash pit. Arches are sometimes built into the furnace to improve combustion by reflecting heat onto the
coal bed.

The commercia development of methods for firing coal in pulverized formisalandmark in
the history of steam generation. It made possible the construction of large, efficient, and reliable steam
generators and power plants. The concept of firing “powdered” coal, as it was called in earlier times,
dates back to Carnot , whose idea envisaged itsuse for the Carnot cycle; to Diesel, who used it in hisfirst
experiments on the engine that now bears his name; to Thomas Edison, who improved its firing in
cement Kilns, thus improving their efficiency and production; and to many others. It was not, however,
until the pioneering efforts of John Anderson and his associates and the forerunner of the present Wis-
consin Electric Power Company that pulverized coal was used successfully in electric generating power
plants at their Oneida Street and Lakeside Stations, Milwaukee, Wisconsin .

The impetus for the early work on coal pulverization stemmed from the belief that, if coal were
made fine enough, it would burn as easily and efficiently as a gas. Further inducements came from an
increase in ail prices and the wide availability of coal, which makes the present situation sound rather
like history repeating itself. Much theoretical work on the mechanism of pulverized-coal combustion
began in the early 1920s. The mechanism of crushing and pulverizing has not been well under-stood
theoretically and remains a matter of controversy even today. Probably the most accepted law is one
published in 1867 in Germany, called Rittinger’slaw, that states that the work needed to reduce a mate-
rial of agiven sizeto asmaller sizeisproportional to the surface area of the reduced size. This, and other
laws, however, do not take into account many of the processesinvolved in coal pulverization, and much
of the progress in developing pulverized-coal furnaces relies heavily on empirical correlations and de-
signs.

To burn pulverized coal successfully in afurnace, two requirements must be met: (1) the exist-
ence of large quantities of very fine particles of coal, usually those that would pass a 200-mesh screen,
to ensure ready ignition because of their large surface- to-volume ratios and (2) the existence of amini-
mum quantity of coarser particles to ensure high combustion efficiency. These larger coarse particles
should contain a very small amount larger than a given size, usually that which would be retained on a
50 mesh screen, because they cause slagging and loss of combustion efficiency. Line A in Fig. 7.1
represents atypical range for pulverized coal. It shows about 80 percent of the coal passing a 200 mesh
screen that corresponds to a 0.074 mm opening and about 99.99 percent passing a 50 mesh screen that
corresponds to a 0.297 mm opening, i.e. only 0.1 percent larger than 0.297 mm.

The size of bituminous coal that is shipped as it comes from the mine, called run of mine coal, is
about 8 in. Oversized lumps are broken up but the coal is not screened. Other sizes are given names like
lump, which is used in hand firing and domestic applications, egg, nut, stoker, and slack. [Anthracite
coal has similar designations, ranging from broken to buckwheat and rice, ASTM D 310].

Codl isusually delivered to aplant site already sized to meet the feed size required by the pulver-
izing mill or the cyclonefurnace. If the coal istoo large, however it must go through crushers, which are




FUELS AND COMBUSTION 225

part of the plant coal-handling system and are usually located in a crusher house at a convenient transfer
point in the coal-conveyor system.

Crushers. Although there are several types of commercially available coal crushers, afew stand
Dut for particular uses. To prepare coal for pulverization, the ring crusher, or granulator (Fig. 7.3) and
the hammer mill (Fig. 7.4) are preferred. The cod isfed at the top and is crushed by the action of rings
that pivot off center on arotor or by swinging hammers attached to it. Adjustable screen bars determine
the maximum size of the discharged coal. Wood and other foreign material is aso crushed, but atrapis
usually provided to collect tramp iron (metal and other hard-to-crush matter.) Ring crushers and hammer
mills are used off or on plant site. They reduce run-of-mine coals down to sizessuch as 3/4 x 0in. Thus
they discharge a large amount of fines suitable for further pulverization, but not for cyclone-furnace
firing. For the latter, a crusher type called the reversible hammer mill is preferred.
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Fig. 7.3. Ring Crushers.

Fig. 7.3. Hammer Hill.

A third type, the Bradford breaker (Fig. 7.5), is used for large-capacity work. It iscomposed of a
large cylinder consisting of perforated steel or screen plates to which lifting shelves are attached on the
inside. The cylinder rotating slowly at about 2f r/min receives feed at one end. The shelveslift the cod,
and the breaking action io accomplished by the repeated dropping of the coal until its size permitsit to
be discharged through the perforations, whose size determines the size of the discharge coa . The quan-
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tity of finesis limited because the crushing force, due to gravity is not large. Bradford breakers easily
reject foreign matter and produce relatively uniform, size coals. They are usually used at the mine but
may also be used at the plant.

Other simple devices called roll crushers, which have single or double rolls or rotors equipped

with teeth, have been used but have not proven very satisfactory. because of their inability to produce
coa of uniform size.

Perforated
Plate

Litter

Fig. 7.5. Bradford Bresker.

Pulverizers. The pulverizing process is composed of several stages. The first is the feeding
system, which must automatically control the fuel-feed rate according to the boiler demand and the air
rates required for drying (below) and transporting pulverized fuel to the burner (primary air). The next
stage is drying. One important property of coal being prepared for pulverization! is that it be dry and
dusty. Because coals have varying quantities of moisture and in order that lower-rank coals can be used,
dryersareanintegral part of pulverizing equipment. Part of theair from the steam-generator air preheater,
the primary air, is forced into the pulverizer at 650°F or more by the primary air fan. Thereit is mixed
with the coal asit is being circulated and ground.

The heart of the equipment is the pulverizer, aso called grinding mill. Grinding is accomplished
by impact, attrition, crushing, or combinations of these. There are several commonly used pulverizers,
classified by speed:

(2) low-speed: the ball-tube mill

(2) medium-speed: the ball-and-race and roll-and-race mill

(3) high-speed: the impact or hammer mill, and the attrition mill.

The low-speed ball-tube mill, one of the oldest on the market, is basically ahollow cylinder with
conical ends and heavy-cast wear-resistant liners, less than half-filled with forged steel balls of mixed
size. Pulverization is accomplished by attrition and impact as the balls and coa ascend and fall with
cylinder rotation. Primary air is circulated over the charge to carry the pulverized coal to classifiers
(below). The ball tube mill is dependable and requires low maintenance, but it is larger and heavier n
construction, consumes more power than others, and because of poor air circulation, works less effi-
ciently with wet coals. It has now been replaced with more efficient types

The medium-speed ball-and-race and roll-and race pulverizers are the type in most use nowa-
days. They operate on the principles of crushing and attrition. Pulverzation takes place between two
surfaces, one rolling on top of the other. The rolling elements may be balls or ring-shaped rollsthat rolls
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that roll between two races, in the manner of a ball bearing. Fig. 7.6 shows an example of the former.
The balls are between a top stationary race or ring and a rotating bottom ring, which is driven by the
vertical, aft of the pulverizer. Primary air causes coal feed to circulate between the grinding elements,
and when it becomes fine enough, it becomes suspended in the air and is : carried to the classifier.
Grinding pressure is varied for the most efficient grinding of various coals by externaly adjustable
springs on top of the stationary ring. The ball- and race pulverizer has bal circle diameters varying
between 17 and 76 in and capacities between 1Jto 20 tong/h. The roll-and-race pulverizer is operated at
lower speedsand larger sizes. A typica one hasan 89-in ball circle diameter, a12 ft diameter, and a22.5
ft height overall, weighs 150 tons, and is driven by a 700 hp motor. 3 oth types are suitable for direct-
firing systems (see below).

High-speed pulverizers use hammer beatersthat revolve in a chamber equipped with high-wear-
resistant liners. They are mostly used with low-rank coals with high-moisture content and use flue gas
for drying. They are not widely used for pulverized coa systems.
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The classifier referred to above is located at the pulverizer exit. It is usualy a cyclone with
adjustable inlet vanes. The classifier separates oversized coal and returns it to the grinders to maintain
the proper fineness for the particular application and coal used. Adjustment is obtained by varying the
gas-suspension velocity in the classifier by adjusting the inlet vanes.

The Pulverized-Coal System. A total pulverized-coal system comprises pulverizing, delivery,
and burning equipment. It must be capable of both continuous operation and rapid change as required by
load demands. There are two main systems: the bin or storage system and the direct-firing system.
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Thebin system is essentially a batch system by which the pulverized coal is prepared away from
the furnace and the resulting pulverized-coal-primary-air mixture goes to a cyclone separator and fabric
bag filter that separate and exhaust the moisture laden air to the atmosphere and discharge the pulverized
coal to storage bins (Fig. 7.7). From there, the coal is pneumatically conveyed through pipelines to
utilization bins near the furnace for use as required. The bin system was widely used before pulverizing
equipment became reliable enough for continuous steady operation. Because of the many stages of
drying, storing, transporting, etc., the bin system is subject to fire hazards. Nevertheless, it is still in use
in many older plants. It has, however, given way to the direct-firing system, which is used exclusively in
modern plants.
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and Conveyor
Raw Coal _
Bunker Bag Filter
¢—— Pulverized
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Air Heater
Pulverizer
F
o . To feed
‘ ‘ KPuIverizer Hopper
Fig. 7.7

Compared with the bin system the direct-firing system has greater simplicity and hence greater
safety, lower space requirements, lower capital and operating costs, and greater plant cleanliness. Asits
name implies, it continuously processes the coa from the storage receiving bunker through a feeder,
pulverizer, and primary-air fan, to the furnace burners (Fig. 7.7(a)). (Another version of this system, less
used, places the fan on the outlet side of the pulverizer. Fuel flow is suited to load demand by a combi-
nation of controls on the feeder and on the primary-air fan in order to give air-fuel ratios suitable for the
various steam-generator loads. The control operating range on any one direct firing pulverizer systemis
only about 3 to 1. Large steam generators are provided with more than one pulverizer system, each
feeding anumber of burners, so that awide control rangeispossible by varying the number of pulverizers
and the load on each

Burners A pulverized-coa burner is not too dissimilar to an oil burner. The latter must atomize
theliquid fuel to give alarge surface-to-volumerratio of fuel for proper interaction with the combustion
air. A pulverized-coal burner already receives dried pulverized coal in suspension in the primary air and
mixes it with the main combustion air from the steam-generator air preheater. The surface-to-volumeratio
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of pulverized coa or fineness requirements vary, though not too greatly, from coal to coal (the higher the
fixed carbon, the finer the coal). For example, pulverized coal with 80 percent passing a 200 mesh
screen and 99.5 percent passing a 50-mesh screen possesses a surface area of approximately 1500 cm?/g
with more than 97 percent of that surface area passing the 200-mesh screen.

The fuel burners may be arranged in one of two configurations. In the first. individua burners,
usually arranged horizontally from one or opposite walls, are independent of each other and provide
separate flame envelopes. In the second, the burners are arranged so that the fuel and air injected by
them interact and produce a single flame envelope. In this configuration the burners are such that fuel
and air are injected from the four corners of the furnace along lines that are tangents to an imaginary
horizontal circle within the furnace, thus causing a rotative motion and intensive mixing and a flame
envelope that fills the furnace area. Vertica firing is aso used but is more complex and used only for
hard-to-ignite fuels.

The burners themselves can be used to burn pulverized coa only (Fig. 7.8) or al three primary
fuels, i.e. pulverized codl, ail, or gas (Fig. 7.9). In Fig. 7.8, the coal impeller promotes the mixing of fuel
with the primary air and the tangential door built into the wind box provide turbulence of the main
combustion, or secondary, air to help mix it with the fuel-primary-air mixture leaving the impeller.
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Table 7.2 : Excess air required by some fuel systems
Fuel System Excess air, %
Cod Pulverized, completely water-cooled furnace 15—20
Pulverized, partialy water-cooled furnace 15—40
Spreader stoker 30—60
Chain grate and travelling stoker 15—50
Crushed, cyclone furnace 10—15
Fuel ail Qil burners 5—10
Multifuel burners 10—20
Geas: Gas burners 5—10
Multifuel burners 7—12

The total air-fuel ratio is greater than stoichrometric (chemically correct) but just enough to
ensure complete combustion without wasting energy by adding too much sensible heat to the air. Table
7.2 gives the range of excess air, percent of theoretical, necessary for good combustion of some fuels.
Initial ignition of the burners is accomplished in a variety of ways including a light-fuel oil jet, itself
spark-ignited. Thisigniter is usually energized long enough to ensure a self-sustaining flame. The con-
trol equipment ranges from manual to a remotely operated programmed sequence. The igniters may be
kept only for seconds in the case of fuel oil or gas. In the case of pulverized coal, however, they are
usualy kept much longer, sometimes for hours, until the combustion-zone temperature is high enough
to ensure a self-sustaining flame. It may also be necessary to activate the igniter at very light loads,
especially for coals of low volatility. The impeller is the part of the burner that is subject to severe
maintenance problems and is usually replaced once a year or so.

Cyclone-furnace firing, devel oped in the 1940s, represents the most significant step in coal firing
since the introduction of pulverized-coal firing in the 1920s. It is now widely used to burn poorer grades
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of coal that contain a high ash content with a minimum of 6 percent to as high as 25 percent, and a high
volatile matter, more than 15 percent, to obtain the necessary high rates of combustion. A wide range of
moisture is allowable with pre-drying. One limitation is that ash should not contain a high sulfur content
or a high Fe,O;; (CaO + MgO) ratio. Such a coa has a tendency to form high ash-fusion temperature
materials such asiron and iron sulfide in the slag, which negates the main advantage of cyclone firing.

The main advantage is the removal of much of the ash, about 60 percent, ao molten slag that is
collected on the cyclone walls by centrifugal action and drained off the bottom to a slag-disintegrating
tank below. Thus only 40 percent ash leave, with the flue gases, compared with about 80 percent for
pulverized-coal firing. thismaterially reduces erosion and fouling of steam-generator surfacesaswell as
the size of dust-removal precipitators or bag houses at steam-generator exit. Other advantages are that
only crushed coa is used and no pulverization equipment is needed and that the boiler size is reduced.
Cyclone-furnace firing uses a range of coal sizes averaging 95 percent passing a 4-mesh screen.

Thedisadvantages are higher forced-draft fan pressures and therefore higher power requirements,
the inability to use the coals mentioned above, and the formation of relatively more oxides of nitrogen,
NO, which are air pollutants, in the combustion process.

The cycloneisessentially awater-cooled horizontal cylinder (Fig. 7.10) located outside the main
boiler furnace, in which the crushed coal isfed and fired with very high rates of heat release. Combustion
of the coal is completed before the resulting hot gases enter the boiler furnace. The crushed coal is fed
into the cyclone burner at left along with primary air, which is about 20 percent of combustion or
secondary air. The primary air enters the burner tangentially, thus imparting a centrifugal motion to the
coal. The secondary air is also admitted tangentially at the top of the cyclone at high speed, imparting
further centrifugal motion. A small quantity of air, called tertiary air, is admitted at the center.

Thewhirling motion of air and coal resultsin large heat-rel ease-rate volumetric densities, between
450,000 and 800,000 Btu/(h.ft) (about 4700 to 8300 kW/m?), and high combustion temperatures, more
than 3000°F (1650°C). These high temperatures melt the ash into aliquid slag that covers the surface of
the cyclone and eventually drains through the slag-tap opening to a slag tank at the bottom of the boiler
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furnace, where it is solidified and broken for removal. The slag layer that forms on the walls of the
cyclone provides insulation against too much heat loss through the walls and contributes to the effi-
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ciency of cyclone firing. The high temperatures also explain the large production of NO, in the gaseous
combustion products. These gases leave the cyclone through the throat at right and enter the main boiler
furnace. Thus combustion takes place in the relatively small cyclone, and the main boiler furnace hasthe
sole function of heat transfer from the gases to the water-tube walls. Cyclone furnaces are also suitable
for fuel-oil and gaseous-fuel firing.

Initial ignition is done by small retractable oil or gas burners in the secondary air ports.

Like pulverized-coal systems, cyclonefiring systems can be of the bin, or storage. or direct-firing
types, though the bin type is more widely used, especially for most bituminous coals, than in the case of
pulverized coal. The cyclone system uses either one-wall, or opposed-wall, firing, the latter being pre-
ferred for large steam generators The size and number of cyclones per boiler depend upon the boiler size
and the desired load response because the usual 1oad range for good performance of any one cycloneis
from 50 to 100 percent of its rated capacity. Cyclones vary in size from 6 to 10 fv in diameter with heat
inputs between 160 to 425 million Btu/h (about 47,000 to 125,0a kW), respectively .

The cyclone component requiring the most maintenance is the burner, which is subjected to
erosion by the high velocity of the coal. Erosion is minimized by the us; of tungsten carbide and other
erosion-resistant materials for the burner liners, which are usually replaced once ayear or so.

({ EXERCISESD

1. A sample of coa has the following molal analysis C 67.35%, H, 26.26%, O, 2.28%, N,
0.57%, S 1.37%, H,0O 2.17%. Write the complete combustion equation in stoichiometric air
and calculate the coa ultimate analysis, mass percent.

2. Write the complete combustion equation for the anthracite coal, assuming stoichiometric air
and find the dew point, degrees centigrade, of the combustion productsif the total pressureis
| bar.

3. H, burnsin pure oxygen in achemically correct (stoichiometric) mixture. Write the combus-
tion equation and calculate (a) the mass of products per unit mass of H,, and (b) the lower
heating value of H, if its higher heating value is 61,100 Btu/lbm.

4. Cdculate the higher and lower heating values, in Btus per pound mass, using the Dulong-
type formula, of the anthracite cod, if the total pressureis 1 atm.

5. A gaseous fudl that is derived from coal has the following ultimate volumetric anaysis: H,
47.9%, methane (CH,) 33.9%, ethylene (C,H,) 5.2%, CO 6.1%, CO, 2.6%, N, 3.7%, and O,
0.6% It burns in 110 percent of theoretical air. Calculate (a) the volume flow rate of air
required per unit volume flow rate of the gas when both are measured at the same pressure
and temperature, and (b) the dew point of the combustion products, in degrees fahrenheit, if
the total pressureis 2 atm.

6. 10,000 U.S. gal of afuel oil are burned per hour in 20 percent excess air. The fuel oil hasthe
following ultimate analysis by mass: C 87%, S 0.9%, H, 12%, ash 0.1%. Write the combus-
tion equation and find the volume flow rate of air required, in cubic feet per minute, if the fuel
has a density of 7.73 Ibm u.sgal and the air isat t atm and 60°F.

7. A southern California natural gas has the following ultimate analysis by mass: H, 23.3%.
CH, 72% N, 0.76%, and O, 1.22%. The flue gases have the following volumetric analys's:
H,O 15.583% SSWc. CO, 8.387%, O, 3.225%, N, 72.805%. Calculate (a) the percent
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10.

11

12.

theoretical air used in combustion and (b) the dew point, in degrees centigrade, if the flue
gases are at 2 bars.

. A fud oil composed only of carbon, hydrogen, and sulfur is used in a steam generator. The

volumetric flue gas analysis on a dry basis is: CO, 11.7%, CO 0.440%, O, 4.002%, SO,
0.176, and N, 83-682 Find (&) the fuel mass composition, (b) the air-fuel ratio by mass, (c)
the excess air used, in percent, and (d) the dew point, in degrees centigrade, of the flue gases
if their pressureis 2 bar.

. A fuel oil burned in asteam generator hasacomposition which may be represented bv C,,H4,.

A dry basis flue-gas analysis shows the following volumetric composition: CO, 11.226%. O,
4.145% CO 0.863% N, 83.766%. Write the complete combustion equation for | mol of fuel
and calculate (a) the air-to-fuel ratio by mass, (b) the excess air, in percent, and (c) the mass
of water vapor in the flue gases per unit mass of fuel.

A crushed bituminous coal to be used in afluidized-bed combustion chamber cariesin size
between 1/4 and 3/4 in and has a density of 80 Ibm/ft3. The coefficient of drag when fiuidized
is 0.60. Calculate (a) the minimum gas velocity that fluidizes al the coal if the gas is at
1600°F and 9-atm pressure, and (b) the pressure drop in the bed, psi. Assume that the coal in
the collapsed state has a height of 2 ft and a porosity of 0.25 and that the gas density can be
approximated by that of pure air.

10,000 tons of coal are burned in a powerplant per day. The coal has an as-received ultimate
analysis of C 75%, H, 5%, O, 6.7%, H,0 2.5%, S 2.3 %, N, 1.5%, ash 7.0%. It burnsin
excess air in a fluidized bed combustor. Calculate (a) the mass of calcium carbonate to be
added, in tons per day, and (b) the mass of calcium sulfate to be disposed of, in tons per day.
(The molecular mass of calcium = 40.)

Write the chemical formula and sketch the molecule for the following hydrocarbons. (a)
ethane, (b) ethene or ethylene, (c) decane, (d) iso-decane (2,2,3,3 tetramethyl hexane), (€)
pentatriacontane (do not sketch), (f) isobutene (2-methyl propene), (g) |,5-heptadiene (the
numbersindicate the positions of the carbon atomsthat precede double bonds), (h) cyclohexane,
(i) naphthalene, (j) 1-methyl napthalene (a methyl radical CH, attached to a carbon atom
instead of a hydrogen atom), (K) tetracontane (do not sketch), and (1) dotriacontahectane (do
not sketch).

13. A coal-oil mixture (COM) is composed of the bituminous medium volatility coal listed and a

distillate oil no. 2 that has an ultimate analysis on amass basis of C 87.2%, H, 12.5%, S 0.3%,
NZ-



Chapter 8

Diesel Power Plant

48.1 INTRODUCTION —

Theail enginesand gas engines are called Internal Combustion Engines. In1C enginesfuelsburn
inside the engine and the products of combustion form the working fluid that generates mechanical
power. Whereas, in Gas Turbines the combustion occurs in another chamber and hot working fluid
containing thermal energy is admitted in turbine.

Reciprocating oil engines and gas engines are of the same family and have a strong resemblance
in principle of operation and construction.

The engines convert chemical energy in fuel in to mechanical energy.
A typical oil engine has:
1. Cylinder in which fuel and air are admitted and combustion occurs.
2. Piston, which receives high pressure of expanding hot products of combustion and the piston,
is forced to linear motion.
3. Connecting rod, crankshaft linkage to convert reciprocating motion into rotary motion of
shaft.
4. Connected Load, mechanical drive or electrical generator.
5. Suitable valves (ports) for control of flow of fuel, air, exhaust gases, fuel injection, and igni-
tion systems.
6. Lubricating system, cooling system
In an engine-generator set, the generator shaft is coupled to the Engine shaft.
The main differences between the gasoline engine and the diesel engine are:

* A gasoline engine intakes amixture of gas and air, compressesit and ignites the mixture with
a spark. A diesel engine takes in just air, compresses it and then injects fuel into the com-
pressed air. The heat of the compressed air lights the fuel spontaneously.

* A gasoline engine compresses at aratio of 8:1to 12:1, while adiesel engine compresses at a
ratio of 14:1 to as high as 25:1. The higher compression ratio of the diesel engine leads to
better efficiency.

» Gasoline engines generally use either carburetion, in which the air and fuel is mixed long
before the air entersthe cylinder, or port fuel injection, in which the fuel isinjected just prior
to theintake stroke (outside the cylinder). Diesel engines usedirect fuel injection to the diesel
fuel isinjected directly into the cylinder.
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The diesel engine has no spark plug, that it intakes air and compresses it, and that it then injects
the fuel directly into the combustion chamber (direct injection). It is the heat of the compressed air that
lights the fuel in adiesel engine.

Theinjector on adiesel engineisits most complex component and has been the subject of agreat
deal of experimentation in any particular engineit may belocated in avariety of places. Theinjector has
to be able to withstand the temperature and pressure inside the cylinder and still deliver the fuel inafine
mist. Getting the mist circulated in the cylinder so that it is evenly distributed is also a problem, so some
diesel engines employ special induction valves, pre-combustion chambers or other devices to swirl the
air in the combustion chamber or otherwise improve the ignition and combustion process.

One big difference between adiesel engine and agas engineisin theinjection process. Most car
engines use port injection or a carburetor rather than direct injection. In acar engine, therefore, al of the
fuel is loaded into the cylinder during the intake stroke and then compressed. The compression of the
fuel/air mixture limits the compression ratio of the engine, if it compresses the air too much, the fuel/air
mixture spontaneoudly ignites and causes knocking. A diesel compresses only air, so the compression
ratio can be much higher. The higher the compression ratio, the more power is generated.

Some diesel engines contain a glow plug of some sort. When a diesel engine is cold, the com-
pression process may not raise the air to a high enough temperature to ignite the fuel. The glow plugis
an electrically heated wire (think of the hot wiresyou seein atoaster) that helpsignite the fuel when the
engineis cold so that the engine can start.

Smaller engines and engines that do not have such advanced computer controls, use glow plugs
to solve the cold-starting problem.

We recommend diesels due to their:

(a) Longevity-think of an 18 wheeler capable of 1,000,000 miles of operation before major
service)

(b) Lower fuel costs (lower fuel consumption per kilowatt (kW) produced)
(c) Lower maintenance costs-no spark system, more rugged and more reliable engine,

Today’s modern diesels are quiet and normally require less maintenance than comparably sized
gas (natural gas or propane) units. Fuel costs per kW produced with diesels is normally thirty to fifty
percent less than gas units.

1800 rpm water-cooled diesel units operate on average 12—30,000 hours before major mainte-
nance is required. 1800 rpm water-cooled gas units normally operate 6-10,000 hours because they are
built on alighter duty gasoline engine block.

3600 rpm air-cooled gas units are normally replaced not overhauled at 500 to 1500 hours.

Because the gas units burn hotter (higher btu of the fuel) you will see significantly shorter lives
than the diesel units.

Diesdl engine power plants are installed where

1. Supply of cod and water is not available in desired quantity.

2. Where power is to be generated in small quantity for emergency services.

3. Standby sets are required for continuity of supply such asin hospital, telephone exchange.

It is an excellent prime mover for electric generator capacities of from 100 hp to 5000 hp. The
Diesdl unitsused for electric generation are more reliable and long - lived piece of equipment compared
with other types of plants.



236 POWER PLANT ENGINEERING

48.2 OPERATING PRINCIPLE —

All the gas engines and oil engines operate in the same general way. The working fluid under-
goes repeated cycles. A thermodynamic cycle is composed of a series of sequential events in a closed
loop on P-V or T-Sdiagram. A typical cycle has following distinct operations

1. Cylinder is charged
2. Cylinder contents are compressed

3. Combustion (Burning) of charge, creation of high pressure pushing the piston and expansion
of products of combustion.

4. Exhaust of spent products of combustion to atmosphere.

The route taken for these steps is illustrated conveniently on P-V diagram and T-S diagram for
the cycle.

Various types of Gas Engines and Oil Engines have been developed and are classified on the
basis of their operating cycles. Cycles are generally named after their Inventors e.g. Carnot Cycle;
Diesdl Cycle; Otto Cycle; Sterling Cycle; Bryton Cycle; Dua Cycle, etc.

New cycles are being developed for fuel saving and reduction of pollution.
Two principa categories of |C Engines are:

—Four Stroke Engines

—Two Stroke Engines

In a Four Stroke Engine Cycle, the piston strokes are used to obtain the four steps (intake, com-
pression, expansion, exhaust) and one power stroke in two full revolutions of crankshaft. In a Two
Stroke Engine Cycle, one power stroke is obtained during each full revolution of the crankshaft.

) ) Fuel
Air__ Inlet Compression In Exhaust

n \i+i Yy T y

= 7 (7

A B C D

A. Air Charging B. Compression C. Ignition  D. Exhaust
Fig. 8.1. Diagrams Illustrating Operation of an |.C. Engine.
Thisis achieved by using air pressure slightly above atmospheric to blow out exhaust gases out

of the cylinder and fill the fresh charge (scavenging). The methods of scavenging include: Crankcase
scavenging; blower scavenging. Other methods include Super Charging; Turbo Charging.

48.3 BASIC TYPES OF IC ENGINES —

Although alike in main mechanical aspects, the oil engines differ from gas engines in fuels and
fuel handlingi.e., when fuel and air are injected how much charge is compressed and how ignited. Many
variants exist.
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8.3.1 TWO-STROKE, SPARK IGNITION GAS ENGINES/PETROL ENGINES

The well-known automobile engine fueled with petrol (also called Gas) and Natural Gas Engine,
Bio-gas Engineis of this category. The low compression gas engine (petrol engine/natural gas engine)
mixes fuel and air, outside the cylinder, before compression. With the automobile engine, a carburator is
used for mixing the fuel and air and the mixture is injected in the cylinder. In a Natural Gas Engine, a
mixing valve is used for the same purpose instead of the carburator.

In the mixture, the gas fuel and air proportion is amost perfect to produce complete combustion
without excess air. This mixture flows into the cylinder and is then compressed. Near the end of the
compression stroke, an electric spark ignites the inflammable mixture, which burns rapidly. The pres-
surein the cylinder rises rapidly and acts on the piston area and the piston is forced to move down on its
power stroke.

Since the compressed gas mixture rises in pressure during the compression stroke, the mixture
may get pre-ignited before the sparking resulting in loss of power. Hence compression pressure must be
limited in this type of engine. Compression Ratio is therefore an important parameter in establishing
combustion without pre-ignition.

The compression ratio is the ratio of cylinder volumes at the start and at the end of compression
stroke.

In general, higher the compression ratio, higher will be the maximum pressure reached during
combustion and higher is the efficiency of the engine.

Although it is desirable to have a high compression ratio, the nature of fuel imposes limits in
engines where a nearly perfect mixture is compressed.

With natural gas for example the compression ratio might be about 5:1 and compression pressure
of about 8 bar, pre-ignition being the limiting factor.

8.3.2 DIESEL ENGINES/HEAVY OIL ENGINES

In contrast to the engines in which the fuel and air mixes before compression, in diesel engines:
air iscompressed as the compression stroke begins and the fuel entersthe cylinder at the end of compres-
sion stroke. Heat of compression is used for ignition of fuel.

In atypica diesel engine, air is compressed to about 30 bars, which increases the temperature
when finely atomised diesel fuel il is sprayed into the heated air, it ignites and burns. High compression
ratio is therefore essentia for reliable combustion and high efficiency. Compression ratios above those
needed to achieve ignition do not improve the efficiency.

The pressure ratio depends on engine speed, cylinder size and design factors. Typical compres-
sion pressuresin diesel enginesrange from 30 bar to 42 bar. Small high-speed engines have higher com-
pression pressures.

8.3.3 DUEL FUEL ENGINES

In a duel fud engine, a small quantity of pilot oil is injected near the end of the compression
stroke. It is ignited by the compression and the mixture burns like standard diesel fuel. The pilot oil
burning provides enough heat to the mixture of gas/air. Precise control of pilot oil injection and a sepa-
rate set of fuel pumps and nozzles are added. Means are provided to reduce air quantity at partial loads.
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8.3.4 HIGH COMPRESSION GAS ENGINES

With operation solely on gas, without duel mixtures and pilot oil, the high Compression Gas
Engines of today use dightly richer mixtures of fuel and air, with lower compression ratios than duel
fuel engines. The compression ratios are higher than conventional gas engines and lower than duel fuel
engines. Thereis no need of pilot oil.

48.4 ADVANTAGE OF DIESEL POWER PLANT —

The advantages of diesdl power plants are listed below.

1. Very simple design also simple installation.

2. Limited cooling water requirement.

3. Standby losses are less as compared to other Power plants.
4. Low fuel cost.

5. Quickly started and put on load.

6. Smaller storage is needed for the fuel.

7. Layout of power plant is quite simple.

8. Thereis no problem of ash handling.

9. Less supervision required.

10. For small capacity, diesel power plant is more efficient as compared to steam power plant.
11. They can respond to varying loads without any difficulty.

48.5 DISADVANTAGE OF DIESEL POWER PLANT —

The disadvantages of diesel power plants are listed below.

1. High Maintenance and operating cost.

2. Fud cost ismore, sincein India diesd is costly.

3. The plant cost per kW is comparatively more.

4. Thelife of diesel power plant is small due to high maintenance.
5. Noise is a serious problem in diesel power plant.

6. Diesel power plant cannot be constructed for large scale.

48.6 APPLICATION OF DIESEL POWER PLANT —

Since there are many disadvantage of diesel power plant, although the plant find wide applica-
tion in the following fields.

1. They are quite suitable for mobile power generation and are widely used in transportation
systems consisting of railroads, ships, automobiles and aeroplanes.

2. They can be used for electrical power generation in capacities from 100 to 5000 H.P.
3. They can be used as standby power plants.
4. They can be used as peak load plants for some other types of power plants.
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5. Industrial concerns where power requirement are small say of the order of 500 kW, diesel
power plants become more economical due to their higher overall efficiency.

48.7 GENERAL LAYOUT OF DIESEL POWER PLANT —

General layout of diesel power plant is as shown in Fig. 8.2.

Storage & I~ Spacefor future | i
Shop i_____&xpansion ____ .
Wash room ‘ Unitno. 3 ‘
o 8g
Switch board [E ‘ Unitno. 2 ‘ >§§
g—ﬂ Oil Storage
] O &% Tanks
Office ‘ Unitno. 1 ‘ ©
c Air
ompressor
Rall —

Front Entrance

Fig. 8.2. General Layout of Diesel Power Plant.

Generaly the unitsare placed in parallel lines as shown in fig. In any plant some spaceisaways
provided for further expansion. Also sufficient space should provide for maintenance of diesel engine.
Proper ventilation is also provided in power plant. Storage of fuel for power plant is always provided
outside the main building.

48.8 PERFORMANCE OF DIESEL ENGINE —

The performance of the diesel engine means the power and efficiency. The engine develops as
the various parameters of the engine, e.g. piston speed, air-fuel ratio, compression ratio, inlet air-pres-
sure and temperature are varied.

The two usua conditions under which 1.C. engines are operated are: (1) constant speed with
variable load, and (2) variable speed with variable load. The first situation is found in a.c. generator
drives and the second one in automobiles, railway engines and tractors etc. A series of tests are carried
out on the engine to determine its performance characteristics, such as: indicated power (1.P), Brake
power (B.P), Frictional Power (F.P.), Mechanical efficiency (n,,), thermal efficiency, fuel consumption
and also specific fuel consumption etc. Below, we shall discussed how these quantities are measured:

8.8.1 INDICATED MEAN EFFECTIVE PRESSURE (IMEP)

In order to determine the power developed by the engine, the indicator diagram of engine should
be available. From the area of indicator diagram it is possible to find an average gas pressure that while
acting on piston throughout one stroke would account for the network done. This pressure is called
indicated mean effective pressure (I.M.E.P).

8.8.2 INDICATED HORSE POWER (IHP)
The indicated horse power (1.H.P) of the engine can be calculated as follows:

(P,.L.AN.n)
IHp = +m 7
(4500 % k)
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where P, =LM.EP in kg/cm?
L = Length of strokein metres
A = Piston areas in cm?
N = Speed in RPM.
n = Number of cylinders
k = 1 for two stroke engine
= 2 for four stroke engine.

8.8.3 BRAKE HORSE POWER (B.H.P.)

Brake horse power is defined as the net power available at the crankshaft. It is found by measur-
ing the output torque with a dynamometer.

2MNT

B.H.P. = 4—500

where T = Torque in kg.m.
N = Speed in R.PNT.

8.8.4 FRICTIONAL HORSE POWER (F.H.P.)

The difference of 1.H.P. and B.H.P. is called FH.P. It is utilized in overcoming frictional resist-
ance of rotating and sliding parts of the engine.

FH.P.=I.HP.-B.H.P.

8.8.5 INDICATED THERMAL EFFICIENCY (n,)
It is defined as the ratio of indicated work to thermal input.

_ (I.H.P.x 4500)
= wxc,x9)
where W = Weight of fuel supplied in kg per minute.

C, = Cdlorific value of fuel ail in kcal/kg.
J = Joules equivaent = 427.
8.8.6 BRAKE THERMAL EFFICIENCY (OVERALL EFFICIENCY)
It is defined as the ratio of brake output to thermal input.

_ (B.H.P.x 4500)
=" (wxc, xJ)

8.8.7 MECHANICAL EFFICIENCY (n,,,)
It is defined as the ratio of B.H.P. to L.H.P. Therefore,

B.H.P.

M= T HP
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q 8.9 FUEL SYSTEM OF DIESEL POWER PLANT —

Thefuel isdelivered to the plant by railroad tank car, by truck or by barge and tanker and stored
in the bulk storage situated outdoors for the sake of safety. From this main fuel tank, the fuel oil is
transferred to the daily consumption tank by a transfer pump through afilter. The capacity of the daily
consumption should be atleast the 8-hour requirement of the plant. Thistank islocated either above the
engine level so that the fuel flows by gravity to the injection pump or below the engine level and the fuel
oil is delivered to the injection pump by a transfer pump driven from the engine shaft, Fig. 8.3. Fuel
connection is normally used when tank-car siding or truck roadway is above tank level. If it is below
tank level, then, an unloading pump is used to transfer fuel form tank car to the storage tank (dotted line).

. : Day Tank

To

Unloading

Sounding Well Manhole ) M) Engine
Fill Connection ;/Vent Jf/{ L

. Transfer
¢ Crain Pump
NANN\N

Strainer

‘_
= | 2
,r[ ,_( [>—Suction

543 Line
< Foot Valve

and Strainer

Fig. 8.3. Fuel System.

The five essentia functions of a fuel injection system are:

1. To déliver qil from the storage to the fuel injector.

2. Toraise the fuel pressure to the level required for atomization.

3. To measure and control the amount of fuel admitted in each cycle.

4. To control time of injection.

5.To spray fuel into the cylinder in atomized form for thorough mixing and burning.

The above functions can be achieved in avariety of ways. The following are the systems, which
are usual on power station diesels:

1.Common Rail.

2.Individua Pump Injection.

3. Digtributor.

1. COMMON RAIL INJECTION

A typical common rail injection system is shown in Fig. 8.4. It incorporates a pump with built in
pressure regulation, which adjusts pumping rate to maintain the desired injection pressure. The function
of the pressure relief and timing valvesisto regulate the injection time and amount. Spring-loaded spray
valve acts merely as a check. When injection valve lifts to admit high-pressure fuel to spray valve, its
needle rises against the spring. When the pressure is vented to the atmosphere, the spring shuts the
vave.
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2. INDIVIDUAL PUMP INJECTION

In this system, each fuel nozzle is connected to a separate injection pump, Fig.8.5. The pump
itself does the measuring of the fuel charge and control of the injection timing. The delivery vavein the
nozzleis actuated by fuel-oil pressure.

Spring Loaded
Spray Valve

Fuel Lines to Injection Nozzles

Pressure ;
other Cylinder

Relief

and Timing
Valve 4-control
@%ﬁ Lever
LCam Shaft
C Accumulator )
Pump Drive Shaft ; N —)
‘ % Injection
:(—’: Control Rod Pump

Fuel From =l =
Day Tank Pump Shaft

Controlled Pressure Pump

Fig. 8.4. Common Rail Injection. Fig. 8.5. Individual Pump Injection.

3. DISTRIBUTOR SYSTEM

This system is shown in Fig. 8.6. In this system, the fuel is metered at a central point i.e., the
pump that pressurizes, meters the fuel and times the injection. From here, the fuel is distributed to
cylindersin correct firing order by cam operated poppet valves, which open to admit fuel to nozzles.

Nozzles

Distributor —»
Block

Cam

Primary Pump

Fig. 8.6. Distribution System.

q 8.10 LUBRICATION SYSTEM OF DIESEL POWER PLANT _

Since frictional forces causes wear and tear of rubbing parts of the engine and thereby the life of
the engine is reduced. So the rubbing part requires that some substance should be introduced between
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the rubbing surfaces in order to decrease the frictional force between them. Such substance is called

|ubricant.

The lubricant forms a thin film between the rubbing surfaces. And lubricant prevents metal-

to-metal contact. So we can say “ L ubrication isthe admission of oil between two surface having relative

motion”.

The main function of lubricant is to,

1

o O~ WD

7.

To reducefriction and wear between the parts having relative motion by minimizing the force
of friction and ensures smooth running of parts.

. To seal a space adjoining the surfaces such as piston rings and cylinder liner.

. To clean the surface by carrying away the carbon and metal particles caused by wear.
. To absorb shock between bearings and other parts and consequently reduce noise.

. To cool the surfaces by carrying away heat generated due to friction.

. It helps the piston ring to seal the gasesin the cylinder.

It removes the heat generated due to friction and keeps the parts cool.

The various parts of an engine requiring lubrication are;

1
2
3
4
5
6
.
8
9
A

0o N ok WODN PP

. Cylinder walls and pistons.

. Main crankshaft bearings.

. Piston rings and cylinder walls.

. Big end bearing and crank pins.

. Small end bearing and gudgeon pin bearings.

. Main bearing cams and bearing valve tappet and guides

. Timing gears etc.

. Camshaft and cam shaft bearings.

. Valve mechanism and rocker arms.

good lubricant should possess the following properties:

. It should not change its state with change in temperature.

. It should maintain a continuous film between the rubbing surfaces.
. It should have high specific heat so that it can remove maximum amount of heat.
. It should be free from corrosive acids.

. The lubricant should be purified before it enters the engine.

. It should be free from dust, moisture, metallic chips, etc.

. The lubricating oil consumed is nearly 1% of fuel consumption.

. The lubricating oil gets heated because of friction of moving parts and should be cooled
before recirculation.

The cooling water used in the engine may be used for cooling the [ubricant. Nearly 2.5% of heat

of fuel is

dissipated as heat, which is removed by the lubricating oil.

The various lubricants used in engines are of three types:

1
2
3

. Liquid Lubricants or Wet sump lubrication system.
. Solid Lubricants or Dry sump lubrication system.
. Semi-solid Lubricants or Mist lubrication system.



244 POWER PLANT ENGINEERING

Liquid oils lubricants are most commonly used. Liquid lubricants are of two types:

(a) Minerd oils

(b) Fatty ails.

Graphite, white lead and mica are the solid lubricants.

Semi solid lubricants or greases as they are often called are made from mineral oils and fatty-ails.

8.10.1 LIQUID LUBRICANTS OR WET SUMP LUBRICATION SYSTEM

These systems employ alarge capacity oil sump at the base of crank chamber, from which the ail
is drawn by alow-pressure oil pump and delivered to various parts. Qil then gradually returns back to
the sump after serving the purpose.

(a) Splash system. This system is used on some small four strokes, stationary engines. In this
case the caps on the big ends bearings of connecting rods are provided with scoops which, when the
connecting rod isin the lowest position, just dip into oil troughs and thus directs the oil through holesin
the caps to the big end bearings. Due to splash of ail it reaches the lower portion of the cylinder walls,
crankshaft and other parts requiring lubrication. Surplus oil eventually flows back to the oil sump. Oil
level in the troughs is maintained by means of an oil pump which takes oil from sump, through afilter.

Splash system is suitable for low and medium speed engines having moderate bearing load pres-
sures. For high performance engines, which normally operate at high bearing pressures and rubbing
speeds this system does not serve the purpose.

(b) Semi-pressure system. This method is a combination of splash and pressure systems. It
incorporates the advantages of both. In this case main supply of ail is located in the base of crank
chamber. Qil is drawn from the lower portion of the sump through afilter and is delivered by means of
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KBearing

¥  Bearing
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Qil strainer

Fig. 8.7. Semi Pressure System.
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a gear pump at pressure of about 1 bar to the main bearings. The big end bearings are lubricated by
means of a spray through nozzles. Thus oil also lubricates the cams, crankshaft bearings, cylinder walls
and timing gears. An oil pressure gauge is provided to indicate satisfactory oil supply.

The system is less costly to install as compared to pressure system. It enables higher bearing
loads and engine speeds to be employed as compared to splash system.

(c) Full pressure system. In this system, oil from oil sump is pumped under pressure to the
various parts requiring lubrication. Refer Fig. 8.8. The oil is drawn from the sump through filter and
pumped by means of agear pump. The pressure pump at pressure ranging delivers oil from 1.5 to 4 bar.
The oil under pressure is supplied to main bearings of crankshaft and camshaft. Holes drilled through
the main crankshafts bearing journals, communicate oil to the big end bearings and also small end
bearings through holes drilled in connecting rods. A pressure gaugeis provided to confirm the circulation
of ail to the various parts. A pressure-regulating valveis aso provided on the delivery side of this pump to
prevent excessive pressure.

Piston Pressure gauge

Oll Filter. .
Oil Pump Strainer

Fig. 8.8. Full Pressure System.
This system finds favour from most of the engine manufacturers as it allows high bearing pres-
sure and rubbing speeds.

The general arrangement of wet sump lubrication system is shown in Fig. 8.9. In this case ail is
always contained in the sump that is drawn by the pump through a strainer.
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Fig 8.9. Wet sump lubrication system.
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8.10.2 SOLID LUBRICANTS OR DRY SUMP LUBRICATION SYSTEM

Refer Fig. 8.10. In this system, the 0il from the sump is carried to a separate storage tank outside
the engine cylinder block. The oil from sump is pumped by means of asump pump through filtersto the
storage tank. Oil from storage tank is pumped to the engine cylinder through oil cooler. Qil pressure may
vary from 3 to 8 kgf/cm?. Dry sump lubrication system is generally adopted for high capacity engines.
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Fig. 8.10. Dry Sump Lubrications System.

8.10.3 MIST LUBRICATION SYSTEM

This system is used for two stroke cycle engines. Most of these engines are crank charged, i.e.,
they employ crank case compression and thus, are not suitable for crank case lubrication. These engines
are lubricated by adding 2 to 3 per cent lubricating oil in the fuel tank. The oil and fuel mixture is
induced through the carburator. The gasoline is vaporized; and the cil in the form of mist, goes via
crankcase into the cylinder. The oil that impinges on the crank case walls lubricates the main and con-
necting rod bearings, and rest of the oil that passes on the cylinder during charging and scavenging
periods, lubricates the piston, piston rings and the cylinder.

8.11 AIR INTAKES AND ADMISSION SYSTEM OF DIESEL
POWER PLANT

Generally alarge diesel engine requires 0.076 to 0.114 m® of air per min per kw of power devel-
oped. Thefresh air is drawn through pipes or ducts or filters. The purpose of thefilter isto catch any air
borne dirt asit otherwise may cause the wear and tear of the engine. Thefilters may be of dry or oil bath.
The filters should be cleaned periodicaly. Electrostatic precipitator filters can aso be used. Oil im-
pingement type of filter consists of aframefilled with metal shavingswhich are coated with a specid ail
so that the air in passing through the frame and being broken up into a number of small filaments comes
into contact with the oil whose property is to seize and hold any dust particles being carried by the air.
Thedry type of filter ismade of cloth, felt, glasswooal etc. In case of ail bath type of filter theair is swept
over or through a pool of oil so that the particles of dust become coated. Lightweight steel pipe isthe
material for intake ducts.
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Since the noise may be transmitted back to the outside air via the air intake. So, A silencer is

needed in between the engine and the intake system.

There should be minimum pressure loss in the air intake system, otherwise specific fuel con-

sumption will increase and the engine capacity is reduced.

Air Filter

@: Diesel engine

L

Louvers

Fig. 8.11. Air Intake System.

The air intake system conveys fresh air through pipes or ducts to:

1. Air-intake manifold of four-stroke engine.

2. The scavenging pump inlet of atwo-stroke engine.
3. The supercharger inlet of a supercharged engine.

The air intake may be located:

(a) Very Near the ground and outside the plant building.

(b) In the building roof.
(c) On the building roof.
(d) Inside the engine room.

Following precautions should be taken while constructing a suitable air intake system:

1. They do not locate the air-intakes inside the engine room.

2. Do not take air from a confined space as otherwise serious vibration problems can occur due

to air pulsations.

3. Do not use air-intake line with too small a diameter or which is too long, otherwise engine

starvation might occur.

4, Do not install air-intake filters in an inaccessible location.

5. Do not locate the air intakefilters close to the roof of the engine room since serious vibrations

of the roof may occur due to pulsating airflow through the filters.

48.12 SUPERCHARGING SYSTEM OF DIESEL POWER PLANT _

The purpose of supercharging isto raise the volumetric efficiency above that value which can be

obtained by normal aspiration.

Since the |.H.P. produced by an I.C. engine is directly proportional to the air consumed by the
engine. And greater quantities of fuel to be added by increasing the air consumption permit and result in
greater power produced by the engine. So, it is, therefore, desirable that the engine should take in the



248 POWER PLANT ENGINEERING

greatest possible mass of air. The supply of air is pumped into the cylinder at a pressure greater than the
atmospheric pressure and is called supercharging. When greater quantity of air is supplied to an 1.C.
engine it would be able to develop more power for the same size and conversely a small size engine fed
with extra air would produce the same power as a larger engine supplied with its normal air feed.
Supercharging is used to increase rated power output capacity of a given engine or to make the rating
equal at high altitudes corresponding to the unsupercharged sea level rating. Installing a super charger
between engine intakes does supercharging and air inlet through air cleaner super charger is merely a
compressor that provides a denser charge to the engine thereby enabling the consumption of a greater
mass of charge with the same total piston displacement. Power required to drive the super charger is
taken from the engine and thereby removes from over all engine output some of the gain in power
obtained through supercharging.

Since the main object of supercharging is to increase the power output of these engine without
increasing its rotational speed or the dimensions of the cylinder. This is achieved by increasing the
charge of air, which results more burning of the fuel and a higher mean effective pressure. So there are
three possible methods that increase the air consumption of an engine,

1.To increasing the piston displacement, but thisincreases the size and weight of the engine, and
introduces additional cooling problems.

2.Running the engine at higher speeds, which results in increased fluid and mechanical friction
losses, and imposes greater inertia stresses on engine parts.

3.Increasing the density of the charge, such that a greater mass of charge is introduced into the
same volume or same total piston displacement.

8.12.1 TYPES OF SUPERCHARGER
Supercharging is done by means of compressor; there are two types of compressors that may be
used as super chargers. They are as follows:
1. Positive displacement type super chargers.
(a) Piston Cylinder type
(b) Roots blowers
(c) Vane blower
2. Centrifugal type super chargers or turbo type.
3. Turbo type super chargers.

Root blowers Vane blower Centrifugal types

Fig. 8.12 Fig. 8.13
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The blowers are usualy driven from the engine cranks shaft by mean of Spur, helical or herring-
bone gears, silent chains or V-belts at a speed 2-3 times the engine speed. In the case of turbo-super-
charger, the super charger is coupled to a gas turbine in which the exhaust of the engine is expanded.

The positive displacement types are used for low and medium speed engines with speeds not
over 4000 rev/min. Positive displacement type used with many reciprocating enginesin stationary plants,
vehicles and marine installations.

The piston cylinder type is used on large and slow speed stationary engines, but their use is
limited since they are bulkier, more expensive and less dependable than the rotary type blowers.

Centrifugal blowers are used both on low speed and high-speed engines. Centrifugal blowers
driven by exhaust gas turbine are small and light and are used for stationary, locomotive, and marine and
aircraft engine. The speed of the centrifugal type of blowers is high about 10000 to 15000 rev/min for
low speed engines and 15000 to 30000 rev/min for high-speed engines such as aircraft engines.

Centrifugal type widely used as the supercharger for reciprocating engines, as well as compres-
sor for gasturbines. It isalmost exclusively used asthe supercharger with reciprocating power plantsfor
aircraft because it is relatively light and compact, and produces continuous flow rather than pulsating
flow asin some positive displacement types.

8.12.2 ADVANTAGE OF SUPERCHARGING

Due to a number of advantages of supercharging the modern diesel engines used in diesel plants
are generally supercharged. The various advantages of supercharging are as follows:

1. Power Increase. Mean effective pressure of the engine can be easily increased by 30 to 50%
by supercharging which will result in the increase the power output.

2. Fuel Economy. Due to better combustion because of increased turbulence, better mixing of
the fuel and air, and of an increased mechanical efficiency, the specific fuel consumption in most cases,
though supercharging reduces not all.

3. Mechanical Efficiency. The mechanical efficiency referred to maximum load is increased
sincetheincrease of frictional osses with a supercharger driven directly from the engineis quite smaller
as compared to the power gained by supercharging.

4. Fuel Knock. It is decreased due to increased compression pressure because increasing the
inlet pressure decreases theignition lag and this reducestherate of pressurerisein the cylinder resulting
in increasing smoothness of operation.

5. Volumetric Efficiency. Volumetric efficiency isincreased since the clearance gases are com-
pressed by the induced charge that is at a higher pressure than the exhaust pressure.

48.13 EXHAUST SYSTEM OF DIESEL POWER PLANT —

The purpose of the exhaust system is to discharge the engine exhaust to the atmosphere outside
the main building.

For designing of exhaust system of a big power plant, following points should be taken into
consideration
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1. Exhaust noise should be reduced to a tolerable degree.

2. To reduce the air pollution at breathing level, Exhaust should be exhausted well above the
ground level

3. Pressure loss in the system should be reduced to minimum.

4. By use of flexible exhaust pipe, the vibrations of exhaust system must be isolated from the
plant.

5. A provision should be made to extract the heat from exhaust if the heating is required for fuel
oil heating or building heating or process heating.

In many cases, we have seen that the temperature of the exhaust gases under full load conditions
may be of the order of 400°C. With the recovery of heat from hot jacket water and exhaust gases and its
use either for heating oil or buildings in cold weather increase the thermal efficiency to 80%. Nearly
40% of the heat in the fuel can be recovered from the hot jacket water and exhaust gases. The heat from
the exhaust can also be used for generating the steam at low pressure that can be used for process
heating. Nearly 2 kg of steam at 8 kg/cm? can be generated per KW per hour, when the mass of exhaust
gases can be taken as 10 kg/kW hr.

48.14 COOLING SYSTEM OF DIESEL POWER PLANT —

During combustion process the peak gas temperature in the cylinder of an internal combustion
engineisof the order of 2500 K. Maximum metal temperature for the inside of the combustion chamber
space are limited to much lower values than the gas temperature by alarge number of considerationsand
thus cooling for the cylinder head, cylinder and piston must therefore be provided. Necessity of engine
cooling arises due to the following facts

1. During combustion period, the heat fluxes to the chamber walls can reach as high as 10 mW/m?.
The flux varies substantially with location. The regions of the chamber that are contacted by
rapidly moving high temperature gases generaly experience the highest fluxes. In region of
high heat flux, thermal stresses must be kept below levels that would cause fatigue cracking.
So temperatures must be less than about 400°C for cast iron and 300°C for aluminium alloy
for water cooled engines. For air-cooled engines, these values are 270°C and 200°C respectively.

2. The gas side surface temperature of the cylinder wall islimited by the type of lubricating oil
used and this temperature ranges from 160°C to 180°C. Beyond these temperature, the prop-
erties of lubricating oil deteriorates very rapidly and it might even evaporates and burn, dam-
aging piston and cylinder surfaces. Piston seizure due to overheating resulting from the fail-
ure of lubrication is quite common.

3. The valves may be kept cool to avoid knock and pre-ignition problems which result from
overheated exhaust valves (true for S.I. engines).

4. The volumetric and thermal efficiency and power output of the engines decrease with an
increase in cylinder and head temperature.

Based on cooling medium two types of cooling systems are in general use. They are
(a) Air asdirect cooling system.

(b) Liquid or indirect cooling system.
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Air-cooling is used in small engines and portable engines by providing fins on the cylinder. Big
diesel engines are always liquid (water/special liquid) cooled.

Liquid cooling system is further classified as

(1) Open cooling system

(2) Natural circulation (Thermo-system)

(3) Forced circulation system

(4) Evaporation cooling system.

8.14.1 OPEN COOLING SYSTEM

This system is applicable only where plenty of water is available. The water from the storage
tank isdirectly supplied through an inlet valve to the engine cooling water jacket. The hot water coming
out of the engineis not cooled for reuse but it is discharged.

8.14.2 NATURAL CIRCULATION SYSTEM

The system is closed one and designed so that the water may circulate naturally because of the
difference in density of water at different temperatures. Fig. 8.14 shows a natural circulation cooling
system. It consists of water jacket, radiator and afan. When the water is heated, its density decreases and
it tendsto rise, while the colder moleculestend to sink. Circulation of water then is obtained as the water
heated in the water jacket tends to rise and the water cooled in the radiator with the help of air passing
over the radiator either by ram effect or by fan or jointly tends to sink. Arrows show the direction of
natural circulation, which is slow.

Cylinder water jacket

Lower hose
connection

Fig. 8.14. Natural Circulation Cooling System.

8.14.3 FORCED CIRCULATION COOLING SYSTEM

Fig. 8.15 shows forced circulation cooling system that is closed one. The system consists of
pump, water jacket in the cylinder, radiator, fan and athermostat. The coolant (water or synthetic cool-
ant) iscirculated through the cylinder jacket with the help of apump, which isusually acentrifugal type,
and driven by the engine. The function of thermostat, which is fitted in the upper hose connection
initially, prevents the circulation of water below a certain temperature (usually upto 85°C) through the
radiation so that water gets heated up quickly.
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Standby diesel power plants upto 200 kVA use this type of cooling. In the case of bigger plant,
the hot water is cooled in a cooling tower and recirculated again. There is a need of small quantity of
cooling make-up water.

/—Radiator

Upper tank

Overflow
pipe

Vib b

Fig. 8.15. Forced Circulation Cooling System.

48.15 DIESEL PLANT OPERATION —

When diesel alternator sets are put in parallel, “hunting” or “ phase swing may be produced due
to resonance unless due care is taken in the design and manufacture of the sets. This condition occurs
due to resonance between the periodic disturbing forces of the engine and natural frequency of the
system. The engine forces result from uneven turning moment on the engine crank which are corrected
by the flywheel effect. “Hunting” results from the tendency of each set trying to pull the other into
synchronism and is characterized by flickering of lights.

To ensure most economical operation of diesel engines of different sizes when working together
and sharing load it is necessary that they should carry the same percentage of their full load capacity at
all times asthe fuel consumption would be lowest in this condition. For best, operation performance the
manufacturer’s recommendations should be strictly followed.

In order to get good performance of a diesel power plant the following points should be taken
care of:

. It is necessary to maintain the cooling temperature within the prescribed range and use of
very cold water should be avoided. The cooling water should be free from suspended impuri-
tiesand suitably treated to be scale and corrosion free. If the ambient temperature approaches
freezing point, the cooling water should be drained out of the engine when it is kept idle.

2. During operation the lubrication system should work effectively and requisite pressure and
temperature maintained. The engine oil should be of the correct specifications and should be
in afit. Condition to lubricate the different parts. A watch may be kept on the consumption of
lubricating oil as this gives an indication of the true internal condition of the engine.
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3. The engine should he periodically run even when not required to be used and should not be
allowed to stand idle for more than 7 days.

4. Air litter, ail filters and fuel filters should be periodicaly serviced or replaced as recom-
mended by the manufacturers or if found in an unsatisfactory condition upon inspection.

5. Periodical checking of engine compression and firing pressures and also exhaust tempera
tures should be made.
The engine exhaust usually provides agood indication of satisfactory performance of the engine.
A black smoke in the exhaust is a. sign of inadegquate combustion or engine over loading.
The loss of compression resulting from wearing old of moving parts lowers the compression

ratio causing inadegquate combustion. Taking indicator diagrams of the engine after reasonable intervals
can check these defects.

48.16 EFFICIENCY OF DIESEL POWER PLANT —

The efficiency of adiesel engine plant is enhanced by use of Turbo-compounded diesel engine
and Heat Recovery Steam Generator (HRSG) and steam turbine generator.

A 24.8 mW Diesel Engine Generator Plant installed in Macau has two slow speed diesel engine
generator units (1985). The overall efficiency of nearly 50% has been demonstrated. The high efficiency
has been achieved by use of Turbine Generator, and Steam Turbine operated by exhaust gases of diesel
engine (Fig. 8.16).

Thisisclaimed to be the first Diesel Power Plant in the world in which exhaust heat is recovered
and used for steam power generation. Thermal efficiency has been enhanced.

Fig. 8.17 shows the Heat Balance Diagram for the plant.

“

‘ ’4‘ Stack

4 Fuel Gas

Heat Recovery A DedSLéIphurlsatlon
Steam Generator and dnox system

Steam Turbine
Generator

Exhaust
Gas

Cooling
Water

Diesel Condenser
Engine
or Gas
Engine

Pump

Generator

Fig. 8.16. Combined Cycle: Diesel Engine, HRSG and Steam Turbine.
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Table 8.1. Technical Data about Diesel Engine-Steam Turbine Cogeneration Power Plant

No. of diesel engine generator units 2 x 244 mW
Rating of each unit at speed 24.8 mW at 100 rpm
No. of cylinders per engine 9
Bore/strok 800
or roke ~—~ mm
2300
Diesel engine mitsui/MAN B and W 2 Stroke Low Speed
Generators 2 Nos. 11 kV, 50 Hz, 100 RPM 29.8 kVA each
Steam Turbine 0.67 mW
Gas Turbo Generator System 0.5 mw
Location Macau, Canton, China
Fuel Oil 49598
kW (100%)
[
Diesel Engine 9K80 MC-S
Heat Radiation Loss
| 248 kW (0.5%)
Charge Air Cooler
6547 KW (13.2%)
Exhaust
Fresh Water Cooler Gas
3472 kW (7.0%)
Lube Oil Cooler
| e l—(}j
Turbo Compound System
{TCS)
Fuel Oil Preheating Boiler
595 kW (1.2%) ’
Exhaust Gas to
Stack
11160 kW (22.5%)
Turbogenerator
Generator Loss|
744 KW (1.5%) —<‘,j Generator
TCS Turbogenerator Output
471 kW 670 kW 50% 23.64 MW

24.8 MW

Measured at site

Fig. 8.17. Hest Balance of a Diesel Engine Power Plant.
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48.17 HEAT BALANCE SHEET —

It is a useful method to watch the performance of the diesel power plant. Among al the heat
supplied to an engine only part of it is converted into useful work, the remaining goes as waste. The
distribution of the heat imparted to an engine is called asits heat balance. The heat balance of an engine
depends on a number of factors among which load is primary importance. The heat balance of an inter-
nal combustion engine shows that the cooling water and exhaust gases carry away about 60-70% of heat
produced during combustion of fuel. Heat balance sheet is a useful method to watch the performance of
the plant. In order to draw the heat balance sheet of Diesel engine, the engineisrun at constant load and
constant speed and the indicator diagram is drawn with the help of indicator. The following quantities
are noted:

1. The quantity of fuel consumed during a given period.
2. Quantity of cooling water and its outlet and inlet temperatures.
3. Weight of exhaust gases.
4. Temperature of exhausts gases.
5. Temperature of flue gases supplied.
To calculate the heat in various items proceed as follows.
Let
W = Weight of fuel consumed per minute in kg.
G = Lower calorific value of fuel, kcal per kg.
Then heat in fuel supplied per minute = WC,, kcal.
The energy supplied to Diesdl engine in the form of fuel input is usually broken into following
items:
(A) Heat Energy Absorbed in I.H.P. The heat energy absorbed in indicated horsepower, I.H.P.
is found by the following expression:
Heat in L.H.P. per minute
(I.H.P. x 4500)/J kcal
(B) Heat Rejected to Calling in Water.
Let
W, = Weight of cooling water supplied per minute (kg)
T, = Inlet temperature of cooling water in °C
T, = Output temperature of cooling water in °C
Then heat rejected to cooling water = Wy(T,—T,)
(C) Heat Carried Away by Exhaust Gases
Let W, = Weight of exhaust gases leaving per minute in kg.
(sum of weight of air and fuel supplied)
T, = Temperature of flue gases supplied per minute °C.
T, = Temperature °C of exhaust gases.
Kp = Mean specific heat at constant pressure of exhaust gases
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The heat carried away by exhaust gases
=W, x Kpx (T,—Tg) kg cal.
(D) Heat Unaccounted for (Heat Lost Due to Friction, Radiation etc.). The heat balance
sheet is drawn as follows:

Item Head unitskcal Per cent

Heat in fuel supplied
(a) Heat absorbed by |.H.P.
(b) Heat rgjected to cooling water

(c) Heat carried away by exhaust gases
(d) Heat unaccounted for (by difference)
Total

A typical heat balance sheet at full load for Diesel cycle (compression ignition) is as follows:
(1) Useful work = 30%

(2) Heat rgjected to cooling water = 30%

(3) Heat carried away by exhaust gases = 26%

(4) Heat unaccounted (Heat lost due to friction, radiation etc.) = 10%.

({ SOLVED EXAMPLESD

Example 1. A diesel engine has a brake thermal efficiency of 30%. If the calorific value of fuel
used in 10000 kcal kg, calculate the brake specific fuel consumption.

Solution. n,, = Brake thermal efficiency = 0.3
[.H.B. hr = 632.5 kcal
Ny = H.P. hr equivalent/(w x C.V.)
where, w = Specific fuel consumption per hr.
C.V. = Cdorific value of fuel = 10,000 kcal/kg.

_ 6325
~ (wx10,000)

w = 0.21 kg/H.P. hr.

Example 2. A four-stroke diesel engine has a piston diameter of 16.5 cm and a stroke of 27 cm.
The compression ratio is 14.3, the cut-off 4.23% of the stroke and the mean effective pressure 4.12 bar.
The engine speed is 264 rev/imin and the fuel consumption is 1.076 kg of oil per hour, having a calorific
value of 39150 kJ/kg. Calculate the relative efficiency of the engine.

0.3

P, LAN

ution. p= - m N
Solution (60x1000 2)

, for two stroke engine
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Given that;
P, = 4.12 bar
L=027m

A= E x (0.165)% = 0.214 m*

n=264

oo (4.12x10° x 0.27 x0.0214 x 264)
o (60 x 1000 x 2)

Now, indicated thermal efficiency

=524 kW

_ (Heat equivalent of I.P. per hour)
B (Heat in fuel per hour)

(5.24 % 3600)

= T _ 44.78%
(1076 x 39150) ’

0 l—k|:| k _
Now air standard efficiency = 1— 0—0 R~ 95

ok og-1F
If clearance volume is taken as unity, then,
r=14.3,
p=1+{(4.23 x 13.3)100} = 1.56
k=14
5(14.3)'0-4% %(1.561'4 -1

Efficiency = 1 — = 62%
aency H 14 5 H@s6-10 °

Now relative efficiency

_ Indicated Thermal efficiency
"~ Air standard efficiency

04478
T 062

Example 3. A six-cylinder two-stroke cycle marine diesel engine with 100 mm bore and 120 mm
stroke delivers 200 B.H.P. at 2000. R.P.M. and uses 100 kg of fuel per hour. If I.H.P. is 240, determine
the following:

(a) Torque,
(b) Mechanical efficiency,
(c) Indicated specific fuel consumption.

= 72.23%.
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2INNT
Solution. (a) BHP= ———
ution. (2) 4500
Where, T =torque
N = RPM
200 = (211 %2000 xT)
- 4500
T =717 kg.m.
.. BHP _ 200 _
(b) n,,, = Mechanical efficiency = TP T 240 C 0.83
(¢) Indicated specific fuel consumption = W/I.H.P,
Where, W = Amount of fuel used per hour
100

Indicated specific fuel consumption = ——
240

=2.41 kg/IHP hour.

Example 4. A diesel engine develops 200 H.P. to over come friction and delivers 1000 BHP. Air
consumption is 90 kg per minute. The air fuel ratio is.15 to 1. Find the following:

(@) IHP, (b) Mechanical efficiency, (c) Specific fuel consumption.
Solution. (a) BHP = 1000
FHP =200
IHP = BHP + FHP = 1000 + 200 = 1200

(b) 1, = Mechanical efficiency = S = 1000
IHP 1200
=0.83 = 83%.
(c0 K =Airfud ratio=15
W = Air consumed per hour
=90 x 60 = 5400 kg per hour

S = Amount of fuel consumed = w = 5400
K 15
=360 kg per hour.
360
ificf jon= —— =
Specific fuel consumption HP ~ 1200
=0.3kg/IHP hr.

Example 5. The brake thermal efficiency of a diesel engineis 30 percent. If the air to fuel ratio
by weight is 20 and the calorific value of the fuel used is 41800 kJ/kg, what brake mean effective
pressure may be expected at ST.P. conditions ?
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Solution. Brake thermal efficiency, n, = 30%

Air-fud ratio by weight = 20

Calorific value of fuel used, C = 41800 kJ/kg

Brake mean effective pressure, p,, = ?

Brake thermal efficiency = work produced/heat supplied
0.3 = work produced/41800

Work produced per kg of fuel = 0.3 x 41800 = 12540 kJ

Mass of air used per kg of fuel = 20 kg

S.T.P. conditions refer to 1.0132 bar and 15°C

mRT _ (20x 287) x (273 +15)
P 1.0132x10°

=16.31m°

Volume of air used =

work done

Brake mean effective pressure, Py, = —————
P ™ cylinder volume

_ (12540%1000)

16.31x10° = 7.69 bar.

Example 6. A 2-cylinder C.I. engine with a compression ratio 13:1 and cylinder dimensions of
200mm x 250mm works on two stroke cycle and consumes 14kg/h of fuel while running at 300 r.p.m.
The relative and mechanical efficiencies of engine are 65% and 76% respectively. The fuel injection is
effected upto 5% of stroke. If the calorific value of the fuel used is given as 41800 kJ/kg, calculate the
mean effective pressure devel oped.

Solution. Refer Fig. 8.18.

Diameter of cylinder, D=200mm=0.2m
Stroke length, L=250=0.25m
Number of cylinders, n=2

Compression ratio, r=14

Fuel consumption =14 kg/h

Engine speed, N =300 r.p.m.
Relative efficiency, Nreaive = 65%

Mechanical efficiency, Nimech = 76%

Cut-off = 5%n of stroke
Calorific vaue of fuel, C = 41800 kJkg

k =1 for two-stroke cycle engine V,

v
Cut-off ratio, p= —
Vo
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Also, V43—V, =0.05V,=0.05V,; -V,
\Y,
or, V3 -V, =0.05(13V, - V,), Vl =13
2
V3
=3 =1

0 1 0o
r]alrstandz-)rd 1- ki

v dp -1

0O 1 00Oue“-2
-0 Ta-i0] E( )D 0.615 = 61.5%
L4@4)-"""gg@6-1) g

_ Nthermal
r]relative -
r]airstandard
_ r]thermal
065= 615
r]thermal =04
1.P.
But, Nihermal = 6 0)
04 = I P.
EE 14 D418OOH
I.P =65 KW
_BP. "
Nmech = F
0.76 = BP.
65
B.P. =494 kW

Mean effective pressure can be calculated based on I.P. or B.P. of the engine
(n.py;. LANK.10)

I.P.= 5 m = indicated mean effective pressure
2% p. x0.25 xl: (0.2)% x300 x1 x10
65= 5
P = 8.27 bar

and brake mean effective pressure (p,,,) = 0.76 x 8.27 = 6.28 bar.
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Example 7. Fromthe data given below, calculate indicated power, brake power and drawn heat
balance sheet for a two stroke diesel engine run for 20 minutes at full load:

r.p.m. = 350

m.e.p. = 3.1 bar

Net brake load = 640N

Fuel consumption = 152 kg
Cooling water = 162 kg
Water inlet temperature = 30°C

Water outlet temperature = 55°C

Air used/hg of fuel = 32kg

Room temperature = 25°C
Exhaust temperature = 305°C
Cylinder bore = 200 mm
Cylinder stroke = 280 mm
Brake diameter = 1 metre
Calorific value of fuel = 43900 kJ/kg
Seam formed per kg of fuel intheexhaust = 1.4 kg
Foecific heat of steam in exhaust = 2.09 kJ/ kg K
Soecific heat of dry exhaust gases = 1.0kJkg K

Solution. N =350 r.p.m., p; = 3.1 bar, (W — S) = 640N, m: = 1.52 kg, m,, = 162 kg, t,; = 30°C,
tyo =55°C, m, = 32 kg/kg of fuel, t, = 25°C, t;=305°C,D =0.2m, L =0.28m, D, =1 m, C= 43900 k¥
kg, Cps =209, Cpy = 1.0,

k =1 for two stroke cycle engine.

(1) Indicated power, I.P. =?

I.P. = np,;LANK x %)

1x3.1x0.28 ﬁgﬁxozz x350 x1 x10

= = 15.9 kW.
6 5.9

(2) Brake power, B.P.=?
BP = [(W -S) NMDbN] _ (640 x M x1x 350)
(60x1000) 60 %1000
Heat supplied in 20 minutes = 1.52 x 43900 = 66728 kJ
(i) Heat equivaent of 1.P. in 20 minutes
=1.P. x 60 x 20 = 15.9 x 60 x 20 = 19080 kJ
(i) Heat carried away by cooling water
=m, % Cpy X (typ — ty) = 162 x 4.18 x (55— 30) = 16929 kJ

=11.73 kW
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Total mass of air = 32 x 1.52 = 48.64 kg
Total mass of exhaust gases = mass of fuel + mass of air
=1.52 + 48.64 = 50.16 kg
Mass of steam formed = 1.4 x 1.52 = 2.13 kg
Mass of dry exhaust gases = 50.16 — 2.13 = 48.03 kg
(iii) Heat carried away by dry exhaust gases
=my X Cpg X (tg—tr)
=48.03 x 1.0 x (305 — 25) = 13448 kJ
(iv) Heat carried away by steam
= 213y + g + G (tap — )]
At 1.013 bar pressure (atmospheric assumed):
hy = 417.5 kJkg
hyg = 2257.9 kJkg
=2.13[417.5 + 2257.9 + 2.09 (305 — 99.6)]= 6613 kJkg
[Neglecting sensible heat of water at room temperature]
Heat balance sheet (20 minute basis)

Item kJ Per cent
Heat supplied by fuel 66728 100
(i) Heat equivalent of I.P. 19080 28.60
(il) Heat carried away by cooling water 16929 25.40
(iii) Heat carried away by dry exhaust gases 13448 20.10
(iv) Heat carried away steam in exhaust gases 6613 9.90
(v) Heat unaccounted for (by difference) 10658 16.00
Total 66728 100.00

Example 8. The average indicated power developed in a C.l. engine is 13 kW/m® of free air
induced per minute. The engine is a three-liters four-stroke engine running at 3500 r.p.m., and has a
volumetric efficiency of 81%, referred to free air conditions of 1.013 bar and 15°C. It is proposed to fit
a blower, driven mechanically from the engine. The blower has an isentropic efficiency of 72% and
works through a pressure ratio of 1.72. Assume that at the end of induction the cylinders contain a
volume of charge equal to the swept volume, at the pressure and temperature of the delivery from the
blower. Calculate the increase in brake power to be expected from the engine.

Take all mechanical efficiencies as 78%.
Solution. Capacity of the engine = 3 liters = 0.003 m®

Swept volume = 585%)@ x 0.003 = 5.25 m®/min.
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Unsupercharged induced volume = 5.25 X n,, ;.

=525x0.81=425m3
Blower delivery pressure = 1.72 x 1.013 = 1.74 bar
Temperature after isentropic compression

=288 x (1.72)14-D/14 = 336 3K [Bince

_ 0
(3363-288) _ 355K [5iNce Nigen

BI i =288 + =
ower delivery temperature 072 g

The blower delivery is5.25 m*min at 1.74 bar and 355 K.
Equivalent volume at 1.013 bar and 15°C

_ (5.25x1.74 % 288)

=7.31 m¥min.
(1.013x 355) '

Increase in induced volume = 7.31 — 4.25 = 3.06 m/min.
Increase in indicated power from air induced

=13 x 3.06 = 39.78 kW
Increase in |.P. due to the increased induction pressure

_ [(1.74-1.013) x10° x5.25]

= 6.36 kW
(10° x 60)

Total increasein |.P. = 39.78 + 6.36 = 46.14 kW
Increase in engine B.P. = e X 46.14 = 0.78 x 4 6.14 = 35.98 kW
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1)5

From this must be deducted the power required to drive the blower Mass of air delivered by

_ (L.74%10° x5.25)
~ (60x 287 x 355)

=0.149 kg/s

Work input to blower = mc(355 — 288) = 0.149 x 1.005 x 67

(0.149x 1.005 x 67)
0.78

Net increase in B.P. = 35.98 — 12.86 = 23.12 kW.

Power required = =12.86 kW
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THEORETICAL QUESTIONS

Draw the layout of diesel power plant.

Write a short notes on super charging.

What are the basic types of 1.C. Engine ?

Discuss the advantage and disadvantage of a diesel engine.
State the applications of adiesel power plant?

Write a note on fuel system of diesel power plant.

Write a note on lubrication system of diesel power plant.
How air intake and admission system of diesel power plant works ?
What are the advantages of supercharger?

Write a note on exhaust system of diesel power plant.
Write a note on cooling system of diesel power plant.
Write a note on heat balance sheet.

Name and explain various types of fuel injection systems.

EXERCISES

. A quality governed four-stroke, single cylinder gas engine has abore of 146 mm and a stroke

of 280 mm. At 475 r.p.m. and full load the net load on the friction brake is 433 N, and the
torque arm is 0.45 m. The indicator diagram gives a net area of 578 mm? and a length of 70
mm with a spring rating of 0.815 bar/mm.

Calculate:

(i) The indicated power

(ii) Brake power
(iii) Mechanical efficiency. [Ans. (i) 12.5 kW (ii) 9.69 kW (iii) 77.596]
A single cylinder four-stroke gas engine has abore of 178 mm and a stroke of 330 mmand is
governed by hit and miss principle. When running at 400 r.p.m. at full load, indicator cards
are taken which give aworking loop mean effective pressure of 6.2 bar, and a pumping loop
mean effective pressure of 0.35 bar. Diagrams from the dead cycle give a mean effective

pressure of 0.62 bar. The engine was run light at the same speed (i.e., with no load), and a
mechanical counter recorded 47 firing strokes per minute.

Calculate:
(i) Full load brake power
(i) Mechanical efficiency of the engine. [Ans. (i) 13.54 kW; (ii) 84.7°10]

. The efficiency ratio for the Otto engineis 0.60. The engine has four cylinder 7.5 cm by 11.4

cm stroke, having a compression ratio of 5, and consuming 7 kg of petrol per hour when
running at 2000 rev/min. Taking calorific value of petrol as 44193.785 kJkg. Estimate the
effective pressure. [Ans. 7.11 bar]
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4. In an engine working on the Otto cycle, the measured suction temperature was 100°C and the
temperature at the end of compression was 300°C. ‘ Faking k for compression as 1.41, find the
ideal efficiency and the compression ratio. [Ans. 35%, 2.85]

5. A four stroke gas engine develops 4.2 kW at 180 r.p.m. and at full load. Assuming the follow-
ing data, calculate the relative efficiency based on indicated power and air-fuel ratio used.
Volumetric efficiency = 87%, mechanical efficiency = 74%, clearance volume = 2100 cm?,
swept volume = 9000 cm” fuel consumption = 5 m3h, calorific value of fuel = 16750 kIym?®

[Ans. 50.2%, 7.456: 1]

6. A four-stroke cycle gas engine has a bore of 15.24 cm and a stroke of 22.86 cm. The com-
pression ratio is4 and the m.e.p. 3.43 bar. If the engine speed is 300 rev/min. and the thermal
efficiency is 30%. Calculate the fuel consumption in m3¥kW hr. and the efficiency relative to
the air-standard cycle. Calorific value of gasis 18297.2 kJm®. [Ans. 0.49 m3, 69.7%)]

7. A two-cylinder, Single acting Diesel engine with acompression ratio of 14 and a cut-off ratio
1.8, works in the four-stroke cycle and uses 13.8 kg of oil per hour when running at 200 rev/
min. If the relative efficiency is 0.6 (k = 1.4), find the LP. and the m.e.p. of the engine.
Cylinder diameter 30.48 cm, stroke 45.72 cm and the calorific value of oil 41870 kJkg.

[Ans. 78.3, 5.23 bar]

8. The following observations were recorded during a trial of a four-stroke engine with rope
brake dynamometer:

Engine speed = 650 r.p.m.,
Diameter of brake drum = 600 mm,
Diameter of rope = 50 mm,
Dead load on the brake drum = 32 kg,
Spring balance reading = 4.75 kg.
Calculate the brake power. [Ans. 5.9 kW]
9. The following data refer to a four-stroke petrol engine:
Engine speed = 2000 r.p.m.
Ideal thermal efficiency = 35%,
Relative efficiency = 80%,
Mechanical efficiency = 85%,
Volumetric efficiency = 70%.
If the engine develops 29.42 kW brake power. Calculate the cylinder swept volume.
[Ans. 0.00185 m?|

10. Derive an expression in terms of volume ratio for the ideal efficiency of the Diesel engine
cycle, assuming constant specific heats. Calculate this ideal efficiency for an engine with a

compression ratio of 15 and cutting off fuel at 5% of the stroke. [Ans. 62%)]
11. During a 60 minutes trial of a single cylinder four stroke engine the following observations

were recorded:

Bore=0.3m

Stroke=0.45m

Fuel consumption = 11.4 kg
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Calorific vaue of fuel = 42000 kJkg
Brake mean effective pressure = 6.0 bar
Net load on brakes = 1500 N

r.p.m. = 300, brake drum diameter = 1.8 m
Brake rope diameter = 20 mm

Quantity of jacket cooling water = 600 kg
Temperature rise of jacket water = 55°C
Quantity of air as measured = 250 kg
Exhaust gas temperature = 420°C

C, for exhaust gases = 1 kJ/kg K
Ambient temperature = 20°C.

POWER PLANT ENGINEERING

Cdculate: (i) Indicated power; (ii) Brake power; (iii) Mechanica efficiency; (iv) Indicated

thermal efficiency.

Draw up a heat balance sheet on minute basis.

[Ans. (i) 47.7 kW, (ii) 42.9 kW, (i) 89.9%, (iv) 35.86°b]



Chapter 9

Gas Turbine Power Plant

49_1 INTRODUCTION —

The gas turbine obtains its power by utilizing the energy of burnt gases and air, which is at high
temperature and pressure by expanding through the several ring of fixed and moving blades. It thus
resembles a steam turbine. To get a high pressure (of the order of 4 to 10 bar) of working fluid, whichis
essential for expansion a compressor, is required.

The quantity of the working fluid and speed required are more, so, generally, a centrifugal or an
axial compressor is employed. The turbine drives the compressor and so it is coupled to the turbine
shaft. If after compression the working fluid were to be expanded in a turbine, then assuming that there
were no losses in either component the power developed by the turbine would be just equal to that
absorbed by the compressor and the work done would be zero. But increasing the volume of the working
fluid at constant pressure, or aternatively increasing the pressure at constant volume can increase the
power developed by the turbine. Adding heat so that the temperature of the working fluid is increased
after the compression may do either of these. To get a higher temperature of the working fluid acombus-
tion chamber is required where combustion of air and fuel takes place giving temperature rise to the
working fluid.

Thus, a ssimple gas turbine cycle consists of
(1) a compressor,

(2) acombustion chamber and

(3) aturbine.

Since the compressor is coupled with the turbine shaft, it absorbs some of the power produced by
the turbine and hence lowers the efficiency. The network is therefore the difference between the turbine
work and work required by the compressor to drive it.

Gas turbines have been constructed to work on the following: oil, natural gas, coa gas, producer
gas, blast furnace and pulverized coal.

49.2 CLASSIFICATION OF GAS TURBINE POWER PLANT —

The gas turbine power plants which are used in electric power industry are classified into two
groups as per the cycle of operation.

(a) Open cycle gas turbine.
(b) Closed cycle gas turbine.
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9.2.1 OPEN CYCLE GAS TURBINE POWER PLANT

A simple open cycle gas turbine consists of a compressor, combustion chamber and a turbine as
shown in Fig. 9.1. The compressor takesin ambient air and raisesits pressure. Heat isadded to the air in
combustion chamber by burning the fuel and raises its temperature.

L Combustion
Chamber

To
Generator

Compressor Turbine

Air from Exhaust to
Atmosphere Atmosphere

Fig. 9.1. Open cycle gasturbine.

The heated gases coming out of combustion chamber are then passed to the turbine where it
expands doing mechanical work. Part of the power developed by the turbine is utilized in driving the
compressor and other accessories and remaining is used for power generation. Since ambient air enters
into the compressor and gases coming out of turbine are exhausted into the atmosphere, the working
medium must be replaced continuously. Thistype of cycleis known as open cycle gas turbine plant and
ismainly used in mgjority of gas turbine power plants as it has many inherent advantages.

(A) Advantages

1. War m-up time. Once the turbineis brought up to the rated speed by the starting motor and the
fuel isignited, the gas turbine will be accelerated from cold start to full load without warm-up time.

2. Low weight and size. The weight in kg per kW developed is less.

3. Fudls. Almost any hydrocarbon fuel from high-octane gasoline to heavy diesel oils can be
used in the combustion chamber.

4. Open cycle plants occupy comparatively little space.

5. The stipulation of a quick start and take-up of load frequently are the pointsin favour of open
cycle plant when the plant is used as peak |oad plant.

6. Component or auxiliary refinements can usually be varied to improve the thermal efficiency
and give the most economical overall cost for the plant load factors and other operating conditions
envisaged.

7. Open-cycle gas turbine power plant, except those having an intercool er, does not require cool-
ing water. Therefore, the plant is independent of cooling medium and becomes self-contained.
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(B) Disadvantages

1. The part load efficiency of the open cycle plant decreases rapidly as the considerable percent-
age of power developed by the turbine is used to drive the compressor.

2. The system is sensitive to the component efficiency; particularly that of compressor. The open
cycle plant is sensitive to changes in the atmospheric air temperature, pressure and humidity.

3. The open-cycle gas turbine plant has high air rate compared to the other cycles, therefore, it
resultsin increased loss of heat in the exhaust gases and large diameter ductwork is necessary.

4. It is essential that the dust should be prevented from entering into the compressor in order to
minimise erosion and depositions on the blades and passages of the compressor and turbine and so
impairing their profile and efficiency. The deposition of the carbon and ash on the turbine blades is not
at al desirable asiit aso reduces the efficiency of the turbine.

9.2.2 CLOSED CYCLE GAS TURBINE POWER PLANT

Closed cycle gas turbine plant was originated and developed in Switzerland. In the year 1935,
J. Ackeret and C. Keller first proposed this type of machine and first plant was completed in Zurichin
1944,

It used air as working medium and had a useful output of 2 mW. Since then, a number of closed
cycle gas turbine plants have been built all over the world and largest of 17 mW capacity is at
Gelsenkirchen, Germany and has been successfully operating since 1967. In closed cycle gas turbine
plant, the working fluid (air or any other suitable gas) coming out from compressor is heated in a heater
by an external source at constant pressure. The high temperature and high-pressure air coming out from
the external heater is passed through the gas turbine. The fluid coming out from the turbine is cooled to
its original temperature in the cooler using external cooling source before passing to the compressor.
The working fluid is continuously used in the system without its change of phase and the required heat
is given to the working fluid in the heat exchanger.

The arrangement of the components of the closed cycle gas turbine plant is shown in Fig. 9.2.
(A) Advantages

1. The inherent disadvantage of open cycle gas turbine is the atmospheric backpressure at the
turbine exhaust. With closed cycle gas turbine plants, the backpressure can be increased. Due to the
control on backpressure, unit rating can be increased about in proportion to the backpressure. Therefore
the machine can be smaller and cheaper than the machine used to develop the same power using open
cycle plant.

2. The closed cycle avoids erosion of the turbine blades due to the contaminated gases and
fouling of compressor blades dueto dust. Therefore, it ispractically free from deterioration of efficiency
in service. The absence of corrosion and abrasion of the interiors of the compressor and turbine extends
thelife of the plant and maintains the efficiency of the plant constant throughout its life as they are kept
free from the products of combustion.

3. The need for filtration of the incoming air which is a severe problem in open cycle plant is
completely eliminated.

4. Load variation is usualy obtained by varying the absolute pressure and mass flow of the
circulating medium, while the pressure ratio, the temperatures and the air vel ocities remain almost con-
stant. This result in velocity ratio in the compressor and turbine independent of the load and full load
thermal efficiency maintained over the full range of operating loads.
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Fig. 9.2. Closed Cycle Gas Turbine Plant.

5. The density of the working medium can be maintained high by increasing internal pressure
range, therefore, the compressor and turbine are smaller for their rated output. The high density of the
working fluid further increases the heat transfer properties in the heat exchanger.

6. Asindirect heating is used in closed cycle plant, the inferior oil or solid fuel can be used in the
furnace and these fuels can be used more economically because these are available in abundance.

7. Finally the closed cycle opens the new field for the use of working medium (other than air as
argon, CO,, helium) having more desirable properties. Theratio y of the working fluid plays an impor-
tant role in determining the performance of the gas turbine plant. Anincreaseiny from 1.4 to 1.67 (for
argon) can bring about alarge increase in output per kg of fluid circulated and thermal efficiency of the
plant.

Thetheoretical thermal efficiencies of the monoatomic gaseswill be highest for the closed cycle
type gasturbine. Further, by using the relatively dense inert gases, such asargon, krypton and xenon, the
advantage of smaller isentropic heat fall and smaller cross-sectional flow areas would be realised:

Whether CO, or Helium should be adopted asworking mediumis matter of controversy at present.
Blade material poses a problem to use helium as working fluid. In case of CO,, anew kind of compres-
sor must be designed to compress the fluid. The main advantage of CO, isthat it offers 40% efficiency
at 700°C whereas helium would need 850°C or more to achieve the same efficiency. A helium turbine
would also need to run faster imposing larger stresses on the rotor.

8. The maintenance cost is low and reliability is high due to longer useful life.



GAS TURBINE POWER PLANT 271

9. The thermal efficiency increases as the pressure ratio (R;) decreases. Therefore, appreciable
higher thermal efficiencies are obtainable with closed cycle for the same maximum and minimum tem-
perature limits as with the open cycle plant.

10. Starting of planeis simplified by reducing the pressure to atmospheric or even below atmos-
phere so that the power required for starting purposes is reduced considerably.

(B) Disadvantages

1. The system is dependent on external means as considerable quantity of cooling water is re-
quired in the pre-cooler.

2. Higher internal pressures involve complicated design of all components and high quality ma-
terial is required which increases the cost of the plant.

3. The response to the load variations is poor compared to the open-cycle plant,

4. It requires very big heat-exchangers as the heating of workings fluid is done indirectly. The
space required for the heat exchanger is considerably large. The full heat of the fuel isaso not used in
this plant.

The closed cycleisonly preferable over open cycle where theinferior type of fuel or solid fuel is
to be used and ample cooling water is available at the proposed site of the plant.

However, closed cycle gas turbine plants have not as yet been used for electricity production.
Thisismainly a consegquence of the limitations imposed by the unit size of heat exchanger. The use of a
large number of parallel heat exchangers would practically eliminate the economic advantage resulting
from increased plant size.

The inherent disadvantage of open cycle is the atmospheric backpressure, which limits the unit
rating. This disadvantage can be eliminated in the closed cycle plant by increasing the backpressure of
the cycle. With conventional closed cycle gas turbine plants, advantage can be taken of this only to a
limited extent as the air heater limits the unit rating. This disadvantage does not apply to closed cycle
plant with a nuclear reactor as heat source. Manufacturers of closed cycle gas turbine plant believe that
with these sets, unit-rating up to 500 mW may be possible.
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Fig. 9.3. Direct Turbine for Helium Cooled Fast Reactor. Fig. 9.4. The Processes are Presented on T-s Diagram.



272 POWER PLANT ENGINEERING

With the use of nuclear reactor as heating source for gas, the heat exchangers can be eliminated
from the closed cycle plant and the above-mentioned limitation (number of heat exchangers) does not
exist. The power density in the core of ahelium cooled fast reactor is a few thousand times higher than
in conventional gas heat exchanger. Thus, units of several thousands of megawatts designed for high gas
pressures can be housed in a single pre-stressed concrete vessel.

A typica closed cycle gas turbine plant using helium as working medium and helium cooled fast
breeder reactor is shown in Fig. 9.3 and corresponding T-s diagram is shown in Fig. 9.4.

A closed cycle gas turbine plant using helium as working medium is much smaller than of a
conventional air-turbine plant of the same output. Thisis due to the better thermodynamic properties of
helium relative to air and much higher pressures can be used in helium cooled fast reactor system. A
helium-turbine used in closed cycle plant of 335 mW capacity at Switzerland is of 3.7 meter diameter
and 14 meterslong. The corresponding dimensions of the 17 mW air turbines at Gelsenkirohen plant are
2.6 metersin diameter and 9 meterslong.

It is expected that in future, the combination of fast breeder reactors and gas turbines represent a
very promising solution for future power generation. Thisis because of high breeding characteristics of
the helium cooled fast reactors, which ensure continuity of low fuel cost while the use of closed cycle
gas turbine plant is expected to reduce the capital investment of the plant.

Cost is also roughly proportional to weight. One can expect much cheaper turbo machinery than
steam plant.

49.3 ELEMENTS OF GAS TURBINE POWER PLANT —

It is aways necessary for the engineers and designers to know about the construction and opera-
tion of the components of gas turbine plants.

9.3.1. COMPRESSORS

The high flow rates of turbines and relatively moderate pressure ratios necessitate the use of
rotary compressors. The types of compressors, which are commonly used, are of two types, centrifugal
and axia flow types. y

The centrifugal compressor consists of an impeller (ro-
tating component) and a diffuser (stationary component). The
impeller imparts the high kinetic energy to the air and diffuser
converts the kinetic energy into the pressure energy. The pres-
sureratio of 2 to 3 is possible with single stage compressor and
it can be increased upto 20 with three-stage compressor. The
compressors may have single or double inlet. The single inlet
compressors are designed to handle the air in the range of 15 to
300 m*min and double inlets are preferred above 300 m3/min
capacity. Thesingleinlet centrifugal compressor isshownin Fig.
9.5. The efficiency of centrifugal compressor lies between 80 to
90%. The efficiency of multistage compressor is lower than a
single stage due to the losses.

The axial flow compressor consists of a series of rotor g 95 single Stage Single Entry
and stator stages with decreasing diameters along the flow of air. Centrifugal Compressor.

b Air Out
]
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The blades are fixed on the rotor and rotors are fixed on the shaft. The stator blades are fixed on the
stator casing. The stator blades guide the air flow to the next rotor stage coming from the previous rotor
stage. The air flows along the axis of the rotor. The kinetic energy isgiven to the air as it passes through
the rotor and part of it is converted into pressure. The axia flow compressor is shown in Fig. 9.6. The
number of stages required for pressure ratio of 5 is as large as
sixteen or more.

A satisfactory air filter is absolutely necessary for clean-
ing the air before it enters the compressor because it is essential
to maintain the designed profile of the aerofoil blades. The depo-
sition of dust particles on the blade surfacesreducesthe efficiency
rapidly.

The advantages of axial flow compressor over centrifugal
compressor are high isentropic efficiency (90-95%), high flow
rate and small weight for the same flow quantity. The axia flow
compressorsarevery sensitivetothechangesinairflow andspeed,  Fig. 9.6. Axial Flow Air Compressor.
which result in rapid drop in efficiency.

In both types of compressors, it has been found that lowering of theinlet air temperature by 15 to
20°C gives amost 25% greater output with an increase of 5% efficiency.
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9.3.2. INTERCOOLERS AND HEAT EXCHANGERS

Theintercooler is generally used in gas turbine plant when the pressure ratio used is sufficiently
large and the compression is completed with two or more stages. The cooling of compressed air is
generally done with the use of cooling water. A cross-flow type intercooler is generally preferred for
effective heat transfer.

The regenerators, which are commonly used in gas turbine plant, are of two types, recuperator
and regenerator.

In a recuperative type of heat ex-
changer, the air and hot gases are madeto flow
in counter direction as the effect of counter-
flow giveshigh average temperature difference
causing the higher heat flow.

A number of bafflesin the path of air- """ ¢ Exhaust from
flow are used to make the air to flow in con- gas turbine
tact for longer time with heat transfer surface.

The regenerator type heat exchanger
consists of a heat-conducting member that is
exposed alternately to the hot exhaust gases 4 1o combustion v
and the cooler compressed air. It absorbs the Chamber v
heat from hot gases and gives it up when ex-

Rotating Mesh Type
Heat Exchanger

Fixed Casing

posed to the air. The heat, capacity member is Jrislinided
made of a metallic mesh or matrix, which is
rotated slowly (40-60r.p.m.) and continuously Fig. 9.7. Ritz Regenerative Heat Exchanger.

exposed to hot and cold air.
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Prof. Ritz suggested the first application of regenerative heat exchanger to gas turbine plants of
Germany and the heat exchanger wastitled against his name. The arrangement of Ritz heat exchanger is
shownin Fig. 9.7.

The heat-exchanging element A isslowly rotated by adrive from the gasturbine viashaft S. The
rotation places the heat-transferring element A in the exhaust gas passage for one half of the time re-
quired for oner.p.m. and in the air supply passage for the remaining half. The heat element absorbs heat
from the hot gases, when exposed to hot gases and gives out the same heat to the cold air when the
heated part movesin theair region. By suitable design of the speed of rotation of transfer element and its
mass in relation to the heat to be transferred, it is possible to secure a high effectiveness, values of 90%
are claimed. The principal advantages claimed of this heat exchanger over the recuperative type are
lightness, smaller mass, and small size for given effectiveness and low-pressure drop.

The major disadvantage of this heat exchanger is, there will be always atendency for air leakage
to the exhaust gases as the compressed air is at a much higher pressure than exhaust gases. This ten-
dency of leakage reduces the efficiency gain due to heat exchanger. Therefore, the major problem in the
design of thistype of heat exchanger isto prevent or minimize the air loss due to leakage.

Recently very special seals are provided to prevent the air leakage. This seal stands at very high
temperature and pressure and allows the freedom of movement.

The performance of the heat exchanger is determined by a factor known as effectiveness. The
effectiveness of the heat exchanger is defined as
actual heat transfer to theair
maximum heat transfer theoretically possible
The effectivenessis given by

— Cpa m, (TS _Tz)
Cpg mg (T4 - TZ)
where m, and m are the masses of the air and exhaust gases and Cp, and Cpy are the corresponding
specific heats.

If the mass of the fuel compared with mass of theair, is neglected and Cp,, = Cpy is assumed, then
the effectiveness is given by an expression

9.3.3 COMBUSTION CHAMBERS

The gas turbine is a continuous flow system; therefore, the combustion in the gas turbine differs
from the combustion in diesel engines. High rate of mass flow resultsin high velocities at various points
throughout the cycle (300 m/sec). One of the vital problems associated with the design of gas turbine
combustion system is to secure a steady and stable flame inside the combustion chamber. The gas tur-
bine combustion system has to function under certain different operating conditions which are not usu-
ally met with the combustion systems of diesel engines. A few of them are listed below:

1. Combustion in the gas turbine takes place in a continuous flow system and, therefore, the
advantage of high pressure and restricted volumeavailablein diesel engineislost. The chemical
reaction takes place relatively sowly thus requiring large residence time in the combustion
chamber in order to achieve complete combustion.
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2. The gas turbine requires about 100:1 air-fuel ratio by weight for the reasons mentioned ear-
lier. But the air-fuel ratio required for the combustion in diesel engine is approximately 15:1.
Therefore, it isimpossible to ignite and maintain a continuous combustion with such weak
mixture. It is necessary to provide rich mixture fm ignition and continuous combustion, and
therefore, it is necessary to alow required air in the combustion zone and the remaining air
must be added after complete combustion to reduce the gas temperature before passing into
the turbine.

3. A pilot or recirculated zone should be created in the main flow to establish a stable flame that
helps to ignite the combustible mixture continuously.

4. A stable continuous flame can be maintai ned inside the combustion chamber when the stream
velocity and fuel burning velocity are equal. Unfortunately most of the fuels have low burn-
ing velocities of the order of a few meters per second, therefore, flame stabilization is not
possible unless some technique is employed to anchor the flame in the combustion chamber.

Primary Fuel Secondary Tertiary
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To
Turbine
Air

Bluff Body
Flame Holder

Fig. 9.8. Combustion Chamber with Upstream Injection with Bluff-body Flame Holder.
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Fig. 9.9. Combustion Chamber with Downstream Injection and Swirl Holder.

The common methods of flame stabilization used in practice are bluff body method and swirl
flow method. Two types of combustion chambers using bluff body and swirl for flame stabilization are
shown in Fig. 9.8 and Fig. 9.9. The mgjor difference between two is the use of different methods to
create pilot zone for flame stabilization.

Nearly 15 to 20% of the total air is passed around the jet of fuel providing rich mixture in the
primary zone. This mixture burns continuously in the primary (pilot) zone and produces high tempera-
ture gases. About 30% of thetotal air is supplied in the secondary zone through the annuals around the
flame tube to complete the combustion. The secondary air must be admitted at right points in the com-
bustion chamber otherwise the cold injected air may chill the flame locally thereby reducing the rate of
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reaction. The secondary air helps to complete the combustion as well as helps to cool the flame tube.
The remaining 50% air is mixed with burnt gases in the “tertiary zone” to cool the gases down to the
temperature suited to the turbine blade materials.

By inserting a bluff body in mainstream, a low-pressure zone is created downstream side that
causes the reversal of flow along the axis of the combustion chamber to stabilize the flame.

In case of swirl stabilization, the primary air is passed through the swirler, which produces a
vortex motion creating a low-pressure zone along the axis of the chamber to cause the reversal of flow.
Sufficient turbulence must be created in al three zones of combustion and uniform mixing of hot and
cold bases to give uniform temperature gas stream at the outlet of the combustion chamber.

9.3.4. GAS TURBINES

The common types of turbines, which are in use, are axial flow type. The basic requirements of
the turbines are lightweight, high efficiency; reliability in operation and long working life. Large work
output can be obtained per stage with high blade speeds when the blades are designed to sustain higher
stresses. More stages of the turbine are always preferred in gas turbine power plant because it helpsto
reduce the stresses in the blades and increases the overdl life of the turbine. More stages are further
preferred with stationary power plants because weight is not the major consideration in the design which
is essential in aircraft turbine-plant.

The cooling of the gas turbine blades is essentia for long life asit is continuously subjected to
high temperature gases. There are different methods of cooling the blades. The common method used is
the air-cooling. The air is passed through the holes provided through the blade.

49.4 REGENERATION AND REHEATING —

Generally, the thermal efficiency of the ssmple open cycleis only about 16 to 23% as ot of heat
energy goes waste in the exhaust gases. Moreover the cycle efficiency directly depends upon the tem-
perature of the inlet gases to the turbine. And as the metallurgical limitations do not permit the use of
temperatures higher than about 1000°C, a sizeable increase in efficiency cannot be expected through the
increased temperature of the gases. Of coursg, this efficiency handicap can be overcome by incorporat-
ing thermal refinementsin the simple open cycle e.g. regeneration, reheating. But the plant will become
complex in contrast to the simple open cycle plant which is compact, occupies very little space, does not
need any water and can be quickly run up from cold. The thermal refinements can raise the plant effi-
ciency to over 30% and thereby obliterate the advantage of fuel efficiency possessed by diesel or con-
densing steam power plants. These refinements are discussed below:

9.4.1 REGENERATION

In regeneration, the heat energy from the exhaust gases is transferred to the compressed air
before it enters the combustion chamber. Therefore, by this process there will be asaving in fuel used in
the combustion chamber if the same final temperature of the combustion gasesisto be attained and also
there will be areduction of waste heat. Fig. 9.10. shows a regenerative cycle.
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For regeneration to take place T should be greater than T,,.

In the heat exchanger, the temperature of air is increased from T, to T, and the temperature of
the exhaust gasesis reduced from T to Tg. If the regeneration is perfect, the air would be heated to the
temperature of the exhaust gases entering the H.E. the effectiveness of the regeneration is defined as:

€ = effectiveness
_ Riseinair temperature = T, - T,
~ Max.possiblerise T, -T,

For ideal regeneration,
T;=Tsand Tg=T,

The common values of effectivenesswould befrom
70 to 85%. The heating surface of the generator, as well
as the dimensions and price of the gas turbine increases
with the regeneration fraction. But to justify the regen-
eration economically, the effectiveness should atleast be
50%. The regenerative cycle has higher efficiency than
the simple cycle only at low-pressure ratios. If the pres- + T Ta—
sure ratio is raised above a certain limit, then the regen- Pressure Ratio —
erator will cool the compressed air entering the combus- Fig. 9.12
tion chamber instead of heating it and the efficiency of
the regenerative cycle drops. Thisis clear from Fig. 9.12.

It is clear from Fig. 9.11, that the compressor turbine works are not affected by regeneration.
However, the heat to be supplied in the combustion chamber is reduced and also it is added at higher
temperature as compared to the cycle without regeneration. Thus, the thermal efficiency of the cycle
increases. It will be equal to,
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This equation will get reduced to,

mT,00 1 O )(k-l)/kD
p

ne=1- -0 G—— 0 (r 0 (1)
t .0 E(nacnaI)D g
For ideal opencycle, n,.=nys=1
T, O k—1)/kD
Ne=1- M. 0 (rp)" 0 -(2)
AT 0

The regenerator should be designed properly to avoid any substantial.

Pressure loss in it, which might cancel out any gain in thermal efficiency. Because of some
pressure loss in the regenerator, the turbine output and the net output will be dightly less than for the
simple cycle.

9.4.2 REHEATING

In reheat cycle, the combustion gases are not expanded in one turbine only but in two turbines.
The exhaust of the high-pressure turbine is reheated in a reheater and then expanded in alow-pressure
turbine. By reheating, the power output of the turbine isincreased but the cost of additional fuel may be
heavy unless a heat exchanger is aso used. A reheat cycle is shown in Fig. 9.13. Considering the adi-
abatic expansions, the total work done in the two turbines will be equal to: (I3 —14,) + (I5—1gy)-
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If the combustion gases were expanded in one turbine only down to point 7a for the same pres-
sure ratio, then the work output would have been: (15— 1-,).

Now the constant pressure lines on the H-® chart diverge away from the origin and converge
towards the origin. Therefore the line 5-6a will be greater than 4a—7a. Hence reheating increases the



GAS TURBINE POWER PLANT 279

power output. By reheating, the average temperature of heat addition is raised resulting in higher output
and efficiency of the cycle. If reheat cycleisto be adopted then the pressure ratio must be high as at low
pressure ratios, the thermal efficiency is lowered by reheating Fig. 9.14. Reheating reduces the airflow
through the cycle resulting in decreased input to the compressor. For ideal reheating; the working fluid
temperature after reheating is equal to the maximum permissible turbine inlet temperature. That is,

The efficiency of the cycle will be given as,

_ (T3-T) +(Ts -Te) =(T, -T))
L (Ts=T,) +(Ts = T,)

q 9.5 COGENERATION —

Decentralized combined heat and power production-cogeneration is avery flexible and efficient
way of utilizing fuels. Cogeneration based on biomass is environmentally friendly, and al kinds of
biomass resources can be used.

The role combined heat and power production playsin Danish energy supply originates from the
decision in 1978 to establish a national natural gas grid. At present the natural gas system is one factor
blocking the utilization of biomass and natural gas in decentralized cogeneration plants, because a great
part of the heat market islost for decentralized cogeneration due to the individual gas supply.

In June 1986 it was decided that 450 mW decentralized heat and power plants should be estab-
lished. These are very efficient and environmentally compatible, if they are based on natural gas or
biomass. The interest in biomass as basis for combined heat and power production is caused partly by
environmental considerations, and partly by the desirein agriculture and forestry to get rid of an increas-
ing surplus of residue products, typically straw and wood chips.

But exceeding the problem with an insufficient heat market, the energy policy has caused that
until now there has been no sufficiently purposeful and ambitious aiming at the cogeneration technolo-
gies, that first of al shall lead to an increased use of biomassin heat and power supply.

9.5.1 COGENERATION — WHY

Thereis alarge political interest in changing the local heat supply to combined heat and power
supply—this means cogeneration of heat and power.

It is a fundamental physical condition that not all-latent energy of a fuel can be converted into
tractive power, e.g. to run a car. The main part of the energy is necessarily transformed to waste hest,
which in the car example disappears by motor cooling and with the exhaust.

Cogeneration plants can be used in al situations where a given heat demands exists. This in-
cludes al together an extremely large number of district heating plants, institutions, co-operative build-
ing societies, industries, etc.

For the cogeneration technologies, the primary interest is due to, that a very large percentage of
the fuel’s energy content is utilized, typically 85-95%. This must be compared to the relatively low
energy efficiency of centralized thermal power plants, the annual mean efficiency is about 55% in the
ELSAM area (Jutland, Funen).

Another important reason for the interest in decentralized cogeneration is the possibility to uti-
lize renewable bio fuels straw, wood, manure, etc. There are furthermore afew circumstances which are
not that much noticed in the political debate.
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First of al alarge number of cogeneration plants increase the security of power supply. It is not
usual that the large power units break down, but it happens. It is obvious that the consequences of
missing alarge unit are much more significant, than if it is one of the much smaller cogeneration plants.

Second thereis aconsiderable energy loss from the power grid. Inthe ELSAM areait isgood 7%
in average. But this figure covers very large variations through the day, and furthermore depends very
much on the voltage level. Thus the energy loss from the low-voltage grid is much larger than from the
high-voltage grid. All in this entire means that e.g. on awinter day at 5 pm there is alarge energy loss
from the low-voltage grid.

Exactly because many of the cogeneration plants are coupled on the low-voltage grid, they aso
reduce the grid loss, which influence the overall energy efficiency.

9.5.2 COGENERATION TECHNOLOGIES

(a) Gas Engines. The most common type of combined heat and power production in Denmark is
connected to gas-fired internal combustion engines, which is a well-known technology. They can be
found on the market at sizes from 7 kW power to about 4 mW power, and the power efficiency is good
20% for the small engines and over 40% for the largest. As power production is viewed as the main
purposg, it isimportant that the power efficiency is continuously increased.

The lower limit for a profitable cogeneration plant is a heat demand of 15,000 m natural gas per
year and a power consumption of 50,000 kWh per year with the current engines at the market.

The gas engine fuel is mainly natural gas and it will remain like this for several years. A few
plants are based on biogas, which will gainincreased utilization, while various types of biogas plantsare
developed and established.

It is assumed that gas from thermal gasification of straw and wood will also spread as fuel for
stationary cogeneration plants during the coming years.

There are some differences between cogeneration plants according to operation strategy. The
larger plants, typically connected to a district heating plant or an industrial company, are mainly in
operation during daytime at weekdays. It is because the payment for power is most favourable at that
time, which again is due to that the capacity is paid for during the periods with high consumption. In
these cases the cogeneration plant produces heat both for covering the actual consumption and for
storage in large water storages. The storages are then emptied for heat at night and during the weekend.
Itisapolitica request that 90% of the annual heat consumption must be supplied from the engine; agas
boiler supplies the rest.

This operation strategy is only realistic when using natural gas as fuel, as there is enough at a
certain time. Contrary to continuously gas production from a biogas or gasification plant. On the other
hand, the demand for a variable power production will increase, when cogeneration plantswith variable
production are established.

Thesmaller plantsare typically baseload plantsthat operate day and night. They supply power to
own installations and cover the power consumption. In this case the plant has 2 power meters; one that
registers buy from the power utility when the consumption exceeds the production, and another that
registers sale when own consumption is less than the actual production.
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This type of cogeneration plants has severe environmental and resource advantages.

Natural gasistheleast polluting of thefossil fuels. It is partly dueto the relatively high hydrogen
content that becomes water in the combustion. The CO, emission from natural gasis therefore smaller
than from oil and coal.

The NO, pollution from the engines are reduced according to authorities demand by mounting a
3-way catalyzer or more often by using low-NO, engines (lean burn). The smallest engines are excepted
from these requirements.

According to resources, the advantage is as already mentioned a higher energy efficiency than at
centralized thermal power plants.

(b) Gas Turbines. Some larger district heating plants have based their heat and power produc-
tion on gas turbines. They can be regulated less than gas engines, and as they by mean of their size
presuppose alarge heat demand there will not be space for many new in the future. There are ssmply not
that many cities with a sufficiently large heat demand. Apparently thereis neither any product develop-
ment-taking place to increase the power efficiency, asit is the case for gas engines.

Combined heat and power production based on steam

The Danish effort to increase the use of biomass mainly straw and wood as fuel in combined heat
and power production increasingly draws the attention towards steam engines and steam turbines.

The steam engine is a well-known technology, but for different reasons it hasn't been developed
for several years. One of the problems has been the contact between lubricating oil and steam. This
problem has been solved with anew design of the steam generator, which is manufactured in Denmark
and isjust ready for the market.

The advantage of this cogeneration technology is that biomass can be combusted directly in the
steam boiler and obtain the wanted steam pressure of 20-30 bars.

The disadvantage is that power efficiency will hardly exceed 15%. Therefore it is a question if
the steam engine is able to compete with cogeneration based on gasified biomass in the longer term.

There seem to be better possibilities for steam turbines with a combination of direct stoking of
biomass in the boiler, and superheating of the steam with natural gas. A Danish district heating plant is
preparing a test plant based on this technology. Its advantage is significantly higher power efficiency
than the steam engine.

(c) The Stirling Engine. The Stirling engine is a hot-air engine, named after the Scottish priest
Stirling who invented it in 1817. Since then it has been designed and manufactured in avast number of
designs.

In spite of intensive and expensive research it is nearly without importance, as the research has
been aimed at developing a car engine, which it is not suitable for.

On the other hand there are large perspectives in viewing it as a stationary combined heat and
power plant. There is a growing understanding of this that has resulted in new research and production
aimed at this. About 150 pieces have been made in batch production in India. This is a simple low-
pressure design with a power efficiency of about 10%.

The Stirling engine has many advantages. In principleit isavery simple technology—also in the
advanced version with helium instead of air and high mean pressure. Furthermore a big variety of fuels
can be used, including concentrated solar heat and clean exhaust from e.g. a gas engine. With the mate-
rials used today, it demands about 700°C as optimum working temperature. And the hot air must be that
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clean, that coating does not occur at the heating surface. Finaly, it is nearly noiseless and probably very
stable in operation.

The description of the Stirling engineis to a high degree based on the research carried out at the
Technica University of Denmark. A 10 kW power model with helium as medium and a mean pressure
of 50 bar has been tested in summer 1992. The results are very promising and it is specialy interesting
that the power efficiency of this engine is about 30%.

The perspective of heat and power production based on the Stirling engineisthat it can probably
be produced in arange of 1 kW power to 150 kW power in the nearby future; in the longer term may be
with an even higher output.

Such small cogeneration units can give the Stirling engine a tremendous distribution and have a
revolutionary influence on our energy supply.

49.6 AUXILIARY SYSTEMS —

Auxiliary systems are the backbone of the gas turbine plant. Without auxiliary system, the very
existence of the gas turbine is impossible. It permits the safe working of the gas turbine. The auxiliary
system includes starting, ignition, lubrication and fuel system and control.

9.6.1 STARTING SYSTEMS

Two separate systems-starting and ignition are required to ensure a gas turbine engine will start
satisfactorily. During engine starting the two systems must operate simultaneously.

9.6.1.1 Types of Starter

The following are the various types of gas turbine starter.

(a) Electrical

(i) A.C.and (ii) D.C.

A.C. cranking motors are usually 3 phase induction types rated to operate on the available volt-
age and frequency.

D.C. starter motor takes the source of electrical energy from a bank of batteries of sufficient
capacity to handle the starting load. Engaging or disengaging clutch is used.

(b) Pneumatic or Air Starter. Air starting is used mostly asit islight, simple and economical to
operate. Asair starter motor has aturbine rotor that transmits power through areduction gear and clutch
to the starter output shaft that is connected to the engine. The starter turbine is rotated by air pressure
taken from an externa ground supply, from an auxiliary power unit carried in the aircraft or from an
engine that is running. An electrical control unit controls the air supply to the starter by opening the
pressure-reducing valve. When an engine starter is selected and is automatically closed at a predeter-
mined starter speed the clutch also automatically disengages as the engine accelerates. It ismost suitable
for natural gas pipeline gas turbine drive.

(c) Combustion Starter. It isin every respect a small gas turbine. It is a completely integrated
system which incorporates a planetary reduction gear drive with over-running clutch. The unit is started
with the electric starter. The starter turbineis directly geared to the gas turbine shaft through areduction
gear.
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(d) Hydraulic Starting Motor. It consists of a hydraulic starter motor for main engine, an accu-
mulator, a hydraulic pump motor for auxiliary power unit (A.PU.).

Discharging the hydraulic accumulator to power a hydraulic pump motor starts APU. The hy-
draulic pump motor is driven with APU (Fig. 9.16) to start main engine and recharge accumulator. It is
suitable for aircraft engine better.
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Fig. 9.16. Hydraulic Starter Motor. Fig. 9.17. Ignition System.

9.6.2 IGNITION SYSTEMS

Ignition system is utilized to initiate spark during the starting. Once it starts, the combustion is
continuous and the working of ignition system is cut-off automatically. The following are the types of
ignition system.

1. Capacitor discharge system.

(a) High tension system and (b) Low tension system.

2. Induction system.

3. A. C. power circuits.

Here, A.C. power circuit ignition system is discussed. Fig. 9.17 shows the arrangement of A.C.
power circuit. It receives an alternating current that is passed through a transformer and rectifier to
charge a capacitor. When the voltage in the capacitor is equal to the breakdown value of a sedled dis-
charge gap, the capacitor discharges the energy across the face of the ignition plug. Safety and discharge
resistors are fitted in the circuit.

9.6.3 LUBRICATION SYSTEM

9.6.3.1 Elements of Lubrication System

The following are the elements of lubrication system of a gas turbine
1. Qil tank,
2. Oil pump,
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3. Filter and strainer,

4. Relief valve,

5. Oil cooler,

6. Oil and pipe line,

7. Magnetic drain plug,
8. By-pass, valve, and
9. Warning devices.

9.6.3.2. Working Principle of a Lubrication System

Fig. 9.18. shows the lubrication system used in a gas turbine plant. Sufficient oil is stored in an
external tank to replace that, which may be lost during the normal duration of run. Qil is drawn from the
tank by agear or rotor type lubrication pump. A relief valveisfitted to return the excess oil to the pump
inlet than that required for lubrication. The oil flows through a paper or metal screen filter of 10 to 40
micron filtration capacity. In the case of clogged filter, the oil pressure drop across the filter increases
which causes a by-pass valve to open and unfiltered oil to reach the bearings. This is undesirable. For
such malfunctions, various, warnings, safety and indicating devices such as oil temperature indicator
bulb, oil over temperature switch, low oil pressure switch and so on are installed in the filtered oil line.
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Fig. 9.18. Lubrication System for Gas Turbine.

The filtered oil flows to the bearings and gear case of turbine and after lubricating and cooling
the oil washed components, it isreturned to the oil tank through a cooler by a scavenge pump. Scavenge
pumps have a greater displacement than the quantity of oil flowing into the cavity from which they are
pumping. Thisintroduces a negative pressure, which draws air into the sump through any leakage paths,
precluding leakage of oil. The air-oil mixture returned through the cooler to the tank must be separated
and for thisit isrecirculated in a separator and the air is permitted to escape. The separator vent usually
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connects to the tail pipe so that the hot gases flowing out of exhaust will burn off any remaining ail
vapor. Thisvent must be checked for obstruction regularly; otherwise the air may build high pressurein
the tank and result in its failure. The separator is nothing but a smple baffle which causes the air-oil
mixture to follow a devious path, the oil will tire to turning the corners and will find itsway out through
the vent into the tank, and the air will find its way out through the vent into the exhaust system. A drain
plug of magnetic type is incorporated in the oil line before oil pump, which can collect any metal
particles circulating in the oil system. A through study is made of debris collected by the plug to decide
whether it is metal chips or else.

9.6.4 FUEL SYSTEM AND CONTROLS
9.6.4.1 Fuel System

Fig. 9.19 shows afud system used in gas turbine. Basically there are two sub-system-low pres-
sure and high pressure. The low-pressure system consists of afuel tank, boost pump, strainer, dual fine
ail filters, Ap indicator and ordinary valves. Thereis atwo stagesfilter process on the low-pressure side
of the system. The purpose of 7.5 micron strainer is to collect the large particles impurities. The boost
pump (centrifugal pump) is used to boost the pressure so that it may overcome the pressure drop in the
two stage of filtration. In the fine filter, al small solid particles are collected as well as the water that
may have passed through water separator located in the users fuel supply system. The dual filter ar-
rangement allows for switching to an alternate element without having shutting down for the change. It
isthe Ap indicator, which warns the operator of the filter condition by indicating the red light for switch
over. Thered light glows as soon as the oil pressure drop through the working fine filter crosses over a
pre-determined value.
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Fig. 9.19. Fuel System for Gas Turbine.
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The high-pressure system consists of main fuel pump, relief valve, strainer, fuel control, shut-off
valve, flow distributor and nozzles. The main fuel pump generates the oil pressure sufficient to be
injected in the combustion chamber. The relief valve installed around the main fuel pump is to protect
the fuel system from excessively high pressure created by the shut-off valve or clogging of the passage
inthefuel system by transferring the excess fuel to the pump inlet. The function of shut-off valveisvery
simply to interrupt the supply of the fuel to the combustion chamber and affect a shut down of the
turbine automatically or manually. Itisalso used for interrupting the flow of other fluids such asthe gas
supply pressure to the pneumatic starter, the flow to the pneumatically driven pumps and the supply to
auxiliary fuel lines such asthe starting fuel injector. Generally, the shut-off valveis of solenoid type. The
gas turbine requires that the fuel should be well distributed in the various fuel injectors. Flow divider
accomplishesthework. 1t isa pressure sensitive valve which positions the val ve opening determined by
the pressure at inlet to the flow divider.
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Fig. 9.20. Splash Plate Type Injector. Fig. 9.21. Duplex Nozzle.

9.6.4.2 Injector

There are varioustypes of injectorsin current use. Fig. 9.20 shows a splash plate typeinjector. In
this case, the fuel at pressure about 40 bar is deflected into a cone by a splash plate, without spin. The
conical fuel film thins with increasing radius and surface tension breaks the film into droplets of about
50 to 100 um diameter. The included cone angle of the spray is typically about 80° to 100°.

Fig. 9.21 shows aduplex nozzle with single feed. It successfully atomisesthe fuel varying over a
flow range of 50 to 1.

mmm 9.7 CONTROL OF GAS TURBINES i—

The purpose of gas turbine controlsisto meet the specific control requirements of users and safe
operation of the turbine. There are basically two types of controls. They are as follows:

(A) Prime control and
(B) Protection control

9.7.1 PRIME CONTROL

The objective of the prime control isto ensure the proper application of the turbine power to the
load. The users of the gas turbines have specific control requirements according the use of gas turbines.
The requirements might be to control:
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(1) The frequency of an a.c. generator,

(2) The speed of aboat or ship,
(3) The speed of an aircraft,
(4) The capacity or head of a pump or compressor,
(5) The road speed of avehicle.
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Fig. 9.22. Prime Control (Hydro-mechanical).

On agas turbine a.c. generator set the prime objective of the control is to maintain the constant
electrical frequency irrespective of the load. This is achieved by selecting the primary controller as a
speed governor (aspeed sensing device), which maintains the constant electrical |oads. On agasturbine
driven pipeline compressor, the prime objective of the control isto maintain aconstant pipeline pressure
downstream of the driven compressor. In this case, the pipeline pressure is sensed and turbine power is
varied to maintain a constant pipeline pressure for varying flow conditions. There isrelatively constant
relationship between turbine power and fuel flow, so in the prime control, the position of fuel valveis
controlled.

In Hydro-mechanical Speed Governing System (Prime Contral), the governing loop is similar to
that discussed in the case of steam turbine. The system uses a centrifugal governor (mechanical) to sense
the speed of the turbine and the reference is set for rated speed of the turbine (Fig. 9.22). The governor
senses the speed through the accessory drive shaft and flyweights. Internally, the governor hydraulically
amplifiesthe error signal and provides an actuator output position that can be linked to afuel valve. The
fuel valve either throttles or by passes the metered fuel from the main fuel control. The speed-sensing
device may be electrica or hydraulic.

9.7.2 PROTECTIVE CONTROLS

The objective of the protective control isto ensure adequate protection for the turbinein prevent-
ing its operation under adverse conditions. Whenever, unsafe operating conditions are approached, the
prime control is overtaken by the protective control to protect the turbine or driven equipment.
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Basically, the protective controal is of two types:
1. Shutdown control and
2. Modulating control
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