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7.1 Introduction

The world’s first industrial atomic power plant was commissioned in 1954. This was 
beginning of new branch of power generation, the nuclear power engineering. The energy 
of nuclear transformation is an important addition to the conventional type of energy : 
m echanical, thermal, chemical, electrical, etc.

Mankind has been searching tirelessly for new energy sources since power is necessary 
wherever man lives and works i.e ., in industry, transportation, agriculture, homes, etc.

Electrical energy consumption per capita is increasing every day and regarded as 
index of development or growth for the nation. So far man has used various kinds of 
solar energy which was accumulated by plants (coal and petroleum product) many millions 
of years ago. The water power of rivers is also derived from solar energy, for solar heat 
then causes evaporation of the water of the sea and ocean, which then comes back to 
the earth as rain.

The reserves of transformed solar energy are tremendous, but man’s needs are 
growing continuously. Besides, conventional types of fuel are bulky and are difficult and 
uneconomical to transport from source to place of utilization. Nuclear energy enormously 
enlarges the world’s power resources. The most conservative estimates reveal that uranium 
alone contains far more energy than all the world’s reserves of coal and petroleum put 
together. This increases several-fold if we take into account the possibility of obtaining 
nuclear fuel from thorium.

A unique feature of nuclear energy is an exceptionally high degree of concentration 
which exceeds by millions of times the concentration of energy in the conventional fuels. 
Thus, for instance, the energy obtained by “burning” one kilogramme of uranium is 
equivalent to about twenty million kilowatt hours or the real burning of 2,000,000 kilogrammes 
of high-grade coal.

Thus, two primary advantages of nuclear power are :
. . Very great quantity of energy is released by a small amount of fuel.
. . Working of plant is independent from any material external to the system such 

as air (oxygen) for conventional power plant.
These advantages are particularly important for submarines and surface vessels (ship 

propulsion). By reason of its independence of the oxygen in the air, the nuclear power 
plant may be operated below water surface continuously at full power. For stationary 
power plants, arrangements regarding smoke tubes, chimney, fuel handling equipment and 
fuel storage are eliminated.

The first phase of the Indian Nuclear Power programme had started with the setting 
up of thermal nuclear reactors producing power from natural uranium. In the second
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phase, plutonium produced from these reactors is to be used in Fast Breeder Reactors 
(FBRs)-, to convert depleted uranium into more plutonium, and also to convert thorium 
into uranium-233. The final phase involves breeder reactors based on thorium cycle 
producing more uranium-233 than they burn.

An active research and development programme for the liquid metal cooled fast 
breeder reactor (LM FBR) has been undergoing at the Reactor Research Centre, Kalpakkam, 
Tamil Nadu. A fast breeder Test Reactor (FBTR) has marked the beginning of the second 
phase of country’s nuclear power programme. The reactor uses indigenous mixed carbide 
fuel developed at BARC. This is a sodium-cooled plutonium fuelled loop type fast reactor 
of 40 MW thermal and 13 MW nominal electrical power. Along with France and Japan, 
India is among a few countries with an urgent interest and major stake in the development 
of fast breeder reactors. Breeder Technology is certainly one of the most advanced and 
difficult undertakings in nuclear power engineering. That India, relying almost exclusively 
on its own resources is able to embark on a breeder programme, bears witness to its 
great accomplishments in science and the resourcefulness of its engineers.

The purpose of this chapter is to give the reader a basic understanding of the factors 
which affect the production of heat energy in a nuclear power source and of the problems 
to be resolved in converting this heat energy to useful power production.
7.2 Fission Processes

. In order to start a nuclear reaction, nuclei must approach each other to within a 
distance of 10'11 to 10*12 mm so that nuclear forces between the nucleons begin to act. 
It is much more difficult to initiate a nuclear reaction, since the nuclei are influenced by 
electrostatic repulsive forces which increase in inverse proportion to the square of the 
distance between nuclei. Hence, to start a nuclear reaction, one must impart to the nuclei 
energies that will enable them to overcome the electrostatic repulsive forces. In principle, 
this can be done in two ways :

. . by bombarding the nuclei of one element with the nuclei of another element which 
have been accelerated to very high velocities by means of special m achines- 
accelerators.

. . by heating the substances to a very high temperature (of the order of millions of 
degrees) at which the energy of thermal motion is high enough to overcome the 
electrostatic forces of repulsion. This type of reaction is called a thermonuclear 
reaction.

In the first case the particles used as a bombarding force are the nuclei of the 
hydrogen isotopes H1 (light hydrogen or portium) and H2 (heavy hydrogen or deuterium) 
and the nuclei of the helium isotope He4 which have lower charges than those of the 
atomic nuclei of the other elements and which, therefore, experience smaller repulsive 
forces. Owina to the refinements in accelerators, other nuclei, with higher charge (e.g. 
nuclei of C , N14 atoms, etc.) have also been used of late.

The second method was entirely excluded until very recently, as the maximum 
temperature attainable on earth is insufficient for initiation of nuclear reaction. These 
reactions according to modern view, are the sources of solar and stellar energy. In recent 
ye&rs thermonuclear reactions have been accomplished in laboratory conditions.

In the fission process the nucleus of a heavy atom such as uranium absorbs a 
neutron and form an unstable product nucleus. This unstable nucleus then splits into two, 
more or less in equal parts, called fission-fragments. These fragments begin to undergo 
transformation by radioactive decay and the products of this decay together with the 
fragments are termed fission products. As a result of fission, following happenings are
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very important:

. . Large amount of energy release takes place. The major portion of this appears 
as kinetic energy of the fission fragments. These fission fragments are stopped 
by the surrounding materials (such as fuel and structural material) and their kinetic 
energy is released in the form of heat. Since the fission fragments are stopped 
and their kinetic energy released as heat particularly at the point of fission, the 
fission process in effect produces heat directly.

. . In the average fission process, 2.5 neutrons are released per reaction. Since, only 
one neutron is required to initiate the fission process, and since more than one 
neutron is released in fission, it is possible to arrange for a self-sustaining chain 
reaction of fissions and a continuous evolution of heat.

. . Although, most of the energy released in fission appears instantaneously as heat 
energy, some appears as gamma radiation, some as energy of the neutrons 
released, and some as radioactive energy of the fission products. For example, 
the energy released in fission of the uranium isotope of atomic weight 235 is 
distributed approximately as follows :

83 percent as kinetic energy of fission fragments,
3 percent as instantaneous gamma radiation,
3 percent as energy of neutrons, and

11 percent as radioactive energy of fission products.
100 Total percentage.
Of the materials which undergo fission, only three have properties which make them 

suitable as concentrated fuels for a self-sustaining neutron chain reaction. One is the 
uranium isotope o f atomic weight 235, (U235), mentioned above. The other two are :

(i) Plutonium isotope of atomic weight 239, (Pu239), which is produced by nuclear 
processes from the most abundant uranium isotope, (U238), and

(ii) Uranium isotope of atomic weight 233{U233), which is produced from thorium, 
(Th232).

The energy released in the fission of all the nuclei contained in one kilogramme of 
U235 is 1-8 x 1010 kilocalories or approximately 20 x 106 kilowatt-hours. Another useful 
value to remember is that the consumption of one gram of U235 per day produces 20,000 
kW -hr.

7.2.1 Self-Sustain ing  Chain Reaction : The assembly of fuel and other materials 
in which the self-sustaining chain reaction is maintained is called a reactor. To understand 
how the chain reaction is made self sustaining, it is useful first to consider what can 
happen to a neutron produced by fission in the reactor. The neutron can be captured 
by one of the fuel nuclei and cause another fission as described above; or it can be 
captured without causing fission in the various other materials contained in the assembly. 
Alternatively, the neutron can make random collisions in the material without being captured 
and eventually escape from the reactor. The production of a self-sustaining chain reaction 
requires the attainment of a proper balance between the neutrons released in fission and 
the neutrons either captured or lost in the processes.

There are many ways of adjusting this balance. First, it may be adjusted by varying 
the size of the reactor. The ratio of surface to volume of a given solid shape decreases 
as the solid grows larger in size. The number of neutrons escaping fiom the reactor is 
proportional to its surface area and the number of neutrons produced is proportional to 
the number of fuel nuclei, and hence the reactor volume. Therefore, the number of
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neutrons escaping in relation to those produced can be diminished by increasing the size 
of the reactor. In fact, for any given shape and material of a reactor, there is a minimum 
or critical size  below which the percentage of escaping neutrons is excessive, and the 
reaptor will not sustain a chain reaction.

The second means of achieving the required balance is by decreasing the number 
of neutrons absorbed parasitically in structural and other non-fuel m aterials. Th is is 
accomplished by using materials which have a small tendency to absorb neutrons.

A third method depends on the fact that neutrons are much more likely to be captured 
by fissionable materials if the neutron energies are low. This suggests increasing the 
number of fissions and the number of neutrons produced by ‘slowing down’ or \moderating’ 
neutrons from their velocity at fission to the velocity of atoms at reactor temperature 
(termed “thermal velocity). The slowing down of neutrons is accomplished by allowing 
them to collide with nuclei of certain selected elements termed "moderators”. In this 
process neutrons lose some of their kinetic energy to the nuclei involved in the collision. 
Moderating materials will be discussed in greater detail later in this chapter.

When the self-sustaining chain reaction is established, then reactor becomes a source 
of heat energy. Since the fission process is independent of reactor temperature, it is 
possible to achieve any desired temperature level in the reactor.
7.3 Nuclear Reactor

A nuclear reactor is an apparatus where a controllable nuclear fission chain reaction 
can be maintained. Nuclear reactors may be classified according to the velocities of the 
fission inducing neutrons. A reactor where most of the fission events are due to capture 
of slow neutrons (2,200 nVsec) is called a slow reactor. Neutrons of such energy are 
termed thermal neutrons; therefore slow reactors are often called thermal reactors. A 
reactor where fission is brought about by fast (non-moderated) neutrons is called a faster 
reactor. There is still another type of reactor where most of the fission events are caused 
by neutrons in the course of slowing down. Such reactors are called intermediate reactors. 
Before discussing the components of a representative reactor, it will be useful to review 
briefly as under the principles on which these reactors work;

. . The absorption of neutrons by the nuclei of certain very heavy atoms causes 
fission and results in the liberation of jarge amounts of energy.

. . The major portion of this energy appears as kinetic energy of the fission fragments 
and becomes available as heat.

. . A self-sustaining chain reaction of fissions can be maintained to provide a 
continuous source of heat energy at any desired temperature.

With these fundamental principles in mind, the components of a reactor required in 
developing useful mechanical power from fission may be listed as follows ;

1. Fissible Material or Fuel, 2. Moderator,
3. Structural Material, 4. Reflector,
5. Coolant, 6. Biological Shield,
7. Control Mechanisms, and 8. Instrumentations.

The components listed above are shown in the schematic diagram of a nuclear reactor 
in fig. 7-1. In addition to the reactor itself, systems and components must be provided 
to convert the heat energy produced to mechanical energy.

7.3.1 Fuel Material : The types of material which can be employed as fissionable 
fuels have been listed previously. Whatever the fuel used, enough must be provided so 
that the chain reaction can be established and maintained whenever power is needed.
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Also, careful consideration must be given to the manner in which the fuel is distributed 
in the reactor.

Heat production at any point within the 
reactor core depends on the number of 
fissions taking place at that point. The fuel 
must be so shaped and located that the 
number of fissions taking place at any point, 
and hence the heat production, will be as 
uniform as possible throughout the reactor.
If a reasonably uniform distribution of heat 
production is not achieved, there will be 
localised hot spots, perhaps exceeding the 
melting point of the materials used. In other 
sections, the coolant passing through will 
not be heated sufficiently, that is, the coolant 
will not be used efficiently.

In reactors of the type represented in 
fig. 7-1 , the fissionable material is placed 
in assem blies called fuel elements. These 
fuel elem ents must be very carefu lly 
designed, taking into account considerations 
of heat transfer, corrosion structural strength,
physics, and metallurgy. For example, since _. ,  ,   ̂ . . .

3 r , ’ . Fig. 7 -1 . Components of a nuclear reactor,
the ma|or portion of the energy of fission
will appear first as heat within the fuel
elements, the distance from the point at which a fission occurs to the nearest coolant 
stream cannot be too great. Otherwise, the temperature at the centres of the fuel elements 
could become prohibitively high and cause thermal warping or cracking of the elements. 
Also, the elements must have sufficient surface area to transfer the heat generated to 
the coolant without too large a temperature difference between coolant and fuel, that is, 
the fuel elements must have a favourable ratio of surface to volume.

Since it is highly important to minimize the distance between the location of a fission 
and the coolant stream, it might be assumed that fissionable material should be placed 
at the surface of the fuel element. However, highly radioactive fission products would 
then be circulated with the Coolant. To prevent contamination of the coolant by fission 
products, a protective coating or cladding must separate the fuel from the coolant stream. 
Five major conditions must be satisfied by this fuel element cladding as listed below :

. . It must not be damaged by the various types of radiation to which it is subjected 
as a result of fission.

. . It must have a high thermal conductivity so that the heat produced within the fuel 
element can be transferred to the coolant without the temperature becoming too 
high within the fuel element.

. . It must have a strong tendency to absorb neutrons.

. . It must have adequate corrosion resistance.

. . It must have adequate mechanical properties, such as strength and ductility, for
the range of temperatures and pressures through which it may be required to
operate.

7.3.2 Moderator : A moderator is a material which is used to slow neutrons down.

•—• Control rod

„ , ?/y\ out

Shield

Reflector

Fuel and 
moderator
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from the high velocities, and hence high energies, which they have on being released in 
the fission process. As previously stated (Art 7 .2), a neutron at thermal energy corresponding 
to the temperature of the reactor has a much greater chance of causing fission than the 
neutrons released in fission, which have very high energies. For example, the probability 
of neutrons, producing thermal energy through fission of U235 is increased three hundred 
fold as a result of slowing down from its energy when released in fission. Neutrons are 
slowed down most effectively in scattering collisions with nuclei of the light elements, 
such as hydrogen, deuterium, carbon (graphite), and beryllium. The heavier elements 
would cause the neutrons to rebound from collisions with little loss in neutron energy.

In addition to being able to slow down neutrons effectively, a moderator should not 
capture neutrons. A tendency to absorb neutrons rules out light elements such as lithium 
and beryllium. The properties of a moderating material depend not only on the characteristics 
of the individual nucleus, but on the number of such moderating nuclei in a given volume. 
For example, the helium nucleus is light and does not absorb neutrons, that is, it has 
properties required of good moderators. In order to provide a sufficient number of nuclei, 
however, the helium gas would have to be so highly pressurized as to make it considerably 
less attractive than it would be otherwise.

The moderator can be present in a reactor as a chemical compound. For example, 
if it is hydrogen, it can be present as water which may also serve as the reactor coolant.

7.3.3 Reflector : To keep the critical size of the reactor, and hence the amount of 
fissionable material, as small as possible, it is important to conserve neutrons. This can 
be accomplished in part by surrounding the reactor core with a material which reflects 
escaping neutrons back into the core. This material is called a reflector. It should have 
good neutron scattering properties and preferably a small tendency to absorb neutrons. 
It is often a moderating material and sometimes the same material is used for both 
moderator and reflector. With a properly designed reflector the amount of fissionable 
material in a reactor core can be made smaller than that in a bare or unreflected reactor.

7.3.4 Coolants : The heat energy produced in the reactor core must be transferred 
by means of a fluid coolant to the equipment which will convert this heat energy to useful 
power. The choice of coolants is limited, especially when requirements peculiar to nuclear 
reactors are added to the usual stringent (strict) engineering requirements. A partial list
of the requirements or properties of a suitable coolant are as under :

. . Throughout the range of operating temperatures, the coolant must not solidify nor 
undergo changes of state which extremely (drastically) change heat transfer and 
nuclear characteristics.

. . The coolant must be compatible with the coolant channel walls and other materials 
with which the coolant comes in contact. As in any heat transfer system , corrosion, 
erosion, and scale formation may have harmful effects on the rate of heat transfer 
through the coolant channel walls. Of equal importance is the fact that pitting of
the channel walls may permit the highly radioactive fission products to enter the
coolant stream.

. . The heat capacity and heat transfer coefficient must be high to reduce the volume 
of coolant required. The volume of coolant required affects the size of the reactors. 
Since the reactor must be surrounded by heavy shielding material, it is important 
that it be kept as small as possible so as to reduce overall weight. This is 
particularly important for naval vessels.

. . The tendency to absorb neutrons should be small for reasons of neutron economy 
discussed.



. . The induced radioactivity should be as low as possible. This depends on the 
tendency of the coolant to absorb neutrons and on the radioactive nature of the 
newly formed element resulting from such absorption. Coolants which interact with 
neutrons to form isotopes emitting high energy gamma rays are undesirable in 
this respect.

In selecting a coolant, it is necessary to weigh the relative importance of the favourable 
and unfavourable characteristics of various coolants and select the one best suited to the 
particular application. The charateristics of a few possible coolants are described below.

Water is understood to be a good coolant; its properties are reasonably well understood, 
and it has been widely used in power generation. When properly conditioned, it is 
compatible with a large number of structural materials, and it is a good moderator for 
thermal reactors. In addition, it has a high specific heat and a good heat transfer coefficient. 
On the other hand, it must be pressurized to prevent its vapourisation at the high operating 
temperatures necessary in a power reactor. Vapourisation of the coolant during its passage 
through the reactor is undesirable.

The properties of heavy water are nearly identical with those of light water with the 
important exception that it absorbs neutrons less readily than light water. It is not as 
effective as light water in slowing down neutrons, but is attractive for applications where 
low neutron losses are of primary importance. An important limitation of heavy water is 
its high cost.

Liquid M etals or low melting point metals such as sodium, potassium, and sodium- 
potassium alloys may be considered for use as reactor coolants. A principal advantage 
of liquid metals is the ability to obtain high temperature at low pressures without 
vapourisation; Because of their high heat capacities and good heat transfer properties, 
heat exchange surface and quantities of coolant can be kept sm all. The technology 
associated with their use is under development but does not have the benefit of the 
extensive industrial background information available on water.

O rganic Liq u id s, like water, contain hydrogen and therefore, offer the possibility of 
combining the functions of moderator and coolant in one material. Some are good heat 
transfer fluids and have attractive thermodynamic properties, that is, have high temperatures 
associated with low pressure in the liquid state. However, their stability at high temperature 
and under inradiation is not as satisfactory as that of inorganic coolants.

G ases : Heat transfer to gases is notably poor in part because of their low density. 
Hence, gaseous coolants require large heat transfer surfaces within the reactor, high 
pressurisation, and large pumping capacity. Because of the large film drop associated 
with heat transfer to gases, fuel elements must operate at high surface temperatures. 
Among the possible gaseous coolants, helium has an advantage in that it does not absorb 
neutrons and does not itself become radioactive. Air has disadvantages because of 
oxidation problems and radioactivity due to argon impurities. Radioactive impurities in any 
of the gases would require the shielding of components external to the reactor.

7.3.5 Shielding : The intensity of gamma and neutron radiation coming from the 
reactor core is far greater than the human body can tolerate. Hence, it is necessary to 
surround the reactor with enough shielding material to reduce the radiation to levels which 
are not harmful to personnel. In general, material of high density is required to reduce 
the gamma radiation. Low energy neutrons are easily captured by materials such as 
boron. High energy neutrons must be slowed down before they can be readily captured.

The gamma rays and neutrons from the reactor give up energy from the shield in 
the form of heat. Therefore, some method of cooling the shield must be provided.
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NUCLEAR POW ER PLANTS 241

Many materials which are used for reactor coolants become radioactive when bombarded 
by neutrons in the core. In such cases it is also necessary to provide shielding for the 
coolant piping, pumps and heat exchangers.

To get an idea of the magnitude of the shielding problem, consider that the gamma 
radiation intensity alone at the inside face of the shield of an existing research reactor 
is approximately one million times the currently accepted level for one day exposure of 
human beings. To reduce this radiation to acceptable levels, this research reactor has a 
shield of concrete approximately two metres thick.

7.3.6 Control : The nuclear reactor must have some control device by which the 
nuclear chain reaction can be started, maintained at the selected operating power level, 
and shut down when required.

Several methods are available for controlling the reactor; the amount of fissionable 
materials in the reactor core may be varied; the number of neutrons absorbed without 
causing fission may be regulated; or the number of neutrons leaking from the core may 
be adjusted. For example, mechanical methods can be used to insert neutron absorbing 
materials such as boron or cadmium in the core.

In addition to provide for normal operating control and shutdown of the reactor, the
control system must provide for rapid and automatic shutdown in response to signal and 
dangerous conditions in the reactor. The devices for causing this rapid shutdown may
use the same methods as are used for operational control. Controls and safety devices
are usually designed to respond to measurements of neutron population which indicate 
reactor power level or rate of change of power level. These changes in neutron population 
will occur before other dependent effects occur, such as, changes of reactor temperature 
and pressure.

7.3.7 Instrumentation : One method of measuring neutron population involves as 
instrument termed as ’ionization chamber’, which produces a small current in a gas filled 
tube when exposed to neutron radiation. The sensitivity of such a chamber is due to a 
coating placed on the interior walls of the chamber. By careful design of the chamber, 
this ionization current can be made proportional to the power level of the reactor. By 
suitable amplification, the ionization current can be used to actuate the control mechanism 
of the reactor so that a desired power level is automatically maintained.
7.4 Typical Nuclear Power Plants

In this article we shall discuss typical industrial nuclear power plants. They will be 
classified according to their heat transfer systems because the choice of the system 
fundamentally affects the basic design of the plant. Plants discussed here are :

-  Water cooled plant,
-  G as cooled plant,
-  Liquid metal cooled plant,
-  Direct steam cycle plant, and 

Nuclear power propulsion plant.
7.4.1 Water Cooled Plant : Fig. 7-2 is a schematic diagram showing the basic 

components of a water cooled nuclear power plant.
Considering first water-cooled reactors, it is not practicable to attempt to design the 

entire plant to the standard of leak-tightness required for system s containing radioactive 
coolant. Leakage of radioactive coolant could not be tolerated, for example, at turbine 
gland seals and at pump shaft and valve stem packing. Moreover, it would be prohibitive 
from a maintenance point of view to have the entire plant contaminated with radioactive

hE3-16
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impurities which would be found in the steam. For these reasons, the reactor coolant is 
isolated in a primary loop and its heat energy transferred to water in a heat exchanger 
called a steam generator. By so isolating the reactor coolant, the shielding weight can 
be reduced to that required for reactor and system containing radioactive coolant.

A typical unit of this type has net power output of 1,00,000 kW. It is based on a 
thermal graphite-uranium reactor with a heat rating of 6,00,000 kW, thus, giving a total 
efficiency of 16.7 percent. The reactor is enclosed in a cylindrical steel pressure vessel 
set up on a concrete foundation. The cylindrical core contains large number of uranium 
fuel channels. The space between the channels is filled with graphite that serves as 
neutron moderator. The graphite placed below, above and around the core plays the part 
of a neutron reflector. To avoid graphite burn out, the gaps between the graphite slugs 
are filled with an inert gas (helium or nitrogen).

Each fuel channel is a graphite tube with thin-walled steel pipe inserted in it. The 
latter contains uranium fuel elements in the shape of cylinders with coaxial channels. The

Turbin*
Generator

Mechanical 
power output

rFeed
Circulating water pump) 

pumps 7
‘Condenser

Fig. 7 -2 . A steam generator system utilizing nuclear energy.

water that cools the fuel elements enters the fuel channels from header above; it passes 
downwards, then upwards, washing the fuel elements, and finally enters the collecting 
tank.

To control the reactor power, four automatic control rods are provided (two operational 
and two stand-by) which maintain the activity at a preset level. Radiation protection of 
the personnel is provided by a one metre thick layer of water and three metre thick 
concrete shield. In addition, the reactor is covered with a heavy cast iron lid.

Since water is one of the best-studied coolants, its use greatly facilitates the solution 
of many engineering problems, such as design of pumping units, heat exchangers, etc. 
Yet the use of a water coolant involves certain difficulties due to the singular nuclear 
characteristics of water. Ordinary water is good neutron moderator and a rather strong 
neutron absorber. Therefore, the activity of the reactor is highly sensitive to the weight 
content of water.

7 .4 .2 G as Cooled Plant : Fig. 7-3 shows one possible type of system which utilizes 
a gas cooled reactor. As a heat transfer agent, gas is in many ways preferable to water.
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The gas is compressed, heated in the reactor, and expanded in a turbine. If the efficiencies 
of the components are high enough, the turbine will produce enough power for propulsion 
purposes over and above that required to drive the compressor. As previously mentioned, 
because of their low density, gaseous coolants would have to be circulated at pressure 
of the order of 750 kPa. G as temperature would have to be high to obtain adequate 
cycle efficiencies and fuel element temperature would be correspondingly high. Because 
of the large film drop associated with heat transfer in gases, the difference between fuel 
element surface temperature and coolant temperature would tend to be larger than for 
other coolants. In the case of water cooling, the pumping power comprises 5-6 per cent 
of the energy produced, whereas with gas cooling, this figure increases to about 20 per 
cent. Thus, although the higher temperature of the coolant enables a higher thermal 
efficiency to be obtained, the total plant efficiency is low due to excessive power

Cooling
water

Fig. 7 -3 . A closed cycle gas turbine utilizing nuclear energy.

consumption for the needs of the plant.
The weight content of the gas in the reactor is very low. Therefore, the neutron

absorption by the gas coolant may be ignored. This means that the reactivity of the 
reactor is independent of the quantity of coolant and that no accident in the heat transfer 
system (the filling of the reactor with gas or, vice versa, the leakage of gas from the 
reactor) will have a direct effect on the reactivity. Thus, the fact that the reactivity is 
independent of its coolant content implies inherent safety.

A large gas-cooled power plant has been built in England (at Calder Hall). The heat 
sources are two graphite-uranium reactors cooled with pressurized carbon dioxide gas at 
7 atm. The outlet gas temperature is about 300°C. Carbon dioxide does not interact with 
graphite, and therefore, there is no danger of the graphite slugs burning out at high
temperatures. Heat transfer is accomplished in four tower-type steam generators 24.4 m
high.

The heat rating of the reactors is approximately 4,00,000 kW, the power output of 
the electric generators, 92,000 kW, coolant pumping power, 17,000 kW, useful power 
75,000 kW. Thus, the thermal and the total efficiencies come to 23 and 18.7 per cent, 
respectively.

7.4.3 Liquid M etal-Cooled Plant : The choice of liquid metal as a coolant is mainly 
due to the possibility of increasing the coolant temperature without applying high pressure,
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and to the high heat rate transfer coefficient. A drawback in such a system is the 
complexity of the auxiliary liquid metal pumping equipment, the need for two heat transfer 
circuits in view of activation of the coolant, etc. However, due to their high efficiency, 
these plants are being developed.

The plant is designed on the basis of a graphite-uranium thermal reactor. Of all the 
liquid-metal coolants, Sodium and N a-K alloy are the most fam iliar. The alloy has a 
lower melting point and therefore allows a higher heat absorption, but the presence of 
the potassium component causes a number of inconveniences, since potassium may react 
with graphite, and besides it has a higher neutron absorption cross-section than sodium. 
The advantage of sodium is that it does not interact with stainless steel upto about 600SC .

The thermal and total efficiencies are 22 and 20.8 per cent, respectively. The total 
efficiency is higher than that of a pressurised water plant (Art 7 .4 .1).

The moderator and the reflector are made of graphite. The core has a height of 
roughly 6 m and a diameter of about 12 m. The reactor uses tubular fuel elements 
cooled inside and outside with liquid sodium. The core and the sodium filled spaces are 
covered with thermal insulation and radiation shielding.

The heat transfer system (fig. 7-4) consists of two circuits. The first circuit containing 
radioactive sodium is completely hermetically sealed and protected by heavy concrete 
shielding. The flow rate of the liquid sodium in the primary circuit is about 260 m3/min. 
For sodium pumping, use is made of 15 electro-magnetic pumps working in parallel.
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Fig. 7 -4 . Heat transfer circuit of nuclear power plant cooled by liquid metal*

The maximum temperature of uranium is expected to be about 600#C . Other salient 
temperatures are indicated on the circuit. The heat exchangers between the primary and 
secondary heat transfer circuits must reliably ensure the impossibility of radioactive sodium 
infiltration from the primary circuit into the secondary circuit. On the other hand, the heat 
exchangers between the secondary sodium heat transfer circuit and steam circuit must 
efficiently preclude (prevent). any escape of sodium into the water. Therefore, these heat
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exchangers are provided with double concentric tubes, the annular space between them 
being filled with mercury.

7.4.4 Direct Steam-Cycle Plant : All of the above described power plants have one 
or two heat transfer circuits connecting the reactor with the steam generator. A plant 
wherein steam is produced directly is shown in fig. 7-5. In this case water pumping 
power is one sixth of that required in water cooled plant. This raises efficiency of the 
plant. Another advantage is that there are no heat losses generally associated with heat 
exchange, therefore, steam of the same pressure as in a heat exchanger can be obtained 
at a lower reactor temperature and pressure.

Sttam

Fig. 7 -5 . Direct steam -cycle plant. Fig. 7 -6 . Dependence of power on
pressure in boiling reactor.

Fig. 7-6 demonstrates the inter-dependence of power on pressure in boiling reactor 
at a given constant uranium concentration. It can be seen that at first the reactor power 
increases with increasing pressure, then it passes a maximum and falls practically to 
zero. The fact that pressure and power are in a unique relationship indicates that the 
reactor is stable in operation. In addition to stability, boiling reactor has the ability to vary 
the power output in accordance with consumption variations. This property is associated 
with the slope of the power-pressure curve which is located to the right of the maximum.

7.4.5 Nuclear Power Propulsion Plant : Recently development of nuclear power 
plant fot transportation is receiving greater attention. This is because.the amount of energy 
produced per unit weight of a conventional fuel, a nuclear powered vehicle could operate 
for very long periods without refuelling. This is particularly important in sea transport, 
railway transport in remote areas and many other modes of transportation.

In designing a propulsion power plant, the major task is the maximum possible 
reduction of its size and weight. Although the volumetric density of energy released in 
the reactor core reaches 10,000-20,000 kW/m3 which exceeds about 100-fold that of a 
conventional thermal plant, ultimate volume and weight ratios are far from being favourable. 
This is due to the inevitable heavy radiation shield. In the final analysis, it appears that 
in the case of high power rating6 (50,000 kW and more) both nuclear and conventional 
plants have about the same sizes, whereas at a lower power level nuclear plants are at 
present less compact. However, the aim of making transport more or less independent 
of fuel bases is so important that even in this situation great attention is given to nuclear 
plant development for transportation. Undoubtedly, a nuclear power plant can be most
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suitably accommodated in a ship, where the engine weight and size are of lesser important 
than in other modes of transport.

The first nuclear propulsion power plant was the one installed in a U .S . Navy submarine. 
This power plant is based on a thermal reactor in which ordinary water serves both as 
coolant and moderator. The reactor uses slightly enriched uranium.

Fig. 7 -7 . Atomic power plant for submarine.

A schematic diagram is given in fig. 7-7. Basically, it is sim ilar to the heat exchanger 
system adopted for Atomic Power Station. The power equipment is situated exclusively 
in the reactor compartment and the engine room. Beneath the reactor compartment are 
the circulation pump, the heat exchanger and steam generator in one. Above the steam 
generator is the moisture separator, from which dry steam is fed to the engine room. 
The latter contains the main steam turbine that drives the propeller, the turbo-generator 
that supplies power to the electric motors of the circulating pumps, the auxiliary turbo
generator that supplies power to the rest of the equipment and compartments of the 
submarine, and the control station for the reactor compartment and engine room.
7.5 Plant Component Development

Naval nuclear power plant components must meet the usual stringent standards 
established for reliability, shock resistance, repairability, and simplicity. Moreover, for certain 
components, additional requirements must be met which preclude the use of equipment 
of conventional design. For example, it is important that equipment systems containing 
radioactive coolant be designed for no leakage. Conventional pumps, valves, and flanges 
do not meet nuclear power plant standards in this respect. As a result, sizeable development 
efforts must be undertaken to provide equipment which does meet these standards.

Pumps which circulate coolant through the reactor and heat exchanger provide an 
interesting and important example of one method by which such requirements are met. 
In conventional practice, a centrifugal pump for high pressure use is sealed by mechanical 
packing around the shaft joining the impeller and the driving motor or turbine, a small 
leakage is accepted.

For pumping water coolant at high pressure in nuclear power plants, a new type of 
leak proof centrifugal pump has been developed. Its important design feature is a higher
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pressure barrier or can in the gap between the pump motor rotor and stator. That is to 
say, the rotar is inside the high pressure system , the stator is ‘ outside, and the two are 
electro-magetically coupled as in any induction motor.

Several difficult problems complicated the development of this pump. One was the 
problem of bearings. Conventional centrifugal pump have oil lubricated bearings. Since 
the rotating parts of the ‘‘canned” pump are inside the coolant system , oil lubrication of 
bearings would result in reactor and system contamination. Bearings were, therefore, 
developed which are lubricated by the high temperature water coolant.
7.6 Material Development

The characteristics of nuclear power plants have created new requirements which 
must be met by standard engineering materials. In certain cases, reactor requirements 
have resulted in the development of entirely new materials. An important example of the 
latter type of development is that associated with the production, metallurgy and engineering 
use of zirconium.

Prior to 1948, very little work had been done on zirconium. Its development was 
undertaken because of the need for a reactor material with a small tendency to absorb 
neutrons and good corrosion resistance. Zirconium metal is now being produced in large 
quantity with both these qualities, but not the production methods hitherto used. New 
methods had to be developed to remove an impurity with a strong tendency to absorb 
neutrons. This impurity, hafnium, is found in all zirconium ores in small amounts (0.5 to 
3 per cent) and in some ores up to 20 per cent.

Fabrication techniques were developed and zirconium alloys are now among the 
leading cladding and structural materials for reactors.
7.7 Reprocessing of Fuel Elements

The nuclear reactor will not continue to operate for an indefinite period because of 
the following factors :

. . There is a finite expenditure of fuel. At some point the quantity of fissionable 
atoms available will fall below the point where the reactor will not operate.

. . Some of the fission products formed during operation absorb neutrons to an 
appropriate degree. The quantity of these products increases roughly with the 
time, the reactor has been operating. Neutron losses due to absorption in these 
products, together with other neutron losses, may eventually limit or prevent reactor 
operation.

. . Radiation damage to materials within the reactor may after a long period of 
operation, make fuel removal necessary.

The recovery of unused portions of fuel and useful by-products will be carried out by 
chemical reprocessing of the fuel element. Because of the intense radioactivity present 
in the material to be processed, reprocessing must be done by remote control equipment 
behind shielded w alls.
7.8 Economics of Power Generation

As discussed earlier, the cost of electricity produced by nuclear power plant exceeds 
the average cost of electricity produced by highpower coal-burning plant. However, if 
one compares the cost of electricity produced by this station with that produced by 
low-power thermal plant (1,000 kW), then these values become comparable. High-power 
(105 to 10® kW) atomic plants are constructed. These plants use reactors capable of 
using slightly enriched uranium, for instance with a U content of 2.5 per cent as 
compared with five per cent for low-power plants. This alone reduces substantially the
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cost of electricity due to fuel consumption.
The number of workers at an atomic power station will be from one half to one-third 

that at a coal-burning plant of sim ilar power capacity which means a cut in the cost of 
electricity. Finally, calculations show that materials expenditures on metal structures, piping, 
storage mechanisms, are much lower at an atomic power plant than at a coal-burning 
power station of sim ilar capacity (see Table-1).

Table -1  Comparative study of 105 kW power plants

Items Nuclear
plant

Coal-buming-plant

Weight of equipment,tons 700 2,700

Weight of metal structures,tons 900 1,200

Weight of pipes and fittings.tons 200 300

Weight of masonaiy and brick work 
(including graphite assembly) for 
nuclear plant, tons 500 1,500

Weight of fuel storage tanks,tons - 2,500

Weight of rolling stock.tons - 300

Volume of civil work.m3 9,000 4,000

Capacity of buildings (without turbine 
room and electrical facilities), m 50,000 75,000

Area of construction site, hectares 5 15

Internal power consumption.kW 5,000 8,000

Table -  1 above gives comparative data of atomic and coal burning power plants of 
sim ilar capacity. The table does not include data referring to turbine room and to the 
electrical equipment, because they are identical in both the cases. It may be noted that 
on most accounts, material expenditures at a nuclear plant are lower than at a coal-burning 
station. This reduces the cost of electricity produced at a nuclear plant.

Economically speaking, it is best to build nuclear power plants in areas remote from 
coal mines. Expenditures on fuel deliveries to the plant and on the transportation of spent 
fuel slugs to chemical plants for uranium recovery are so low that they will not lead to 
any noticeable increase in the cost of electricity.

All these factors favour to a considerable extent programmes of putting up nuclear 
power stations in the near future.
7.9 Safety in Operation

Any concept of large scale energy conversion has some element of associated risk. 
Experience and detailed evaluation studies conclusively show that in terms of the probability, 
of a major accident, nuclear power is safer than any other form of large scale energy 
conversion. Under routine operation conditions, nuclear power generation is much less 
harmful to the environment and public health than coal-fired power generation.

The problem of containment of radioactive fission products and the higher actinides, 
especially plutonuim, under normal operation as well as accident conditions, is common 
to both fast and thermal reactors. This problem has well defined solutions consisting of 
three level containment offered by fuel clad, reactor vessel and containment building which 
has worked well over the last thirty years.
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7.10 Other Applications of Nuclear Energy

Extensive studies have been carried out by expert committees of international or
ganisations to go into the depth of safety of food processed by radiation. India is a major 
producer and exporter of spices. Single treatment of gamma radiation can make spices 
free from insect infestation and microbiological contamination without loss of flavour 
components.

One of the applications of atomic energy is in preservation of food for extended 
period. Such application does not lead to loss of flavour, odour, texture and other highly 
desirable attributes of fresh food.

Low doses of radiation can arrest sprouting of potatoes and onions. India is the 
largest producer of onion in the world and by arresting dehydration of potatoes and onion, 
a satisfactory solutions to the storage problem can be solved.

Self-life of mangoes can be extended by a week and that of banana by 2 week$ 
by low dose of radiation. Thus, it could help the international trade market.

About 10-15% of the food grains amounting to about 16 million tonnes every year 
is lost due to insect pests. Disinfestation can be achieved by readiation.

Radiation has been used in improvement of genetic features in some plants. The 
frequency of mutation can be greatly enhanced by exposing seeds and other plants to 
radiation. Using this approach, improved varieties of pulses, groundnuts and jute have 
been developed at the BARC.

Using Cromosome Engineering techniques popular wheat has been developed in place 
of the disease laden quality of wheat.

Recent development in the field of ‘Genetic Engineering’ offers possibilities of direct 
and specific genetic alteration to suit human needs.

Radioisotopes are of great importance in the field of medicine and the application of 
the radioisotopes are numerous. They are used in the detection and in the therapeutic 
treatment of tumours and cancers. Radiation therapy is indicated in the treatment of 
cancer of uterine cervix which is one of the common malignacies of female reproductive 
system. Radiation treatment and therapy causes destruction of cancerous cells. Radioisotopes 
are also used for impaging of body organs such as brain, kidney, liver and heart to study 
their functional disorders.

Radioisotopes have also been greatly used in Industries for various applications of 
leak detection in buried pipes, radiography of welded joints and in the study of ventilation 
system and wear and tear of machinery. Creating artificial reservoirs for water supply 
schemes for new townships can be economical compared with manual or machinery 
excavation.

With the better understanding of the harmful effects of radiation and the useful utilisation 
of radioisotopes and by following the guidelines of the International Commission on 
Radiation Protection, we can utilise the Atom beneficially towards production of energy, 
development of mankind and bring peace and prosperity to the human being.

Tu to ria l- 7

1. Fill in the blanks to complete the following statements :
(a) The energy obtained by burning one kilogramme of uranium is equivalent to real 

burning of about__________ kilogrammes of high grade coal.



(b) In order to start a nuclear reaction, nuclei must approach to each other within a 
distance o f  to cm.

(c) According to modern views thromo-nuclear reactions are the sources o f ______
 energy.

(d) In the average fission p ro cess  neutrons are released per reaction.
(e) The assembly of fuel and other materials in which the self-sustaining chain reaction 

is maintained is called a  .
(f) Below the critical size of a reactor the percentage of escaping neutrons is .

[(a) 2,000,000, (b) 10"12, 10“ 13, (c) Solar, Stellar, (d) 2.5, (e) reactor, (f) excessive]
2. (a) What are the advantages of nuclear power ?

(b) Compare the cost of producing electricity by conventional thermal stations and 
nuclear power stations.

3. (a) Describe in detail the fission process.
(b) Give percentage distribution of fission energy of uranium isotope of atomic weight 

235.
4. (a) What is a reactor ?

(b) How are nuclear reactors classified ?
(c) List the components of a nuclear reactor.

5. (a) Describe some of the nuclear fuel elements used in practice.
(b) What is a moderator ?

6. (a) Explain the work of a reflector in a reactor.
(b) What are the requirements of a good coolant for a reactor ?
(c) What is heavy water ?

7. (a) How is a nuclear reactor controlled ?
(b) Describe a typical nuclear power plant flow diagram and its applications.

8. Describe giving neat schematic diagram, a steam generator system utilizing nuclear 
energy. How is this plant controlled ?

9. Describe with help of flow diagram working of a closed cycle gas turbine uilizing 
nuclear energy.

10. Why is nuclear power unit more suitable for sea transportation ? Describe giving 
schematic diagram of atomic power plant for submarine.

11. (a) What are the problems of plant component of a nuclear power plant compared
with those of a conventional power plant ?

(b) Why can a nuclear reactor not continue operating for an indefinite period ?
12. Compare and contrast a nuclear power generating unit with a conventional power 

plant using high grade coal as fuel.
13. Differentiate between nuclear power plant and steam power plant with respect to 

following parameters :
(i) Fuel, (ii) Steam raising unit, (iii) Power cycle, (iv) Working fluid, and (v) Prime 
movers.

14. Compare nuclear power station with a steam power station on the basis of the 
following factors :
(i) Generation cost,
(ii) Operation cost,

250 ELEM EN TS OF HEAT ENGINES Vol. Ill



NUCLEAR POW ER PLANTS 251

(iii) Station overall efficiency, and
(iv) Capital cost.

15. (a) State the hazards inherent in nuclear power station.
(b) State the safety precautions to be adopted in a  nuclear power station.

16. (a) Explain self-sustaining chain reaction.
. (b) Write a brief note on fissible material.

17. D iscuss specific features of water, heavy water, liquid metals, organic liquids and 
gases as coolants for a nuclear reactor.

18. Write short notes .on the following :
(i) Shielding,
(ii) Reprocessing, and
(iii) M aterials development for nuclear plant.
(iv) Safety of nuclear power plant.

19. C lassify nuclear power plants according to their heat transfer system s, and describe
water-cooled plant.

20. Describe either
(i) G as cooled nuclear plant, or
(ii)Liquid metal cooled nuclear plant,

21. Describe either
(i) Direct steam cycles nuclear plant, or
(ii) Nuclear power propulsion plant.

22. D iscuss various other applications of nuclear energy other than power production.


