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penstock used in the storage type hydro-electric plant.
ical high pressure intake head works for a hydro-electric power
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(b) The table below provides data on the load requirement during 24-hour period at a certain location :

Time period

12 mid-night
to 6 am

6 am to 10 am

10 am to 6 pm

6 pm to 8 pm

8 pm to
12 mid-night

Load in mW

20

100

160

80

40

Npump

= 80%

Tlhydrnulic turbine = 90%.

below :

(iit) Electrostatic precipitators.

If the load is shared by a combination of thermal and ‘pump storage hydroplant’
carrying the base load lying somewhere between 80 MW, 100 MW, estimate the energy
thermal plant in MWh during 24 hours and the overall efficiency of the combin

Assume g at full load = 35%

with the thermal plant

supplied to the

ed plant, -

hile installing a hydropower plant.

107 x (9.64, 10.2, 8.64, 7.51, 6.8, 8.08, 11.34, 9.07, 8.64, 11.35, 9.92, 8.93)
Assuming that the reservoir is full at the be
to assure the required demand and (if) the
Write notes on any two of the following :

(i) Surge tanks :

(ii} Storage and pondage ;

ad of 27.4 with an overall efficiency of 80%, is to be supplied
ff in m%month for 12 consecutive months of 30 days is given

ginning determine {{) the minimum capacity of the reservoir
quantity that is wasted during the year.
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7.1.

GENERAL ASPECTS OF NUCLEAR ENGINEERING

7.1.1. Atomic Structure

— Atomic model. An element is defined as a substance which cannot be decomposed into

other substances. The smallest particle of an element which takes part in chemical reac-
tion is known as an ‘atom’. The word atom is derived from Greek word ‘Atem’ which
means indivisible and for a long time the atom was considered as such. Dalton’s atomic
theory states that (£) all the atoms of one element are precisely alike, have the same
mass but differs from the atoms of other elements (ii} the chemical combination consists

of the union of a small fixed number of atoms of one element with a small fixed number
of other elements.

Various atomic models proposed by scientists over the last few decades are : 1. Thompson's
plum puddling model, 2. Rutherford’s nuclear model, 3. Bohr’s model, 4. Sommerfeld’s
model, 5. Vector model, 6. Wave-mechanical model.

The complex structure of atom can be classified into electrons and nucleus. The nucleus
consists of protons and neutrons both being referred as nucleons. Protons are positively
charged and neutrons are neutral, thus making complete nucleus as positively charged.

Theelectrons carry negative charge and circulate about the nucleus. As the positive charge
on proton particle is equal to the negative charge on electron particle, and the number of
electrons is equal to the number of protons, atom is a neutral element. Any addition of the
number of electrons to the neutral atom will make it negatively charged. Similarly any
subtraction of the electrons will make it positively charged. Such an atom is known as
fon and the process of charging the atom is termed an ionisation.

The nuclear power engineering is specially connected withvariation of nucleons in nucleus.
Protons and neutrons are the particles having the mass of about 1837 times and 1839
times the mass of an electron.

640
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— The modern atomic theory tells that the atom has a diameter of about 10~" mm. In a
neutral atom the electrons are bound to the nucleus by the electrostatic forces, which
follows the Coloumb’s law of forces, i.e., like charges repel and unlike charges attract
each other. The function of electrostatic force is similar to the gravitational force.

— The atomic spectrum study has revealed that every electron in an atom is in one group of
specific states of motion which is corresponding to its total energy. In an atom the elec-
trons are spinning around the nucleus in orbits. These orbits are called shells, which
represent the energy levels for the electrons. All the electrong having very nearly the
same total energy are said to be in the same shell. The shells have been named asK,L M,
N etc. Each shell consists of the specific maximum number of electrons. The K shell
{(inner shell) containg 2 electrons, L shell has 8 electrons, M shell is limited to 18 and the
N shell possesses 32 electrons. In fact, the number of electrons in any orbit is equal to
2n? where n is the serial number of the orbit taking first orbit nearest to the nucleus,
with the exception that the outermost orbit cannot have more than eight electrons . In a

— The chemical properties of the atom varies with composition of number of electrons in
various shells and the state of energies within the shells determine the electrical charac-
teristics of the atom. For example, Hydrogen (H,) consists of one electron in the first
shell, Helium (He) has two electrons in the first sheli, Lithium (Li) has two electrons in

first shell and one is second shell, Carbon (C) consists of two electrons in first and four in
second shell.

Nucleus

Electron
Shell
K @K @ kL KiL

Fig. 7.1 (a). Atomic structure of H,, He, Li and C.

— The electrons lying in the outermost shell are termed valence electrons. If the outermost
shell is completely filled, the atom is stable and will not take any electron to fill up the
gap. However, the incomplete outer shell will try to snatch the required number of elec-
trons from the adjacent atom in a matter. The binding force between the electron and
nucleus is the electrostatic force of attraction. To emit one electron energy required is
more than the electrostatic force of attraction. When the energy is supplied, the electron
Jjumps from one discrete energy level to another permissible level. The process starts from
outer shell. The electron possesses the energy in two forms, i.e., kinetic energy due to its
motion and potential energy due to its position with respect to the nucleus. It is obvious
that electrons cannot exist in between the permissible orbits.

— The charge of nucleus is represented by the rumber of protons present. This number is
known as atomic number and designated by the letter Z, It also shows the position of
atom in the periodic table. Hydrogen has only one number but natural uranium has
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ninety twe. The atoms having higher atomic number have been developed artificially
ranging from 93 to 102. These are einsteinium (Z = 99), Ferinium (Z = 100), and
mendelevium (Z = 101). Platonium (Z = 94} is an important element to the nuclear power
field.

The mass number (A) is the sum of total number of protons and neutrons in a nucleus. The
number of electrons is represented by the letter N, i.e., N =(4 - Z).

7.1.2. Atomic Mass Unit

The mass of the atom is expressed in terms of the mass of the electron. The unit of mass has

been considered as % th of the mass of neutral oxygen atom which contains 8 protons and 8 neu-

1
trons. The atomic mass unit (a.m.u.) is equal to 16 th the mass of oxygen neutral atom.,
Onea.mu. =166 x 102 g

1837 x 9.1x 10728
166 x 1074
1839 x 9.1x 1072

166 x 1072

It has been concluded that the density of matter in a nucleus is enormous. It hag been inves-
tigated that the radius of nucleus is equal to 1.57 x 103 x 3JA , where A is the number of nucleons
in nucleus. '

The density of uranium by calculations comes to 1.65 x 104 g/em3. It has been found by
calculations that natural substance has density millions of times lower than that of nuclear matter.

Electron volt. The energy is expressed in electron volt unit. An electron volt = work done in
moving an eleciron by a potential difference of one volt. Or it is the amount of energy acquired by any
particle with one electronic charge, when it falls through a potential of one volt.

One electron volt = 1.602 x 1019 joule.

Mass of proton = 1837 me = = 1.00758 a.m.u.

Mass of neutron = 1839 me = = 1.00893 a.m.u.

7.1.3. Isotopes

In any atom, the number of electrons = number of protons. This is independent of neutrons in
the nucleus. Atoms having different number of neutrons than the number of protons are known as
Isotopes.”

Example. Isotopes of hydrogen are shown below [Fig, 7.1 (5)].

®©O OJ0
®

H, — Hydrogen H, ~ Heavy hydrogen  H,; — Heavy hydrogen
(No Neutron) or Deuterium - D or Tritum -T

Fig. 7.1 (b)

These isotopes have the same chemical properties and have the same atomic number and
occupy the same place in the periodic table. But the nuclear properties of each of the isotopes are
different because of the different number of neutrons in the nucleus.

The isotopes of oxygen vary from O,, to O,,. The change of number of neutrons in nucleus
affect the mass of atom,
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Example. Weight of heavy hydrogen is twice the weight of simple hydrogen. Thig means a
volume of H,0 weighg legs than the same volume of D,0.

The isotopes can be reépresented with mags number (4) ag subscript and atomie number (Z) ag
subseript like ZHA

Example. Hydrogen isotopes are Tepresented as , {2 (Deuterium), 1H? (Tritium) ang Uranium
isotopes ag U234 17235 (y238

7.1.4. Radioactivity
Radioactivity was originally discovered by Becquere] in 1898, This phenomenon ig confined
almost entirely to the heqviest element from 83 to 106 in the periodic table,

The Phenomenon of spontaneoys emission of Powerful radiations exhibited by heavy elements
is called 'radioactivity‘. Radioactivity is essentially a nyelogr Phenomenon and is a drastic Drocess
because the element changes its kind. t is spontaneoys and an irreversible self-disintegrating activ-
ity because the element breaks itself up for good. Those elements which exhibit this activity are
called radioactipe elements. Examples are - Uranium, polonium, radium, radon, ionium, thorium,
actinium and mesothorium,.

The radioactive radiations emitted by the radioactive elements are foung to consist of the
following :

(i) Alpha (@) rays or a-particles
() B rays or B-particles
(i) y-rays or photons,
The radioactivity may be natural or artificial.
Natural radioactivity. It is that which ;s exhibited by elements as found in Nature, It is

otherwise it would not have been discovered at all.

5. Except for radioactivity, there is nothing abnormal about the radioactivity elements ag
regards theijr physical and chemieal Properties.
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7.1.5. Nuclear Radiation

In nuclear power technology there are only five types of radiation of interest, but there many
mechanisms by which these five are produced in reactor gystems, The five types of radiation (with
electrical charges indicated as + or — for positive or negative, respectively, and mass in atomic mass
units) are :

1. Gamma rays (or photens) electromagnetic radiation.

2. Neutrons : uncharged particles, mass approximately 1.

3. Photons : + 1 charged particles, mass approximately 1.

4. Alpha particles : helium nuclei, charge + 2, mass 4.

5. Beta particles : electrons (charge — 1), positrons {charge + 1), mass very small.

1. Gamma rays

Prompt-fission gamma rays. These are produced as a result of the fissioning of a 17286 (or
other fissile-material} nucleus. The gamma rays are emitted within a fraction of a microsecond after
fission takes place and are considered to be coincident with the fission process. Prompt-fission gamma
rays carry off about 7 MeV/fission, with individual photon energies ranging from less than 0.5 MeV
to greater than 1.5 MeV.

Fission-product-decay gamma rays. These are emitted from the fragments resulting from
the fission process and their decay products. These radioactive fission products have half lives (the
time it takes for one-half the atoms originally present to decay) from a fraction of a second to millien
of years. In most cases, they emit soft (low-energy) gamma rays and beta particles with energies
lower than 1 MeV.

Capture gamma rays. These are emitted by nucleus of an atom instantaneously upon the
capture of a neutron. The energy of these gamma rays is generally higher than those released by
fission or decay. Many elements yield capture gamma rays in the 6 to 8 MeV range.

Activation-decay gamma rays. These are often omitted from the nucleus after a neutron-
capture process, if the new nucleus formed is anstable. Most decays of this type are accomplished by
electron emission accompanied by one or more gamma-rays photons. Each unstable (radioactive)
isotope has a specific half-life and mode of decay which is an intrinsic property.

Inelastic-scattering gamma rays. These are emitted from a nucleus that has been excited
to level above its ground state by interaction with an energetic neutron. These are emitted within an
extremely short time after the interaction takes place, and the total energy carried off by these
photons is less than or equal to the kinetic energy of the incident neutron.

2. Neutrons

Prompt-fission neutrons. These are produced as a result of the fissioning of a fissile mate-
rial and, as in the case of prompt gamma rays, are considered to be emitted coincidentally with the
fission process.

Delayed neutrons. These are emitted from several of the fission products with apparent
half-lives of upto about 2 min. Although half-lives are usually ascribed to the production of delayed
neutrons, they are actually emitted within less than a microsecond after the formation of a highly
excited nucleus, The half-life actually describes the decay of a fission fragment to the highly excited
fission product.

Photoneutrons. These are produced when a photon with energy greater than the binding
energy of a neutron (the energy required to bind a neutron to the nucleus) interacts with a nucleus
and ejects a neutron. This process is generally not important, since most isotopes have a high threshold
for the reaction and a low probability of occurence above the threshold. Two isotopes used in some
reactor systems which have low thresholds and a fairly significant probability of photoneutron
interaction are hydrogen 2 (deuterium) and beryllium 9.
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Activation neutrons. N eutron decay of an activated material oceurs occasionally in cases
other than delayed neutron decay of fission products. The only case which is of some interest in
nuclear-reactor technology is the neutren decay of nitrogen 17 » formed by fast-neutron irridiation of

of several particles, There are known cases of neutron emission resulting from a nucleus interacting
with a neutron, proton, or alpha particle, Important use is made of this processin producing neutron
sources for reactor start-up.

3. Protons

Protons are produced in a few radioactive-decay processes and more frequently by neutron-
proton reactions in which an incident neutron causes a proton to be emitted from the nucleus.
4. Alpha particles

Alpha particles are produced by the decay of several fission products and a few activated
materials as well as by a few neutron-alpha reacticns in which an incident neutron interacts with
and causes an alpha particle to be emitted from the nucleus,

5. Beta particles

Effects of nuclear radiation on matter

Nuclear radiation, when it interacts with any material, deposits energy in the material and
can have various effects. In chemical components the chemical form will be changed, in solids the
crystalline structure may be altered, in any case heat will be generated. For charged particles and

tion. Ionization is the production of electrically charged particles by stripping orbital electrons from
the electrically neutral atoms. In the case of neutrons, the primary energy-transfer process is a
kinetic-energy exchange caused by collision of neutrons with nuclei of the matter traversed.

7.1.6. Binding Energy

The nucleus of an atom ig formed when the nucleons come closer to each other and this
distance between the two nucleons is of the order of nearly 10712 mm. At the moment of combination
there is a releqse of energy and is known as ‘binding energy’. Further if it is required to separate out
or to disintegrate two nucleons the equivalent amount of binding energy is to be supplied from the
external source to overcome the force of attraction. The binding energy can also be defined as the

When two nuclear particles are combined to form a nucleus, it is observed that, there is a
difference in the mass of the resultant nucleus and the sum of the masses of two parent nuclear
particles. This decrement of mass is known as ‘mass defect'. The amount of mass defect is directly
proportional to the amount of energy released,

The nuclear binding energy per nucleon increases with the increase of the number of nucle-
ons in the nucleus. Example : The binding energy per nucleon for H? is 1.109 MeV and for Het it is
28.2 + 4~ 7.05 MeV. A curve representing the variation of nuclear binding energy per nucleon with
the mass number is shown in Fig. 7.2. Here the average value of binding energy per nucleon has
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Fig. 7.2. Variation of average binding energy per nucleon with mass number.

U235 nycleus is splitted into two approximately equal nuclei. The formation of two nuclei will
release the energy of about 0.9 MeV per nucleon. There is a release of energy as the mass number
decreases within the range of 60 to 250 mass number. This release of energy is corresponding to the
increase of mass defect. In fission process, the U2 nuclei is splitted to two other nuclei and energy
is liberated. :

It is evident from the above discussion that the nuclear transformations of other nucleus is
also possible such as U235, U233 and Pu??? (these are the important fuels used in the production of
nuclear power).

An atom with even number of protons of mass number is more stable because of the pairing of
protons and neutrons. This type of atom also possesses higher binding energy per nucleon and is
represented as even type of atom. In nuclear physics, the first even or odd represents the even or odd
number of protons respectively and second one represents the even or odd mass number. This is
obvious from the practical data that the U%3 is fissionable with slow neutrons (neutrons having less
energy) but U238 is fissionable only when the neutrons are having energy more than 1 MeV.

7.1.7. Radioactive Decay

If has been observed that the emission of the particles in the form of alpha, beta or gamma
radiations is not an instantaneous process. For various elements the decay time is different, which
follows a certain law. Obviously the process is independent of the physical and chemical properties
of the given isotope at a particular temperature and pressure.

The law states that the small amount of disintegration of the isotope in a small period is
directly proportional to the total number of radioactive ntclei and proportionality constant.

If, N = Number of radioactive nuclei present at any time ¢,

N, = Initial number of such nuclei,

A = Proportionality constant (also known as di sintegration constant or the
radioactive decay constant of the material),
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Then the above law can be stated in the form of equation as follows :

AN = — ANAt LA7.1)
dN
or 7 =—AN (7.2)

The negative sign represents that during disintegration the number of the nuclei isdecreasing.
Integrating the above equation (7.2) after proper arrangement within the proper limits, we

get
N (AN £
L\ Aj dt N
jND N i (7.3)
or log, N - log, N, = — At or log, No= A
0

N
or 'A‘g =g M or N=N,e¥ .(7.4)

dN

2t S MV=-AN eM A7.5)

The-eqn. (7.5) represents that the decay scherne follows the exponential law.
Activity :

The tntensity of emitted radiation is termed activity.

This is directly dependent on the rate of disintegration of the element.

If, A = activity at time ¢,
A, = initial activity,
k = detection coefficient,
Then, A=k (— %) = kAN = kAN, e™ = Ale™ ..(7.6)
Half-life :

Half-life represents the rate of decay of the radioactive isotopes, The halfife is the time re-
quired for half of the parent nuclei to decay or to disintegrate.

N,
Putting = ?O and ¢ = ¢t,, in eqn. (7.6}, we get
% =N, o Muz e Mz =1/2
My =log,2=0603 .. i = 9’—?@ AT

Here t,,, is the half-life of radioactive nuclei, After passing every half'life the number of
nuclei is reduced to half and so is the activity. This process is repeated for the several half lives till
the activity becomes negligible. The variation of halflife is from fraction of seconds to million of
years.

Half-life of some of the metals is given below :

Metal Half.life
Po-214 170 n sec
1-137 25 sec
Carbon-14 5100 years
Th-232 1.4 x 10" years

Uranium-238 4.525 x 10° years
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Average (mean) life :

This indicates the average of total time for which the radioactive nuclei has disintegrated for
several half lives. Hence this is greater than half-life. This is obtained by taking the sum of the decay
time of the radioactive nuclei and then it is divided by the initial number of nuclei.

If T is the time of average life, then

T= 9 .(71.8)
Ny No
Now integrating by parts, we get
-u T
_ 1
T= [-te M -e—] == 7.9
Ao, A
0.693
But L= o

From the above eqns. it is clear that mean life is 1.445 times greater than half-life.

Note. Number of disintegrations per second is the unit of radicactivity and is termed curie, as this
phenomenon was first discovered by Curie.

7.1.8. Nuclear Reactions

During a nuclear reaction, the change in the mass of the particle represents the release or an
absorption of energy. If the total mass of the particle after the reaction is reduced, the process re-
leases the energy, consequently, the increase in the mass of the resultant particle, will cause the
absorption of energy.

The equations of nuclear reactions are connected with the resettlement of protons and neu-
trons within the atom. The equations are much similar to chemical reactions. The energy variation
is also of the order of MeV. In simple term the equation shows the balance of neutron and proton.

A nuclear reaction is written as follows :

{©) The bombarded nuclei or the target nuclei is written first from left hand side.

(i7) In the middle within brackets, first is the incident particle and second one the ejected.
(iii) On the right hand side, the resultant nucleus is placed.

A neutron is written as : Onl because it has unit mass and it does not have any charge.

An electron is written as : _e0 because its mass is negligible as compared to proton or neutron
and its charge is equal but opposite to the charge of proton.

Some of the examples of reactions are given below :
(i) When ,,Na® is bombarded with protons possessing high energy, it is converted to ,,Mg?*
Na2+ Hl— MgB 4 nteg : .-{7.10)
(where g = release or absorption of energy in the reaction)
(i) When 13A12" is bombarded with high energy protons it is transformed to ,,Si%.

AP+ HY— 8%+ nleg (111
(iii) When ,,A1% is bombarded with deutrons, A% and proton may be produced.
AP+ HE s AP HI .{7.12)
The eqns. (7.10), (7.11) and (7.12) may be written in the equation form as given below :
NaZ(p, n)Mg2® : .(7.13}
A, n)Si?7 A7.14)

ALZ(d, p)AI? ..(7.15)
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capturing a particle, resulting in a compound excited nucleus, which undergoes further transforma-
tion in a short pcriod of time.

The transformation may adopt the following five main different paths :

1. Elastic scattering. The neutron interacts with the nucleus and after transformation the
compound nucleus emits a particle which is identica] to the captured one. There is also no change in
the resultant nucleus, The total internal energy of the bombarded nucleus and the restriking parti-
cle will not change at all. The process is known aselastic scatlering. Elastic scattering is also termed
aselastic collision. When the neutron strikes the nucleus, it imparts the part of initial kinetic energy
and momentum to the nucleus which causes the displacement of the nucleus in the crystal lattice by

down the neutron is reactor. In this transformation, there is neither release nor absorption of energy
but as a result of collision, redistribution of kinetic energy takes Place.

Example of elastic scattering, When a neutron strikes a light nucleus {e.g. hydrogen
nucleus), the velocity of the neutron is very much reduced and the energy is transferred to the

percent of the initial value.

When a fast moving neutron hits the U238 nycleus, the nucleus is excited and there is an
emission of gamma quantum [J228 (n, ny) U2§),

3. Capture. In this process the incident particle may be captured or absorbed by the nucleus
and may raise the mass number by unity. The nucleus is excited and the energy is emitted in the
form of gamma quantum. The artificial radioactive materials are produced by this process. In a
reactor, Co-60 isotope is produced by bombarding the natural Co-59 with neutrons. The reaction has
both the possibilities of producing the stable and unstable nucleus and may result in (n, ¥) or (p, Y
reactions. This transformation may take place with elastic scattering. When a neutron interacts
with light hydrogen, it forms heavy hydrogen, deuterium. The mass of deuterium is less than its
components. This mass defect is corresponding to the release of gamma quantum.

4. In this reaction, the impinging particle is trapped in the nucleus but the ¢jected particle is a
different one. The composition of the resultant nucleus is also different from the parent nucleus.

5. Fission. When the nucleus is excited too much, it splits into two mostly equal masses. Thig
particular reaction is suited only to the heavy nucleus such as U283, U236, pu239 ote. The transforma-
tion is known asfission. The produced two nuclei are lighter nuclei ; they have more binding energies
per nucleon and hence this reaction always releases the energy (Fig. 7.2).

7.1.9. Nuclear Cross-sections

Cross-sections (or attenuation coefficients) are measures of the probability that a £iven reac-
tion will take place between a nucleus or nuclei and incident radiation.
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Cross-sections are called either microscopic or macroscopic, depending on whether the refer-
ence is to a single nucleus or to the nuclei contained in a unit volume of material.

Microscopic cross-section

It is a measure of the probability that a given reaction will take place between a single nucleus
and an incident particle. Microscopic cross-section is usually denoted by the symbol ¢ and is ex-
pressed in terms of the effective area that a single nucleus presents for the specified reaction. Since
these cross sections are usually quite small, in the range of 1022 to 10-28 cm?/nucleus it is general
practice to express them in terms of a unit called the barn, which is 10-24 cm%nucleus.

Macroscopic cross-sections

These are the products of microscopic cross-sections and the atomic density in nuclei per
cubic centimeter and are equivalent to the total crogs-section, for a specific reaction of, all the nuclei
in 1 em3 of material. Macroscopic cross-sections are denoted by the symbol I for neutrons and p for
gamma rays and have the units em L,

Gamma ray cross-sections

Although there are a large number of interaction processes that take place between gamma
rays and matter, the most commonly used are the energy-absorption cross-section (used to deter-
mine gamma heating and dose rates) and the total attenuation cross-section (used to determine
material gamma-ray attenuation and for shielding design).

Neuiron cross-sections

Neutrons undergo a large number of different interaction processes with matter, and, unlike
gamma rays, many of these individual interactions must be evaluated. Neutron cross-sections of
general use are :

(i) Fission (ii) Gamma-ray production
(zi7) Activation (iv) Elastic scattering

(v) Inelastic scattering (vi) Reaction particle production
(vii) Total absorption (viif) Total attenuation.

Both neutron and gamma-ray cross-sections are energy-dependent properties. Plots of gamma-
ray cross-section vs photon energy for all materials are, over the energy range of interest, smooth
curves, whereas for neutron cross sections the curves of many materials show gross variations from
a smooth curve. The variations in neutron cross-sections show up as peaks and valleys on the cross-
section plot ; these peaks are called resonances. When a material has a large number of resonance
peaks over a portion of the energy range, this portion of the cross-section plot is called a resonance
region. The resonance region can have a significant effect on reactor design, since the material 238

which is present in most fuels has a relatively wide resonance region which can cause extensive
neutron absorption during the slowing down of neutrons to thermal energy.

The known cross-sections for materials potentially useful in reactor systems are used as
primary criteria in materials selection, For example, high-neutron-absorption cross-section materi-
als would not normally be used as materials of construction in the vicinity of a reactor core to
prevent competition for the neutrons required to sustain the fission process ; and high activation
cross-section materials would not be chosen, if they can be avoided, in a region exposed to a high
neutron flux during operation, if that region is to be accessible after reactor shut-down.

7.1.10. Fertile Materials

1t has been found that some materials are not fissionable by themselves but they can be
converted to the fissionable materials, these are known as fertile materials,

Pu23® and U2 are not found in nature but U?® and Th#? can produce them by nuclear
reactions. When U238 is bombarded with slow neutrons it produces 5oU>* with half-life of 23.5 days
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which is unstable and undergoes two beta disintegrations. The resultant Pu23® has half-life of 2.44 x
10* yrs and is a good alpha emitter,

U84 nl 93U 4 y ..{7.16)
23.5 min. -

U — | _ _€% + o, Np1 L7.17)

o N9 2.3 days 0+ g Pu® (7.18)

During conversion the above noted reactions will take place. The other isotopes of neptunium

such as 2.1 day Np?8 and plutonium can also be produced by the bombardment of heavy particles
accelerated by the eyclotron.

The nuclear transformations to convert 0oTh?32 to U3 are given below :

ooTh®24 1 ooThZ3 4 y .{7.19)
23.3 min.
QOThzaa 91P3233 + _leo ...(7.20)
2744
o P23 ays oUB3 4 _ e .(7.21)

U235 js the source of neutrons required to derive PuZ3? and U?* from Th232 and U%38 regpec-
tively. This process of conversion is performed in the breeder reactors.
Other fissionable materials : Th??", Pa232, U2, Np2® and Pu?4! are the other nuclides

which are having high cross-sections for neutron thermal fission. Pu24! ig the important nuclide
which is used in plutonium fueled power reactors.

7.1.11. Fission of Nuclear Fuel

W¥fission is the process that occurs when @ neutron collides with the nucleus of certain of the
heavy atoms, causing the original nucleus to split into two or more unequal fragments which carry off
most of the energy of fission as kinetic energy. This process is accompanied by the emission of neutron
and gamma rays.

Fig. 7.3 is a representation of the fission of uranium 235. The energy released as a result of
fission is the basis for nuclear-power generation. The release of about 2.5 neutrons/ fission makes it

possible to produce sustained fissioning.
Frompt gamma rays
/ O Fission fragment

/

O — —— O Prompt neutron
Incident
neutron \ O Fission fragment

O Prompt neutron

Fig. 7.3.  Fission of uranium 235. Incident neutron, upon colliding with U nucleus, causes
fission to take place, resulting in the production of fission fragments, prompt neu-
trons and prompt gamma rays,

The fission fragments that result from the fission process are radioactive and decay by
emission of beta particles, gamma rays and to a lesser extent alpha particles and neutrons. The
neutrons that are emitted after fission, by decay of some of the fission fragments, are called delayed

neutrons. These are of the utmost importance, since they permit the fission chain reaction to be
easily controlled.
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The total detectable energy released owing to the fission of a single nucleus of uranium 235 is
193 MeV (milli electron volts), distributed as shown below :

Distribution of Fission Energy

MeV

Instantaneous energy release :
Kinetic energy of fission fragments 168
Prompt-gamma-ray energy 7
Kinetic energy of prompt neutrons 5
Instantaneous total 180

Delayed energy release :

Beta particle decay of fission products 7
Gamma-ray decay of fission products 6
Delayed total 13

As is shown above, the neutron emitted as a result of fission of & uranium 235 nucleus carry
off 5 MeV of kinetic energy. Since on average there are about 2.5 neutrons emitted/U?3* fission, the
average neutron energy is 2 MeV. Actually fission neutrons are emitted with an energy speed of
from nearly zero energy to approximately 16 MeV, the bulk of the them being in the 1- to 2-MeV
energy region. _

Note. Although not strictly a result of the fission process, there is an additional 5 to 8 MeV emitted per
fission as a result of the capture of neutrons not used in the fission chain reaction. About 1 MeV of this total is
emitted over a period of time owing to decay of activation products, and the remainder is emitted immediately
upon neutron capture.

Most of the reactors in existence today or planned for the near future are called thermal
reactors, since they depend on neutrons which are in or near thermal equilibrium with their sur-
roundings to cause the bulk of fissions. These reactors make use of the fact that the probability for
fission is highest at low energy by slowing down the neutrons emitted as a result of fissioning to
enhance fission captures in the fuel. Loss of neutrons to non-fission-capture processes is lessened by
minimising the quantity of non-fissile material in or near the reactor core. The materials used to
decelerate fast neutrons to thermal energy levels are called moderators. Effective and efficient mod-
erators must slow the fission neutrons, in the 1- to 2-MeV range to thermal energy at about 0.025
eV to less that 0.1 eV. This effect must be produced in a small volume and with very little absorp-
tion.

The Chain reaction

A chain reaction is that process in which the number of neutrons keeps on multiplying rapidly
(in geometrical progression) during fission till whole of the fissionable material is disintegrated. The
chain reaction will become self-sustaining or self propagating only if, for every neutron absorbed, at
least one fission neutron becomes available for causing fission of another nucleus. This condition
can be conveniently expressed in the form of multiplication factor or reproduction factor of the sys-
tem which may be definded as

No. of neutrons in any particular generation
No. of neutrons in the preceding generation
If K > 1, chain reaction will continue and if K < 1, chain reaction cannot be maintained.

Fig. 7.4 shows schematically a chain reaction which when set off ultimately leads to a rapidly

growing avalanche having the characteristic of an explosion. The rate of growth of the chain process
is shown in Fig. 7.5.

K=
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Requirements of fission process
The requirements of fission process may be summed up as follows :

1. The neutrons emitted in fission must have adequate energy to cause fission of another
nuclei,

2. The produced number of neutrons must be able not only to sustain the fission process but
also to increase the rate of fission. Certain loss of neutrons during the process is also to be accounted.

3. The process must be followed by the liberation of energy.

4. Tt must be possible to control the rate of energy liberation i.e., the rate of fission by some
means, '

Since the chain reaction requires that one neutron from each fission cause another fission, it
is worth noting that there are several processes competing for the neutrons produced. These proc-
esses are non-fission capture in the fuel material, capture in the fuel container {(cladding), core
structural materials, moderator and coolant, and leakage of neutrons from the core. To permit a
chain reaction to take place, it is necessary to design a system in which, after accounting for all
neutron losses due to non-fission absorption and leakage, there is still at least one neutron remaining
to produce another fission.

The minimum quantity of fuel required for any specific reactor system is called the ‘critical
mass’ and the size associated with this mass is called the ‘critical size’. When nuclear fuel is assem-
bled just to the point of a critical mass, the reactor is said to “go critical” i.e., to reach the point of just
sustaining a chain reaction. Natural uranium contains only about 0.7% of the fissile isotope U235,
Sinece U298 which makes up the balance absorbs neutrons, a nuclear reactor which will sustain a
chain reaction with natural uranium requires a large critical mass (and size) and the use of modera-
tor and materials of construction which have very low absorption cross-sections. To reduce the criti-
cal mass required and permit more flexibility in material and design choice, uranium fuel is fre-
quently enriched in U5 content, thereby increasing the fraction of neutron captures that occur in
U235 and cause fission.

‘}.1.12. Nuclear Fusion

‘Nuclear Fusion’ is the process of combining or fusing two lighter nuclei into a stable and
heavier nuclide. In this case also, large amount of energy is released because mass of the product
nucleus is less than the masses of the two nuclei which are fused.

Several reactions between nuclei of low mass numbers have been brought about by accelerat-
ing one or the other nucleus in a suitable manner. These are often fusion processes accompanied by
release of energy. However, reactions involving artificially-accelerated particles cannot be regarded
as of much significance for the utilisation of nuclear energy. To bave practical value, fusion reac-
tions must oceur in such a manner as to make them self-sustaining, i.e., more energy must be re-
leased than is consumed in initiating the reaction.

It is thought the energy liberated in the sun and other stars of the main sequence type is due
to the nuclear fusion reactions occurring at the very high stellar temperature of 30 million °K. Such
processes are called thermonuclear reactions because they are temperature-dependent.

7.1.13. Comparison of Fission and Fusion Processes

The comparison between ‘Fission’ and ‘Fusion’ processes is given below :

Fission Fusion
1. When heavy unstable nucleon is bombarded 1. Some light elements fuse together with the
with neutrons, the nuclevs splits into frag- release of energy.
ments of equal mass and energy is released.




NUCLEAR POWER PLANT

About one thousandth of the mass is converted
into energy.

Tt is possible to have four thousandths of mass
corverted into energy.

Nuclear reaction residual problem is great.

Residual problem is much less.

Amount of radioactive material in a fission re-
actor is high.

A possible advantage is that the total amount
of radioactive material in a working fusion re-
actor is likely to be very much less than that in
a fission reactor.

Because of higher radioactive material, health
hazards is high in case of accidents.

Because of lesser radioactive material, health
hazerds is much less.

It is possible to construct self-sustuined fission
reactors and have positive energy release.

1t is extremely difficult to construct controlled
fusion reactors.

Manageable temp.ratures are obtained.

Needs unmancgeable temperatures like 30
million degrees for fusion process to occur.

Raw fissionable material is not available in
plenty.

Reserves of deuterium, the fusion element, is
available in great quantity.

7.2,

able for the production of large quantities of power.

NUCLEAR POWER SYSTEMS

A nuclear-fueled power-producing system consists essentially of the following :

(£} A controlled fission heat source.

(if) A coolant system to remove and transfer the heat produced.
(iti} Equipment to convert the thermal energy contained in the hot coolant to electric power.

Regardless of the type of fission heat source used, the basic mechanism is fission of nuclear
fuel to produce thermal energy. This thermal energy is removed from the heat source (reactor core)
by contacting the fuel with a coolant which can be used directly as the working fluid in the power-
conversion cycle or indirectly to heat another fluid to be used as the working fluid.
In some cases an intermediate heat-transfer loop is inserted between the reactor coolant and
the working fluid, to increase isolation of the radioactive reactor coolant from the conventional
power-producing equipment. The working fluid is then used to drive a turbo-generator set to pro-
duce electrical power,

Though several other methods are feasible for direct conversion of fission energy to electric
power (i.e., thermoelectric, thermionic, photoelectric, etc.), these methods are nct at present suit-

Schematic representations of nuclear power systems using the direct, indirect, and indirect
with intermediate heat-transfer approaches are shown in Fig. 7.6.

Nuclear power systems differ in a number of respects from fossil-fuel systems. Some of the
more important considerations that differentiate nuclear-fueled plants from fossil-fueled plants are
listed below :

1. Nuclear fuel is charged to a power plant infrequently and has a relatively long life, usually
measured in months or years, as compared with the continuous fuel-feed requirements for fossil-
fueled plants.

2. Burned nuclear fuel is radioactive ; it requires remote handling and special processing and
disposal.

3. Major portions of a nuclear plant are radioactive during and after operation, requiring
special precautions for maintenance of much of the plant.



656 POWER PLANT ENGINEERING

Working fluid

Reactor

Cold reactor coolant
(a)
Hot reactor coolant  Hot working

fluid
+

5 Heat

*g excha- Generator
® nger

@ 3

G°|_d Condenser
Cold reactor working
coolant Pumpﬂu'd

{b)
Hot reactor Intermediate Hot working
coolant coolant| T fiuid

A y
Heat Heat
excha- excha-

nger nger

Generator

Reactor

Cold
reactor
coolant Cold intermediate coolant

Pump ©

Fig. 7.6. Schematics of nuclear power systems. {(a) Direct cyele, reactor coolant used as the
working fluid ; (5) indirect cycle, reactor coolant transfers heat to separate working
fluid ; (¢) indirect cycle with intermediate loop, reactor coolant tranafers heat through
intermediate heat-transfer loop to working fluid.

4. Special system designs are required to prevent radioactivity release during normal opera-
tion or due to accidents.

5. Control and instrumentation requirements are strongly influenced by safety requirements
and are related to reactor stability, load-following requirements, and the capability of a reactor to
increase power output with no additional fuel input.

6. Nuclear fuel is highly processed material generally used in a precise fabricated form,
as opposed to fossil fuels, which are essentially raw materials used with only minimal rough
processing.
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7. The use of nuclear fuel does not require combustion air, thus obviating thermal stack
* losses and related problems,

These considerations give rise to the general requirements, complexities, and problems of
nuclear systems.

7.3. NUCLEAR REACTORS
7.3.1. Introduction

of a controlled self-sustaining chain reaction. In other words, it is a controlled chain-reacting system
supplying nuclear energy. It may be looked upon as a sort of nuclear furnace which burns fuels like
U235, U2 or Pu2 and, in turn, produces many useful products like heat, neutrons and radioisotopes.

Mechanism of heat production. Most of the energy is imparted to the two fission frag-
ments into which the nucleus divides causing them to move at high speed. However, because they
have taken birth in a dense mass of metal, they are rapidly slowed down and brought to rest by
colliding with other atoms of the metal. In so doing, their energy is converted into heat in much the
same way as energy given up by a slowing motor can be converted into heat in the brake lining. In
this way, the mass of uranium metal gets heated up.

7.3.2. Classification of Nuclear Reactors

Nuclear reactors are classified according to the chain reacting system, use, coolants, fuel
material etc.

1. Neutron energies at which the fission occurs

(i) Fast fission is caused by high energy neutrons Fast reactors
(i) Intermediate or epithermal Intermediate reactors
(iii) Low energy i.e., thermal Slow reactors

On the basis of the energy of the neutrons to cause fission the reactors have been divided into
three groups—fast, intermediate and thermal.(a) In fast reactors the high velocity neutrons produced
by fission are utilised directly to cause fission of the fue] in the reactor. The velocity of the neutrons
is not reduced deliberately. (b) If in a reactor the fission process is maintained due to the slow neutrons
capture, the reactor is known as slow reactor. The minimum velocity to which heutrons are slowed
down before the fission is equal to the thermal velocity which the slow neutrons may acquire in a
state of thermal equilibrium with the medium. This velocity is of the order of 2150 m/s at room

temperature which is equivalent to Z% eV or neutron energy. The neutrons associated with the

energy of this order are known as thermal neutrons and the reactor as thermal reactors. With the
moderator the neutrons are slowed down, The main advantage is that the probability of reaction
increases. (c) If the velocity of neutrons is kept between both the above noted limits, the reactors are
termed as ‘intermediate reactors’.

2. Fuel-moderator assembly
(£ Homogeneous reactors (i£) Heterogeneous reactors.
In ‘homogeneous reactor

of uranium and carbon gives a mechanical mixture,

In ‘heterogeneous reactor’ the fuel is used in the form of rods, plates, lamps or wires and the
moderator surrounds the each fuel element in the reactor core.,

3. Fuel state
(i) Solid (i£} Liquid (iii) Gas
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The nuclear fuel is available in three states—solid, liquid and gas. In reactors the fuel is
mostly used in solid state or in the form of solution dissolved in water. The liquid metal reactors are
in practical use.

4. Fuel material
(i) Natural uranium with U235 contents {(occurs in nature)
(ii)} Enriched uranium with more than 0.71 of UZ5
(3if) Pu23® Pu24! or Pu®®® (man made)
(iv) U-233 (man made)
Considering the necessary requirement of fission process and its availability economically

the fuels used in reactors are uranium, plutonium and thorium. U is easily available in natural
uranium (i.e., 0.7%) and its content increases upto 90% in enriched uranium.

5. Moderator
(i) Water (H,0) (i) Heavy water (D,0)
(#ii) Graphite (iv) Beryllium or beryllium oxide

{) Hydrocarbons or hydrides.

A moderator’s function is to absorbs the part of the kinetic energy of the neutrons. The neu-
trons collide directly with the moderator and thus slowed down. No ideal moderator is available in
nature or has been produced artificially. The light weight nuclei materials are not suited at all as a
moderator because they do not possess the property of absorption of neutrons.

Light water, heavy water and graphite are the most common moderators used in reactors.

6. Principal product
(i) Research features to produce neutrons Research reactors
(ii) Power reactor to produce heat Power reactors
(iii) Breeder reactors to produce fissionable materials Breeder reactors
(iv) Production reactors to produce isotopes Production reactors

Research reactors. These are designed to produce the high neutron flux for research work
and these neutrons are used to determine the neutron properties of interaction with the nuclei and
the effect of bombardment of neutrons on the materials. The reactors are operated at high neutron
flux and low power level otherwise the cooling will be a problem. The unit is cooled constantly during
operation. The by-products are heat and fission products which are removed during operation.

Power reactors. In these reactors the energy is produced in heat form which is carried away
to the heat exchanger by circulating the coolant through the reactor and heat exchanger. In the heat
exchanger the coolant converts the water into steam to run the turbine. The by-products are fission
products, neutrons and other radiation particles.

These reactors are useful to produce huge amount of power and are widely used in power
plant stations. In such reactors consumption is very low.

Breeder reactors. A breeder reactorconverts fertile materials into fissionable materials such
as U238 and Th2%2 to Pu2®® and U233 respectively besides the power production. It is worth noting that
the amount of fissionable material produced is more than its consumption of fissionable material.
By-products are the same as those of power reactors.

Production reactors. The output of such reactors is radioactive materials which are used
as sources of radiation and tracers in research in all areas of science. By-products are the same as
those of power reactors. ‘

7. Coolant

(i) Air, carbon or helium cooled reactors (i) Water or other liquid cooled reactors
{iif) Liquid metal cooled reactors.
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In gas-cooled reactors the amount of gas required to extract the heat is too much and there-
fore these reactors are expensive. Gases have poor heat carrying capacity. CO, and He have been
used in the early reactors. Mostly water is used as a coolant.

Liquid metal cooled reactors are also suitable as the metal is having high boiling point and
low steam pressure. These are the power reactors.

8. Construction of core
(£} Cubical (iz) Cylindrical (iii) Octagonal
(iv) Spherical (v) Slab (v} Annulus.
The proper shape to the core is given on the practical consideration and can have cubical,
eylindrical or ring type construction.

7.3.3. Essential Components of a Nuclear Reactor

The essential components of a nuclear reactor are as follows

1. Reactor core 2. Reflector 3. Control mechanism
4. Moderator 5. Coolants 6. Measuring instruments
7. Shielding,

1. Reactor core ;

The reactor core is that part of a nuclear power plant where fission chain reaction is made
to occur and where fission energy is liberated in the form of heat for operating power conversion
equipment. The core of the reactor consists of an assemblage of fuel elements, control rods, coolant
and moderator. Reactor cores generally have a shape approximating to a right circular cylinder
with diameters ranging from 0.5 m to 15 m. The pressure vessels which houses the reactor core
is also considered a part of the core (Fig. 7.7). The fuel elements are made of plates or rods of
uranium metal. These plates or rods are usually clod in a thin sheath of stainless steel, zirconium
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or aluminium to provide corrosion resistance, retention of radioactivity and in some cases, struc-
tural support. Enough space is provided between individual plates or rods to allow free passage of
the coolant.

2. Reflector :

A reflector is usually placed round the core to reflect back some of the neutrons that leak out
from the surface of the core. It is generally made of the same material as the moderator.

3. Control mechanism ;

It is an essential part of a reactor and serves the following purposes :

(i) For starting the reactor i.e., to bring the reactor up to its normal operating level.

(i) For maintaining at that level i.e., keep power production at a steady state.

(i) For shutting the reactor down under normal or emergency conditions.

The control system is also necessary to prevent the chain reaction from becoming violent and
consequently damaging the reactor. The effective multiplication factor of the reactor is always kept
greater than unity in order that the number of neutrons keeps on increasing in successive genera-
tions. As the number of neutrons and hence the neutron flux density increases, the temperature also
increases. Unless the growth is checked at some point, the reactor is likely to be damaged as a result
of too rapid liberation of energy.

Note. The control system works on the simple principle of absorbing the excess neutrons with the help of
control rods either made of boron steel or cadmium strips. Both these materials have very large cross-section
for thermal neutrons i.e., they are very good absorbers of slow neutrons and also have the advantage of not
becoming radioactive due to neutron capture. By pushing these rods deeper into the central core, any amount of
excess neutrons can be absorbed. Once the reactor has reached pre-determined power level, these control rods
serve to keep the value of K = 1 so that there is no further increase in the number of neutrons from one
generation to another. If, at some stage, it is desired to increase the neutron flux density and hence the power
level, the rods are partially pulled out thereby allowing K to exceed unity. For shutting down the reactor, the
control rods are inserted to a considerable depth so that K becomes less than unity and the chain-reaction can
no longer be maintained. To start up the reactor, all that is necessary is to carefully withdraw the control rods
and then adjust them till required output level is attained. Movement of control rods can be manual or m=de
automatic with the help of earefully designed servomechanism.

4, Moderator :
In a nuclear reactor the function of a moderator is :

(&) To slow down the neutrons from the high velocities and hence high energy level, which
they have on being released from the fission process. Neutrons are slowed down most effectively in
scattering collisions with nuclei of the light elements, such as hydrogen, graphite, beryllium ete.

(if) To slow down the neutrons but not absorb them
The desirable properties of a moderator in a reactor are :
. High slowing down power.
. Low parasite capture.
. Non-corrosiveness (or corrosiveness resistance).
. Machinability. (if solid).
. High melting point for solids and low melting point for liquids.
. Chemical and radiation stability.
. High thermal conductivity.
. Abundance in pure form. )
H,0, D,0 (heavy water), He (gas), Be and C (graphite) are the commonly used moderators.

0 =1 R o WM
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As a moderator D,0 is the best material available, (moderating ratio of D,0 is 12000 as
compared to 72 for H,O and 170 for carbon) because (i) it has excellent neutron slowing properties
(if) it has very small cross-section for neutron capture (iii) it can be used as a coolant as well. Its
disadvantages are : (i) it has low boiling point so that it necessitates Ppressurisation {if) it is very
expensive. But, the advantages of D,0 as moderator or moderator coolant outweigh its high cost.

5. Coolants :

The function of a coolant is to remove the intense heat produced in the reactor and to bring out
for being utilised.

The desirable characteristics for a reactor coolant are :
1. Low parasite capture.
. Low melting point.
. High boiling point.
. Chemical and radiation stability.
. Low viscosity.
. Non-toxicity.
. Non-corrosiveness.
. Minimum induced activity (short half lives, low energy emission).
. High specific heat (reduces pumping power and thermal stresses).
10. High density (reduces pumping power and physical plant size).
Commonly used coolants : Santiwax R (organic, Hg, He, Cco,)

The most widely-used gaseous coolant is CO, particularly in large-power reactors. It is (i) cheap
(i} does not attack metals at reasonable temperatures and (jii) has small cross-section for neutron
capture.

Some possible reactor cooling systems :
Some possible reactor cooling systems are illustrated schematically in Figs. 7.8, 7.9 and 7.10.
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6. Measuring instruments :

Main instrument required is for the purpose of measuring thermal neutron flux which deter-
mines the power developed by the reactor.

7. Shielding :

Shielding is necessary in order to :

(i) protect the walls of the reactor vessel from radiation damage, and also to
(if} protect operating personnel from exposure to radiation.

The first known as thermal shield is provided through the steel lining, while the other called
external or biological shield is generally made of thick concrete surrounding the reactor installation.
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Among the nuclear radiations produced in a reactor the alpha and beta particles, thermal
(slow) neutrons, fast neutrons and gamma rays are harmful ones and must be shielded against. Of
these only the fast neutrons and gamma rays present some serious difficulty in designing the reactor
shielding, since alpha and beta particles can be stopped by a fraction of an inch of a solid substance,
while thermal neutrons can be automatically guarded against with a shield thick enough to provide
protection against fast neutrons and gamma rays.

The effectiveness of a nuclear shield against gamma rays approximately depends upon its
mass. A heavy material like lead will be more effective shield per unit weight, than a light element
such as carbon. On the other hand, light elements, particularly hydrogen are much more effective per
unit weight than heavy elements for fast neutron shielding. Concrete is a material that offers a com-
promise between these two extreme characteristics of shielding material for both gamma rays and
fast neutrons. It is a material which has low cost and is easily available.

The actual design of the shield, however, involves the following considerations :

(i) The total amount of radiation produced in the reactor.
(it} The amount of radiation that can be permitted to leak through the shield.
(iif) The shielding properties of material.

7.3.4. Power of a Nuclear Reactor

The fission rate of a reactor i.e., total number of nuelei undergoing fission per second in a
reactor is

=nCoNV = V. oNV
where, : n = Average neutron density i.e., number per m?,
C = Average speed in m/s,
¢, = nC = Average neutron flux,
N = Number of fissile nuclei /m3,
o = Fission cross-section in m2, and
V = Volume of the nuclear fuel.
Since 3.1 x 10 fission per second generate a power of one watt, the power P of a nuclear
reactor is given by

nCoNV
= 31x 100 watt

=3.2 x 107! nCo NV watt
=32x101¢ o NV watt

Now, NV = Total number of fissile nuclei in the reactor fuel
=m x 6.02 x 1026/235

where m is the mass of the U235 fyel. It is known that fission cross-section o of U236 for thermal
neutrons is 582 barns = 582 x 10-28 m2,

p_ 32x 1071 x ¢, %582 x 102 x 1m x 6,02 x 102
- 235 -
=4.7Tx 10%m ¢, watt
= 4.8 x 1072 mnC watt.
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7.4. MAIN COMPONENTS OF A NUCLEAR POWER PLANT
Fig. 7.11 shows schematically a nuclear power plant.
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Fig. 7.11. Nuclear power plant.

The main components of a nuclear power plant are :

1. Nuclear reactor

2. Heat exchanger (steam generator)

3. Steam turbine

4. Condenser

5. Electric generator.

In a nuclear power plant the reactor performs the same function as that of the furnace of
steam power plant (i.e., produces heat). The heat liberated in the reactor as a result of the nuclear
fission of the fuel is taken up by the coolant circulating through the reactor core. Hot coclant leaves
the reactor at the top and then flows through the tubes of steam generator and passes on it heat to
the feed water. The steam so produced expands in the steam turbine, producing work and thereafter
is condensed in the condenser. The steam turbine in turn runs an electric generator thereby produc-
ing electrical energy. In order to maintain the flow of coolant, condensate and feed water pumps are
provided as shown in Fig. 7.11.

7.5. DESCRIPTION OF REACTORS

17.5.1. Pressurised Water Reactor (PWR)

A pressurised water reactor, in its simplest form, is a light water cooled and moderated thermal
reactor having an unusual core design, using both natural and highly enriched fuel. The prinecipal
parts of the reactor are :

1. Pressure vessel 2. Reactor thermal shield
3. Fuel elements 4, Control rods
5. Reactor containment 6. Reactor pressuriser.

The components of the secondary system of pressurised water plant are similar to theose in a
normal steam station.

Refer Fig. 7.12. In PWR, there are two circuits of water, one primary circuit which passes
through the fuel core and is radioactive. This primary circuit then produces steam in a secondary
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high so that the boiling of water takes place at high pressure, A pressuring tank keeps the water at
about 100 kgflem? so that is will not boil. Electric heating coils in the pressuriser boil some of the
water to form steam that collects in the dome. As more steam is forced into the dome by boiling, its
pressure rises and pressurises the entire circuit, The pressure may be reduced by providing cooling
coils or spraying water on the steam.

Pressuriser
Steam
" Water "
(Primary circuit) Generator
g Heat exchanger
Q
Cooling
water
| Water
Water (Secondary circuit)
: —t o
Circulating pump Feed pump

Fig. 7.12. Pressurised water reactor.

Water acts both as coolant as well as moderator. Either heavy water or the light water may be
used for the above purpose.

A pressurised water reactorcan produce only saturated steam. By providing a separate furnace,
the steam formed from the reactor could be super-heated.
Advantages of PWR ;
- Water used in reactor (as coolant, moderator and reflector) is cheap and easily available,
- The reactor is compact and power density is high.
. Fission products remain contained in the reactor and are not circulated.
. A small number of control rods is required,
. There is a complete freedom to inspect and maintain the turbine, feed heaters and con-
denser during operation.
- This reactor allows to reduce the fuel cost extracting more energy per unit weight of fuel
as it is ideally suited to the utilisation of fuel designed for higher burn-ups.

A
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=2]

Disadvantages :

- Capital cost is high as high primary circuit requires strong pressure vessel.

. In the secondary circuit the thermodynamie efficiency of this plant is quite low.
. Fuel suffers radiation damage and, therefore its reprocessing is difficult.

. Severe corrosion problems.

- It is imperative to shut down the reactor for fuel charging which requires a couple of
month's time.

. Low volume ratio of moderator to fuel makes fuel element design and insertion of control
rods difficult.

. Fuel element fabrication is expensive,
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7.5.2. Boiling Water Reactor (BWR)

In a boiling water reactor enriched fuel is used. As compared to PWR, the arrangement of
BWR plant is simple. The plant can be safely operated using natural convection within the core or
forced circulation as shown in the Fig. 7.13. For the safe operation of the reactor the pressure in the
forced circulation must be maintained constant irrespective of the load. In case of part load opera-
tion of the turbine some steam is by-passed.

g &

Generator

_ Forced 4 Steam
g circulating by pass
s pump Condenser
o
Cooling
water
- «
Feed pump
Fig. 7.13. Boiling water reactor.
Advantages of BWR : :

1. Heat exchanger circuit is eliminated and consequently there is gain in thermal efficiency
and gain in cost.

2. There is use of a lower pressure vessel for the reactor which further reduces cost and
simplifies containment problems.

3. The metal temperature remains low for given output conditions.

4. The cycle for BWR is more efficient than PWR for given containment pressure, the outlet
temperature of steam is appreciably higher in BWR.

5. The pressure inside the pressure vessel is not high so a'thicker vessel is not required.

Disadvantages :

1. Possibility of radioactive contamination in the turbine mechanism, should there be any
failure of fuel elements.

2. More elaborate safety precautions needed which are costly.

3. Wastage of steam resulting in lowering of thermal efficiency on part load operation.

4. Boiling limits power density ; only 3 to 5% by mass can be converted to steam per pass
through the hoiler.

5. The possibility of “burn out” of fuel is more in this reactor than PWR as boiling of water on
the surface of the fuel is allowed. '

7.5.3. CANDU (Canadian-Deunterium-Uranium) Reactor

CANDU is a thermal nuclear power reactor in which heavy water (99.8% deuterium oxide
D,0) is the moderator and coolant as well as the neutron reflector. This reactor was developed in
Canada and is being extensively used in this company. A few CANDU reactors are operating or
under construction in some other countries as well.
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7
In this type of reactor the natural uranium (0.7% U2%) is used as fuel and heavy water as
moderator. There reactors are more economical to those countries which do not produce enriched
uranium, as the enrichment of uranium is very costly.

CANDU (heavy water) reactor, differs basically from light-water reactors (LWRS) in that in
the latter the same water serves as both moderator and coolant, whereas in the CANDU reactor the
moderator and coolant are kept separate. Consequently unlike the pressure vessel of a LWR, the
CANDU reactor vessel, which contains the relatively ool heavy water moderator, does not have to
withstand a high pressure. Only the heavy water coolant circuit has to be pressurised to inhibit boil-
ing in the reactor core.

Description of CANDU reactor

Fig. 7.14 shows the schematic arrangement of a CANDU reactor.

Reactor vessel and core. The reactor vessel is a steel cylinder with a horizontal axis ; the
length and diameter of a typical cylinder being 6 m and 8 m respectively. The vessel is penetrated by
some 380 horizontal channels called pressure tubes because they are designed to withstand a high
internal pressure. The channels contain the fuel elements and the pressurised coclant flows along
the channels and around the fuel elements to remove the heat generated by fission. Coolant flows in
the opposite directions in adjacent channels.

The high pressure (10 MPa) and high temperature (370°C) coolant leaving the reactor core

enters the steam generator. About 5% of fission heat is generated by fast neutrons escaping into the
moderator, and this is removed by circulation through a separate heat exchanger.

Steam
turbine

- Feed water

l;:’
n (from condenser)

Steam
generator

Reactor

Controls
vessel .
J,\ / \ = Heavy water
"J coolant
Fuel charging
machine

Pressure

tubes Heavy water
moderator

Fuel bundles

Moderator heat
exchanger

Fig. 7.14. CANDU reactor.
Fuel, In a CANDU reactor the fuel isnormal (i.e., unenriched) uranium oxide as small cylinder
pellets. The pellets are packed in a corrosion resistance zirconium alloy tube, nearly 0.5 long and
1.3 em diameter, to form a fuel rod. The relatively short rods are combined in bundles of 37 rods, and
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12 bundles are placed end to end in each pressure tube. The total mass of fuel in the core is about
97,000 kg. The CANDU reactor is unusual in that refueling is conducted while the reactor is operating.

Control and protection system
There are the various types of vertical control system incorporated in the CANDU reactor :
— A number of strong neutron absorber rods of cadmium which are used mainly for reactor
shut-down and start-up. A

— In addition to above there are other less strongly, absorbing rods to control power varia-
tions during reactor operation and to produce an approximately uniform heat (power)
distribution throughout the core.

In an emergency situation, the shut-down rods would immediately drop into the core, followed,
if necessary by the injection of a gadelinium nitrate solution into the moderator.

Steam system. Steam system is discussed below :

— The respective ends of the pressure tubes are all connected into inlet and outlet headers.

— The high temperature coolant leaving the reactor passes cut the outlet header to a steam

generator of the conventional inverted U-tube and is then pumped back into the reactor
by way of the inlet header.

— Steam is generated at a temperature of about 265°C.

There are two coolant outlet (and two inlet) headers, one at each end of the reactor vessel,
corresponding to the opposite directions of coolant flow through the core. Each inlet (and outlet)
header is connected to a separate steam generator and pump loop. A single pressurizer (of the type
used in pressurised water reactors) maintains an essentially constant coolant system pressure.

The reactor vessel and the steam generator system are enclosed by a concrete containment
structure. A water spray in the containment would condense the steam and reduce the pressure that
would result from a large break in the coolant eircuit.

Advantages of CANDU reactor :
1. Heavy water is used as moderator, which has higher multiplication factor and low fuel
consumption.

. Enriched fuel is not required.

. The cost of the vessel is less as it has not to withstand a high pressure.

. Less time is needed (as compared to PWR and BWR) to construct the reactor.

. The moderator can be kept at low temperature which increases its effectiveness in slow-
ing down neutrons.

v WO

Disadvantages :
1. It requires a very high standard of design, manufacture and maintenance.
2. The cost of heavy water is very high.

. 3. There are leakage problems.

4. The size of the reactor is extremely large as power density is low as compared with PWR
and BWR.

7.5.4. Gas-cooled Reactor

In such a type of reactor, the coclant used can be air, hydrogen, helium or carbondioxide.
Generally inert gases are used such as helium and carbondioxide. The moderator used is graphite.
The problem of corrosion is reduced much in such reactors. This type of reactor is more safe specially
in case of accidents and the failure of circulating pumps. The thickness of gas cooled reactor shield is
much reduced as compared to the other type of reactor.
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There are two principal types of gas cooled reactors developed for centre station service and
these are :

(i) The gas cooled, graphite moderator reactor (GOGM)
(#) The high temperature gas cooled reactor (HTGC).

Both types are graphite moderated. The former (GCGM) uses natural uranium fuel while the
latter (HTGC) employs highly enriched uranium carbide mixed with thorium carbide and clad with
graphite.

The coolant pressure and temperature in GCGM are about 7 bar 336°C respectively, for HTGC,
there figures are 15 to 30 bar and 700°C to 800°C,

Arrangement of high temperature, gas cooled reactor is shown in Fig. 7.15.

Advantages of Gas-cooled reactor ;

. The processing of the fuel is simpler.

. No corrosion problem.

- As a result of low parasitic absorption it gives better neutron economy.

. Graphite remains stable under irradiation at high temperatures.

- The use of carbondioxide as coolant completely eliminates the possibility of explosion in
the reactor which is always present in water-cooled plants,

. The uranium earbide and graphite are able to resist high temperatures, and, therefore,
the problem of limiting the fuel element temperature is not as serious as in other reactors,
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Fig. 7.15. Gas-eooled reactor.

Disadvantages:
1. Fuel loading is more elaborate and costly.

2. Power density is very low (due to low heat transfer coefficient), therefore large vessel is
required.

- Since the critical mass is high therefore large amount of fuel loading is initially required.
- If helium is used in stead of carbondioxide, the leakage of gas is a major problem.
- More power is required for coolant circulation (as compared with water-cooled reactors).

. The control is more complicated due to low negative coefficient as helium does not absorb
neutrons.

L= LB L B N
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7.5.5. Liquid Metal Cooled Reactors

Sodium-graphite reactor (SGR) is one of the typical liquid metal reactors. In this reactor
sodium works as a coolant and graphite works as moderator.

Sodium boils at 880°C under atmospheric pressure and freezes at 95°C. Hence sodium is first
melted by electric heating system and be pressurised to about 7 bar. The liquid sodium is then
circulated by the circulation pump. The reactor will have two coolant circuits or loops :

(i) The primary circuit has liquid sodium which circulates through the fuel core and gets
heated by the fissioning of the fuel. This liquid sodium gets cooled in the intermediate heat exchanger
and goes back to the reactor vessel.

(ii) The secondary circuit has an alloy of sodium and potassium in liguid form. This coolant
takes heat from the intermediate heat exchanger and gets heat from liquid sodium of primary circuit.
The liquid sodium-potassium then passes through a boiler which is once through type having tubes
only. The steam generated from this boiler will be superheated. Feed water from the condenser
enters the boiler, the heated sodium-potassium passing through the tubes gives it heat to the water
thus converting it into steam. The sodium-potassium liquid in the second circuit is then pumped
back to the intermediate heat exchanger thus making it a closed circuit.

The reactor vessel, primary loop and the intermediate heat exchanger is to be shielded for
radio-activity. The liquid metal be handled under the cover of an inert gas, such as helium, to pre-
vent contact with air while charging or draining the primary or secondary circuit/loop.

The arrangement of a sodium-graphite reactor (SGR) is shown in Fig. 7.16.

Primary circuit Secondary circuit Steam circuit
/]_\ Generator
:_.g Heat
g exchanger Condenser
« Cooling
water
Y & L Y
{ » Y I &% ™ oY
—__/ —J/ ./
Pump Pump Pump
Fig. 7.16. Liquid metal cooled reactor.
Advantages of SGR :

1. The sodium as a coolant need not be pressurised.
2. High thermal efficiency at low cost.

3. The low cost graphite moderator can be used as it can retain its mechanical strength and
purity at high temperatures.

. Excellent heat removal.

. High conversion ratio.

. Superheating of steam is possible,

. The size of the reactor is comparatively small.

. The neutron absorption cross-section of sodium is low and, therefore, it is best suited to
thermal reactor with slightly enriched fuel.

or =1 o
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Disadvantages :

. Sodium reacts violently with water and actively with ajr.

. Thermal stresses are a problem.

. Intermediate system is necessary to separate active sodium from water.
. Heat exchanger must be leak proof.

- It is necessary to shield the primary and secondary cooling systems with conerete blocks
as sodium becomes highly radioactive.

6. The leak of sodium is very dangerous as compared with other coolants.
7.5.6. Breeder Reactor

In its simplest form a fast breeder reactor is a small vessel in which necessary amount of
enriched plutonium is kept without using moderator, A fissible material, which absorbs neutrons,
surrounds the vessel. The reactor core is cooled by liquid metal. Necessary neutron shielding is
provided by the use of light water, oil or graphite. Additional shielding is also provided for gamma
rays. (It is worth noting that when U2 is fissioned, it produces heat and additional neutrons. If
some U?38 i5 kept in the same reactor, part of the additional neutrons available, after reaction with
U235, convert U238 into fissible plutonium).

Fig. 7.17 shows a schematic diagram of a breeder reactor.
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Fig. 7.17. Breeder reactor.

Advantages of a breeder reactor :
1. The moderator is not required.
2. High breeding is possible, :
3. Small core is sufficient (since it gives high power density than any other reactor).
4. The parasite absorption of fuel is achievable.
5. High burn-up of fuel! is achievable,
6. Absorption of neutrons is low.

Disadvantages :
1. Requires highly enriched (15 percent) fuel.
2. It is necessary to provide safety against melt-down.
3. Neutron flux is high at the centre of the core.
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4. The specific power of the reactor is low.
5. There is a major problem of handling sodium as it becomes hot and radioactive.

7.6. SELECTION OF MATERIALS FOR REACTOR COMPONENTS

Some of the factors governing the selection of materials for the various reactor components
are considered below :

1. Structural material ;
The structural units implied are :
({} The cladding material for fuel elements.
(if) Fuel element assemblies.
(iii) Containers for coolants, ducts, etc., in the core.
{(iv) Any general structure in the reaction zone,
Obviously the purely mechanical properties must be adequate at the normal working tempera-
ture, and the material must be capable of the necessary fabrication and working.
In case where liquids are involved, corrosion or erosion problems may be present. These may
be especially troublesome in aqueous homogeneous reactors or in reactors employing liquid metals.
From the standpoint of the nuclear physics the basic requirement is low neutron absorption
cross-section. Since absorption cross-sections are less at high than at low neutron energy levels, a
material which is entirely unsuitable at thermal energies may be acceptable in, fast reactors. In
addition to the effect on the neutron economy of the system, structural materials may become dan-
gerous to handle due to induced radioactivity.
Some structural materials are discussed helow :
Aluminium. In a very pure state it is being extensively used as a cladding material for fuel
elements.
Magnesium. 1t is more costly and is difficult to work.
Beryllium. It offers advantages in that it would serve also as a moderator but it is again
costly and difficult to work.
Zirconium. It is a comparatively new material commercially, but offers considerable promise.
It is extremely corrosion resistant at low temperatures, but less so above 400°C. Its mechanical
properties are also impaired above this temperature. In the intermediate cross-section range titanium
has a very good strength/weight ratio from 100 to 450°C and is corrosion resistant to aqueous solutions
of high temperatures.

Alloys. Silicon steels may be used in some fast reactors, but considerable care is needed in
their heat treatment.

A number of nickel alloys are of interest and offer considerable resistance to attack by fused
salts and alkali hydroxide.

Silicon, of absorption cross-section 0.1 barn and tin, absorption cross-section 0.6 barn, might
prove useful for alloying with other material.

2. Reactor coolants :

Gaseous coolants. There coolants have much to recommend them from the standpoint of
general radiation and thermal stability and ease of handling. Gases are poor, however, from the
standpoint of heat transfer and at high temperatures some of them, for example oxygen and hydro-
gen, may attack other materials present in the core. Air has been used in some research reactors
operating on open cycle with discharge to the atmosphere at a high level to minimise the effect of Ar.
Helium is attractive but is expensive. Gases involve high pumping cost.
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Water. Water has better thermal properties than gases and the pumping power is roughly

116 th that for gases operated at ten atmospheres pressure. Its moderating properties may be usefully

utilised when used as a coolant. It has a fairly large absorption cross section, and undergoes
decomposition by radiation. It is subjected to induced radioactivity, and it has a corrosive action on
metals, and a low boiling point. Degasification may be necessary.

For efficient power production high pressure operation is necessary. This necessitates the use
of a pressure vessel to enclose the reactor. Boiling water reactors (BWR) in which the coolant serves
also as a moderator show promise.

Heavy water has a lower absorption cross-section than natural water and its use leads to

economy in fissile material. If it were cheaper it would be attractive for use in boiling water type
reactor,

Liquid metals are of special interest in relation to reactors operating at high thermal flux.
Their main disadvantage is in difficulty of handling, and in their corrosive properties. Their heat
transfer properties are better than those of water, but their volumetric heat capacity is not as good, so
that the pumping power may be greater or less than that of water. Sodium is the most favoured at
present, for if free from oxygen it does not attack stainless steel, nickel and nickel alloys, beryllium or
graphite at temperatures below 600°C.

3. Moderators and reflectors ;

Possible materials for use as moderator and reflectors are :

(?) Ordinary and heavy water (if) Beryllium
(iii) Beryllia (iv) Graphite.

Ordinary water hasexcellent slowing down properties for neutrons, but unfortunately, neutron
capture is also high. This means that enriched uranium fuel is required in: ordinary water moderated
reactors, but the small migration length still permits a reactor of relatively small size. Some of
disadvantages of water are (i) attendant corrosion problems, (if) its relatively low boiling point, and
(iif) decomposition by nuclear radiations, resulting in the liberation of oxygen and hydrogen which
may require to be recombined in ancillary plant. The low boiling point requires the use of a pressure
vessel when high temperatures are involved.

Heavy water is an excellent moderator and has a high moderating ratio compared with the
other materials.

Beryllium. The nuclear properties of beryllium are eminently suitable, but it is expensive,
brittle and difficult to fabricate and is corroded by water.

Graphite. It has been used most extensively as a reactor moderator despite the fact that its
moderating properties are not as good as heavy water or beryllium. However, (i) it is reasonably
cheap, even when the necessary high degree of purity is achieved, (ii) it has good miechanical proper-
ties and thermal stability, and (i) is a good conductor of heat.

Its chief disadvantages are the possibility of reaction with air at high temperatures and its
relatively low mechanical strength.

4. Fuel ;

The proportion of the fissile material in the fuel is of considerable importance in determining
the critical size of the reactor. This is because the ratio of fissile to non-fissile material in the fuel
determines the neutron economy at the source. The following table gives the average number of
neutrons liberated per neutron absorbed in the fuel.

Neutron type 238 Pu?® Natural uranium
Thermal 2.11 1.95 1.32
Fast 2 2 . |
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5. Shielding and radiation protection :

Protection of personnel is achieved partly by the use of remote control and, in some cases, the
provision of a pressure vessel to contain the fission products which might result from an accident.
However, shielding of the reactor itself is invariably required.

A biological shield must slow down the fast neutrons leaving the core of the reactor, must
capture the slowed down neutrons and must absorb all gamma and similar radiation produced. It
must be borne in mind that neutron capture in the shield itself may give rise to further gamma
radiation. A combination of light (moderating or slowing down) and heavy elements is the best. The
latter reduces the energy of very fast neutrons by inelastic scattering. The incorporation of a good
neutron absorber (e.g. boron 10) is beneficial. Cadmium is not particularly suitable since it emits
high energy photons, with energies of the order 7.5 MeV. The heavy elements may be metallic iron or
lead, or iron oxide or barytes. The light element is usually hydrogen in the form of water, often
combined in concrete, but in research reactors in particular, possibly as water. A homogeneous ar-
rangement of heavy and light elements is best, for example, the use of a laminated construction or the
use of iron concrete. The latter consists of iron mixed in barytes concrete, or alternatively limonite
(iron ore) is used partially to replace barytes in the mix.

Thermal shield. Every absorption in a shield is roughly exponential. Thus 90% of the radia-
tion is absorbed in the first 10% of the thickness. This results in considerable liberation of heat. For
this reason that part of the shield nearest to the core is usually of iron in thickness 5 to 10 cm which
may be air-cooled. This part of the shield is referred to as the ‘thermal shield’.

Summary of Materials for Nuclear Power Reactors

Structural :
(@) Aluminium (i7) Stainless steel
(i) Nickle alloys (iv) Zirconium
(v) Magnesium
Fuel :
(i} Uranium (if) Uranium ceramics
(#{f) Thorium (év) Thorium oxide
Coolant :
(i) Water (if) Ligquid metals
(iiz) Sodium, potassium (iv) Mercury
(v} Lead bismuth {vi) Gases
(vii) Helium (vizi) Nitrogen
(ix) Carbondioxide
Control :

(i} Boron steel

(fif) Samarium oxide
Mederator reflector :
(i) Water

(#ii) Beryllium
(v) Graphite
Shielding :
(i) Water

(#£i) Iron
{v) Tantalum

(vi) Boron.

(i) Cadmium
(iv} Gadolinium oxide

(ii) Heavy water
(iv) Beryllium oxide
(vi) Metal hydrides

(it) Cement and concrete
(iv) Lead
(vi) Bismuth
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7.7. METALS FOR NUCLEAR ENERGY

Several metals such as uranium, thorium and plutonium are used for nuclear energy. The
most important among them is Uranium, These metals are discussed below :

1. Uranium :
Occurrence :
The following are the important ores :
(1) Uranite UQ, (contains Th, rare earths)
(i) Pitchblende Uo,,.
(iii) Carnotite K, (U0,)(VO)),, . H,O0.
The flow sheet for recovery of Uranium from Pitchblende is given below :

Pitchblende Concentrate
d
(Air roast, salt roast and sulphuric acid leach)
1
Filtration
4
J 1
Residue Filtrate
{Crude sulphates) (Crude uranium sulphate)
i 1 + Na, CO,
Radium Filtration
{
R 2 3
Residue Filtrate
{Metallic impurities) ) {Sodium uranium)
carbonate
4
+H,S0,
|
Add NaOH

Precipitate of sodium
' uranate
|
Fuse with NaCl
and carbon

Leach
l

Residue

Uranium
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Extraction of Uranium :

The uranium can be produced by numerous processing treatments. In general, one of the two
leaching treatments is used at the initial step in chemical concentration. One of those is the acid
leaching and the other carbonate leaching. The choice depends upon the nature of the ore. The
concentrate is treated chemically to give a uranyl nitrate solution than can be further purified by
solvent extraction. The impurities remain in the acqueous phase while uranium is extracted from
organic phase. The pure uranium is then stripped from organic phase and recovered as nitrate
crystals or precipitated from the solution. The largest tonnage of uranium metal of good quality
have been prepared from UF, by reduction with calcium or magnesium.

Mechanical properties :

Annealed Cold-drawn

Hardness (BHIN) 92 112

Oxidation and corrosion resistance. Uranium is not chemically stable in air ; it reacts
slowly in cold water and more rapidly in hot water.

Special properties. Uranium is the element having the largest number and atomic weight
that is native in earth’s crust ; hence it is a logical material for making heavier atoms by adding
neutrons to the nucleus of uranium in atomic energy piles, and these by acquiring energy and radio
active elements by fusion of relatively unstable transuranic elements which form.

Fabricating characteristics

(i) Pure uranium is malleable and very ductile however, small amounts of aluminium and
iron embrittle it.

(ii) It dissolves oxygen and hydrogen readily ; consequently it is usually vacuum-annealed
between cold-working operations.

(i) Above 1400°C it is worked as a body-centered cubic metal.

{iv) It acquires distinct directional properties on cold working.

{v) The metal may be welded by resistance welding or inert gas arc welding processes.

(vi) Uranium is usually processed by powder metallurgical methods, or melted with inert arc
process or high frequency furnaces using beryllia or thoria crucibles.

2. Thorium :

Thorium is one of the many metals which have become available as engineering materials as
a result of the programme of the Atomic Energy Commission. The metal is difficult to prepare in the
pure state because of its high melting pointing, 1690°C and its chemical reactivity with both gases
and refractories. Once obtained, the silvery white metal is soft and ductile.

How to produce thorium ?

Metallic thorium can be proeduced by the reduction of the oxide or halides with alkali and
alkaline-earth metals, by thermal decomposition of thorium icdide, and by the electrolysis of thorium
compounds in fused salts. Marden and other produced powdered metal by reduction of thoria with
caleium. This powdered metal is pressed and sintered into solid bars of good ductility and purity.
Methods similar to those used for uranium are used to obtain thorium and the metal is now avail-
able in tonne quantities.

Physical constanis of thorium. The principal physical constants are given below :

Density, g/cm?®

{a) Theoretical 11.71
(b) Typical casting 11.63
Melting point 1690 = 10°C

Boiling point 3000°C
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Electrical resistivity, ohm-cm (20°C) 18 x 108
Crystallography :

(a) Structure Face-centered cube
(b) Atomic diameter 3.59

{¢) Transformation temperature 1400°C x 25

Mechanical properties. Thorium is a soft material having a 75 to 80 VPN (Vickers Pyramid
Number) and an znnealed strength of 2600 kg/cm? nearly. The mechanical properties of thorium are
grossly affected by small amounts of impurities. Carbon in particular tends to increase the hardness
and strength of high-purity iodide metal. Poisson’s ratio averages 0.265 in both tension and com-
pression. The metal work hardens rapidly. In impact thorium exhibits a transition from brittle to
ductile behaviour in temperature range (100 to 200°C).

Corrosion and oxidation resistance. Thorium is stable in air if the oxide content of the
metal is low. The metal becomes covered with a stable oxide film which prevents further attack. It is
stable in water and acqueous alkalj solutions but is attacked by sulphuric or hydroch!loric acids,
halogen gases, and fused alkali.

Fine thorium powder may burn spontaneously ; wire or solid metal deoxidizes slowly in air.
On heating in air, it will ignite and burn with great brilliancy.

Special properties. All thorium is radio active ; it is a potential source of nuclear fuel, It has
good electron emission, and hence it is used in filaments and electric arc electrodes.

Fabricating characteristics. Thorium is very malleable metal and is ductile after some
cold work, being much like lead. It may be rolled and swaged easily, and it can be cold-drawn after
annealing and some swaging to work-harden it sufficiently, for the wire has a very low tensile strength
in the annealed state. By cladding with copper or iron, it may be drawn to extremely fine wire,

Thorium is easy to machine and shape and may be welded by resistance-welding or inert arc
welding methods,

Health hazards. Thorium like uranjum, is an alpha emitter and the parent element of radio
active thorium series. Highly radio active products may be released in grinding the ores and during
the reduction and casting of the primary metal. The processed metal has a relatively low activity
level and is handled without protective clothing or shielding. Competent medical authorities should
be consulted regarding the handling of and tolerances for thorium.

3. Plutonium ;
{2} It is very reactive.
(if) It is easily oxidised.
(€id) It is highly toxie.
(tv) Its low temperature phases are very complex. In general it exists in six allotropic forms.

7.8. ADVANTAGES OF NUCLEAR POWER PLANTS

Some of the major advantages of nuclear power plants are :

1. A nuclear power plant needs less space as compared to other conventional power plant of
equal size.

2. Nuclear power plants are well suited to meet large power demands, They give better
performance at high load factors (80 to 90%).

3. Since the fuel consumption is very small as compared to conventional type of power plants,
therefore, there is saving in cost of the fuel transportation.

4. The nuclear power plants, besides producing large amount of power, produce valuable
fissible material which is produced when the fuel is renewed.
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5. The operation of a nuclear power plant is more reliable.
6. Nuclear power plants are not affected by adverse weather conditions.
7. Bigger capacity of a nuclear power plant is an additional advantage.
8. The expenditure on metal structures piping, storage mechanisms is much lower for a
nuclear power plant than a coal burning power plant.
Disadvantages/Limitations
1. The capital cost of a nuclear power station is always high.

2. The danger of radioactivity always persists in the nuclear stations {(inspite of utmost pre-
cautions and care).

3. These plants cannot be operated at varying load efficiently.

4. The maintenance cost is always high (due to lack of standardisation and high salaries of
the trained personnel in this field of specialisation).

5. The disposal of fission products is a big problem.

6. Working conditions in nuclear power station are always detrimental to the health of the
workers.

Comparative Ratings of 10 MW Nuclear and Coal-burning Power Plant

8. No. Ratings Nuclear plant Coal-burning
plant
1. Weight of machines and mechanisms, fons 700 2700
2. Weight of metal structures, fons . 900 1250
3. Weight of pipes and fittings, tons 200 300
4., Weight of masonary/graphite assembly, tons 500 © 1500
5. Weight of fuel storage mechanism, fons — 2500
6. Weight of rolling stock, tons — ’ 300
7. Volume of plain and reinforced concrete work, cum 2000 4000
8. Capacity of buildings (without turbine room and '
electrical facilities), cum 50000 75000
9. Area of construction site, hectares 5 15
10. Internal power consumption, kW 5000 8000
7.9. NUCLEAR-PLANT SITE SELECTION

Nuclear power plants must meet all the economic and technical and most of the legal criteria

that apply to the siting of conventional fossil-fuel-fired power plants. In addition, the importance of
site characteristics in the assessment of public safety results in greater concern in siting nuclear plants
than with any other type of industrial facility. Of particular concern are the population distribution
with respect to the site and the natural factors which could affect the transport of radioactive mate-
rial to the public, under normal operating conditions and in the highly unlikely event of an accident
which could release radioactive material to the environment.

The various factors to be considered while selecting the site for a nuclear power plant are

enumerated and described in detail below :

1. Proximity to load centre 2. Population distribution
3. Land use 4. Meteorology
5. Geology 6. Seismology

7. Hydrology.
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1. Proximity to load center :

Electrical power can be transmitted over considerable distances by power-transmission lines,
but, because of the capital cost of the lines and rights-of-way and transmission losses, an economic

center (while meeting other requirements such as reasonable land cost, adequate cooling water,
local zone restrictions, accessibility for fuel shipment, etc.), the lower can be the cost of power deliy-
ered to the consumer. Although nuclear plants should be built cloge to their lodad centers, regulatory
bodies have been very cautious, despite the unparalleled nuclear plant safety record. Most plants
built to date have not been in or near heavily populated areas.

2. Population distribution :

Since power reactors must be located reasonably close to load centers, the population distri-
bution around the site is necessary consideration in the evaluation of a nuclear power-plant site.
The distances, the site meteorological conditions and the amount of radioactive material which
could be released from the plant during a major accident are used to evaluate the suitability of the
site from the standpoint of safety to the public. In addition to the permanent population surround-
ing a site, it is also necessary to consider part-time peaks in population, such asg during the day or on

weekends in recreational areas, and seasonal variation in population, particularly in resort areas,

To permit placing nuclear plants in desirable locations, it is necessary to provide effective
engineered safeguard features to offset, at least in part, the present requirement for large distances
from population centers. The trade-off between distance requirements and engineered safeguards is
qualitative, and there are no established rules or principles by which such a trade-off can be factored
into the evaluation of possible sites for a nuclear power plant. Such a trade-off can, at present, be
based only on engineering judgement and on precedents established in the siting of other nuclear
plants having different degrees of safeguards and located at various distances from population centers,

The use to which the land surrounding a nuclear-plant site is being put, even though it may
not be densely populated, may have an effect on the suitability of the site for a nuclear plant. For

4. Meteorology :

Because the atmosphere is the principal means by which radioactivity released from a nu-
clear plant might be transported to the publie, site meteorological conditions are considered in se-
lecting a nuclear plant site. Meteorology is of concern both for normal discharges of gaseous radioac-
tive wastes and for the much less likely releases of larger quantities of airborne radioactive material
which might result from an accident. A number of meteorological variables are normally evaluated
for the site to determine appropriate atmospheric dilution factors. Among these variables are ; wind-
direction frequencies, in conjunction with the Population distribution s wind velocities and the fre-
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Other meteorological conditions of concern are the following : precipitation, since it may
significantly increase deposition of radicactive materials from the atmosphere, Le., “rain-out” ; possible
effects of topegraphy on the local meteorology ; seasonal variations in meteorological conditions ; and
the frequency and severity of storms, particularly tornadoes and hurricanes, which could severely
damage the plant. Meteorological information collected at the plant site provides the greatest
assurance that it is representative of actual site conditions, provided that sufficiently accurate
instrumentation is used and the data are collected over a long enough period of time to be statistically
valid. Usually the only meteorological information available during selection and evaluation of a
site is data collected at the locations in the same general area, over a long period of time.

At sites where meteorological conditions are particularly favourable or unfavourable, more
careful consideration would be given to meteorological characteristics.

5. Geology :

~ Investigation of the site geology is necessary to determine the bearing capacity of the soil and
the types of foundations which must be used for the major portions of the plant. Test borings are
usually made for this purpose, just as for any other large structures. Of particular concern for nu-
clear plants, because of the implications for public safety, is the possibility of sudden earth move-
ment which could severely damage the plant. Earth slides due to soil instability, subsidence due to
consolidation of subsurface materials or to removal of oil or water from subsurface formations, and
ground displacements during earthquakes along geologic faults traversing the site—each receives
very careful consideration.

If the possibility exists for releasing radioactive liquids from the plant, the ion-exchange and
filtering characteristics of the surrounding soil may be important. If the soil could reliably retain any
radioactivity released and prevent it from entering water sources or otherwise coming in contact with
persons or animals, the site would be that much more favorable.

6. Seismology :

Seismology is of particular concern is areas of high seismic activity because of the possibility
that the forces which can be produced by earthquakes could be sufficient to damage the reactor
system and rupture the containment structure. Careful consideration is given to the general seismic
history of the area, including a description of all earthquakes which have been observed at the site,
their magnitude or intensity, and the frequency spectrum for which structures should be analyzed.
The proximity of the site to known active faults must be determined, and any significant faulting at or
near the plant site must be evaluated. Conservative earthquake design factors, usually substantially
greater than those required by the Uniform Building Code, are used for critical equipment and
structures in areas of high seismic activity.

In coastal areas the possibility of tsunamis may have to be considered. These earthquake-
generated sea waves may travel long distances very rapidly and, under certain shore conditions, can
build up to substantial heights. Standard seismic design is generally adequate to meet the design
criteria based on the factors described above, and with the conservative design factors ordinarily
used, reactor systems are adequate for even worse conditions than could be realistically expected to
occur.,

7. Hydrology :

An important consideration is selecting a site for any power plant is the local hydrology.
Present-day type of nuclear plants require substantially greater quantities of cooling water than do
modern fossil steam plants because of their higher turbine heat rates. In areas of limited water
supply, cooling towers can be used but at some cost penalty. An additional consideration for nuclear
plants is that there be sufficient water flow for the discharge of low-level radioactive liquid wastes.
This usually imposes no limitation because of the small quantities of wastes to be discharged and
because it is possible to dilute or clean up the wastes to nearly any required concentration. If necessary,
it is possible to collect and ship these wastes off site.
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Another area of concern is the possibility of flooding, which could cause damage to the plant
and equipment and cause plant shutdown. Seismic sea waves and hurricanes may increase the
possibility of flooding at coastal sites. Seiches {Periodic surface oscillations) could result in flooding
adjacent to large, enclosed bodies of water. The flooding history of the site must be determined to
permit adequate site evaluation and plant design.

The characteristics of the ground water and the level of the water table gt the site must be
evaluated to ensure that contamination of local water sources by the discharge of liquid radioactive
wastes does not occur. It there is any possibility of significant discharge of radicactive contamination
to ground water, the absorption characteristics of the soil and the drainage characteristics of the
ground water, including its depth and estimated direction of flow, and the characteristics of wells in
the area may have to be determined as part of the site evaluation.

7.10. APPLICATION OF NUCLEAR POWER PLANTS

A nuclear power station is ideally suited under the following situations :

(©) In an area with potential for industrial development, but limited conventional power
resources, nuclear power generation appears as an only alternative.

(i) If the existing power grid is to be firmed up or additional power demand is to be met while
all available hydro power resource have been exploited, and coal is scarce or expensive to transport,
a nuclear power station may be used with advantage.

7.11. ECONOMICS OF NUCLEAR POWER PLANTS

Typically, all costs of nuclear power plants are broken down into the following categories :
1. Capital costs (total).

2. Fuel costs (per year).

3. Other operating and maintenance costs (per year).

With a knowledge of these total and annual costs, and a knowledge of the pertinent factors
relating to production, anticipated plant life, and the costs of invested money, unit costs may be
determined for any time period desired.

Although such unit costs may be determined on a single plant basis, it should be noted that
the addition of any new plant will normally provide excess capacity in the system under study. Thus,
a more valuable analysis involves the inclusion of the additional costs incurred by the new plant in
the total system cost pattern and the redetermination of total system costs. Simplified analysis requires
the assumption of an immediate load availability to the new plant at the expense of load availahility
to the older existing plants. Although more complicated, a system analysis using the lowest system
incremental loading cost will provide a more accurate picture of real annual unit costs for the various
alternatives considered.

1. Capital costs :

Capital costs are those costs which occur only once and are usually limited to the costs of
procurement and construction of the facilities prior to the time of commercial operation. These are
normally “capitalized” ;i.e., they are treated as an investment which is depreciated over the useful life
of the plant rather than being treated as an annual or other shorter-term operating cost.

» Determination of these costs which may be allowed within the capital-cost structure often
depends on review by the appropriate public-utility commission or other regulatory body and on
corporate accounting policies. Allocation of the capital-cost items over the life of the plant is nor-
mally accomplished by applying factors, or percentage rates, whick will account for depreciation,
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return on investment, and taxes applied to income and property value. The product of the total of
these factors and the allowable capital costs gives the annual fixed charge per year for the capital-
" ized investment. Within this structure, several different depreciation methods are used, such as
sinking fund, straight-line depreciation, etc., depending upon the accounting structure already in
existence.

2. Fuel costs :

Fuel eycle. An understanding of nuclear-fuel costs requires an understanding of the nuclear-
fuel cycle, since the fuel-management programmes are significantly different from those used for
fossil-fueled plants.

Fig. 7.18 shows the basic fuel cycle. The word “cycle” is intentionally used, for, unlike fossil
fuels, a single pass through the reactor does not consume all the nuclear fuel. Further, a valuable
new fuel, plutonium, is generated during power production.

Fuel costs are affected by the number of functional services which must be performed on the
uranium fuel to prepare if for use, the additional services which must be performed to recover the
“ash” value of the spent fuel, and the variation in the design data for each batch of fuel employed.

(D Uranium ore

Mining (2 Uranium concentrate
(3) Refined uranium as UF
¢ @ (@) Slightly enriched uranium as UF
Ore exiraction Atomic power plant (® Slightly enriched uranium dioxide
in powder or pellet form
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Conversion to @ spent fuel
i F 3
cﬁg;:?g;? 'e';:'tm ® @ Recovered uranium and plutonium
l @ fuel materials
: Fabrication Chomical 1 ® Recycled uranium as UF,
Enrichment ricauo recovery (0 Recycled plutonium and possibly

fuecl ?:rl"n‘éer:\siti:%?ftgrm Reconversion "tails” to storage
® &) Radioactive waste con-
J J @ centrates to storage

of | lor=i2 1@  []OL _“giomimn ™
® @

@ useful radio isotopes
other than fuels

Fig. 7.18. Nudlear fuel cycle (based on water-cooled reactors).

The calculation of nuclear-fuel costs using various data is particularly complex if a high
degree of sophistication is desired, such as in the evaluation of competitive fixed-price bids or in the
determination of minimum incremental operating costs between two or more plants. However, for
project scoping purposes and general familiarization with the principles involved, the following sim-
plified method may be used to determine equilibrium fuel-cycle costs :

1. Determine the initial uranium-procurement unit cost in Rs. per kilogram of uranium. This
cost will vary with the price of uranium yellow cake, the cost of converting it {0 uranium hexafluoride,
and the cost of toll enrichment. This latter item is, in turn, dependent upon the enrichment required
{which determines the amount of separative work required) and the unit cost of separative work.

2. Determine the fabrication unit cost, in terms of Rs. per kilogram, of combined uranium.
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3. Determine the spent-fuel-element shipping, reprocessing, and reconversion costs in terms
of Rs. per kilogram of contained uranium.

4. Determine the credit available for the recovered uranium and plutonium.

5. Determine the indirect costs, i.e., return on investment and provision for applicable taxes,
by determining the average investment level throughout the procurement period, energy-produc-
tion period, and spent-fuel recovery period and multiplying by the appropriate interest of fixed-
charge rates. '

6. Sum items 1 through 5 to give the total unit costs, in terms of Rs. per kilogram of uranium.

7. Determine the unit energy production, based upon the average fuel energy production
(usually given in terms of megawatt-days thermal per metrie ton of uranium) and the thermal
efficiency of the plant,

8. Divide item 6 by item 7 to give the unit costs,

The results of such simplified calculations are likely to be somewhat low, since they do not
recognize the various minor material losses. However, they are also not likely accurately to reflect
the true investment costs, since theinvestment value is o complex valye varying with energy production.

The complications inherent in a complete fuel-cycle cost, coupled with the need to compute
costs over an extended period involving changing cost patterns and also over the several fuel loadings
required to reach an equilibrium fuel-flow requirement, have led to the development of computer-
ized calculational methods,

3. Operations and maintenance costs ;

Operating and maintenance costs categories fall in the following groups ;

(¢) Labour (i) Materials, supplies and services
~* {ii¥) Insurance (iv) Fuel management
(v) Working capital.

(i) The plant staff required is relatively independent of plant size, typically running 60 to 70
men, including all supervision, technical assistance, operations, maintenance and miscellaneous
supporting services. The costs for this staff may vary substantially, being highly dependent upon
the local labour market and the labour costs.

(it) Materials, supplies, and services are also relatively insensitive to plant size, although
certain items are directly proportional to the thermal power level and the frequency and extent of
power-level changes.

(i2) Insurance costs may be divided into two component parts, property insurance and liability
insurgnce. Property insurance is normally a direct function of the capital value.

(iv) Fuel-management services may be provided either by contracting for external services or
by adding staff to that already discussed. This cost is also essentially independent of plant size.

Total Energy Costs. The total unit cost of energy delivered at the bus bar is the sum of all
of the preceding cost components which are related to the energy-production period divided by the
energy produced during the same period. If escalation is disregarded, technological improvements
and lower fuel costs will tend to reduce this value.

— From economical considerations, the Nuclear Power Plant are designed for 75% of the

base load. Fig. 7.19 shows the comparison of cost of production of power by thermal
plants with the cost of production by nuclear plants.
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Fig. 7.19. Comparison of costs between nuclear and thermal power plants.

As can be seen, at low installed capacities, both the capital investment and the energy cost
per unit are less for thermal power plants. But when the installed capacity reaches 1000 MW, both
the plants become comparable. Further, the increased cost of coal preduction and also the far flung
coal mines will eventually make the nuclear power a cheaper one.

In spite of the inevitability of our option to go nuclear for power production, the hazards are
enormous and we shall have to be extremely careful in designing, constructing and operating the
nuclear power plants. The disaster in Russia and elsewhere cannot be ignored easily.

7.12. SAFETY MEASURES FOR NUCLEAR POWER PLANTS

In case of nuclear power plants the three main sources of radioactive contamination of the air
are : (i) Fission of nuclei of nuclear fuels (ii) The effect of neutron fluxes on the heat carries in the
primary cooling system and on the ambient air (iii} Damage of shells of fuel elements.

The above, mentioned contamination of air can cause health hazard to workers and commu-
nity and negative effect on surrounding forests. This calls for safety measures for a nuclear power
plant, some of them are listed below :

1. A nuclear power plant should be constructed away from human habitation. An exclusion
zone of 106 km radius around the pJant should be provided where no public habitation is permitted.

2. The materials to be used for the construction of a nuclear power plant should be of required
standards.

3. Waste water from nuclear power plant should be purified.

4. The nuclear power plant must be provided with such a safety system which should safely
shut down the plant as and when necessity arises.

Narora Atomic Power Project (NAPP) design entails the following significant design improve-
ments : () An integral reactor vessel and end shield assemblies (i) Two independent shut down
systems (iif) Total double containment with suppression pool. :

5. There must be periodic checks to ensure that radioactivity does not exceed the permissible
value is the environment.

6. While disposing off the wastes from the nuclear plants it should be ensured that there is no
pollution of water of river or sea where these wastes are disposed.
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7.13. NUCLEAR POWER PLANTS IN INDIA
The various nuclear power plants situated in India are as follows :

1. Tarapur power plant 2. Rana-Partap Sagar power plant

3. Kalpakkam power plant 4. Narora power plant

5. Kakrapar power plant.

The particulars of these plants are given in tabular form below :
Power plants
Particulars
Tarapur Rana-Partap Kalpakkam Narora Kakrapar
Sagar
1. Location Maharashtra Near Kota in Near Chennai | U.P Surat district,
(65 miles north | Rajasthan in Tamil Nadu Gujrat
Mumbai) state
2. Capacity 380 MW 400 MW 470 MW 2 x 235 MW 4 x 235 MW
{2 x 200 MW) (2 x 235 MW) (under (proposed)
construction)
40 bar at 250°C
3. Steam pres- | 35 bar at 240°C | 40 bar at 250°C | — — —
sure and
temperature

7.14. FUTURE OF NUCLEAR POWER

India has hydro-power potential, and some coal reserves ; unfortunately these are not very
well distributed throughout the country. Moreover, most of the economically feasible hydropower
schemes have already been developed. The quality of Indian coal is not very good, and the reserves
are concentrated in one or two parts of the country. These reserves are also being depleted at a fast
rate, the railways consuming a large quantity. On the other hand, India has adequate deposits of
fissionable material-thorium, which can eventually be used for generation of power. Therefore, de-
velopment of nuclear power, to supply the growing electricity demand of the country is quite logical
and necessary. Thus the future of nuclear power is quite bright. The following three factors, how-
ever, need discussion :

(i) Cost of power generation. Although cost of power generation in a nuclear power plant is
comparatively more, yet with research in the nuclear technology the cost is bound to come down to a
value comparable with that for conventional plant.

(if) Availability of nuclear fuel. The problem of availability of large amount of nuclear fuel can
be overcome to a great extent by switching over to breeder reactor in which fissionable fuel is pro-
duced at the same time they are consuming it. :

(i) Safety of the nuclear plants. If the nuclear plants are designed in such a way that they do
not explode like a nuclear bomb they can give a safe operation, since they contain only a small
amount of fissionable material (as compared to 90% fissionable fuel in the atomic bomb core).

7.15. USEFUL BY-PRODUCTS OF NUCLEAR POWER GENERATION AND THEIR
USES

The Nuclear plants supply many by-products like isotopes which have many useful applica-
tions in our day-to-day life.
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The fission preducts consist of Beta and Gamma emiting radioactive isotopes with different
half-lives. Only a very small percentage of nucleon waste is used for industrial purposes. 90% of the
nucleon wastes have short half-lives and decay in a few years. It is the remaining 10% who have
centuries as half-lives which pose disposal problems.

Industrial isotopes must satisfy the following two conditions :
(1) Yield of the isotope should be quite high.

(2) The half-life should neither be too short nor too long.

Some of the Isotopes and their characteristics are shown below :

Isotopes %Yield Half.life Type of Radiation
Beta MeV Gamma MeV

Cesium—137 6.22 33 years 05,12 None
Barium—137 6.22 2.6 mins. None 0.658
Strontium—90 5.3 28 years 0.605 None
Cerium—144 5.28 285 days 0.351 None
Praseodymium—144 5.28 17.3 minutes 3.02 0.2
Zirconium—95 6.39 65 days 0.391, 1.0 0.915
Niobium—95 6.39 35 days 0.15 0.76
Technetium—99 6.19 2.1 x 10 years 0.295 None
Promethium—147 2.61 2.5 years 0.219 None

The radioactive isotopes are widely used in Biology, Medicine, Agriculture and Industries.

Industrial Applications :

{1) Position location : Buried pipelines can be traced by using portable geiger Counters.

(2) Flow patterns in pipes can be detected by injecting radioactive isotopes into the flow. The
radiation will be different for laminar and turbulent flows.

(3) Leakage detection can be done by injecting isotopes into fluid in pipes. The reactivity will
be different at leakage points.

(4) Ground water path is detected by mixing short lived radioactive material with water (to
avoid contamination).

(5) Thickness gauges.

(6} Liquid level gauges.

(7) Radiography (Flaw detection).

X-rays, which are having a high penetrating power are made to pass through castings, welds
etc. and on the other side, the photographic plate receives the radiation. The attenuation (reduced

intensity) is a function of the thickness of the test material and its density. Thus the film is exposed
to varying intensities of radiation which help in detecting internal flaws of welds and castings.

Co8 is a good source of Gamma rays and is cheaper than X-ray tube and has a longer life. But
this needs constant heavy shielding whereas X-ray tube needs shielding only during operation.

{8) Density and content gauges :

The Through Gauge is used for this purpose. If the reactivity is a function of density of the

material and thus the density of the content can be measured. This method is used in cigarette
packing line and a relay arrangement is made to reject the faulty cigarettes.

(9) Application in chemistry :
Substances deteriorate when exposed to radiation and the destroyed molecules are rejoined

chemically to yield new materials. This technique has been exploited in the fields of polymerization,
oxidation and halogenation processes.
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radiation, the process can be carried out at 202°C and atmospherie pressure. This has helped in
revolutionizing the polythene industry,

(10) Sterilization of foods and drugs :

(11) Direct electrical power generation :

Direct electrical power generation can be done in devices called atomic battery.
(12) Tracer applications :

In this method, small dozes of isotopes of small half-lives are injected into reactants and then
traced. This helps to trace the elements and their functions in the reactions. Determining the role of
sulphur in the vulcanization is one such example.

In circuit breakers, the transfer of small amount of materials between the contact points can

be detected by this methods. Similarly, flows in the bonding of two materials and the flaws can be
detected, as in the case of bonding between asphalt and stone.

WORKED EXAMPLES

Example 7.1. Calculate the following :
(£) The fission rate of U235 for producing a power of one watt.

(it) The energy released in the complete fissioning of 1 kg of U235,

Assume that 200 MeV are released per fission of the uranium nucleus.

Solution. (i) Energy released per fission of 17235 nyclide
= 200 MeV =200 x 1.6 x 1012 J = 3.2 x 10-11 J or W-s

Hence, fission rate for producing one wait of power
- E—xl—-m_ﬁ =3.1 x 10 fission/second. (Ans)

(i) One kg-atom of U2 i¢., 5 mass of 235 kg of U5 contains 6.02 x 10? atoms (nuclides).

Hence, energy released by 1 kg-atom of U235 ig : , '
= 200 x 6.02 x 1026 MeV
Energy released per kg of U2 ig
200 x 6.02 x 1076

= 235

200 x 6.02 x 10%® x 16 x 10~12 5

235
=82 x 10133, {Ans.)

Example 7.2. A nuclear reactor consumes 10 kg of U?% per day. Caleulate its power output if
the average energy released per U-235 fission is 200 MeV.

MeV
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Solutien. Quantity of U235 consumed per day =10 kg
Average energy released per U2 fisgion = 200 MeV
Number of atoms in 235 kg of U235 = 6,02 x 10?8 (Avogadro’s number)
Hence, number of atoms contained in 10 kg of U235
_ 6.02x10%

=2 25
935 x 10 = 2.56 x 10

Fission energy produced by these atoms

= 200 x 2.56 x 1025 MeV

=200 x 2.56 x 10% x 1.6 x 10713 J = 819.2 x 1012 J
Time taken to consume 10 kg of U236

= one day = 24 x 3600 seconds

819.2 x 102
Power produced = m =9.48 x 109 Ww. (Ans.)

Example 7.3. During a 10-hour run from one station to another, a railway engine develops an

average power of 1200 kW. If the engine is driven by an atomic power plant of 20% efficiency, how
much U235 would be consumed on the run ? Each U235 atom on fission releases 180 MeV of energy.

Solution. Duration of the run between two stations = 10 hour
Average power developed by the railway engine = 1200 kW
Efficiency of the atomic power plant, n =20%
Energy released by each atom of U235 = 180 MeV

Mass of U23% consumed, m :
Energy consumed by the engine for the run
= 1200 x 10 = 12000 kWh
Since 1kWh=36x105J
Energy consumed = 12000 x 36 x 10° = 432 x 108 J
Since the efficiency of atomic power plant is only 20%, energy required to produce it

_432x10°  432x 10°
- on 02
Energy produced per disintegration of U5 atom is
=180 MeV =180 x 1.6 x 10713 J
Hence number of 17235 atoms which must disintegrate for producing 216 x 10° J is .

216 x 10°
= =1. 1
Box16x108 = 15X 10
Now, 6.02 x 102 atoms are contained in 235 kg of 1J2%5,
Hence, the mass which contains 7.5 x 10?! atoms is

235 x 7.5 x 10%!
“e02x10® = 2.928 x 103 kg

= 2928 gm. (Ans.)
Example 7.4. A power of 6 MW is being developed in a nuclear reactor,
(i) How many atoms of U?3% undergo fission per second ?
(if) How many kg of U235 would be used in 1000 hours.
Assume that on an average 200 MeV is released per fission.

=216 x 10°J

m=
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Solution, Power being developed in the reactor = 6 MW =6 x 106 W
Average energy released per fission = 200 MeV
(£} Number of atoms which undergo fission : _
The fission rate for producing 1 watt = 3.1 x 1010 fissions/second (Refer Example 7.1)
Hence, fission rate for 6 x 105 W ig
=3.1x101% x 6 x 105 = 18.6 x 1018, (Ans.)
(i) Mass of U3 consumed :
Ntiimber of atoms (or nuclides) which would undergo fission in 1000 hours
= 18.6 x 101% x (1000 x 3600) = 6.696 x 1022
Now, 1 kg-atom of U235 ;¢ 235 kg of U5 contains 6.02 x 1026 nuclides, hence

235 x 6.696 x 107
M, U2 T = ~ =0.2 kg, 8.
ass of consumed 02 x 107 0.2614 kg. (Ans.)

Example 7.5. 200 MW of electrical power {average) is required for a city. /ff this is to'be sup-

plied by a nuclear reactor of efficiency 20 percent, using U2% qs the nuclear fuel, calculate the amount
of fuel required for one day’s operation. .

Assume that energy released per fission of U3 nuclide = 200 MeV.

Solution. Average electrical power required by a city = 200 MW = 200 x 105 w

Efficiency of the nuclear reactor, n = 20%,

Amount of fuel required for one day’s operation :

Energy consumed by the city in one day

=200 x 10° x 24 x 3600 = 1728 x 1010 J

Sinee efficiency is 20%, energy required to be produced by the nuclear reactor is

1728 x 101?
=20 11
05 864 x 1011 J

Energy released/atom =200 x 1.6 x 10-1% = 32 x 1012 5

~.Number of atoms to be fissioned
_864x10M
C32x10°%

Now, 6.02 x 10% atoms are contained in 235 kg of U%35, hence 27 x 1023 atoms are contained
in a mags ‘

27 x 1023

_235x27x10%
 602x10%

Example 7.8. A city requires 1500 MWh of electric energy per day. It is to be supplied bya
reactor which converts nuclear energy into electric energy with an efficiency of 20 percent. If reactor
used nuclear fuel of U235, calculate the mass of U2 needed for one day’s operation,

Solution. Amount of electric energy required per day = 1500 MWh
Efficiency of the nuclear plant = 20%.

=1.064kg. (Ans.)

Mass of U235 peeded :
. Electrical output 1500
= = = 7500
Nuclear energy input Efficiency 05 7500 MWh
Now 1 kWh =36x108J

Nuclear energy input per day
= 7500 x 36 x 108 = 2.7 x 1013 J
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Now, energy released per fission of U2 puclide
=200x16x10°13J=32x 1011 J

Number of 125 nuclides required per day
9. 13
3—5% = 0.844 x 10%

Since, 235 kg of U235 contains 6.02 x 102 number of atoms, the mass of U2 required for
0.844 x 102 atoms is

235 x 0.844 x 10*
= = 0.329
6.02x 10% ke
Hence mass of U?% needed for one day’s operation = 0.329 kg. (Ans.)

Example 7.7. The motors of an atomic ice-breaker deliver 30000 kW. Calculate the fuel con-
sumption of reactor per day if its efficiency is 22%. Average fission energy release of U*%® nuclide is
200 MeV.

What would be the daily amount of 29300 kJlkg coal needed to obtain the sume power if the
efficiency now is 78%.

Solution. Electric power delivered by atomic ice-breaker = 30000 kW

Efficiency of the nuclear reactor = 22%
Average fission energy release of U2 = 200 MeV.
Calorific value of coal = 29300 kJ/kg
Efficiency =78%
(i) Fuel consumption of the reactor:
Power output = 30000 x 1000 =3 x 10" Wor J/s
Daily output =3 x 107 x 24 x 3600 = 25.92 x 1011 J
Since efficiency is = 22%, the daily energy input
2592 x 10" 12
=02 = 11.78 x 1012
Now, as seen from Ex. 7.1, 1 kg of U5 provides 8.2 x 1013 J of energy,
1178 x 10"
Dculy fuel consumptwn' “a2x108 - xul]o =0.1438 g (Ans.)
(ii) Coal required per day : ’
With aneﬂimcyofm daily energy input is
11 :
- B2 02,’;810 = 33.23 x 101 J or 33.23 x 10° kJ
. ~ 3323x10° | '
Coal required per day = 29300 x 1060 = 113.4 tonnes. (A!_u.)

Example 7.8. What is the energy equivalence of 1 atomic mass unit?
Solution. 1 atomic mass unit (a.m.u) =166 x10-%#g
Ungmstlm'equaﬁon
E=m(C?
where, E = energy ; m = mass ; C = velocity of light (= 3 x 10° m/s)
Substituting the values, we get
E =(1.66 x 10-24) x (3 x 108 x 102 = 1.494 x 10 ergs
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Now, 1 erg = 0.625 x 105 MeV : :
E=1.494 x 109 x 0.625 x 10% = 933.75 MeV
Hence energy equivalence of 1 a.m.u, = 933.75 MeV. (Ans.)
Example 7.9. Calculate the total binding energy and the binding energy per nucleon for the
076 jsotope.
8
Selution. The atomic weight of 06, by definition, is 16.000 am.u.
The predicted mass of ;O is given as under :

Mass of 8 protons = 1.00759 x 8 =~ 8.06072 a.m.u.
Mass of 8 neutrons =1.00898 x 8 = 8.07184 a.m.u,
Mass of 8 electrons = 0.00055 x 8 = 0.00440 a.m.uq.
Total = 16.13696 a.m.u.
Isotopic mass = 16.00000 s.m.u.

Mass defect = 16.13696 — 16.00000 = 0.13696 am.u,
But energy equivalent of 1 a.m.y. = 933.75 MeV

Total binding energy = 933.75 x 0.13696

=127.88 MeV, (Ans.)

Binding energy per nucleon = 12: :8 =7.99 MeV. (Ans.)

Example 7.10. The half-life of Radon gas is 3.83 days. What is its radioactive decay
constant ? )

What percentage of the radon atoms originally present will decay in a period of 45 days.
Solution. Let t,,5 = Half-life of radioactive nuclei,
N = Number of radioactive nuclei present at any time ¢,
N, = Initial number of such nuclei, and
A = Proportionality constant (also known as radicactive decay constant).
From eqn. (7.7), the half-life is given as

0.693
bty = T
But Ly = 3.83 days ..(given)

Radioactive decay constant,

0.69.
A= 0.693 =0.181 day-!

3.83
From eqn. (7.4),
N=Nje™

Here t = 45 days
N = N, x e018148) - 9 00029 N,
% age of radon atoms those will decay in a period of 45 days
Ny-N Ny - 0.00029 N,
2 o - 000029 Ny 100 = 99.971%. (Ans.)
N, N,

Example 7.11. A U5 nyucloys is bombarded by a neutron, resulting in its fission into Barium
137 and Krypton 97 nuclei, Write the complete nuclear equation and find the amount of energy liber-
ated in the reaction.

Solution. The nuclear reaction can be written ag :
5 1 137 7
92[123 +ot'—— Ba +36Kr9 +x

x100=
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In a nuclear reaction, since the atomic numbers and mass numbers must balance on both

sides of the equation therefore, the above equation is balanced with the addition of a particle or
particles having combined Z = 0 and A = 2 to the products. Thus

7.

10.

11.

x=24nt
The complete nuclear equation becomes as :
gUPS + onl = Bal®T+ L Kr97 + 2 nl
Mass before the reaction = Mass of 3,U?3 + mass of jn?
=235.116 + 1.00898 = 236.125 a.m.u.
Mass after the reaction = Mass of Ba'®” + mass of Kr% + mass of two jn! |
=136.9514 + 96.9520 + 2 x 1.00898 = 235.9214 a.m.u.
Thus, there is decrease in the mass after the reaction, so energy will be liberated.
The mass defect = 236.125 - 235.9214 = 0.2036 a.m.u.
Energy released = 0.2036 x 933.75 = 190.11 MeV. (Ans.)

HIGHLIGHTS

Those pairs of atoms which have the same atomic number and hence similar chemical properties but
different atomic mass number are called isotopes.

Those atoms which have the same mass number but different atomic numbers are called isobars.
Obviously, these atoms belong to different chemical elements.

Those pairs of atoms (nuclides) which have the same atomic number and atomic mass number but have
different radioective properties are called isomers and their existence is referred to as nuclear
isomerism.

Those atoms whose nuclei have the same number of neutrons are called isotones.

The phenomenon of spontaneous emission of powerful radiations exhibited by heavy elements is called
radioactivity. The radioactivity may be natural or artificial.

The five types of nuclear radiations are :

(1) Gamma rays (or photons) : electromagnetic radiation.

(ii) Neutrons : uncharged particles, mass approximately 1.
(iii) Protons : + 1 charged particles, mass approximately 1.
(iv) Alpha particles : helium nuclei, charge + 2, mass 4.

(v) Beta particles : electrons (charge — 1), positrons {(charge + 1), mass very small.

Half life represents the rate of decay of the radioactive isotopes. The half life is the time required for
half of the parent nuclei to decay or to disintegrate.

Nuclear cross sections (or attenuation co-efficients) are measures of the probability that a given reac-
tion will take place between a nucleus or nuclei and incident rediation.

It has been found that some materials are not fissionable by themselves but they can be converted to the
fissionable materials, these are known as fertile materials.

Fission is the process that occurs when a neutron collides with the nucleus of certain of the heavy
atoms, causing the original nucleus to split into two or more unequal fragments which carry off most of
the energy of fission as kinetic energy. This process is accompanied by the emission of neutrons and
gamma rays.

A chain reaction is that process in which the number of neutrons keeps on multiplying rapidly (in

geometrical progression) during fission till whole the fissionable material is disintegrated. The multipli-
cation or reproduction factor (K) is given by :

_ No.of peutrons in any particular generation
~ No. of neutrons in the preceding generation

If K > 1, chain reaction will continue and if X < 1, chain reaction cannot be maintained.
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Nuclear fusion is the process of combining or fusing two lighter nuclei into a stable and heavier nuclide.
In this case large amount of energy is released because mass of the product nucleus is less than the
masses of the two nuclei which are fused.

A nuclear reactor is an apparatus in which nuclear fission is produced is the form of a controlled self-
sustaining chain reaction.

Essential components of a nuclear reactor are :

(£) Reactor core (i1} Reflector
(iif) Control mechanism (iv) Moderator

(v) Coolants {vi) Measuring instruments

(vii) Shielding.

The main components of a nuclear power plant are :
(£) Nuclear reactor (if} Heat exchanger (steam generator)
(i5i) Steam turbine (iv) Condenser
(v} Electric generator.
Some important reactors are :
(i) Pressurised water reactor (PWR) {i7) Boiling water reactor (BWR)
(iii) Gas cooled reactor {iv} Liquid metal cooled reactor
(v) Breeder reactor.
Following factors should be considered while selecting the site for a nuclear power plant :
(i) Proximity to load centre (if) Population distribution
(iii} Land use (iv) Meteorology
(v) Geology (vi) Seismology

{vii) Hydrology.

Typically, all costs of nuclear power plants are broken down into the following categories :

(i) Capital costs (total) (if) Fuel costs (per year)
{iif) Other operating and maintenance cost (per year).
THEORETICAL QUESTIONS
Explain the following terms :
(i) Atomic model (if) Atomic mass unit
(i#f} Isotopes (iv) Isobars
(v) Isomers (vé) Isotones

What do you mesn by the term ‘Radicactivity’ ?

What is the difference between ‘Artificial radioactivity’ and ‘Natural radioactivity’ ?
Name five types of radiation of interest, in nuclear power technology.

Explain briefly the following :

(i) Prompt-fission gamma rays {if) Fission-product-decay gamma rays
(iif) Capture gamma rays (iv) Activation gamma rays

(v} Inelastic scattering gamma rays.

Explain briefly the following types of neutrons :

(i} Prompt-fission neutrons (if) Delayed neutrons

(iii) Photoneutrons (iv) Activation neutrons
(v) Reaction neutrons.

What do you mean by ‘Binding Energy’ ? What are the total binding energy and binding energy per

nucleon for the ;,C!2 nucleus ?
Explain briefly the following terms relating radicactive decay :
(i) Activity : (i) Half life
(#ii) Average (mean) life.
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What do you mean by the following :
(£) Elastic scattering (ii) Inelastic scattering
(iii) Capture (iv) Fission.
Write a short note on ‘Fertile materials’.
What do you mean by ‘Fission of nuclear fuel’ ?
What is a chain reaction ?
What are the requirement of figgion process.
How are the following defined ?
(i) Critical mass (it} Critical size.
What is ‘nuclear fusion’ ? How does it differ from ‘nuclear fission’ ?
What is a nuclear reactor ?
How are nuclear reactors classified ?
Enumerate and explain essential components of a nuclear reactor.
Explain with help of neat diagram the construction and working of a nuclear power plant.
What is 2 moderator ? Name common moderators and discuss their advantages and limitations.
Give the functions and materials for the following :
(i} Reflector (if) Control rods
(Ziz) Biological shield.

Describe with the help of a neat sketch the construction workinig of a Presaunsed Water Reactor (PWR).
What are its advantages and disadvantages ?

What is ‘Boiling Water Reactor’ (BWR) ? How does-it differ from ‘Pressurised Water Reactor’ (FWR) ?
Give the construction and working of a ‘Gas cooled react.or' What are its advantages and disadvan-
tages ?

What is a Liquid Metal cooled Reactor’ 7 Explain briefly a typical liquid metal reactor.

Describe a breeder reactor. What are its advantages and disadvantages ?

What factors must be considered while selecting matertals for the various reactor components ?

List the advantages and disadvantages/limitations of nuclear power plants.

Discuss the various factors which must be considered while selecting a site for a nuclear power plant.
Give the application of nuclear power plants.

What do you mean by ‘Econcmics of nuclear power plants’ ?

List down some safety measures for nuclear power plants.

What is the future of nuclear power ?

UNSOLVED EXAMPLES

A nuclear reactor is developing a power of 3 MW. How many atoms of U3 undergo fission per second ?
How many kg of U%6 would be used in 1000 hours of operation assuming that on an average 200 MeV is
released per fission. [Ans. 9.3 x 108 ; 0.132 kg
A city requires 100 MW of electric power on an average. If this is to be supplied by a nuclear reactor of
efficiency 20 percent, using U225 as the nuclear fiel, calculate the amount of fuel required for one days's
operation. Given that energy released per fission of U235 nuclide = 200 MeV. [Ans. 0.53 kel
Bombay requires 3000 MWh of electric energy per day. It is to be supplied by a reactor which converts
nuclear energy into electric energy with an efficiency of 20 percent. If reactor uses nuclear fuel of 11235,
calculate the mass of U235 needed for one day’s operation. [Ans. 0.66 kgl

The motors of an atomic ice breaker deliver 32824 k'W. Calcunlate the fuel consumption of reactor per
day if its efficiency is 20 percent. Average fission energy release of U35 nuclide is 200 MeV. What would
be the daily amount of 7000 keal/kg coal needed to obtain the same power if the efficiency now is 80%.

{Ans, 0.173 kg ; 12100 tonnes)



NUCLEAR POWER PLANT 695

8.

10.

11.

12,

13.

14.

16.

COMPETITIVE EXAMINATIONS QUESTIONS

{a) With the help of a sketch show all the important parts of a nuclear reactor, describing briefly the
functions of each part.

Under what circumstances would a nuclear power station be recommended for installation ?

(&) Give a brief comparison, between a nuclear and a conventional thermal power station, in respect of
(i) Capital cost, (i) fuel cost, and (iii) operating and overhead cost, as a percentage of the total cost
given by the sum of (i), (i), and (7).

(a) What are the principal parts of a nuclear reactor ? Explain each part in brief.

{b) Why are nuclear power stations not so popular and successful in this country ?

{a) “The source of future power generation will be only nuclear fuel”. Write your comments.

(b) Explain the working of a reactor in a nuclear power station.

(a) Why is shielding of a reactor necessary ? What do you understand by thermal shielding ?

(b) Explain the working of a reactor in a nuclear power station.

(a) Explain the generation of nuclear energy in a nuclear power plant.

(b) Describe a boiling water reactor with diagram.

(a) What are the principal parts of a nuclear reactor ? Explain each part in brief.

() Explain the working of a steam surface condenser.

{a) What do you undersiand by the following terms :

(i) binding energy, (ii) half life,
(¢if) isotope, and (iv) moderator.

(b) Discuss the boiling water reactor with the help of a neat sketch and write down its chief
characteristics. i

(a) How are nuclear power plants classified ? Explain how fission reaction takes place and how the
chain reaction is controlied.

(b) Discuss briefly boiling water reactor plant.

(a) Describe in brief giving neat sketch, the working of a pressurised water reactor plant.

(b} Draw a line diagram of a diesel power plant and describe briefly the cooling system and the lubrica-
tion system,

(@) What is a moderator in nuclear reactor ? Explain the desirable properties of good moderator.

(&) Draw a neat diagram of CANDU type reactor and explain its working principle and give its advan-
tages over the other types.

{e) Draw & neat diagram of nuclear reactor and explain the functions of different components.

(b) Explain the working principle of a closed cycle gas turbine plant.

(e) Draw a neat diagram of nuclear reactor and explain the functions of different components.

(b} Ezplain the working principle of a closed eycle gas turbine plant.

{a} How are nuclear reactors classified ? Explain with neat sketch the working of a pressurised water
reactor. ,

(6) What different methods are used to thermal efficiency of the open cycle gas turbine plant ? Explain
any one of them.

(e} Using neat sketches explain-the construction and working of an air preheater.

(5} Explain the layout of any one type of nuclear power plant system used in India.

(c) Clearly bring out the differences in the constructional features of steam turbines of 500 MW rating
used in conventional coal fired steam power plant and PWR plant.

{a) Explain the following terms with reference to a nuclear reactor :

{£) Moderator (#i) Coolant

(iif) Control rods . (iv) Reflector.
(b) Give the layout of a fast breeder reactor power plant and explain its salient features.
{c} Give a brief aceount of nuclear waste disposal.
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Combined Operation of Different
Power Plants

8.1. General aspects. 8.2. Advantages of combined operation of plants. 8.3. Load division between
power stations. 8.4. Hydro-electric (storage type) plant in combination with steam plant. 8.5. Run-of-
river plant in combination with steam plant. 8.6. Pump storage plant in combination with steam or
nuclear power plant. 8.7. Co-ordination of hydro-electric and gas turbine stations. 8.8. Co-ordination
of different types of power plants. Worked Examples—Theoretical Questions—Unsolved Examples.

8.1. GENERAL ASPECTS

The leading aim of the national economy is to make available maximum amount of generat-
ing capacity with the available funds and ensure power generation at the cheapest rate possible.
Since a large investment is required in power supply industry, therefore, once generating facilities
are created it is desirable to utilise them in optimum manner. It is also of paramount importance
that most economic generating scheme should be selected to supply power at lowest cost before huge
amount of money is invested. When the generating facilities are established it is a wiser step to
think of having integrated operation of neighbouring power systems so that maximum energy gen-
eration takes place from power stations like thermal and nuclear and maximum energy and capacity
are utilised from the hydro-electric power stations. This is possible only if we have close combined
operation of different power systems which if operated individually cannot be utilized to the maxi-
mum advantage. This leads to conclusion that if maximum benefit is to be yielded then power sys-
tems of different states should be interconnected. It is beyond doubt that the rapid pace of intercon-
nection between the power systems can greatly improve the continuity, security and integrity of
power supply provided it is associated with sound mechanism for monitoring and control.

8.2. ADVANTAGES OF COMBINED OPERATION OF PLANTS

If several power stations (such as hydro, thermal, nuclear etc.) work together to meet the
demand of the consumers then the system is known as ‘Interconnected syster’. Such a combined
system claims the following advantages over a single power plant/station :

1. Greater reliability of supply to the consumers.

2. When one of the stations fails to operate the consumers can be fed from the other station,
thus avoiding complete shut down.

3. The overall cost of energy per unit of an interconnected system is less.

4. There is.a more effective use of transmission line facilities at higher voltage.
5, Less capital investment required.

6. Less expenses on supervision, operation and maintenance.
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