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Nuclear Power Station

]
E 11(1.0\“’"‘""W
energy extracted from atomic nuclel via

lear power plants have been used for
tury. In 2005, 16% of the

y Is the usable

Emwg;ed nuclear reactions and nuc
| erclal electicty generation for over half & cen
s electricity was generated by nuclear power and as of July 2008, there

were more than 439 operating nuclear electric power plants worldwide (Source:
 Nucloar Energy Institute NEI). In addition, over 150 nuclear powered naval
wusels have been bullt. A simple gchematic of energy conversion In nuclear
sower statlon I8 shown In figure 14.1. Nuclear power plants use & varlety of fuels,
- mderators, coolants and reactor desl ry complex but the .
- mclors themeelves do not generate electr mply used 88

Melear bollers to heat water, ralsing stea
| Wnoors, o crude but controliable (safe) Way

Nuclear energ

m to drive con

of harnessing nuclear anergy:

i
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Fission

arslon In Nuclear Poway Stay
1: Energy Conv on
Figure 14-

nercial nuclear energy began In tho 19508, and n Wcmd.“
I .
Con;ered olectricty generating station (experimental bregde, a0k ot
nuclear pow :

1), a pilot plant generating 100 KW started in Arco, ldaho In 1963, gy, d
,a
cc):unmes followed. The early developments In nuclear power plantg are Olven

table 14.1.

Or
h

Table 14.1: Early Nuclear Plants

Country Year Capacity (MW)

USSR 1854 5

UK 1966 50

France 1956 5 |
USA (Penn:) 1957 00

Canada 1862 20

In 2007. the IAEA (International Atomic Energy Agency) reported there
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14. Nuclear Power Slat]
wldlion

s glectricity. In 2011 worldwide
JC‘Gar out
put fe” §)
y

: o 0 n record, on the back
o deG““G’ 0 of sharp declines in Jar
Jar

o
G ity (23‘2%). In 2013, the IAEA report that the
ctors in different countries worldwide 8re  are

world’

" rea

.,43".%1) an |nuf3|9ar P°W?r

i yion?

| IsSU€

; that these complex, high technology, fission and fusi
slon

eat sources fo boil water with the electricity

v
Tk a
WL

I :
1"1'1 S ifom
are only ysed as h

y docades old steam turbine technology. Although there is
gources of cl

_f agfeame ower is the answer,
i nuclea Jitical and safety. Both proponents (pros) and critics (contras) '
L e' (acts, 10 justify their claims. Differences revolve around how the
58 the |nterpre{ed’ the emphasis placed on what is relevant or important and
s r:ngibla penefits and drawbacks are valued, There are also unknowns,
out the risks involved and our ability to control them. Opponents of
hnology is often dual-use, and much of

nucledr power point out that nuclear tec
d in a clvilian nuclear program can be

o SaMe materials and knowledge use
sed to develop nuclear weapons: Thig concern is known as nuclear proliferation

andls @ major reactor design criterion. The military and clvil purposes for nuclear
gnergy are intertwined In most countries with nuclear capabillties. it must be

remembered that the enriched uranium used in most nuclear reactors I8 ni:

[+
woncentrated enough to build @ bomb. Most nuclear reactors run on 4% enr::rt\izn
~ uanium, However, the tachnology used to enrich uranium for power gene

oould be used to make the highly enriched yranium n y
tors,
bomb. In addition, the plutonium ower rea

through reprocessing, can be used

 fesutng from normal reactor fuelling cycles Is 1659

v n ;anbe p
because of the concentration of Pu-240, 8 usable weapo e p|utonlum
ry ghort fuelling cycles: bo

ean, renewable enargy are required, whether or
is heavily disputed with the battle being fought

I f the reactor is operated on V@
¢n be produced.
509
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y (e N \a did not sig . I g
puptened " L govortl 81010% did not 8lan the traay, - "y,
ag py the 1 ' ology 10 develop nuclear v Worg
i janal par tochn g adus | bapay, y gy
jarnat ' nducIVG o pr g nuclear W‘”‘lun '””‘ﬂ;,
e ‘ It
oo a number of Internatlonul disputes over Proliforyy, ””"ml
others, 81 fic model of reactor belng contracted for iy, 4 Co y g
_ el 4
on the sP@ " ambltions. gome proponents of nucleg, oC Ntry m
clear WoeP Wiy J
. f nuclear roliferation may be a reason to Preven, oy they
0 .
o from galning any nuclear technolog Ny iy
developing nations Y- Propgy, o
me other power sources Gty
inat nuclear POWe: e <2 t ?or o ' Provides sigg )
conslstent price without competng nergy fesources from g er
wars. &r
something that may contribute to

One possible obstacle for expanding the use of nucear
OWer

anlum ore, without which it would become e Migh
888

limited supply of ur
and operate breeder reactors. However, at current usage the ary
e ig S,

uranium for an extended period. In summary, the actual recoy
supply Is likely to be enough to last several hundred (up to 1ooerable urg
using standard reactors. 0) years By

14,3, Nuclear Fuel

o f:u:lue;; ;uel refers to any fuel that Is consumed or used as the drving \
G R atomu: ::wray. most often generated through a fission process whes
sl el haesme:\ls are forcibly divided In order to produce energy. Ths
absorb neutrons that bor:b s REAY . Nesiontcle elementsl et 2
harnessing the energy that?rd them In order to be easily split and allow for e
t the materal that g dlrecua produced. Nuclear fuel can also either refer ¢
objects that are deve| y used for the nuclear fission process or the phys
olopad from the base fuel and are compositons o o1 ™

g

Scanned with CamScanner



E o’

14. N
v UC X
Isar Py, -
bt ;‘“rﬂl

sther glements. Uranium, the heayigst
SU naturg|
l

more abundant in the earth's cry Y OCoury,
g

. st tha
i : i nsg .
iin of Znc Naturally occurring uranium | er ang iq
is

aboyt
9
9.2745 Percent

F g pof 8 m
aft Jith graniu -235 the fisslle isotope used in
08
Most reactors Making

# gpout 0.72%, 8nd uranium-234 filing In the remaing
er af le:
88 than

k. oty 1o granium tuel is normally used in its ceram|
" 5% mic urani
um oxide
de form

| :gnas elting point of 2800°C and for most applications ty
s-ju ; anium'235 is enriched to increase the probability of € percentage of
o the fission process. Using enriched uranium :Utron capture
"t O 1o be made physically smaller than the core needsz o e
#  ranium reactor. The target percentage of U-235 usedein ft(;r o
»  reactors used for electrical power generation Is from 3-5% ofethtyplca‘
'a m charge. FoOr weapons grade uranium, however, the concentrateiyotr(:tlal
i higher at around 856-90%. The most common base fuels that are used i:
are either uranium 235 or plutonium 239, both of which form the

ucleer reactors
clear power generation in the modern era. Bombarding uranium-

728 with both slow and fast neutrons produces plutonium. Plutonium is also

p;oduoed by bombarding uranium with deuterons (isotope of hydrogen;
neutron). Huge diffusion plants like those used to
plutonium gince It i8

d s relatively pasy

.

sackbones of nu

contalning oné proton and one
enrich uranium-235 are not needed for the production of

produced In large quantltles in breeder and other reactors an

o separate chemically from uranium.

ust be prooessed both

Uranium differs from the fossl! inat converts
before and after It is used in @ nuclear reactor. The serie“:,Jf stepzse: the spent
| roce
natural uranium to nuclear fuel, Irradiates i reachf‘: :i : fiata <

gound

fuel Is referred to as the nuclear fuel cycle: usiratec 8 raq'ul.res a
cawbacks and ' qowledg® of

assessment of nuclear POWEr penefits, e -
understanding of this cycle and it8 produ " e connection petwee’
this cycle Is also necessary to compre
nuclear power and nuclear weapons:
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Figure 14.2: The Nuclear Fyg| Cycle

14.3.1.1. caction of Uranium

It is estimated that the world's present measyreq résources of Uranjyy,
enough to last for about 100 years at current and projecteq CONS g
rates. This represents a higher level of assured resources th
minerals. Further exploration and higher prices wi| c
resources as present ones are used up. The initial proces
where the uranium is mined. Uranium ores are crushed int
1 cm dlameter and treated in a leaching process wi
sulphuric acid to dissolve the uranium out of the
solution is decanted and filtered and then conce
phase by treatment with various organic solvents,
@ second aqueoys phase and fj
treatment with ammonia. After filt

anis norma)
ertainly yielg gy
Ses take placo ey
O small particles ghos
th steam, sodium chiorate 2
rock. The resulting aquens
ntrated, first into an orgars
then further concentrated =
nally precipitated into a solid oxide formb{
ering and drying the solid uranium oxdé (Us\’:
is known as yellowcake. Figure 14.3 shows the photograph of urgnium ’:‘
Powdered form &nd pellets, which are then stacked together in guitable N
to form fuel rogs,
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" Stalion

m Fuel (a) Ore (b) Powder form (c) Pellets

cigure 145 Urani

paration usually takes place nearer to where the fuel is used.
ral uranium fuel, whereas 85% use enriched

ther fuels. f enrichment Is to concentrate the

percantage of the isotope U-235 in the fuel involving differentiating between the

he refined material on the basls of differences in thelr
s is thus based on the mass and size
minute, the processes used

| reactors use natu
The process O

lsotopes prasent in t
physlcal properties. The separation proces

o the molecules and since these differences aré
ivolve many repetitive stages to achleve appreclable separation.

| to be in gaseous form. The
hemical process
und of uranium, ,'

Practical enrichment processes need the fue
joloweeke' must therefore be converted through @ series of €

8
nd steps, Into uranium hexafluoride UFe that Is the only comPO

' T:hr::;l:ts as a gas at a suitable temperature. At atmospheric pressure UFsls @

g and"f:“se- crystalline solid resembling rock salt below 8 temperattflre of

‘ foing throug:sforms directly from a solid to a gas at that temperaturé without

hen 64 anda liquid phase. Liquid UFe I8 formed only at \emperatures greate’
at pressures greater than 1.5 times atmospheric pres;ure.

513

ks e

Scanne d with CamScanner




Ganeration
y s Power (Fan
Felis

14 '

14.3.3, Gas Centrifuge

The UFs gas 18 rotated at extremely high g .
in @ cantrifuge and due to the centrifugal forcg 1y, heayq, ) Qo
move towards the outside Increasing very ?"thly the g oy
hoavier Isctopos at the periphery compared wlu? “ Slightly iy
the lighter U-235 lsotopes nearer the centre, T g, . - 16 vl
heavier gases are then passed through a seriag of Ce Q6s ¢, ] n g
proportion of U-238 while the lighter gases are recyclgg bac .
concentrate the proportion of U-235,

Poady (o |

On
Nirifyy
loy "

14.3.4. Gaseous Diffusion

In the diffusion process the UF4 gas Is passe
hundred sets of very fine membranes. Separation
isotopes passing more quickly through the ba
isotopes. The holes in the membrane must pe mi
millionth of an Inch In dlameter) and uniform in siz
high enough to enable high flow rates and the me
highly corrosive hexafluoride. After the enriched

from the natural fuel, the percentage of fisslle yra

called depleted uranium I8 reduced be
uranium

d through Sries of g |
depends o, the “ghterssz .
Friers thap the large, U-:% |
é108copic (app OXimatey

€. The porg k

Sity Must alwamg :
mbrane my ’

st not "8&Ct it
uranium hgg been Separaly

nlum-235 rémaining In the &
tween 0.025-0.03%,

The rest is fortls
-238, which can be used In breeder reactors to

create more fual.

14.3.5, Fue| Charge Production

Once the UFg
& form sultable for
dioxide UO; since |
temperatures over 2

gas has been enflched the uranlum must be converted it |
Use In the nuclear reactor. This Is generally a8 uranlu::‘
N this metallic oxide form and e chemically swbles ;pmn
000°C, high enough to survive the high temperalite
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. 010
jored to form peliats about 10 mm in diameto;
"ot
N 10 Hilgh

canisters must be able to withstand high temperature k
Ure working and

sechanical strength with low neutron absorplion charact
haracteristics  In

ater Reactors (LWR and Press :
" Ligm W ) assurized Water Reactors (PWR),

g of enric
m. Early

hed uranium oxide arranged In rods of zircaloy an alloy of

) A0y O
Gas Cooled Reactors (GCR) used magnesium alloy to contain
replaced In later reactors by stainless steel, which Is able to

d higher temperatures.

of immense amount of energy. For example,

r fuels are the source
million grams of coal to equal the power

sillion grams of oil or 3
m of uranium fuel. Unlike
ctor, can actually produce m
is by far the best mean
uclear power Is @ gift to h
sts, dedicated to stopping h
clear energy cycle is sche
4, the nuclear fuel cycle

Nuclea
it would take 2n
contained in 1gra
and, in @ breeder rea
reasons, nuclear energy
modern industrial economy. N
propaganda of Malthusian extremi
created public fear and skepticism. Nu
in figure 14.4. As illustrated In figure 14.
uranium is mined, enriched; and manufacture

er plant. After usage in t
ant (2)ortoa final re
pent fuel can be rec
yis produced by ato

oll and coal, nuclear fue! Is recyclable
ore fuel than is used. For these
s now available to power 2
umanity, and only the
uman zprogress has
matically shown
begins when
(1) which is

d into nuclear fuel,
nt fuel

he power plant, the Spe
pository (3) for geological
ycled to be returned to
mic fission in which

) breaks into two smaller ones.

s of fission, the neutrons then

delivered to a nuclear pow
is delivered to a reprocessing Pl
disposition. In reprocessing 95% of S
usage in a power plant (4). Nuclear energ
l:g; atom (usually uranium OF plutonium

g energy and neutrons. In the proces
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(ome circumstances, 5 :

in OX
‘t Ol y b
jol ot oxtrame In @ reactor bagg e

e Nuclear gnergy Cycle

re 14.4: Th

rding radloactive nuclei by high energy ne
y is referred to @s fission reaction or nu
mbarded nuclei splits into several s
e fragments, or fission products
eutrons are also em
the mass of

process of bomba
a large amount of energ
fission the bo

The

producing
fission. In @ nuclear
fragments known as fission products. Thes

about equal to half the original mass. Two of three n
The sum of the masses of these fragments, however, is less than
original radioactive element. This ‘missing’ mass (about 0.1 percent of
original i : j
E'g ..maSS) is converted into tremendous amount of energy according
instein's equation; (E =mc?). Fissi

. Fission can occur when a nucleus of 2

atom captr
Pitres a neutron, or it can happen spontaneously
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Or Slatlon

ceaction requires a fissile material and a neutr
H H H N On S . -
Y f|55|onable materials, which are capable of ource. Fissilg
sustaining
a chain

e
awrigls af bo bal’dmem by neutrons with low kineti
. netic energy (slow or th
m ermal

ion

en bom
) : i

which can be obtained in large enough useful quantiti
ities are

s d uranium-235 (both dense soft silvery metals), and plutoni

o silvery white metal. Fertile materials need a fast m"'U'm-

239 5 nitiate fission while fissile materials need a slow moving neutr o
s are isotopes, which are capable of becoming fiss(i)lr; ft(:;

né ertile materia
bly followed by radioactive decay. Examples

jon- :
e ast movingd neutrons poss!
8, plutonium-240 and thorium-232. Fissionable materials are nof

hus, although uranium-238 is fissiona

materials are those whose atoms can unde
rgo in

barded by a free neutron. The three most | e

3 Most Important

\y fissile: T

y bombarding the nuclei of large unstable

lei to split into fragments; releasing more
tron collides with a nucleus of a

o it causing the nucleus to
toms with the

y amounting 10 200 MeV as
the following

sion IS initiated b
which cause nuc

fission occurs when a neu

neutrons. Nucl
i and is absorbed int
r more stable a

pecome un
f more neutrons an

he process can be represented by

release O
ilustrated in figure 14.5. T

equation:
eV 1

235, + 'no = 'Base 98Krsg + 3 (o) * 200 M

can go on 0 split

r of fissile atom
ure sample,

fissile

rons released by the fission process

aloms thus releasing even more neutro

asin a low mass sample, or if they are widely dispers

most of the neutrons released by the initial fission

:?d"::;hey 'will lose their energy by collision
eaction will eventually die out.

These neut
ed, as in an imp
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Lighter Elament

i
S

& 'L" 2

e 14.5: Flssion of Uranium

Flgu

T I RE e G DR
SRS e SR s

oceur naturally with the spontanegg o

barding the fuel consisting of figg " -
ablg -

Which arg
used as the rather tﬁa‘nl""
with a positive charge: jeprosens w.ou'd e sirongly rePellgy
-+ charged nucleus:. If, however, there is a large mass o o
by the posmvei)’| 4 larger number of neutrons will impinge on more fissjlq atoms"
ncer te:t f:qi;e fissions in a chain of events creating more neutrons ag °ach"fi
triggering ¥ bsorbed, leading to @ chain reaction. The reaction thus becomgg i
sustl:r:rz an the 'mass at which the chain reaction j.ust becomes possible,fis"%'
called the critical mass. The thain reaction is illustrated in figure 14.6. In pracﬂcai-{
terms the effective critical mass depends on many other attributes, such as th
degree of enrichment of the fuel, its shape, temperature, density, and whether
is contained within a neutron-reflective substance. The minimum critical mass
uranium-235 is a 52 kg in the form of a sphere 17 cm in diameter. For plutoniu
239 the corresponding figures are 10 kg in a sphere of 9.9 cm diameter. Tal‘d_'

jon that ©an
initiated by o

produce fu
bullets’ to initiate the fission

SR

rther neutrons. Neutrong,

concentia

neu

t

into account the degree of dilution of the desired isotope in the fuel bui A

critical mass of uranium-235 enriched to 20% will be 400 kg rising exponenti:_:
as the enrichment is decreased further. .

d In many new designs the neutrons, and thus the chain reaction, are ke
un i
er control by passing them through water to slow them down. (Slow neutr®
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* action with disastrous conse

. remove excess neutrons from th
3 tontrolled. The control of the chai
Kactor. K is the effective multipl
,"umhe’ of neutrons produced by fiss
Peceding generation. K thus refe
| ™urons within the reactor core. This |
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Figure 14.6: The Chain Reaction

embled, the population and
t the poss bility of a runaway

same time maintaining the

rods whoseé purpose is to

e chain reaction is thereby

ass of fuel has been ass

Once a critical m
t be controlled to preven

energy of the neutrons Mus
quences, while at the

chain reaction. This is the function of the control
e reactor coré and th
n reaction can be un
cation factor and is

jon in oné generatuon to the nu

rs fo
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Subsaritivatity (& < 1) The

#

Beubrons may start & reaction but it thes o falry rapig

Criticality (K = 1) Evory tission cause

on average
sontues ot sleady rate. This

ONe mageg
i
is the Operating stale of M

the ,
8 Dower feact, i
Super<criticality (K > 1): With a very high concentration of finsjl
- . . S e
fission cause X more fission and the number of neutrong escalay

N M 8 L
nan uncontroliable chain reaction ap

ossible explosive elease of energy o

The energy released by iission of one atom of uranium

235 I8 200 gy
The energy released at the atomic level can be calculated from the :

enargies of the parent and daughter atoms as shown in table 14.2.

Table 14.2: Binding Energies Change with Fission

Atorn | Nucleons | Binding Energy | Binding Combined Releassqd
per Nucleon Energy per Binding Fission
(MeV) Nucleon (MeV) Energy (MeV) Enargy
SE— - (Mev}
U-235 | 235 76 1786 1786 166.3
Ba-141 | 141 8.3 1170.3 1952.3 166.3
Kr-g2 92 8.5 782 1962.3 166.3
Gther Fission Products (particies and radiations) 337

From table 14.2 it can be noted that uranium-235 nuclide has a ial
energy of about 1786 MeV. The total binding energy of the nuclides Of bt
and krypton, which remain after fission, amounts to about 1952 Mf‘,_’ ;
difference of 166.3 MeV corresponds to the energy released in thaf»_.
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“

dditiOﬂ there Wil also be severg| small engr
associated with gjection of the neutrons g

amma radiation. Thus the tota energy re
.235 is about 200 MeV (3.2 x 101"

9Y releageg tOtaIing

nd
| other Particleg as
€ased by the fission

granium Joules),

e reactor is loaded with new fuel rods there are no f

n i i ree ney

to initiate the reaction, even if there is a critic mass of trons
uel. The

: uranium isotopes u i —
(theor - 0ec8Y of the pes used emits only ionization particles byt

. rf’dioacu i A neutro
b’ ne|e utron 1199
] suitabowniummo orra
_. 241.? o Alpha particles from the decay cause the beryllium to transmute into

Tss : .
:: el p eleasing neutrons. Once the chain reaction begins, the starter source

4 from th
actor core. Immense amount of energy is produced as a result

n source is therefore needed to get the reaction
, ' S going.
r sources are alpha particle emitters, such as americug
‘ i i i m—
dium bromide, mixed with a lightweight isotope such as

e core to prevent damage from the subsequent hostile

emove

. cinthe ré
his energy appears as heat, which is used to raise steam. The

n reactors are designed to capture the energy r2leased by the '

oy of fissio
235 in a controlled chain reaction. Though neutrons produced

-~ fgslon of uranium

ssions ini
| amounts of fuel can be calculated.

- ypoiovs ! tiate fissions, the process is not spontaneous. The energy
- (eloased from practica

t of electrical energy that can be obtained from the fission of

gample 14.1: Calculate the amoun

 {igof uranium-235 in @ nuclear power station. Assume overall efficiency of the system to be
: 0% kg.

235 weighs 235 amu, equals 3.9 x 1

One atom of uranium
h are:

; Therefore, 1 kilogram of uranium 235 contains 1/235amu atoms, whic

= 2.56 x 10%* ators.

Number of atoms = 1 —
. 3.9x1077
| T energy released from 1 kilogram of (el is therefore calcutated by
m’de"ng that the energy resulting from fission of one uranium atom is 200 -
| Vo200 x 105 x 16 x 107 = 3.2 X 107" Joules. Therefore energy E

%.‘ } ic
¢ "2lefrom 1 kilogram of uranium containing 2 56 x 107 atoms K
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y T "y
i w (290X 10732 107" =8.2x 10" Jouleg lay,
je 2277 GWh

or '

howa that one ton of natural or slightly enricheqg Uranjy
] s '

this equals 240 GWh. On the average, When 1 |ban p,wuce1
of y O,
2

10 11,3, 108 %ty T
v XQ L
b of U-236. Then at 240 X 10° KWh per ton only 240><]()6 '00'-"31. b

L atimate

oty

daya of hoat « .
MW -days s convarts to enorgy. This energy is then equals

0 00021 b of ita i

yor |
104 x 10° KWh perf \
{ 10.3)(]0(, * 233
233 i

o of the

jum per ton fission. In other words, this is @ burn-up of only
uranit

4 fertile material. A 1% burn-up seems wasteful of uranjypm, -

fissionable an
the years. By comparison, the fission of one atom of i

tthis

V prObal E
ase ovar ko
increas pf . 10 »

times the energy produced by the combustion of one atom of carbon from coal, Mg

Example 14.2: A nuclear power station can deliver 500 MW at full loaq, If dye o s  (,
atom of U-235 the energy released is 200 MeV, calculate the mass of uranium ﬁSsionedn of
Given that: Pet .

Plant capacity: P, = 500 MW 1
Energy that can be delivered from the power station at full load s:

E, =500x10° x3600= 1.8 x 10" Joules

The amount of energy produced per fission is:

E=200x10°x1.6x10™°= 3.2 x 10" Joules 1

Therefore number of uranium atom fissioned (N) is calculated as: 1
E, 1.8x10"
N=—t=———1=562 = :

E - 3ax10T 5 x 10 atoms 1

1 gm-atom that is 235 gms of uranium has 6.022 x 10% atoms. Therefore the:é
mass of uranium m required for fission is calculated as: :

235 ,
M 0107 x5.625x10*= 21.95 grams or 0.022 kg

4

E ;
xample 14.3: A nuclear power station uses 2 kg of U-235 as fuel each month at 2 oonvadﬂ’g

effic aae
ciency of 33%. Calculate the full load power that can be obtained from the power Wmi
generator efficiency is 82%.
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anél fﬁl\ n
of ("ll“ {’
-”"”‘\M Nt Moo Station
- \1as$ of yranium used: m = 2 Nl = 2000 gran
. LRE 1t
‘i\,pn "131 l~.;]0n t‘f“(lt‘n( Y= % or 0,44
(, l ,
Geé wnemtou officlency: Ny = 92% or 0.92
4 py fission of 1 ato
o ;rodu“ ad by atom of U-235 amounta 1o 200 Mev
L 800 23 gtoms in 1 mole (23 eV and
1 o 5,022 1) o (235 grams) ol urantum, The numb
per®” yraniu™ raquimd each month for fission is: "
50
rﬁOm ! ? 00(
‘ M6 022X10 = X010 = 6125 y
235 23 yx 107" aloma

¢ of atoms (n) fissioned per second will be:

T
B l">>~10 o RT
n= 30 24% 3600 1.977 x 10" atoms

orgy P roduced per second will is the power output of the roactor 2y and 1s

on the basis of con
P, = = 0/33%3; 2x10™

version efficiency as:
11.977x10' = 20.88 x 10° Walls

The g en®

er output will then be:

he glectrical POW
x B, =0.92x20. 88x10°=

P, =1y

:
19.2 x 10° W or 19.2 MW

14.5. The Fusion Reaction (Nuclear Fusion)

ocess: by which the nuclei two light atoms combine

Nuclear fusion is the pr
s of a new atom releasing |

o form a single, bigger nucleu
25 a consequence. For example two hydrogen atoms fuse

fusion of hydrogen and is illustrated in figure 14.7.

arge amounts of energy
d to form helium is the

Hy + *Hy = ‘Hey+ 'Mo * 47.6 MeV
Deuterium ( X) —
Pucke coliide and ® helium- 4+ 107 17.6 MeV
fuse together &_,, .
Tritium
Figure 14.7: The Fusion Process
523
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pro :

ycoss by which the

-

nergy L1 as an energy Source are thay the fy,, gl " Thg

teaar fusiol
|]l“"”‘“ ' 'ﬂ r“

N 50 vyt .
attraction® i plentif and eas Nty
illy light and slable atoms rather an the

sy 1o oblain, and the eleme
greal Pro d“(mu
are usue

result from nuclear fission. The potentia| felog,
uel is much higher in the case of fusion iy

ater increases in binding energy a6 pogy |

‘3']\[\/

mdsoacttv

el ing gre ‘
:r dan since reactions ?—::Zv::zrz actually four possible fusion reactiong wsht)le
with fusion react'lonSreactor fuelled by deuterium only. ch f
could take place ina 1
2, + H1 = Hey + ' o+ 3.3 MeV 2

2, + 2He = "Hi * "Hq+ 4.0 MeV
24y + %y = *Heg + ' 1o + 17.6 MeV |
24, + *Hez = 4He, + ' Hy + 18.6 MeV !

Unfortunately immense amount of energy is needed to creats thy 1
conditions for self-sustaining fusion to take place and in practice there arg
serious technical problems to overcome in order to achieve a net energy gain,
The energy released at the atomic level by the fusion of deuterium and triium ;;;?
can be calculated from the binding energies of the parent and daughter atoms as |
shown in table 14.3. Table 14.3 shows that the combined binding energy of the -§
deuterium and tritium atoms of 10.7 MeV increases to 28.3 MeV when the atoms
fuse into helium releasing energy of 17.6 MeV, equivalent to 2.8 x 107 Jouls.
Note that 80% of the released energy is carried by the neutron with the helium_’f'
alpha particle accounting for only 20%. The actual energy delivered by fUSDﬂ
from the various experimental reactors rarely approaches the amount of enefgy

used
to create the fusion reaction with the very best just breaking gven. W
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p ger 1 O Surplus usable energy “nergy,

Table 14.3: Binding Energies Change with, Fusi
sSlon

__—=ons | Binding Energy | Bindin R P
/O/mA Nucl per Nucleon 1 Ener . -\ Combined TRam—-
: (MeV) Nuclosn (Mevy | Ending Release ]
cleon (MeV) | Energy (Mev) Euslon

ner
7 12w 107 .
|2 - 8.48 L A—
4 74 . 28.3 2 i
H;“/ 5 % 35
Neutro? L‘/_ 0 0 :
e 141

gxample 44.4: Calculate the possible electrical energy that can be produced from the fusion of 1
_ y e . sion o
wgof deuterium with 1.5 kg of tritium. Assume overall efficiency of the plant to be 40%
0.

The atomic mass of the deuterium nuclide is 2 amu = 3.32 x 10%kg

{ kg of deuterium therefore contains 1kg/2 amu = 3.01 x 10% atoms.

The atomic mass of the tritium nuclide = 3 amu

Hence 1.5 kg of tritium = 3.01 x 1Q26 atoms.

The energy released by fusion of 1 atom of deuterium with 1 atom of tritium is
176 MeV = 2.8 x 102 Joules. The energy liberated by the fusion of 1 kg of
deuterium with 1.5 kg of tritium is:

= (2.8 x107%) x (3.01 x 10%)

= 8.42 x 10" Joules
= (8.42x10™)/ (3.6 X 10'2) Watt-hours = 234 GWh.
t. If it were used to generate

. : orm of hea
This energy appears in the f ¢t with an efficiency of 38%,

electricity in a conventional steam wurbine power plan
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Scanned with CamScanner




L -',-‘ " e
D IS SR O RRCR S U
T iin b i
R e

vl s
e h NN SHOUgE & 8
L8

Lal il = 1A
o A -
- W of elet ity
W) f
ul it O : flot n"nl‘”‘”"‘ outpul pPUWer ot 160 1My 'vlum :
Win ‘
G w full REUA Vol d  ag0d by the fiilon ol the ahove fuel ¢ ! m"‘!b
e Y A W oot Ol L
YU aat the o GW by (e ol Iui\“l { oy Of U258 In ex Py ‘wﬁ_
poted it gy mlmmm Ml e
o 3t sl\\’h of ¢t A,
l rplus anety nppnum i the form ol hoat thete
the © | | Vet
o L ot gonoralit aloctilcily Trom - (he Wil by,
erso" % an 1 howt %,
pathet ! AB% of thit ¢ gurplus anorgy oan bo oxtracted ag ?
T EY u
am turbino Jonorating plants. Tho figg 'Iem
B ‘tﬂ

At only
ol alon
. Up o now, no fusi
(.tOr;
h

e o
, effiolet ¢
{ freotind “ -
gract enefh) jom e fuslon P
axtract €neR .onverslon galn botter U
. wal with @ conve S
‘-Mnllk..mt P
p:odumn \

;. The Nuclear Reactor

{ puclear power plant where nucloar
r

o only nuclear plants producing nuclea baction
r

Attempts 1o generate power by F:Owor

mercial success N
. Nuclear re
aclorg
arg

Reactor i componam 0
roduce energy. Th

sion reactions.

ot produced com
Al utility scale nuclear power
e plants sim
ply use th
)

¢ {o raise the steam which is then used to

ered generators using the Rankine steam o :
el plants with much of the same equip:)y .
e heat source to the béiler ha:tnl'L
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conventional steam turbine pow
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§
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basicall

reactor

instead of b

qenerated in a nuclear re
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eleases ener
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e form of heat, vmtdt

breaking apart of atoms [
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o M
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on of furnace {
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shvaniabimniok ‘wer plant are described in ﬂgure' ‘ e
s fission of the atoms of the fuel is har:::je;m ‘-
: sed as
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Figure 14.8: Nuclear Power Plant

two types; depending on whether a moderator is used or

Reactors aré of

not, these are:

own as thermal reactors in which the speed

1. Reactors with moderators, kn

of neutrons is controlled.

moderators, termed
ns is not con:roued.

as Fast Neutron Reactors in which

2. Reaclors without
the speed of the neutro

Reactors can also be classiﬂed as:

1. A nuclear power reactor, in
produce <uparhnated
A research reactor, 1P
neutrons produced in the cor®
3. A marine or naval reactol

no

directly for propuision.
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14.6.3. Coolant

7 & reactor. thers is something calied @ coolant R hes two d
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TEor Shaflenge  reacior design m:wem'amd!mmrumrmbyw
or more Ightly condrofed. ciosed haat ransfer crouits and used 1 power 8
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464 contro! Reds
14,64
Every reactor needs a set of control rods, The
_ : control rod
erials that quickly stop the nuclear reaction by absorbing the S are made of
de of @ mixture of materials that are very strong and Cneu:rons. These
N an take
jmount of heat. They aré placed inside of the fuel rods and functions in tha large
€ same
qanner @ moderators. They are meant to sfop the chain reaction of atom
. . S
e of the fuel rods, which, in turn, stops the plant and are used to regulate the -
ion of power In the reactor while the reactor is operating. An automatic

gre Ma

insid
gistribut
control system,
rods may insert i
carbide, silver, indium,
t from flowing. An image

or the operator, can initiate the shutdown. In some reactors all
n as short a time as few seconds. Materials used include boron
cadmium, and hafnium. They are also able to stop the

coolan of control rod assembly in a nuclear reactor is

shown in figure 14.11.
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A major safety sy t:» ‘ eactors ig pro\'lded . " g
boron, cadmium or graphite, which absorh N@utrong Creat tr(”qu ;

i e S i

process removing them from the active magg thus preventin y the i O
from taking place. Because of their

atomic: structyrg these Elg:hﬁr ﬁs::i:
The rate of e chain ’eac:ms ah

control rodg into, or dmppin 'on Can be
NS, which ¢can then Quickly st?u:h: °°"trq

e

neutrens, but do not fission or split.
controlled by progressively inserting the

rods into the core thus absorbing neutro
reactor.

14.6.5. Moderators

The energy of the free neutrons must be

occur. High energy neutrons emitted by the fi
b

within Certain limitg for §

ssio SSion t
N Process moyg too qu;

be slowed down or mog

er, heavy water and

€ caplured by the fissile atoms and so muyst

. . . " Crateq to
increase their chances of causing fission. Wat

9raphite gy -

moderators, which are cornmonly used in th
W dOWn the

that some Moderatorg can
as coolants.

14.7. Pressurized Water Reactor (PWR)

A typical pressurized water reactor is shown in
most commonly used reactor in nuclear industry. Pressu
also known as WER reactors in Russia that means wate
The design of PWR originated initially for use as a sub

figure 14.12 and is the
rized water reactors are
r-moderated and cooled.
marine power plant with
dred more employed for
guished by having a primary cooling d“’"'
It mainly consists of a reactor core containing M
Water is used as a coolant and is allowed 1o “’0‘“

cooling water loop) by means of a pump.

over 230 in use for power generation and several hun
ship propulsion. The design is distin

and a secondary circuit.

elemants and control rods.

ing primary water circuit (
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Figure 14.12: Pressurized Water Reactor

Water in the reactor core reaches about 325°C; hence, it must be kept
under about 150 times atmospheric pressure (maintained by steam in a
pressurizer); typically 1000-2200 psi (7-15 MPa) to prevent it from boiling. If any

of it were converted to steam, the fission reaction would slow down. This

negative feedback effect is one of the safety features of PWR. The secondfary
circuit is under less pressure and the water boils in the heat exchangers, which
are thus steam generators. A steam generator takes heat energy ge'nerated by
nuclear fission of fuel. The water to the steam generator is supplied byTt::
secondary water loop, which provides feed water to the sterfzm genera\t(c:r.in ;
entire assembly of reactor core and steam generator IS enclose:ure -
“ntainment building. While the secondary circuit works under less pres

steam generator,
e water generate steam by boiling in the heat exchangers of
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Over 60% of all installed commercial reactors gre
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. % of all reactors they use enricheq uran| il
reactors and like 85 %o ' e fu(ﬂﬁ_
and thus better efficiency. A typical PWR has fye| assembligg

each, arranged vertically in the core, and a large reacto, woulg

M as
of enriched fuel means that a higher power density is achie
use

e ;}'1

I

"?I“‘,
_ have abou‘;.:.
250 fuel assemblies containing 80-100 tones of uranium,
14.8. Boiling Water Reactor (BWR)

Boiling water reactors have many similarities 1o the

Pressurized ya
reactor and are used in over 20%

of nuclear power installations, A Schemat
diagram of a boiling water reactor is shown in figure 14,13, 1t consist

Sofa ;g;.
containing nucle: fuel and control

rods. The water circut acimits watr g

mp. The entire assemp
containment building. The design of boiling water reactors

that of the PWR, except that there is only a single circuit in

y is enc|osed_{ A
(BWR) s simar

which the waer s
lower pressure (about 75 times atmospheric pressure) so that it boils in
at about 285°C. The reactor is designed to operate with 12-15% of the walerin

the top part of the core in Steam form, equipping the reactor with less modefa
effect. The nuclear reaction produces heat

reactor, thus generating steam. A steam

pure water (reactor Coolant) moves u
steam

that boils the water admittefi *
-water mixture is produced on ¢
pward through the core absorbing ek
“water mixture leaves the top of the core and enters the wo

moisture separation where water droplets are removed before the

Scanned with CamScanner



“

14, Nucleg, Powe, Station
ratio”

The steam line directs the Steam tq
line. :

o steam 5 above the core, which are thus pa?rt

| ﬁdﬂ tert geparators/ cted to the turbine system, wpic

' : ire

(steam is then d't Since the water around the core
tricity.

eleC

Pass through
Of the reacty,
h couples the

of a reactor jg
of radionuclides, the turbine must be shieldeq
ces
ith tra
dw
até

ded during maintenance. The unused steam jg
vide

jon pro

eCtlo

i . The resulting water
e it is condensed into water oo -
e ated,
iCa ensel' wh . series of pumps, rehe
4i0l09 ne cond denser with a
3 t n
cO
te f the
T gt o
- e 0

[ ed umps. The
° ulated by electncally powered p
-circ I
: pu Pe act r ich is force-CIr
‘ whi

derator and a
hich acts both as the mo

ater, w

light w

ry

h i i S, WhiCh a e
ea
l-

-
- o0 g o is ord

ingle m—
g0 U= a sing wure the efficiency
t U a

up to 1400 MW.
e

f the low steam
R, S bout 33%.
ge heat tran P
B f the

ar
a pressure powers

con

535

ner
Scanned with CamScan



[ e teie fraaditt (upatalion

g L B T £ Sy 4

EWI use BN
gl Bple #1610 U /£

40-100 fuel 104%, T

COMprses
_ e of irnriirn. T s s
te; 140 16065 OF LRt 4 """’"—""’/’./;w",r»;r;'

core, holding up
water flov thio

- s eooling WalGr i SRS iy (e :
moderation Ermorgency cooling v WA B7f A5t s Wi
NS 4

ugh the ot 50 thiost 11 N8 Shepipes

restricting ¥ e S :

generatons. O sHlely sysige.

CWETE onsie diesel :

powered by onsi - i
o 1 asetern Ale0 NesG Gt i o Thia g

containment cooling system, alon nest CeNC Dones. The oo .0 5.

balance the savings due (o the simpler design, Most of e o,
) -‘%‘ffifl‘f,fﬂ

ris very short-lived, 60 the turbine hall can be erfered v oy 5
PO P

wate
is shut down.

14.11. Canadian Deuterium Uranium (CANDU} Heactor

This is also called PHV/R (pressurized Dezry Waes: 1o v e v

has been developed since the 19505 in Canala and herce rames %

CANDU (CANada Deuterium Uranium). Figure 14.14 is 5 schermats. Ao g
CANDU reactor. The moderator ic in a2 large tank czlied 2 g m
penetrated by several hundred horizontal pressune tubes that form crarn
the fuel, cooled by 2 flow of heavy water under high pretsire £ T irm

cooling circuit, reaching a temperature of 290°C. Heavy wales hzs on zters

g fewer neutrons and therefore can sustain the chain rezcion Wil

of absorbin

enriched fuel. It uses a two-stage heat transfer system similar fo the PV 4
m in a secondary croull o 0
uses heavy w22 &
of 3%

the PWR, the primary coolant generates stez
turbines. In CANDU reactor, the primary cooling circuit

high pressure as both the coolant and the moderator. Efficiencies
typical but systems using very high coolant pressures can take this © 4558
more.

CANDU reactors use un-enriched natural uranium onige T2 B P
natural uranium oxide (0.7% U-235) zs fus, thus requiing 2 ™ T
moderator, in this case heavy water (deuterium 0xice. D0)- A i “ 2
fuel assembly consists of a bundle of 37 half-meter-iong fuel f0C5 (e
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Figure 14.14: Schematic of CANDU Reactor

149, Gas Cooled Reactor (GCR)
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Figure 14.15: Gas Cooled Reactor

A modified version of the GCR is the advanced gas-cooled reactors
(AGCR) are the second generation of British gas-cooled reactors, using graphite
moderators and carbon dioxide as a coolant. AGCR are fuelled with uranium
oxide pellets, enriched to 2.5-3.5%, in stainless stee! tubes. The carbon dioxide

circulates through the core, reaching 650°C, and then past steam generadX
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14. Nuclear Power Station

{ ill inside : :
7 the core, but =l the concrete and steel Pressure vegsel

P 8 the moderator and a sec
: beso 5 penetrate ondary shutdown System

ﬁoﬂ"ol [0 g nitrogen into the coolant.
: i}

] ] i
E yraniu™ flshin

Gas
cooled reactorg use
metal form.

L water Graphite-Moderated Reactor (RBMK)
o Lig
] 13.10'

o « (Reaktor Bolshoy Moshchnosti Kanalniy) is a high-power channel

, " which is @ former Soviet design developed from plutonium production
] ol 8 t i i i

. feactors hose schematic diagram Is shown in figure 14.16. A series of graphite
- pedl

| fel . urround., and hence separate, the pressure tubes. The graphite blocks
o

155 moderators to slow down the neutrons released during fission so that a
- oninuous fission chain reaction can be maintained. With moderation largely due
- the fixed graphite, excess boiling simply reduces the cooling and neutron
- shsorption without inhibiting the fission reaction and problems due to positive
" feedback can arise.
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Figure 14.16: RBMK 539
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In RBMK reactors heat C "
f helium and nitrogen gas. Boron carbide control rods absoyt, "

A few short rods inserted upwards from, the

dbya

mixture 0O SUtron,

to control the rate of fission.

of the core evens the distribut .
e top down and provide automatic, e

bottgy,
ion of power across the reactor. The main ¢
0

Ntrg)
rods are inserted from th

tomatic rods are regulated by feedback from, . ' or

emergency control. The au . | ‘ -
detectors. If there is a deviation from normal operating Parameters o

' r
example, increased reactor power level, the rods can be dropped into the core 1
reduce or stop reactor activity. A number of rods remain in the.core durin

operation. The reactor core is located in a reinforced concrete lined Cavity that

acts as a radiation shield. The core is placed on a heavy steel plate; with typically
4 1000 ton steel cover plate on the top. The extensions of the fuel channgg
penetrate the lower plate and the cover plate and are welded to each other. Tpe

steam éeparators of the coolant systems are housed in their own concrete

shields.

Two separate water coolant loops each with four sumips circulate water
through the pressure tubes to remove most of the heat from fission. Théré,is also
an emergency core cooling system which is designed to come into operatioﬁ if
either coolant circuit is interrupted. Each of the two loops has two steam drums,
or separators, where steam from the heated coolant is fed to the turbine to
produce electricity in the generator. The steam is then condensed and fed back

into thie circulating coolant.

The most significant difference between the RBMK design and most of the 4
world's nuclear power plants is that RBMK's lack of a massive steel and/or
concrete containment structure as the final barrier against large releases of
radiation in an accident. The reactor produces faster and less stable nucledr
chain reactions and power increases in the event of coolant loss, known a8
‘positive void coefficient’. Soviet engineers sought to mitigate this tendency by

back-fiting RBMKs with faster-acting control rods and other improvements
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Fast breeder reactors release more neutrons per fissjon than
reactors, and therefore make better use of the neutrons becayse the
probability of neutron capture (compared with fission) decrezseg &t
neutron energies. These excess neutrons can also be used to Cbnvert
materials, for example uranium-238 and thorium-232, into fi

Felatiye’

through neutron capture. This newly created fissile material can
reactor. It is therefore possible to design reactors to pProduce more fyg| than.they.
consume in breeder reactors. Typically, ‘breeder reactors

though designs exist that could use thermal neutrons. Fast br

up to 50 times and are therefore considered as a ke

of nuclear energy in the long term. Breeder re
operated in a number of countries.

Unlike uranium-235, plutonium-239 is fissioiiable with both slow and fast

Nt radiation shielding, ang allows for operation at very high

temperatures. Itis al

thern']a‘

highg,'
fertile'
ssile Materials;
in turn fyg the

-\ré fast reactors -

eeder reactors, py '
creating fuel from non-fissile isotopes and improving the efficiency of utilization *

through recycling, can pote'ntially increase available world nuclear fuel resources |

Y element in the Sustainability
actors have been: built ang |

: 4
Sed in some réactors since it has the added advantages th2

i . i ctive
sodium, S0 inert and thus safer 1o handle than the chemically reac™

Plutonium ,
uranium) o thoriy
Dlutonium_23g rel
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M-232 aroyng the
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|

e
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es. Fuelling @ fast breeder reactor with plutonium requi
handle lar 85 @ reprocess
n ge amounts of spent fuel with highp |Cessmg
plutonium

which €@
.« Very few of these reactors have been built due 1o their
expense

dthe fire hazards associated with sodium coolant. In the breeding of plut _
utonium

fel in preeder reactors, an important concept is the breeding ratio, which is th
. ' v e
qmount of fissile pl

-235) used to produce it. The time required for a breeder reactor

utonium-239 produced compared to the amount of fissionable

fuel (such as U
o produce enough m
and present design p!
reactor could use the h
the end of that time hav

ateria! 'to fuel a second reactor is called its doubling time,

ans target about ten years as a doubling time. Thus a

eat of the reaction to produce energy for 10 years, and at

e enough fuel, to fuel another reactor for 10 years.

14.12. Sodium Cooled Reactor

; ttention
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d-metal reactors ( ) et

s when it appeared that their breeding .ca
idly expanding
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during the 1960s and 1970
would soon be needed to sup
industry. When it became clear in the
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pPrimary Loop  Secondary Loop Tertiary Loop
Figure 14.18: Liquid Metal Reactor

While scme LMRs are of the loop type, equipped with hegt o !
and pumps outside the primary reactor vessel, others are of the P var
featuring a large volume of primary sodium in a pool that also Containg the;
primary pumps and the primary-to-secondary heat exchanger. The pog tye
seems to have some safety advantage in that the large volume of primary
sodium heats up only slowly even if no power is extracted; thus, the reactors
effectively isolated from upsets in the balance of the plant. The reactor core in
such systems is a tightly packed bundle of fuel in steel cladding through which
the sodium coolant flows to extract the heat. Most LMl:\"S are breeders or are
capéble of breeding, which is to say that they all produce more fissile maerd

than they consume.

14.13. Natural Uranium Reactors
. of hucleaf
Enriched uranium was not generally available in the early days
ur
power development and reactors had to be designed to Us€ natural

. i t un
the fuel. Because of the low concentration of mobile neutrons In N tors which
ators

neutmﬂs 0

anium &
_enriche

L r
fuel, this imposed limitations on the types of coolants and mode

could be used. The purpose of the moderator is to slow down fast

erials US°

enable them to be captured by the fissile fuel. However, many mal

i
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conventional thermal power plant, a nuclear power —
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nuclear fuel. Most reactors use gy ) "®acty,
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Figure 14.19: Simplified Schematic of a Nuclear Power Station

The basic component is a nuclear reactor, whic
pressure vessel that houses fuel rods of enriched ura
control rods. When uranium decays in fission process, N
released. If enough uranium is near by, then the neutro
uranium atoms, causing them to split apart, or fission, and rel
and more heat and thus resulting in a chain reaction. The T
u‘sually enriched uranium, which is typically formed into small
:I:i as discussed earlier. The pellets are usually arranged it d
cani:(ta;rrzdsssir;i:‘h.e rc?ds are collected together into bundles refer™ (isind

in figure 14.20. Nuclear reactors operat
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coolant fluid iri contact with the reactor core g 93s (carpy T
metai (sodium, potassium); these types of reactorg allow (1 n diOx]de "

e i .
at higher temperatures. The steam after doing the useful , Core toy, hqum
or

. . ki 0pera
into the condenser where it is condensed into water by co S alloyg : ly
Ollng mediu pass

water that can either be directly obtained from a wate, SOurce ' Sep

' ter f th - O from ¢
with a cooling tower. The water from the condenser is the fed by he

Pon
has feeq wated
:

&

To prevent overheating and the chain reaction to 90 out of
on

. tro
rods made of a material that absorbs neutrons are inserteq into the . I COnfy

ranium fi f
OWering y,

on. Whep
. an
operator wants the uranium core to produce more heat, the control rogs 2t g

out of the uranium bundle (thus absorbing fewer neutrons). To redyce heat ey

are lowered into the uranium bundle. In order to shut down the reactor i p,

using @ mechanism that can raise or lower them. Raising and |

control rods allow operators to control the rate of the nuclear reag

event of an emergency or to change the fuel, the control rods can s

lowered completely into the uranium bundle to shut the reactor down.

High temperature reactors using molten metal coolants in the primay

circuit may use helium in a Brayton cycle (or Joule cycle) in the secondary ci
%. A third thermal cireut,

operating at 1000°C to achieve efficiencies of up to 60
he single and two stage

referred to as a tertiary thermal circuit is used in both t

» is is typicaly @l
systems to cool the working fluid at the end of the work cycle. This| yg ’
r as used in fossil fue

open cycle employing a conventional cooling towe cadl

. 2 iling water I
power plants. The system efficiency is similar to the boiling

between 33% and 36%.

Scanned with CamScanner




